Jonix devices use “Non Thermal Plasma” generators covered by an industrial
patent “IONIZING DEVICE PROVIDED WITH A IONIZING TUBE TO REMOVE
POLLUTANTS / CONTAMINANTS IN A FLUID AND RELATED OPERATING METHOD”
- license number 0001429908 - application number 102015902351864
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dd,DEdϭϮ͘ϰ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϭ109
Ϭϳ
h^K&EdWd,EK>K'z'/E^dKKZ^^^K/dt/d,d,h^K&&KKdtZ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϭ111
Ϭϳ
dd,DEdϭϮ͘ϱ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϭ113
Ϭϵ
^E/dd/KEK&EKEͲZ/d/>h>dZ^KhEWZK^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϭ115
Ϭϵ
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ϱ
dd,DEdϭϮ͘ϲ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘117
ϭϭϭ
>KZdKZz^dh/^KEd,h^K&EdW&KZsKdDEd͗Zs/t͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘118
ϭϭϭ
dd,DEdϭϮ͘ϳ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘121
ϭϭϰ
dd,DEdϭϮ͘ϴ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘131
ϭϮϱ
^dhzK&d,^E/d/^/E'WKtZK&:KE/ys/WW>/dKKDDZ/>&EK/>͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘133
ϭϮϱ
dd,DEdϭϮ͘ϵ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘149
ϭϰϯ
s>hd/KEK&d,^E/d//E'W/dzK&W,KdKd>zd/s/^/EKDWZ/^KEt/d,:KE/yEdW^z^dD^͘͘͘͘͘͘151
ϭϰϯ
dd,DEdϭϮ͘ϭϬ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘169
ϭϲϯ
^^dhzϭ͗Zhd/KEK&KKZ/DWd^KEt^dDE'DEdW>Ed͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘171
ϭϲϯ
dd,DEdϭϮ͘ϭϭ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘179
ϭϳϯ
^^dhzϮ͗^dhzK&/Z^E/dd/KE/EsdZ/EZz>/E/͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘181
ϭϳϯ
dd,DEdϭϮ͘ϭϮ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘193
ϭϴϵ
^^dhzϯ͗^E/d//E'&&d^K&d,Dds//Ed,>Z'Ͳ^>&KK/^dZ/hd/KE^dKZ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘195
ϭϴϵ
dd,DEdϭϮ͘ϭϯ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘201
ϭϵϱ
^^dhzϰ͗^E/d//E'&&d^K&d,Dds//E,K^W/d>KWZd/E'ZKKD^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘203
ϭϵϱ
dd,DEdϭϮ͘ϭϰ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘219
ϮϭϮ
^^dhzϱ͗^E/d//E'&&d^K&d,Dds//E,K^W/d>tZ^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘221
ϮϭϮ
dd,DEdϭϯ͘ϭ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘239
ϮϮϵ
^/Ed/&/Zd/>^KEs/Z>EdZ/>^Ed/d/d/KEzDE^K&EKEd,ZD>W>^D
͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘241
ϮϮϵ
dd,DEdϭϯ͘Ϯ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘317
ϮϯϬ
^/Ed/&/Zd/>^KE/EKZ'E/WK>>hdEdZDKs>͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘319
ϮϯϬ
dd,DEdϭϯ͘ϯ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘327
Ϯϯϭ
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ϳ

Ϯ͘:KE/ys/^

ůů:KE/yĚĞǀŝĐĞƐƵƐĞEdW;EŽŶdŚĞƌŵĂůWůĂƐŵĂŽƌŽůĚWůĂƐŵĂͿƚĞĐŚŶŽůŽŐǇǁŚŝĐŚƉƌŽĚƵĐĞƐŽǆŝĚŝǌŝŶŐ͕
ĂŶĚ ƚŚĞƌĞĨŽƌĞ ƐĂŶŝƚŝǌŝŶŐ͕ ƐƉĞĐŝĞƐ ƚŚƌŽƵŐŚ ƚŚĞ Η:KE/y ŐĞŶĞƌĂƚŽƌƐΗ ;Žƌ ΗĂĐƚƵĂƚŽƌƐΗͿ͕ ĐŽŶƐŝƐƚŝŶŐ ŽĨ
ĐǇůŝŶĚƌŝĐĂůƚƵďĞƐǁŝƚŚŵĞƚĂůĨŽŝůƐ͘


ϯ͘WZ/E/W>K&KWZd/KE

dŚĞŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂ;EdWͲEŽŶdŚĞƌŵĂůWůĂƐŵĂͿƉƌŽĚƵĐĞƐǀĂƌŝŽƵƐƌĞĂĐƚŝǀĞƐƉĞĐŝĞƐĐŽůůĞĐƚŝǀĞůǇ
ŬŶŽǁŶĂƐZK^;ZĞĂĐƚŝǀĞKǆǇŐĞŶ^ƉĞĐŝĞƐͿĂŶĚƚŚĞƐĞƉƌŽǀŝĚĞƚŚĞƐĂŶŝƚŝǌŝŶŐƉŽǁĞƌŽĨƚŚĞ:KE/yƐǇƐƚĞŵƐ͘
ĂƐĞĚŽŶǁŚĂƚŝƐŬŶŽǁŶĂďŽƵƚĐŽůĚƉůĂƐŵĂ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽƉŽƐŝƚƚŚĂƚƐĂŶŝƚŝǌĂƚŝŽŶƉƌŽĐĞƐƐĞƐĐĂŶƚĂŬĞ
ƉůĂĐĞďǇĚŝƌĞĐƚŝŶƚĞƌĂĐƚŝŽŶďĞƚǁĞĞŶƚŚĞƉůĂƐŵĂ;ĂĐƚƵĂƚŽƌƐƵƌĨĂĐĞͿĂŶĚƚŚĞĐŽŶƚĂŵŝŶĂŶƚ͕ĂŶĚďǇƚŚĞ
ŝŶƚĞƌĂĐƚŝŽŶǁŝƚŚƚŚĞƐƉĞĐŝĞƐƉƌŽĚƵĐĞĚďǇƚŚĞƉĂƐƐĂŐĞŽĨĂŝƌŝŶƚŽƚŚĞƉůĂƐŵĂ͕ǁŚŝĐŚĂƌĞƌĞŵŽǀĞĚŝŶƚŚĞ
ŐĂƐƐƚƌĞĂŵ͘
:ŽŶŝǆĚĞǀŝĐĞƐ͕ƐƵďũĞĐƚƚŽĐŽƌƌĞĐƚƵƐĞĂĐĐŽƌĚŝŶŐƚŽƚŚĞƚĞĐŚŶŝĐĂůƐƉĞĐŝĨŝĐĂƚŝŽŶƐ͕ĨĂĐŝůŝƚĂƚĞƚŚĞƌĞĚƵĐƚŝŽŶ
ŽĨďĂĐƚĞƌŝĂ͕ŵŽƵůĚƐĂŶĚǀŝƌƵƐĞƐďŽƚŚŝŶƚŚĞĂŵďŝĞŶƚĂŝƌĂŶĚŽŶƚŚĞƐƵƌĨĂĐĞƐ͘
dŚĞĂŝƌĨŝůƚĞƌƐŝŶƚŚĞĚĞǀŝĐĞƐŽĨƚŚĞDdĨĂŵŝůǇ;DŝŶŝDĂƚĞ͕DĂƚĞ͕DĂǆŝDĂƚĞͿŝŶĐƌĞĂƐĞƚŚĞƐĂŶŝƚŝǌŝŶŐ
ĞĨĨŝĐĂĐǇŽĨƚŚĞŵĂĐŚŝŶĞƐ͘


ϰ͘Zd/&/d/KE^

ůů:ŽŶŝǆĚĞǀŝĐĞƐŚĂǀĞƚŚĞĨŽůůŽǁŝŶŐĐĞƌƚŝĨŝĐĂƚŝŽŶƐĂŶĚĂŬŶŽǁůĞĚŐŵĞŶƚƐ͗


DĂƌŬŝŶŐ
WƌŽĚƵĐƚƐŝŶĐŽŵƉůŝĂŶĐĞǁŝƚŚhƌĞŐƵůĂƚŝŽŶƐ

dŚƌŽƵŐŚ Ă ĚĞĐůĂƌĂƚŝŽŶ ŽĨ ĐŽŶĨŽƌŵŝƚǇ Žƌ ĚĞĐůĂƌĂƚŝŽŶ ŽĨ ƉĞƌĨŽƌŵĂŶĐĞ͕ ƚŚĞ
ŵĂŶƵĨĂĐƚƵƌĞƌ ĚĞĐůĂƌĞƐ ƚŚĂƚ ƚŚĞ ƐƵƉƉůŝĞĚ ƉƌŽĚƵĐƚ ŵĞĞƚƐ Ăůů ƚŚĞ ƐĂĨĞƚǇ
ƌĞƋƵŝƌĞŵĞŶƚƐŽĨƚŚĞĂƉƉůŝĐĂďůĞĚŝƌĞĐƚŝǀĞƐ͘
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dmsWZK&ŝZd

ŽŶƐƚĂŶƚůǇͲŵŽŶŝƚŽƌĞĚĂŶĚǀĂůŝĚĂƚĞĚWƌŽĚƵĐƚƐ
dŚĞ dms ůŽŐŽ ĐĞƌƚŝĨŝĞƐ ƚŚĞ ƚƌƵƚŚĨƵůŶĞƐƐ ŽĨ ƚŚĞ ĚĂƚĂ ĂŶĚ ƉĞƌĨŽƌŵĂŶĐĞƐ
ĚĞĐůĂƌĞĚŝŶƚŚĞƐĐŝĞŶƚŝĨŝĐĚŽƐƐŝĞƌƐĂŶĚŝŶƚŚĞƉƌŽĚƵĐƚĐĂƚĂůŽŐƐ͘

dŚĞdmsůŽŐŽŽŶƉƌŽĚƵĐƚƐŐƵĂƌĂŶƚĞĞƐƚŚĂƚ͗
dŚĞƚĞĐŚŶŝĐĂůĚŽƐƐŝĞƌĐŽŵƉůŝĞƐǁŝƚŚĐƵƌƌĞŶƚƌĞŐƵůĂƚŝŽŶƐ
dŚĞƌĞůŝĂďŝůŝƚǇŽĨƚŚĞĚĞǀŝĐĞƐŚĂƐďĞĞŶĐŚĞĐŬĞĚĂŶĚǀĞƌŝĨŝĞĚŽǀĞƌƚŝŵĞ͘
dŚĞŚŝƐƚŽƌǇŽĨŵĂŝŶƚĞŶĂŶĐĞŽƉĞƌĂƚŝŽŶƐĐŽŶĚƵĐƚĞĚǁŝƚŚŝŶŐƵĂƌĂŶƚĞĞƉĞƌŝŽĚ
ŚĂƐďĞĞŶŵŽŶŝƚŽƌĞĚ
^ƉĂƌĞƉĂƌƚƐƌĞƋƵĞƐƚƐǁĞƌĞŵŽŶŝƚŽƌĞĚ͕
ĨƚĞƌͲƐĂůĞƐĂƐƐŝƐƚĂŶĐĞŚĂƐďĞĞŶĂƐƐĞƐƐĞĚ
dŚĞ ƚƌƵƚŚĨƵůŶĞƐƐ ŽĨ ĚĂƚĂ ĂŶĚ ƉĞƌĨŽƌŵĂŶĐĞƐ ŝŶĚŝĐĂƚĞĚ ŝŶ ƚŚĞ ĐĂƚĂůŽŐƐ ĂŶĚ
ƐĐŝĞŶƚŝĨŝĐĚŽƐƐŝĞƌƐǁĂƐĐŚĞĐŬĞĚŽŶĂƐĂŵƉůĞďĂƐŝƐƚŚƌŽƵŐŚƚĞƐƚƐĐŽŶĚƵĐƚĞĚŝŶ
ůĂďŽƌĂƚŽƌŝĞƐ͘
dŚĞůĂďŽƌĂƚŽƌŝĞƐƵƐĞĚĨŽƌƐĐŝĞŶƚŝĨŝĐƌĞƐĞĂƌĐŚŚĂǀĞĂƉƉůŝĞĚƌĞůŝĂďůĞƉƌŽƚŽĐŽůƐ
ƚŚĂƚĐŽŵƉůǇǁŝƚŚĐƵƌƌĞŶƚƌĞŐƵůĂƚŝŽŶƐ͘

&ƵƌƚŚĞƌŵŽƌĞ͗
dŚĞdmsƵƚŚŽƌŝƚǇŚĂƐƚŚĞƌŝŐŚƚƚŽĐĂƌƌǇŽƵƚƚĞƐƚƐĂƚŽƚŚĞƌĨĂĐŝůŝƚŝĞƐĂŶĚͬŽƌ
ĂƚƚĞŶĚĂƚƚĞƐƚƐĐŽŶĚƵĐƚĞĚŽŶ:ŽŶŝǆƉƌŽĚƵĐƚƐ͘

KŶŐƌĞĞŶŝŶŐΠΘWƌŽĚƵĐƚDWΠ

dŚĞ'ƌĞĞŶƵŝůĚŝŶŐWůĂƚĨŽƌŵ

KŶŐƌĞĞŶŝŶŐΠŝƐĂŶŝŶĚĞƉĞŶĚĞŶƚĚŝŐŝƚĂůƉůĂƚĨŽƌŵĚĞĚŝĐĂƚĞĚƚŽƐƵƐƚĂŝŶĂďŝůŝƚǇͲ
focused practices and material data. Ongreening’s mission is to make green
ďƵŝůĚŝŶŐĞĂƐŝĞƌĂŶĚŵŽƌĞĂĐĐĞƐƐŝďůĞƚŽĂůů͘
KŶŐƌĞĞŶŝŶŐ ĐŽŵďŝŶĞƐ ŝŶǀĂůƵĂďůĞ ƌĞƐŽƵƌĐĞƐ ŽŶ ŐƌĞĞŶ ďƵŝůĚŝŶŐ ǁŝƚŚ ĂŶ
ŝŶŶŽǀĂƚŝǀĞŵĂƚĞƌŝĂůĚĂƚĂďĂƐĞ͕ĐĂůůĞĚWƌŽĚƵĐƚDWΠ͕ǁŚŝĐŚĞŶĂďůĞƐŝŶĨŽƌŵĞĚ
ƉƌŽĚƵĐƚ ƐĞůĞĐƚŝŽŶ ĂŶĚ ĚĞĐŝƐŝŽŶƐ ďĂƐĞĚ ŽŶ ŵĂƚĞƌŝĂů ƉĞƌĨŽƌŵĂŶĐĞ ĂŶĚ
ƐƵƐƚĂŝŶĂďŝůŝƚǇ ĐƌŝƚĞƌŝĂ͘ WƌŽĚƵĐƚDWΠ ĂƐƐĞƐƐĞƐ ƉƌŽĚƵĐƚƐ ĞůŝŐŝďŝůŝƚǇ ĂŶĚ
ĐŽŶƚƌŝďƵƚŝŽŶ ƚŽŵĂũŽƌŐƌĞĞŶďƵŝůĚŝŶŐƌĂƚŝŶŐƐĐŚĞŵĞƐ ƐƵĐŚĂƐ>͕t>>͕
ZD͕ ƐƚŝĚĂŵĂ͕ ,< ĞĂŵ ĂŶĚ ƚŚĞ /ƚĂůŝĂŶ 'ƌĞĞŶ WƵďůŝĐ WƌŽĐƵƌĞŵĞŶƚ
ƌŝƚĞƌŝĂ;DͿ͘

:ŽŶŝǆĚĞǀŝĐĞƐĨŽƌĂŝƌƐĂŶŝƚŝǌŝŶŐĐŽŶƚƌŝďƵƚĞƚŽĨƵůĨŝůůĂƐƐĞƐƐŵĞŶƚƌĞƋƵŝƌĞŵĞŶƚƐ
ŽĨĞĐŽůŽŐŝĐďƵŝůĚŝŶŐƐ͗>͕ZD͕^d/D͕,ĞĂŵ͕t>>͘





ŝŽͲ^ĂĨĞ

ŝŽͲ^ĂĨĞΠĐĞƌƚŝĨŝĐĂƚŝŽŶ͗ĐĞƌƚŝĨŝĐĂƚĞƐĞǆĐĞůůĞŶƚŝŶĚŽŽƌůŝǀŝŶŐĐŽŵĨŽƌƚ͘

sĂůŝĚĂƚĞĚƉƌŽĚƵĐƚƐ
:ŽŶŝǆ ƉƌŽĚƵĐƚƐ ŚĂǀĞ ďĞĞŶ ƚĞƐƚĞĚ͕ ĂĐĐŽƌĚŝŶŐ ƚŽ ƚŚĞ ƉĂƚĞŶƚĞĚ ŝŽͲ^ĂĨĞΠ
ƉƌŽƚŽĐŽů ǁŚŝĐŚ ŚĂƐ ǀĞƌŝĨŝĞĚ ĂŶĚ ĐĞƌƚŝĨŝĞĚ ƚŚĞŝƌ ĞĨĨĞĐƚŝǀĞŶĞƐƐ ŝŶ ƌĞĚƵĐŝŶŐ
ƉŽůůƵƚĂŶƚƐ͘ dŚĞ ƉƌŽĚƵĐƚƐ ŚĂǀĞ ďĞĞŶ ƚĞƐƚĞĚ͕ ĂĐĐŽƌĚŝŶŐ ƚŽ ƚŚĞ ŝŽͲ^ĂĨĞΠ
ƉƌŽƚŽĐŽů͕ƚŚƌŽƵŐŚůĂďŽƌĂƚŽƌǇƚĞƐƚƐĐŽŶĚƵĐƚĞĚŝŶƐŝĚĞƚĞƐƚĐŚĂŵďĞƌƐ;hE/E
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ϭϲϬϬϬͿ ƚŽ ǀĞƌŝĨǇ ƚŚĞŝƌ ĞŵŝƐƐŝŽŶ ƉŽƚĞŶƚŝĂů ĂŶĚ ƚŚƌŽƵŐŚ ĞŶǀŝƌŽŶŵĞŶƚĂů
ƐĂŵƉůŝŶŐ ;hE/ E ϭϰϰϭϮͿ ƚŽ ĂƐƐĞƐƐ ƚŚĞ ůĞǀĞů ŽĨ ŝŶĚŽŽƌ Ăŝƌ ƉƵƌŝĨŝĐĂƚŝŽŶ
ĂĐŚŝĞǀĞĚǁŝƚŚŝŶƚŚĞƉƌĞŵŝƐĞƐŽĨƵƐĞ͘
WĂƐƐŝŶŐĂůůƚŚĞ ƐƚƌŝŶŐĞŶƚĂƐƐĞƐƐŵĞŶƚƚŚƌĞƐŚŽůĚƐ ŚĂƐůĞĚƚŚĞƐĞƉƌŽĚƵĐƚƐƚŽ
ŽďƚĂŝŶ ƚŚĞ ŝŽͲ^ĂĨĞΠ sĂůŝĚĂƚŝŽŶ ^ĞĂů͗ Ă ŐƵĂƌĂŶƚĞĞ ŵĂƌŬ ǁŚŝĐŚ ĐĞƌƚŝĨŝĐĂƚĞƐ
ĞǆĐĞůůĞŶƚŝŶĚŽŽƌůŝǀŝŶŐĐŽŵĨŽƌƚ

ŶǀŝƌŽŶŵĞŶƚĂůŚĞĂůƚŚĐĞƌƚŝĨŝĐĂƚŝŽŶ
ŝŽͲ^ĂĨĞΠ ĐĞƌƚŝĨŝĞƐ ĞŶǀŝƌŽŶŵĞŶƚƐ ĞƋƵŝƉƉĞĚ ǁŝƚŚ :ŽŶŝǆ Ăŝƌ ƉƵƌŝĨŝĐĂƚŝŽŶ
ƐǇƐƚĞŵƐ͕ƚŚƌŽƵŐŚĂƉĂƚĞŶƚĞĚĂŶĂůǇƐŝƐƉƌŽƚŽĐŽů



ϱ͘K>W>^D;EdW–EKEd,ZD>W>^DͿ

dŚĞƌĞĂƌĞǀĂƌŝŽƵƐƚǇƉĞƐŽĨƉůĂƐŵĂ͖ŝŶŐĞŶĞƌĂů͕ŝƚŝƐĚĞĨŝŶĞĚĂƐĂĨƵůůǇŽƌƉĂƌƚŝĂůůǇŝŽŶŝǌĞĚŐĂƐ͕ĐŽŶƐŝƐƚŝŶŐ
ŽĨ ǀĂƌŝŽƵƐ ƉĂƌƚŝĐůĞƐ ƐƵĐŚ ĂƐ ĞůĞĐƚƌŽŶƐ͕ ŝŽŶƐ͕ ĂƚŽŵƐ ĂŶĚ ŵŽůĞĐƵůĞƐ͕ ǁŚŝĐŚ ƚŽŐĞƚŚĞƌ ĂƐ Ă ǁŚŽůĞ ŝƐ
ĞůĞĐƚƌŝĐĂůůǇŶĞƵƚƌĂů͘ŵŽŶŐƚŚĞƐĞ͕ĂŶŽŶƚŚĞƌŵĂůƉůĂƐŵĂ;EdWͿŝƐĐŚĂƌĂĐƚĞƌŝǌĞĚďǇƚŚĞĨĂĐƚƚŚĂƚŝƚŝƐŶŽƚ
ŝŶƚŚĞƌŵŽĚǇŶĂŵŝĐĞƋƵŝůŝďƌŝƵŵ͗ĚƵĞƚŽƚŚĞŝƌƐŵĂůůŵĂƐƐ͕ŝƚƐĞůĞĐƚƌŽŶƐĐĂŶďĞĞĂƐŝůǇĂĐĐĞůĞƌĂƚĞĚƵŶĚĞƌ
ƚŚĞ ŝŶĨůƵĞŶĐĞ ŽĨ ĂŶ ĞůĞĐƚƌŝĐ ĨŝĞůĚ ĂŶĚ ĐĂŶ ƚŚĞƌĞĨŽƌĞ ƌĞĂĐŚ ŚŝŐŚ ƚĞŵƉĞƌĂƚƵƌĞƐ͕ ǁŚŝůĞ ŽƚŚĞƌ͕ ŶŽŶͲ
ĂĐĐĞůĞƌĂƚĞĚƉĂƌƚŝĐůĞƐ͕ƌĞŵĂŝŶĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞ͘
KǀĞƌĂůů͕ƚŚĞƚĞŵƉĞƌĂƚƵƌĞƌĞĂĐŚĞĚŝƐĂĨĞǁƚĞŶƐŽĨĚĞŐƌĞĞƐĐĞŶƚŝŐƌĂĚĞ͕ĂŶĚŝƚŝƐĨŽƌƚŚŝƐƌĞĂƐŽŶƚŚŝƐ
ƉůĂƐŵĂŝƐĐĂůůĞĚΗĐŽůĚΗ͘ƐĂůŵŽƐƚĂůů ƚŚĞ ĞŶĞƌŐǇŝŵƉĂƌƚĞĚŝƐĐŽŶǀĞƌƚĞĚŝŶƚŽŚŝŐŚĞŶĞƌŐǇĞůĞĐƚƌŽŶƐ
ƌĂƚŚĞƌƚŚĂŶŚĞĂƚ͕ŝƚŚĂƐĂŚŝŐŚĞŶĞƌŐǇĞĨĨŝĐŝĞŶĐǇĐŽŵƉĂƌĞĚƚŽĂĐŽŶǀĞŶƚŝŽŶĂůƉůĂƐŵĂ͕ĂŶĚƚŚŝƐŵĂŬĞƐ
ƚŚĞƚĞĐŚŶŽůŽŐǇŝŶƚĞƌĞƐƚŝŶŐĨŽƌǀĂƌŝŽƵƐĞŶǀŝƌŽŶŵĞŶƚĂůĂƉƉůŝĐĂƚŝŽŶƐ;,ĂŽŚĂŶŐ͕ϮϬϭϳͿ͘dŚĞĂĐĐĞůĞƌĂƚĞĚ
ĞůĞĐƚƌŽŶƐŝŶĚƵĐĞŝŽŶŝǌĂƚŝŽŶ͕ĞǆĐŝƚĂƚŝŽŶĂŶĚĚŝƐƐŽĐŝĂƚŝŽŶŽĨƚŚĞŐĂƐŵŽůĞĐƵůĞƐ͕ůĞĂĚŝŶŐƚŽƚŚĞĨŽƌŵĂƚŝŽŶ
ŽĨĞǆĐŝƚĞĚŵŽůĞĐƵůĞƐ͕ĂƚŽŵƐ͕ŝŽŶƐĂŶĚƌĂĚŝĐĂůƐǁŚŝĐŚ͕ŝĨŝŶƚŚĞƉƌĞƐĞŶĐĞŽĨŽǆǇŐĞŶ͕ĐŽůůĞĐƚŝǀĞůǇƚĂŬĞƚŚĞ
ŶĂŵĞŽĨZK^;ZĞĂĐƚŝǀĞKǆǇŐĞŶ^ƉĞĐŝĞƐͿ͘dŚĞZK^ĂƌĞƌĞƐƉŽŶƐŝďůĞĨŽƌƚŚĞŽǆŝĚĂƚŝǀĞƉŽǁĞƌĂĐƋƵŝƌĞĚďǇ
ƚŚĞ ŐĂƐ ĨůŽǁ͘ dŚĞ ŵŝǆ ŝƐ ŚŝŐŚůǇ ƌĞƐƉŽŶƐŝǀĞ ĂŶĚ ĐĂƉĂďůĞ ŽĨ ĂƚƚĂĐŬŝŶŐ Ă ůĂƌŐĞ ǀĂƌŝĞƚǇ ŽĨ ƉŽůůƵƚŝŶŐ
ĐŽŵƉŽƵŶĚƐǁŝƚŚĚŝĨĨĞƌĞŶƚŵĞĐŚĂŶŝƐŵƐƚŚĂƚĂƌĞĚŝƐĐƵƐƐĞĚĨƵƌƚŚĞƌ͘

^ƉĞĐŝĂůĂĐƚƵĂƚŽƌƐĂƌĞƵƐĞĚƚŽŝŽŶŝǌĞƚŚĞŐĂƐĨůŽǁĂŶĚŐĞŶĞƌĂƚĞĂŶEdW͘



ϱ͘ϭ͘WůĂƐŵĂƉƌŽĚƵĐƚŝŽŶďǇŵĞĂŶƐŽĨ;ŝĞůĞĐƚƌŝĐĂƌƌŝĞƌŝƐĐŚĂƌŐĞͿ

ŽůĚ ƉůĂƐŵĂ ŝƐ ƉƌŽĚƵĐĞĚ ƵƐŝŶŐ ĂĐƚƵĂƚŽƌƐ ŝŶ Ă ǁŝĚĞ ǀĂƌŝĞƚǇ ŽĨ ŐĞŽŵĞƚƌŝĐ ĐŽŶĨŝŐƵƌĂƚŝŽŶƐ ĂŶĚ ǁŝƚŚ
ĚŝĨĨĞƌĞŶƚƉƌŝŶĐŝƉůĞƐŽĨŽƉĞƌĂƚŝŽŶ͘dŚĞƐĞĐĂŶĚŝĨĨĞƌŝŶƚŚĞŝƌĐŽŶĨŝŐƵƌĂƚŝŽŶƐĂŶĚƉŽǁĞƌĐŽŶƐƵŵƉƚŝŽŶ͕ĂŶĚ
ƵƐƵĂůůǇ ŝŶǀŽůǀĞ ĂůƚĞƌŶĂƚŝŶŐ ĐƵƌƌĞŶƚ ;ǁŝƚŚ ĨƌĞƋƵĞŶĐǇ ĨƌŽŵ ϱϬ ƵƉ ƚŽ ƐĞǀĞƌĂů Ŭ,ǌͿ ĂŶĚ Ă ƉŽƚĞŶƚŝĂů
ĚŝĨĨĞƌĞŶĐĞŽĨƐĞǀĞƌĂůŬŝůŽǀŽůƚƐ͘dŚŝƐĐƌĞĂƚĞƐĚŝƐĐŚĂƌŐĞƐǁŝƚŚŝŶǁŚŝĐŚƚŚĞƉƌŽĐĞƐƐŽĨĞůĞĐƚƌŽŶŝŽŶŝǌĂƚŝŽŶ
ƚĂŬĞƐƉůĂĐĞ;&ŝŐƵƌĞϭͿ;h͘<ŽŐĞůƐĐŚĂƚǌ͕ϭϵϵϳͿ͘KŶĞŽĨƚŚĞŵŽƐƚǁŝĚĞƐƉƌĞĂĚĂŶĚĞƐƚĂďůŝƐŚĞĚŵĞƚŚŽĚƐ͕
ĂĚŽƉƚĞĚ ďǇ :ŽŶŝǆ ŝŶ ƚŚĂƚ ŝƚ ĐŽŵďŝŶĞƐ Ă ĚŝƐĐƌĞƚĞ ƉůĂƐŵĂ ƉƌŽĚƵĐƚŝŽŶ ĞĨĨŝĐŝĞŶĐǇ ǁŝƚŚ ŶŽƚ ĞǆĐĞƐƐŝǀĞůǇ
ĐŽŵƉůĞǆĐŽŶƐƚƌƵĐƚŝŽŶĂůĂƐƉĞĐƚƐ͕ŝƐďĂƐĞĚŽŶƚŚĞƉƌŝŶĐŝƉůĞŽĨĚŝĞůĞĐƚƌŝĐďĂƌƌŝĞƌĚŝƐĐŚĂƌŐĞ;Ϳ͘/ƚŝƐ
ĐĂůůĞĚƚŚĂƚ͕ďĞĐĂƵƐĞƚŚĞƌĞŝƐĂĚŝĞůĞĐƚƌŝĐŵĂƚĞƌŝĂůďĞƚǁĞĞŶƚŚĞĞůĞĐƚƌŽĚĞƐƚŚĂƚƉƌĞǀĞŶƚƐƚŚĞ
ĚĞǀĞůŽƉŵĞŶƚŽĨŚŝŐŚĐƵƌƌĞŶƚƐ͘
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ϭϬ


&ŝŐƵƌĞ ϭ – ǆĂŵƉůĞƐ ŽĨ  ƌĞĂĐƚŽƌ ĐŽŶĨŝŐƵƌĂƚŝŽŶƐ͗ ;ĂͿ  ǀŽůƵŵĞ ;ϭͲƐǇŵŵĞƚƌŝĐ͕ ϮͲĂƐǇŵŵĞƚƌŝĐ͕ ϯͲĨůŽĂƚĞĚ ĚŝĞůĞĐƚƌŝĐͿ͖ ;ďͿ ƐƵƌĨĂĐĞ 
;ϭƐǇŵŵĞƚƌŝĐ͕ϮͲĂƐǇŵŵĞƚƌŝĐΖĂĐƚƵĂƚŽƌΖĚĞƐŝŐŶͿ͖;ĐͿĐŽƉůĂŶĂƌĚŝƐĐŚĂƌŐĞ;ƌĂŶĚĞŶďƵƌŐZ͕͘ϮϬϭϳͿ


/ŶŵŽƐƚĂƉƉůŝĐĂƚŝŽŶƐ͕ƚŚĞĚŝĞůĞĐƚƌŝĐŵĂƚĞƌŝĂůůŝŵŝƚƐƚŚĞĂǀĞƌĂŐĞĐƵƌƌĞŶƚĚĞŶƐŝƚǇŝŶƚŚĞŐĂƐƐƉĂĐĞ͕ĂĐƚŝŶŐ
ĂƐĂƌĞƐŝƐƚŽƌƚŚĂƚ͕ŝŶƚŚĞŝĚĞĂůĐĂƐĞ͕ĚŽĞƐŶŽƚĐŽŶƐƵŵĞĞŶĞƌŐǇ͕ƉƌĞǀĞŶƚŝŶŐƚŚĞĚŝƐĐŚĂƌŐĞƚŽƚŚĞĂƌĐ͘
tŚĞŶĂΗƐƚƌĞĂŵĞƌΗ͕ŽƌĂƚƌĂŶƐŝĞŶƚĞůĞĐƚƌŝĐĂůĚŝƐĐŚĂƌŐĞ͕ƉƌŽƉĂŐĂƚĞƐƚŽǁĂƌĚƐƚŚĞďĂƌƌŝĞƌ͕ŝƚĐƌĞĂƚĞƐĂ
ƐƵƌĨĂĐĞĐŚĂƌŐĞƚŚĂƚŽƉƉŽƐĞƐƚŚĞĂƉƉůŝĞĚĞůĞĐƚƌŝĐĨŝĞůĚ͕ƐŚŝĞůĚŝŶŐŝƚ͘ƐĂĐŽŶƐĞƋƵĞŶĐĞ͕ƚŚĞƐƚƌĞĂŵĞƌŝƐ
ŝŶƚĞƌƌƵƉƚĞĚ ;ŝĨ ƚŚĞ ĚŝĞůĞĐƚƌŝĐ ĨŽƌĐĞ ŽĨ ƚŚĞ ďĂƌƌŝĞƌ ŝƐ ƐƵĨĨŝĐŝĞŶƚͿ͘ dŽ ƌĞŵŽǀĞ ƚŚĞ ƐƵƌĨĂĐĞ ĐŚĂƌŐĞ͕ ƚŚĞ
ǀŽůƚĂŐĞŝƐƌĞǀĞƌƐĞĚ͘dŚŝƐƚǇƉĞŽĨĚŝƐĐŚĂƌŐĞĨƵŶĐƚŝŽŶƐŽŶůǇŝŶƚŚĞĂůƚĞƌŶĂƚŝŶŐĐƵƌƌĞŶƚ͕ƐŝŶĐĞƚŚĞĚŝĞůĞĐƚƌŝĐ
ŵĂƚĞƌŝĂů ďĞƚǁĞĞŶ ƚŚĞ ĞůĞĐƚƌŽĚĞƐ͕ ďĞŝŶŐ ĂŶ ŝŶƐƵůĂƚŽƌ͕ ĐĂŶŶŽƚ ďĞ ĐƌŽƐƐĞĚ ďǇ Ă ĚŝƌĞĐƚ ĐƵƌƌĞŶƚ͘ dŚĞ
ƉƌĞĨĞƌƌĞĚ ŵĂƚĞƌŝĂůƐ ĨŽƌ ƚŚĞ ĚŝĞůĞĐƚƌŝĐ ďĂƌƌŝĞƌ ĂƌĞ ŐůĂƐƐ Žƌ ƐŝůŝĐĂ ŐůĂƐƐ͕ ŝŶ ƐƉĞĐŝĂů ĐĂƐĞƐ ĂůƐŽ ĐĞƌĂŵŝĐ
ŵĂƚĞƌŝĂůƐ͕ ĂŶĚ ƚŚŝŶ ǀĞŶĞĞƌƐ ĂŶĚ ƉŽůǇŵĞƌŝĐ ůĂǇĞƌƐ͘ ^ŽŵĞ ĂƉƉůŝĐĂƚŝŽŶƐ ƵƐĞ ĂĚĚŝƚŝŽŶĂů ƉƌŽƚĞĐƚŝǀĞ Žƌ
ĨƵŶĐƚŝŽŶĂůĐŽĂƚŝŶŐƐ͘dŚĞůŝŵŝƚĂƚŝŽŶŽĨƚŚĞĐƵƌƌĞŶƚďǇƚŚĞĚŝĞůĞĐƚƌŝĐŵĂƚĞƌŝĂůďĞĐŽŵĞƐůĞƐƐĞĨĨĞĐƚŝǀĞĂƚ
ǀĞƌǇŚŝŐŚĨƌĞƋƵĞŶĐŝĞƐ͘&ŽƌƚŚŝƐƌĞĂƐŽŶ͕ƚŚĞĚŝƐĐŚĂƌŐĞƐŶŽƌŵĂůůǇŽƉĞƌĂƚĞĂƚĨƌĞƋƵĞŶĐŝĞƐďĞƚǁĞĞŶ
ƚŚĞĨƌĞƋƵĞŶĐǇŽĨƚŚĞĞůĞĐƚƌŝĐŝƚǇƐƵƉƉůǇŐƌŝĚĂŶĚĂďŽƵƚϭD,ǌ͘


ϱ͘Ϯ͘:KE/yĂŶĚƚŚĞĐŽůĚƉůĂƐŵĂ

dŚĞ:ŽŶŝǆƉůĂƐŵĂĂĐƚƵĂƚŽƌƐ;ŝŽŶŝǌŝŶŐƚƵďĞƐͿĐŽŶƐŝƐƚŽĨĂƋƵĂƌƚǌĐǇůŝŶĚĞƌĐŽǀĞƌĞĚǁŝƚŚĂŵĞƚĂůŵĞƐŚ
;ĞǆƉŽƐĞĚĞůĞĐƚƌŽĚĞͿŝŶǁŚŝĐŚƚŚĞƌĞĂƌĞŶƵŵĞƌŽƵƐŚŽůĞƐ͕ŝŶŶƵŵďĞƌƌĂŶŐŝŶŐĨƌŽŵϯϬƚŽϰϱƉĞƌƐƋƵĂƌĞ
ĐĞŶƚŝŵĞƚĞƌ͕ĂŶĚĂĐŽĂǆŝĂůĞůĞĐƚƌŽĚĞƉůĂĐĞĚŝŶƐŝĚĞŝŶƚĞƌŶĂů;ĞŶĐĂƉƐƵůĂƚĞĚĞůĞĐƚƌŽĚĞͿ;&ŝŐƵƌĞϮͿ͘
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ϭϭ




&ŝŐƵƌĞϮ–:ŽŶŝǆƉůĂƐŵĂĂĐƚƵĂƚŽƌ

dŚĞƐǇƐƚĞŵŝƐƉŽǁĞƌĞĚďǇĂŶĂůƚĞƌŶĂƚŝŶŐĞůĞĐƚƌŝĐĐƵƌƌĞŶƚǁŝƚŚŵĂŝŶƐĨƌĞƋƵĞŶĐǇ;ϱϬ,ǌͿĂŶĚǀŽůƚĂŐĞŽĨ
ϮϴϱϬs;ŶŽŵŝŶĂůǀŽůƚĂŐĞͿ͘dŚĞĚŝƐĐŚĂƌŐĞŝƐŐĞŶĞƌĂƚĞĚƚŚĂŶŬƐƚŽƚŚĞƐŝŶƵƐŽŝĚĂůĐƵƌƌĞŶƚǁŝƚŚƐƵĐŚĂŚŝŐŚ
ƉŽƚĞŶƚŝĂůĚŝĨĨĞƌĞŶĐĞ͕ůĞĂĚŝŶŐƚŽƚŚĞŐĞŶĞƌĂƚŝŽŶŽĨŵŝĐƌŽͲĂƌĐƐŽŶƚŚĞĞǆƉŽƐĞĚĞůĞĐƚƌŽĚĞƚŚĂƚƚĂŬĞƉůĂĐĞ
ƚŚĂŶŬƐƚŽƚŚĞĂĐĐƵŵƵůĂƚŝŽŶŽĨĞůĞĐƚƌŽŶƐŽŶƚŚĞĚŝĞůĞĐƚƌŝĐůĂǇĞƌ͕ƚŚĂƚŝƐŽŶƚŚĞŵĞƚĂůŵĞƐŚ;&ŝŐƵƌĞϯͿ͕
ǁŚĞƌĞƚŚĞĐŽůĚƉůĂƐŵĂŝƐŐĞŶĞƌĂƚĞĚ;ƐƵƌĨĂĐĞĚŝƐĐŚĂƌŐĞͿ͗ƚŚĞŐĂƐĞŽƵƐĨůŽǁƚŚĂƚƚŽƵĐŚĞƐƚŚŝƐƐƵƌĨĂĐĞŝƐ
ƚŚĞŶŝŽŶŝǌĞĚ;>ŶůŽĞ͕ϮϬϬϴͿ͘



&ŝŐƵƌĞϯ–ĨƵŶĐƚŝŽŶŝŶŐ͗;ĂͿŶĞŐĂƚŝǀĞƐĞŵŝͲĐǇĐůĞĂŶĚ;ďͿƉŽƐŝƚŝǀĞƐĞŵŝͲĐǇĐůĞ




ƐƚŚĞŝŶƚĞƌŶĂůĞůĞĐƚƌŽĚĞŝƐƉůĂĐĞĚŝŶƐŝĚĞƚŚĞƋƵĂƌƚǌƚƵďĞ͕ĂŶĚŝƚŝƐƚŚĞƌĞĨŽƌĞĞŶĐĂƉƐƵůĂƚĞĚ͕ƚŚĞƌĞŝƐŶŽ
ŐĞŶĞƌĂƚŝŽŶŽĨƉůĂƐŵĂŽŶŝƚ͘


ϱ͘ϯ͘dŚĞĐŚĞŵŝƐƚƌǇŽĨŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂŝŶƚŚĞŐĂƐĨůŽǁ

dŚĞĐŚĞŵŝƐƚƌǇŽĨƚŚĞƌĞĂĐƚŝŽŶƐƚŚĂƚƚĂŬĞƉůĂĐĞŝŶĂŶŽŶƚŚĞƌŵĂůƉůĂƐŵĂŝƐĞǆƚƌĞŵĞůǇĐŽŵƉůĞǆĂŶĚǀĂƌŝĞƐ
ĂĐĐŽƌĚŝŶŐ ƚŽ ƚŚĞ ŐĂƐ ďĞŝŶŐ ŝŽŶŝǌĞĚ͕ ƚŚĞ ĐŽŶƚĂĐƚ ƚŝŵĞƐ͕ ƚŚĞ ƉŽǁĞƌ ƐƵƉƉůǇ ĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ ĂŶĚ ƚŚĞ
ŐĞŽŵĞƚƌǇŽĨƚŚĞƌĞĂĐƚŽƌ͘/ŶŐĞŶĞƌĂů͕ƐŝŶĐĞƚŚĞŵĂŝŶŝŽŶŝǌĂƚŝŽŶŵĞĐŚĂŶŝƐŵŝŶƚŚĞĞůĞĐƚƌŝĐĚŝƐĐŚĂƌŐĞƐŝƐ
ƚŚĞĞůĞĐƚƌŽŶŝŵƉĂĐƚŝŽŶŝǌĂƚŝŽŶ͕ƚŚĞƌĞĂĐƚŝŽŶƐƚŚĂƚŝŶŝƚŝĂƚĞƚŚĞƉƌŽĐĞƐƐĞƐĐĂŶďĞŐĞŶĞƌŝĐĂůůǇĚĞƐĐƌŝďĞĚ
ĂƐĨŽůůŽǁƐ͗
yнĞͲ→ X+• нϮĞͲ
yzнĞͲ→ XY+• нϮĞͲ
yzнĞͲ→ X• нz• нĞͲ
/ŶƚŚĞĞǀĞŶƚƚŚĂƚƚŚĞŝŽŶŝǌĞĚŐĂƐŝƐĂŝƌ͕ƚŚĞŵĂŝŶƌĞĂĐƚŝŽŶƐƚŚĂƚĐĂŶŽĐĐƵƌĂƌĞ͗
KϮнĞͲ→ OϮ
+• нϮĞͲ;ĂсϭϮ͘ϱĞsͿ
EϮнĞͲ→ NϮ
+• нϮĞͲ;Ăсϭϱ͘ϱĞsͿ
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ϭϮ

/ŽŶŝǌĂƚŝŽŶŝŶĂŝƌŝƐĂĐĐŽŵƉĂŶŝĞĚďǇĨƌĂŐŵĞŶƚĂƚŝŽŶƉƌŽĐĞƐƐĞƐǁŝƚŚƚŚĞĨŽƌŵĂƚŝŽŶŽĨĨƌĞĞƌĂĚŝĐĂůƐ͗
yz+• → X• нzн

10

KƚŚĞƌƉƌŽĐĞƐƐĞƐƚŚĂƚŽĐĐƵƌŝŶĂƉůĂƐŵĂŝŶǀŽůǀĞƚŚĞĞǆĐŝƚĂƚŝŽŶŽĨĂƚŽŵŝĐŽƌŵŽůĞĐƵůĂƌƐƉĞĐŝĞƐ͖ĂŐĂŝŶ͕ŝŶ
ƚŚĞĐĂƐĞ
ŽĨĂŝƌ͗
KϮнĞͲ→ OϮ
• нĞͲ;ĂсϭĞsͿ
EϮнĞͲ→ NϮ
• нĞͲ
EϮнĞͲ→ 2N• нĞͲ;ĂсϵĞsͿ
KϮнĞͲ→ 2O + eͲ
dŚĞƉƌŽĚƵĐƚƐŽĨƚŚĞƐĞƉƌŝŵĂƌǇƌĞĂĐƚŝŽŶƐĂƌĞŚŝŐŚůǇƌĞĂĐƚŝǀĞƐƉĞĐŝĞƐƚŚĂƚĐĂŶƐƵďƐĞƋƵĞŶƚůǇƌĞĐŽŵďŝŶĞ
ƚŽǇŝĞůĚŶŝƚƌŽŐĞŶŽǆŝĚĞƐ͕EKĂŶĚEKϮ͕ĂŶĚŽǌŽŶĞ͘ŶŽƚŚĞƌƐƉĞĐŝĞƐŐĞŶĞƌĂƚĞĚŝŶŶŽŶƚŚĞƌŵĂůƉůĂƐŵĂƐŝƐ
ƚŚĞŚǇĚƌŽǆǇůƌĂĚŝĐĂů͕ •K,͕ĞǆƚƌĞŵĞůǇŝŵƉŽƌƚĂŶƚĨŽƌŝƚƐŐƌĞĂƚŽǆŝĚŝǌŝŶŐƉŽǁĞƌ͘/ƚŝƐĨŽƌŵĞĚŽŶůǇŝŶƚŚĞ
ƉƌĞƐĞŶĐĞŽĨŚƵŵŝĚŝƚǇĂƐĨŽůůŽǁƐ͗
,ϮKнĞͲͲх,• н,K• нĞͲ
/ŶĐŽŶĐůƵƐŝŽŶ͕ƚŚĞƌĞĨŽƌĞ͕ƚŚĞŵĂŝŶƐƉĞĐŝĞƐŐĞŶĞƌĂƚĞĚŝŶĂŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂŝŶĂŝƌĂƌĞ͗
Ͳ ŝŽŶƐK2+•͕E2+•͕EKн͕KͲ•͕KϮͲ•͕KϯͲ•͖
Ͳ ƚŚĞĂƚŽŵŝĐŽǆǇŐĞŶƐƉĞĐŝĞƐKĂŶĚƚŚĞƌĂĚŝĐĂů•K,͖
Ͳ ĞǆĐŝƚĞĚƐƉĞĐŝĞƐŽĨŵŽůĞĐƵůĂƌĂŶĚĂƚŽŵŝĐŽǆǇŐĞŶ;K2•ͿĂŶĚŵŽůĞĐƵůĂƌŶŝƚƌŽŐĞŶ;E2•Ϳ͖
Ͳ ƚŚĞŶĞƵƚƌĂůŽǆǇŐĞŶƐƉĞĐŝĞƐKϯĂŶĚEKǆ͘

dŚĞƌĞĂĐƚŝŽŶƐƚŚĂƚƚŚĞƐĞƐƉĞĐŝĞƐĐĂŶŐŝǀĞƌŝƐĞƚŽĂƌĞŶƵŵĞƌŽƵƐĂŶĚĂƌĞƐƚŝůůƐƵďũĞĐƚŽĨƐƚƵĚǇŝŶƚŚĞ
ůŝƚĞƌĂƚƵƌĞ ĚƵĞ ƚŽ ƚŚĞ ĐŽŶƐŝĚĞƌĂďůĞ ĐŽŵƉůĞǆŝƚǇ ŽĨ ƐƵĐŚ Ă ŚĞƚĞƌŽŐĞŶĞŽƵƐ ƐĞƚ ŽĨ ƐƉĞĐŝĞƐ͘ ZĂĚŝĐĂů
ĚĞĐŽŵƉŽƐŝƚŝŽŶƌĞĂĐƚŝŽŶƐĂƌĞĂĐĐŽŵƉĂŶŝĞĚďǇŽǆŝĚĂƚŝŽŶƌĞĂĐƚŝŽŶƐ͕ƐƵĐŚĂƐƚŚĞĂĚĚŝƚŝŽŶŽĨŽǌŽŶĞ;ŝ͘Ğ͘
ƌŝĞŐĞĞ DĞĐŚĂŶŝƐŵ KǌŽŶŽůǇƐŝƐͿ͕ ǁŚŝĐŚ ƌĞĂĐƚƐ ĞǀĞŶ ǁŝƚŚ ƐŵĂůů ĐĂƌďŽŶ ƉĂƌƚŝĐůĞƐ ;Ϯ͘ϱ ŵŝĐƌŽŶƐͿ ƚŚƵƐ
ƌĞŵŽǀŝŶŐƚŚĞĨŝŶĞƉĂƌƚŝĐƵůĂƚĞ͘dŚĞƐĂŵĞƉŽůůƵƚŝŶŐŵŽůĞĐƵůĞƐ͕ŝŶĐŽŶƚĂĐƚǁŝƚŚƚŚĞĞůĞĐƚƌŽŶĞǆĐŝƚĂƚŝŽŶ
ŽĨƚŚĞƉůĂƐŵĂ͕ĐĂŶŝŶƚƵƌŶďĞŝŽŶŝǌĞĚ͕ŚĞŶĐĞŐĞŶĞƌĂƚĞƌĞĂĐƚŝŽŶ
ŝŶŝƚŝĂƚŽƌƐ͘ dŚĞ ŽǆŝĚĂƚŝŽŶ ŵĞĐŚĂŶŝƐŵƐ ĂƌĞ ŐĞŶĞƌĂůŝǌĞĚ ĂŶĚ ĐĂŶ ĂůƐŽ ŝŶǀŽůǀĞ ŝŶŽƌŐĂŶŝĐ ŵŽůĞĐƵůĞƐ
ƚƌĂŶƐƉŽƌƚĞĚǁŝƚŚŝŶƚŚĞƉůĂƐŵĂ͘



ϲ͘&&d^KE,D/>WK>>hdEd^

dŚŝƐƐĞĐƚŝŽŶŝƐĚŝǀŝĚĞĚĂĐĐŽƌĚŝŶŐƚŽƚŚĞŵŽůĞĐƵůĞƚǇƉĞ͗ŝŶŽƌŐĂŶŝĐĂŶĚŽƌŐĂŶŝĐ;sKƐͿ͘



ϲ͘ϭ͘ĨĨĞĐƚŽŶŝŶŽƌŐĂŶŝĐŵŽůĞĐƵůĞƐ

EdW ƚĞĐŚŶŽůŽŐŝĞƐ ŽĨĨĞƌ Ă ƉƌŽŵŝƐŝŶŐ ƐĐĞŶĂƌŝŽ ĨŽƌ ƚŚĞ ƚƌĞĂƚŵĞŶƚ ŽĨ ƚǇƉŝĐĂů ĂŝƌͲƉŽůůƵƚŝŶŐ ŝŶŽƌŐĂŶŝĐ
ŵŽůĞĐƵůĞƐ͕ƐƵĐŚĂƐƐƵůƉŚƵƌĂŶĚŶŝƚƌŽŐĞŶŽǆŝĚĞƐ͕ĂƐǁĞůůĂƐŚǇĚƌŽŐĞŶƐƵůƉŚŝĚĞŝŶŝŶĚƵƐƚƌŝĂůĞŵŝƐƐŝŽŶ
ĂƉƉůŝĐĂƚŝŽŶƐ ;ƌĂƚŝƐůĂǀ D͘ KďƌĂĚŽǀŝĐ͕ ϮϬϭϭͿ͕ ƚŚŝƐ ŝƐ ďĞĐĂƵƐĞ EdW ŝƐ ĂůƐŽ ĂďůĞ ƚŽ ĂĐƚ ŽŶ ŝŶŽƌŐĂŶŝĐ
ƉŽůůƵƚĂŶƚƐ;ƵůĨĂŵĚŶĂŶĂ͕ϮϬϭϳͿ͗ŽǆǇŐĞŶƌĂĚŝĐĂůƐƌĞĂĐƚǁŝƚŚĐĂƌďŽŶŵŽŶŽǆŝĚĞ;KͿƚŽĨŽƌŵĐĂƌďŽŶ
ĚŝŽǆŝĚĞ ;KϮͿ͕ ǁŝƚŚ ƐƵůƉŚƵƌ ĚŝŽǆŝĚĞ ;^KϮͿ ƚŽ ĨŽƌŵ ƐƵůƉŚƵƌ ƚƌŝŽǆŝĚĞ ;^KϯͿ͕ ĂŶĚ ǁŝƚŚ ŶŝƚƌŽŐĞŶ ŽǆŝĚĞƐ
;EKǆͿ͕ ǁŚŝĐŚ ŝŶ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ŵŽŝƐƚƵƌĞ ĐĂŶ ĨŽƌŵ ŶŝƚƌŝĐ ĂĐŝĚ͘ EŝƚƌŽŐĞŶ ŽǆŝĚĞƐ ĂŶĚ ŽǌŽŶĞ͕ ďĞŝŶŐ
ƉĞƌƐŝƐƚĞŶƚ͕ŵĂǇďĞĐŽŶƐŝĚĞƌĞĚƵŶǁĂŶƚĞĚďǇͲƉƌŽĚƵĐƚƐ͘
dŚĞŶĞǁĂƉƉůŝĐĂƚŝŽŶƐĂƉƉĞĂƌŝŶƚĞƌĞƐƚŝŶŐĂŶĚĂƌĞƚŚĞƐƵďũĞĐƚŽĨƐƚƵĚŝĞƐ͕ĂƐƉůĂƐŵĂƚƌĞĂƚŵĞŶƚĂůůŽǁƐ
ƚŚĞ ƐŝŵƵůƚĂŶĞŽƵƐ ƌĞŵŽǀĂů ŽĨ ƉŽůůƵƚĂŶƚƐ͕ ĂŶĚ ďǇ ŵĂŶĂŐŝŶŐ ƚŚĞ ĂƉƉůŝĞĚ ƉŽǁĞƌ ĂĐĐŽƌĚŝŶŐ ƚŽ ƚŚĞ
ƌĞƋƵŝƌĞŵĞŶƚƐ͕ƚŽĂƚƚĂŝŶůŽǁĐŽŶƐƵŵƉƚŝŽŶ͕ĂƐĞǀŝĚĞŶĐĞĚďǇƚŚĞĂƵƚŚŽƌƐŽĨǀĂƌŝŽƵƐƐƚƵĚŝĞƐ;tĞŶͲ:ƵŶ
>ŝĂŶŐ͕ϮϬϭϭͿ͘
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ϭϯ

ϲ͘Ϯ͘ZĞĂĐƚŝŽŶŵĞĐŚĂŶŝƐŵƐǁŝƚŚsKƐ

sĂƌŝŽƵƐ ŝŶĚƵƐƚƌŝĂů ĂƉƉůŝĐĂƚŝŽŶƐ ŽĨ ĐŽůĚ ƉůĂƐŵĂ ĂƌĞ ĂůƌĞĂĚǇ ĞƐƚĂďůŝƐŚĞĚ ;ƉĂĐŬĂŐŝŶŐ͕ ƉŽůǇŵĞƌ
ĨƵŶĐƚŝŽŶĂůŝǌĂƚŝŽŶ͕ ĞƚĐ͘Ϳ͘ KƚŚĞƌƐ ĂƌĞ Ɛƚŝůů ďĞŝŶŐ ƐƚƵĚŝĞĚ͘ dŚĞƐĞ ŝŶĐůƵĚĞ ƚŚĞ ĂďĂƚĞŵĞŶƚ ŽĨ sKƐ ŝŶ
ĞŵŝƐƐŝŽŶƐĂƐĂŶĂůƚĞƌŶĂƚŝǀĞƚŽĂĐƚŝǀĂƚĞĚĐĂƌďŽŶƐǇƐƚĞŵƐ͕ƐĐƌƵďďĞƌƐ͕ďŝŽĨŝůƚĞƌƐŽƌĐŽŵďƵƐƚŝŽŶƐǇƐƚĞŵƐ͕
ďĞĐĂƵƐĞ ŝŶ ƚŚĞƐĞ ƉůĂƐŵĂƐ͕ ƚŚĞ ƉŽůůƵƚĞĚ ŽƌŐĂŶŝĐ ǀŽůĂƚŝůĞƐ ĐĂŶ ďĞ ŽǆŝĚŝǌĞĚ ƚŽ K Ϯ ĂůƌĞĂĚǇ Ăƚ ƌŽŽŵ
ƚĞŵƉĞƌĂƚƵƌĞǁŝƚŚĂŶĞĨĨŝĐĂĐǇĚĞƉĞŶĚĞŶƚŽŶƚŚĞŵŽůĞĐƵůĞ͕ĐŽŶƚĂĐƚƚŝŵĞƐĂŶĚŽƚŚĞƌĨĂĐƚŽƌƐ;ƌŶĞD͘
sĂŶĚĞŶďƌŽƵĐŬĞ͕ϮϬϭϭͿ;<ŝŵ͕ϮϬϬϰͿ͘
dŚŝƐŝƐƉŽƐƐŝďůĞďĞĐĂƵƐĞ͕ŝĨĂŝƌ;ĨŽƌŵĞĚĂůŵŽƐƚĞǆĐůƵƐŝǀĞůǇďǇŶŝƚƌŽŐĞŶĂŶĚŽǆǇŐĞŶͿŝƐƐƵďũĞĐƚĞĚƚŽƚŚĞ
ďŽŵďĂƌĚŵĞŶƚďǇƚŚĞƐĞŚŝŐŚͲĞŶĞƌŐǇĞůĞĐƚƌŽŶƐ͕ƚŚĞ ŵŽůĞĐƵůĞƐ ǁŝƚŚĂƐƚĂďůĞ ƐƚĂƚĞ ;EϮ͕KϮͿ ďĞĐŽŵĞ
ŵĞƚĂƐƚĂďůĞ͕;EϮŵ͕KϮŵͿŽƌĞǆĐŝƚĞĚ;EϮΎ͕KϮΎͿ͘dŚĞƐĞĨŽƌŵƐĐŽůůŝĚĞǁŝƚŚĞĂĐŚŽƚŚĞƌŽƌǁŝƚŚŽƚŚĞƌƐůĞĨƚ
ĂƚƚŚĞďĂƐĞůĞǀĞů͕ŽƌĂƌĞďŽŵďĂƌĚĞĚĂŐĂŝŶďǇĞǆĐŝƚĞĚĞůĞĐƚƌŽŶƐ͘dŚĞƌĞƐƵůƚŝƐĂƐƵŵŵĂƚŝŽŶŽĨŝŽŶŝǌĂƚŝŽŶ
ƉƌŽĐĞƐƐĞƐ;ŝŶĐůƵĚŝŶŐWĞŶŶŝŶŐŝŽŶŝǌĂƚŝŽŶͿ͕ĞǀĞŶŝĨƚŚĞŵŽƐƚĂĐĐƌĞĚŝƚĞĚƌĞĂĐƚŝŽŶƉĂƚŚǁĂǇƐƐƚŝůůŝŶǀŽůǀĞ
ƚŚĞĨŽƌŵĂƚŝŽŶŽĨƌĂĚŝĐĂůƐ;^ĞŝŶĨĞůĚΘWĂŶĚŝƐ͕ϭϵϵϴͿ͗
R • + O2 → ROO•
ROO• + NO → RO• + NO2
2 ROO• → 2 RO• + O2
RO• → carbonyl compounds + radicals (Cl•, R’•, etc.)

dŚĞƌĞƐƵůƚŽĨƚŚĞƐĞƐƚĞƉƌĞĂĐƚŝŽŶƐŝƐƚŚĞĨŽƌŵĂƚŝŽŶŽĨŝŽŶƐĂŶĚĨƌĞĞƌĂĚŝĐĂůƐǁŝƚŚǀĞƌǇŚŝŐŚŽǆŝĚŝǌŝŶŐ
ƉŽǁĞƌǁŚŝĐŚ͕ŝŶĐŽŶƚĂĐƚǁŝƚŚĐŽŶƚĂŵŝŶĂŶƚƐ͕ƚŚĞŽƌĞƚŝĐĂůůǇůĞĂĚƚŽƉƌŽĚƵĐƚƐƐƵĐŚĂƐĐĂƌďŽŶĚŝŽǆŝĚĞĂŶĚ
ǁĂƚĞƌǀĂƉŽƵƌ͕ƐŝŵŝůĂƌůǇƚŽǁŚĂƚŚĂƉƉĞŶƐŝŶŚŝŐŚͲƚĞŵƉĞƌĂƚƵƌĞĐŽŵďƵƐƚŝŽŶƐǇƐƚĞŵƐ͘,ŽǁĞǀĞƌ͕ĂƉĂƌƚŝĂů
ĞĨĨŝĐĂĐǇ͕ ŽĐĐƵƌƌŝŶŐ ǁŚĞŶ ƐŽŵĞ ƉŽůůƵƚĂŶƚƐ ĂƌĞ ŽǆŝĚŝǌĞĚ ŽŶůǇ ƉĂƌƚŝĂůůǇ ;KĚĂ͕ ϮϬϬϯͿ͕ ĂƐ ǁĞůů ĂƐ ƚŚĞ
ĨŽƌŵĂƚŝŽŶ ŽĨ ĚĞĐŽŵƉŽƐŝƚŝŽŶ ŝŶƚĞƌŵĞĚŝĂƚĞƐ ĂƐ ďǇͲƉƌŽĚƵĐƚƐ ;<͘ hƌĂƐŚŝŵĂ͕ ϮϬϬϬͿ ƐŚŽƵůĚ ďĞ ƚĞƐƚĞĚ
ĞǆƉĞƌŝŵĞŶƚĂůůǇ͘ dŚĞƐĞ ůŝŵŝƚĂƚŝŽŶƐ ŵƵƐƚ ďĞ ĂƐƐĞƐƐĞĚ ŽŶ Ă ĐĂƐĞͲďǇͲĐĂƐĞ ďĂƐŝƐ ƚŽ ĚĞƚĞƌŵŝŶĞ ƚŚĞ
ƐƵŝƚĂďŝůŝƚǇŽĨƚŚĞƉƌŽĐĞƐƐĂŶĚĂŶǇƉŽƐƐŝďůĞŝƐƐƵĞƐ͘
hůƚŝŵĂƚĞůǇ͕ƚŚĞEdWƚĞĐŚŶŽůŽŐǇƌĞƉƌĞƐĞŶƚƐĂƉƌŽŵŝƐŝŶŐƐŽůƵƚŝŽŶĨŽƌƚŚĞƚƌĞĂƚŵĞŶƚŽĨĂŶǇsK͕ĞǀĞŶŝŶ
ĞǆĐĞƉƚŝŽŶĂů ĐŽŶĚŝƚŝŽŶƐ͕ Žƌ ĨŽƌ ŝŶĞƌƚ ĂŶĚ ƉĞƌƐŝƐƚĞŶƚ ŵŽůĞĐƵůĞƐ͕ ƐƵĐŚ ĂƐ ŚĂůŽĂůŬĂŶĞƐ͕ ďŽƚŚ ŝŶ ƚŚĞ
ĐŽŶĚŝƚŝŽŶƐ ŽĨ ůŽǁ ;фϭϬϬ ƉƉŵǀͿ ĂŶĚ ŽĨ ŚŝŐŚ ;хϭϬϬϬ ƉƉŵǀͿ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ ƉŽůůƵƚĂŶƚƐ ;WĞŶĞƚƌĂŶƚĞ͕
ϮϬϭϭͿ ;^͘ ^ĐŚŵŝĚ͕ ϮϬϭϬͿ͕ ĚĞŵŽŶƐƚƌĂƚŝŶŐ ƚŚƵƐ Ă ƌĞŵĂƌŬĂďůĞ ĨůĞǆŝďŝůŝƚǇ ŽĨ ƵƐĞ͘ KŶĞ ŽĨ ŝƚƐ ƉŽƐƐŝďůĞ
ĂƉƉůŝĐĂƚŝŽŶƐ͕ĨŽƌĞǆĂŵƉůĞ͕ĐŽƵůĚďĞĨŽƌŽĚŽƌŽƵƐĐŽŵƉŽƵŶĚƐ͕ǁŚŝĐŚŽĨƚĞŶĐĂƵƐĞĂĚǀĞƌƐĞĞĨĨĞĐƚƐĂůƌĞĂĚǇ
ĂƚĞǆƚƌĞŵĞůǇůŽǁůĞǀĞůƐ;ƉƉďͿ͘/ŶĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞǀĂƌŝŽƵƐƚĞĐŚŶŽůŽŐŝĞƐĨŽƌƚŚĞƌĞŵŽǀĂůŽĨsKƐ
ĨƌŽŵƚŚĞĂŝƌĂǀĂŝůĂďůĞƚŽĚĂǇ͕ƚŚĞEdWƐǇƐƚĞŵƐƐŚŽǁƚŚĞŝƌƐƚƌĞŶŐƚŚŝŶƚŚĞĐŽŶĚŝƚŝŽŶƐŽĨ
ŵĞĚŝƵŵ ƚŽ ůŽǁ ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ;фϭϬϬϬ ƉƉŵǀͿ ;:͘ <ĂƌƵƉƉŝĂŚĂ͕ ϮϬϭϮͿ ŽĨ ƉŽŽƌůǇ ǁĂƚĞƌͲƐŽůƵďůĞ
ĐŽŶƚĂŵŝŶĂŶƚƐ ;^ĐŚŝĂǀŽŶ D͘ d͕͘ ϮϬϭϳͿ͘ /Ŷ ŝŶĚƵƐƚƌŝĂů ĂƉƉůŝĐĂƚŝŽŶƐ͕ ƚŚĞ ĞǆƉĞĐƚĂƚŝŽŶƐ ůŝŶŬĞĚ ƚŽ ƚŚĞ
ŝŶĐƌĞĂƐĞĚƐŽůƵďŝůŝƚǇŽĨƚŚĞďǇͲƉƌŽĚƵĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚƐĂƌĞŝŶƚĞƌĞƐƚŝŶŐ͕ĞƐƉĞĐŝĂůůǇŝĨĐŽŵďŝŶĞĚǁŝƚŚ
ĐĂƚĂůǇƐƚƐ͕ ĂƐ ƚŚĞǇ ŝŵƉƌŽǀĞ ƚŚĞ ĨƵŶĐƚŝŽŶŝŶŐ ŽĨ ďŝŽĨŝůƚĞƌƐ ĂŶĚ ĂďƐŽƌƉƚŝŽŶ ĐŽůƵŵŶƐ͘ Ɛ ĨŽƌ ƚŚĞ ŝŶĚŽŽƌ
ĂƉƉůŝĐĂƚŝŽŶƐ͕ƚŚĞǇĂƌĞŽĨƐƉĞĐŝĂůŝŶƚĞƌĞƐƚĚƵĞƚŽƚŚĞĞǆƉĞĐƚĞĚůŽǁĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨďǇͲƉƌŽĚƵĐƚƐ͘



ϲ͘ϯ͘&ŽĐƵƐŽŶŝŶĚŽŽƌĂƉƉůŝĐĂƚŝŽŶƐ

/ŶƚŚŝƐĐŽŶƚĞǆƚ͕ŶŽŶƚŚĞƌŵĂůƉůĂƐŵĂ;EdWͿƐǇƐƚĞŵƐŽĨĨĞƌŝŶƚĞƌĞƐƚŝŶŐƉŽƐƐŝďŝůŝƚŝĞƐŝŶƚŚĞĂƌĞĂŽĨŝŶĚŽŽƌ
ĂŝƌƉƵƌŝĨŝĐĂƚŝŽŶƐǇƐƚĞŵƐďĞĐĂƵƐĞ͕ĂƐŚĂƐďĞĞŶƐĂŝĚ͕ƚŚĞǇĂƌĞƉĂƌƚŝĐƵůĂƌůǇƵƐĞĨƵůŝŶĐŽŶĚŝƚŝŽŶƐƚŚĂƚĂƌĞ
ƚǇƉŝĐĂůŽĨĞŶǀŝƌŽŶŵĞŶƚƐŝŶƚĞŶĚĞĚĨŽƌŚƵŵĂŶƉƌĞƐĞŶĐĞ͕ŶĂŵĞůǇ͗

Ͳ>ŽǁĐŽŶĐĞŶƚƌĂƚŝŽŶƐ͖
ͲEƵŵĞƌŽƵƐƚǇƉĞƐŽĨƉŽůůƵƚĂŶƚƐ
ͲŵďŝĞŶƚƚĞŵƉĞƌĂƚƵƌĞĂŶĚƉƌĞƐƐƵƌĞ

ŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ĂůƚĞƌŶĂƚŝǀĞƐ͕ ƚŚĞ EdW ƉƌŽǀĞƐ ĨůĞǆŝďůĞ ĂŶĚ Ă ŵŽƌĞ ĞŶǀŝƌŽŶŵĞŶƚĂůůǇ ĨƌŝĞŶĚůǇ ĂŶĚ
ƉƌŽŵŝƐŝŶŐƚĞĐŚŶŝƋƵĞĨŽƌƌĞŵŽǀŝŶŐŶƵŵĞƌŽƵƐĂŝƌƉŽůůƵƚĂŶƚƐ;^ƚĂƐŝƵůĂŝƚŝĞŶĞĞƚĂů͕͘ϮϬϭϱ͖dŚĞǀĞŶĞƚĞƚĂů͕͘
ϮϬϭϰͿ͘ŵŽŶŐƚŚĞŵĂŶǇƚǇƉĞƐŽĨƉůĂƐŵĂĂŶĚŽĨǁĂǇƐƚŽŐĞŶĞƌĂƚĞŝƚ͕ƚŚŽƐĞŐĞŶĞƌĂƚĞĚďǇƚŚĞĐŽƌŽŶĂ
ĂŶĚƚŚĞĚŝĞůĞĐƚƌŝĐďĂƌƌŝĞƌĚŝƐĐŚĂƌŐĞƐ;ͿĂƌĞƚŚĞŵŽƐƚƐƚƵĚŝĞĚǁŝƚŚŝŶƚŚĞƐĐŽƉĞŽĨƚŚĞĂŝƌͲĐůĞĂŶŝŶŐ
ŽďũĞĐƚŝǀĞƐ;DŽƐĐŽƐĂͲ^ĂŶƚŝůůĂŶĞƚĂů͕͘ϮϬϬϴͿ͘
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ϭϰ

dŚĞ ĂďĂƚĞŵĞŶƚ ǀĂůƵĞƐ ĂƌĞ ĚĞƉĞŶĚĞŶƚ ŽŶ ƚŚĞ ƉŽůůƵƚĂŶƚ ƚǇƉĞ ĂŶĚ ŐĞŶĞƌĂůůǇ͕ ŝŶ ƚŚĞ ƐƉĞĐŝĨŝĞĚ ůŽǁ
ĐŽŶĐĞŶƚƌĂƚŝŽŶĐŽŶĚŝƚŝŽŶƐ͕ƌĂŶŐĞĨƌŽŵϱϬƚŽϵϬйϭ;ĨŽƌĂŶEdWŐĞŶĞƌĂƚĞĚǁŝƚŚͿ;KƐŵĂŶ<ĂƌĂƚƵŵ͕
ĐŽŵƉĂƌĂƚŝǀĞƐƚƵĚǇŽĨĚŝůƵƚĞsKƐƚƌĞĂƚŵĞŶƚŝŶĂŶŽŶͲƚŚĞƌŵĂů͕ϮϬϭϲͿ͘dŚĞŚŝŐŚĞƐƚƉĞƌĐĞŶƚĂŐĞƐĂƉƉůǇ
ƚŽƚŚĞŚǇĚƌŽŐĞŶƌŝĐŚĞƌŵŽůĞĐƵůĂƌƐƚƌƵĐƚƵƌĞƐ͘/ŶƚŚĞƐĞĐĂƐĞƐƚŚĞƌĞĂƌĞŶŽƉĂƌƚŝĂůŽǆŝĚĂƚŝŽŶƉƌŽĚƵĐƚƐ
ĂŶĚŝƚĐĂŶďĞƉŽƐƚƵůĂƚĞĚƚŚĂƚŽŶĐĞĂĐŚĂŝŶŽĨƌĞĂĐƚŝŽŶƐŚĂƐďĞĞŶŝŶŝƚŝĂƚĞĚ͕ƚŚĞĞŶƚŚĂůƉǇŐĞŶĞƌĂƚĞƐŚĞĂƚ
ĂůůŽǁŝŶŐƚŚĞŽǆŝĚĂƚŝŽŶƚŽĐĂƌďŽŶĚŝŽǆŝĚĞƚŽďĞĐŽŵƉůĞƚĞĚ͘;ĂƌůŽƐD͘EƵŶĞǌ͕ϮϬϭϮͿ͊͊

ϳ͘ ^E/d/^/E' &&d^͗ D,E/^D^ K& d/KE '/E^d
s/Zh^^͕DKh>^EdZ/


dŚĞƌĞ ĂƌĞŶƵŵĞƌŽƵƐƐƚƵĚŝĞƐ ŝŶ ƚŚĞ ůŝƚĞƌature that demonstrate the nonthermal plasma’s ability to
ŝŶĂĐƚŝǀĂƚĞŵĂŶǇĚŝĨĨĞƌĞŶƚƚǇƉĞƐŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ƐƵĐŚĂƐŵŽƵůĚƐ͕ǀŝƌƵƐĞƐĂŶĚďĂĐƚĞƌŝĂ;DŝĐŚĂĞů:͘
'ĂůůĂŐŚĞƌ͕ ϮϬϬϰͿ͕ ďŽƚŚ ŽŶ ƐƵƌĨĂĐĞƐ ĂŶĚ ŝŶ ƚŚĞ Ăŝƌ͘ /Ŷ ƚŚĞ ůĂƚƚĞƌ ĐĂƐĞ͕ ƚŚŝƐ ƚĞĐŚŶŽůŽŐǇ ŐĞŶĞƌĂƚĞƐ
ƉĂƌƚŝĐƵůĂƌŝŶƚĞƌĞƐƚ͕ďĞĐĂƵƐĞŚŝŐŚͲĞĨĨŝĐŝĞŶĐǇƉĂƌƚŝĐƵůĂƚĞĨŝůƚĞƌƐ;,WƐͿ͕ĐŽŵŵŽŶůǇƵƐĞĚƚŽƌĞŵŽǀĞŵŽƐƚ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ĂƌĞĞĨĨĞĐƚŝǀĞĨŽƌƉĂƌƚŝĐůĞƐƵƉƚŽϬ͘ϱŵŝĐƌŽŶƐŝŶƐŝǌĞ͕ďƵƚůŽƐĞƚŚĞŝƌĞĨĨĞĐƚŝǀĞŶĞƐƐĂŐĂŝŶƐƚ
ǀŝƌƵƐĞƐƉƌĞƐĞŶƚŝŶƚŚĞĂŝƌ;ǀŝĂĚƌŽƉůĞƚƐͿ͕ĂƐƚŚĞƐĞĂƌĞĂŵŽŶŐƚŚĞƐŵĂůůĞƐƚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ;ϮϬͲϯϬϬŶŵͿ
;,ĂƌƐƚĂĚ͕ϭϵϲϵͿ͘

Ɛ ƌĞŐĂƌĚƐ ƐƵƌĨĂĐĞ ƚƌĞĂƚŵĞŶƚƐ͕ ďŝŽŵĞĚŝĐĂů ĂƉƉůŝĐĂƚŝŽŶƐ ĂƌĞ ĐŝƚĞĚ ĂŵŽŶŐ ƚŚĞ ŵŽƐƚ ŝŶƚĞƌĞƐƚŝŶŐ
ĂƉƉůŝĐĂƚŝŽŶƐ ƐƚƵĚŝĞĚ͕ ƚŚĂŶŬƐ ƚŽ ƚŚĞ ĞĨĨĞĐƚƐ ŽĨ ŵŝĐƌŽďŝĂů ŝŶĂĐƚŝǀĂƚŝŽŶ͕ ƐƚĞƌŝůŝƐĂƚŝŽŶ ĂŶĚ ĚŝƐŝŶĨĞĐƚŝŽŶ
ĐŽŶĨŝƌŵĞĚďǇƚŚĞĂƵƚŚŽƌƐ͘/ŶƚŚŝƐĐĂƐĞƚŚĞďĞŶĞĨŝƚƐĐŽŵƉƌŝƐĞĂďƌŽĂĚƐƉĞĐƚƌƵŵŽĨĂĐƚŝŽŶ͕ƚŚĞƵƐĞŽĨ
ŶŽŶͲƚŽǆŝĐŐĂƐĞƐĂŶĚƚŚĞĂďƐĞŶĐĞŽĨƚŽǆŝĐƌĞƐŝĚƵĞƐ;<ŽŶŐD͘'͕͘ϮϬϬϵͿ͘

'ŝǀĞŶƚŚĞĂĚǀĂŶƚĂŐĞƐŽǀĞƌŽƚŚĞƌƐĂŶŝƚŝǌĂƚŝŽŶƚĞĐŚŶŽůŽŐŝĞƐ͕ŵĂŶǇƐƚƵĚŝĞƐŚĂǀĞĨŽĐƵƐĞĚŽŶŝĚĞŶƚŝĨǇŝŶŐ
ƚŚĞŵĞĐŚĂŶŝƐŵƐŽĨĂĐƚŝŽŶĂŐĂŝŶƐƚĚŝĨĨĞƌĞŶƚƚǇƉĞƐŽĨǀŝƌƵƐĞƐ͕ĐŽŶƐŝĚĞƌŝŶŐĂůƐŽƚŚĞŝŶĐƌĞĂƐĞŝŶƌĞƐŝƐƚĂŶĐĞ
ƚŽ ƚƌĞĂƚŵĞŶƚƐ͘ ;ŚƵůŬǇŽŽŶ͕ EŽŶͲƚŚĞƌŵĂů ƉůĂƐŵĂƐ ;EdWƐͿ ĨŽƌ ŝŶĂĐƚŝǀĂƚŝŽŶ ŽĨ ǀŝƌƵƐĞƐ ŝŶ ĂďŝŽƚŝĐ
ĞŶǀŝƌŽŶŵĞŶƚ͕ϮϬϭϲͿ͘^ĞǀĞƌĂůƌĞƐĞĂƌĐŚĞƌƐŚĂǀĞƐƚĂƚĞĚƚŚĂƚĐŚĞŵŝĐĂůůǇƌĞĂĐƚŝǀĞŶĞƵƚƌĂůƐƉĞĐŝĞƐƐƵĐŚĂƐ
O, O2 *, O3, OH •, NO and NO2 can contribute significantly to the plasma sterilization process, in
ƉĂƌƚŝĐƵůĂƌĂƚĂƚŵŽƐƉŚĞƌŝĐƉƌĞƐƐƵƌĞƐ
;>ĂƌŽƵƐƐŝ͕ ϮϬϬϱͿ͕ ǁŚŝůƐƚ ƚŚĞ ŝŽŶŝǌĂƚŝŽŶ ŽĨ ŽǆǇŐĞŶͲĐŽŶƚĂŝŶŝŶŐ ŐĂƐĞƐ ƉƌŽǀŝĚĞĚ ƚŚĞ ŵŽƐƚ ĐŽŶƐŝƐƚĞŶƚ
ŐĞƌŵŝĐŝĚĂů ĞĨĨĞĐƚƐ ;,ĞƌƌŵĂŶŶ ,͘t͕͘ ϭϵϵϵͿ͕ ŝŶ ƚŚĂƚ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ŽǌŽŶĞ ;ŬŶŽǁŶ ďĂĐƚĞƌŝĐŝĚĞͿ ĂŶĚ
ŚǇĚƌŽǆǇůƌĂĚŝĐĂůƐ;K,ͿŵĂŬĞƐŝƚƉŽƐƐŝďůĞƚŽĐŚĞŵŝĐĂůůǇĂƚƚĂĐŬƚŚĞĞǆƚĞƌŶĂůƐƚƌƵĐƚƵƌĞƐŽĨƚŚĞďĂĐƚĞƌŝĂů
ĐĞůůƐ͕ŵĞĂŶŝŶŐƚŚĞŽǆŝĚŝǌŝŶŐƉŽǁĞƌĂĐƚƐŽŶƚŚĞŝŶƚĞŐƌŝƚǇŽĨƚŚĞǀŝƌƵƐďŽƚŚƐƚƌƵĐƚƵƌĂůůǇĂŶĚŐĞŶŽŵŝĐĂůůǇ͕
ĂĨĨĞĐƚŝŶŐƚŚĞƉƌŽƚĞŝŶƐĂƐǁĞůůĂƐƚŚĞŶƵĐůĞŝĐĂĐŝĚƐ͘KƚŚĞƌĂƵƚŚŽƌƐĂƚƚƌŝďƵƚĞƐŽŵĞǀŝƌƵĐŝĚĂůĞĨĨĞĐƚƐƚŽ
ŽƚŚĞƌŶŝƚƌŽŐĞŶŵĞĐŚĂŶŝƐŵƐ;tƵz͕͘ϮϬϭϱͿ͘,ŽǁĞǀĞƌ͕ĂůŵŽƐƚĂůůƚŚĞĂƵƚŚŽƌƐĂŐƌĞĞƚŚĂƚŶĞŝƚŚĞƌƚŚĞhs
ƌĂĚŝĂƚŝŽŶ͕ ŶŽƌ ƚŚĞ ƚŚĞƌŵĂů ĐŽŵƉŽŶĞŶƚ͕ ĂůƚŚŽƵŐŚ ƉƌĞƐĞŶƚ ŝŶ ĐŽůĚ ƉůĂƐŵĂ͕ ŚĂǀĞ ĂŶǇ ŝŵƉĂĐƚ ŽŶ ƚŚĞ
ƐĂŶŝƚŝǌĂƚŝŽŶĞĨĨĞĐƚ;ƌŝũĂŶĂ&ŝůŝƉŝ͕ϮϬϮϬͿ;D͘>ĂƌŽƵƐƐŝ͕ϮϬϬϰͿ;>ĞŝƉŽůĚ͕ϮϬϬϰͿ͘

/ƚƐŚŽƵůĚďĞƌĞŵĞŵďĞƌĞĚƚŚĂƚƚŚĞƌĞĂƌĞŵĂŶǇƚǇƉĞƐŽĨEdWƚŚĂƚĚŝĨĨĞƌŝŶĞŶĞƌŐǇĚĞŶƐŝƚǇ͕ƉƌŽĚƵĐƚŝŽŶ
ŵĞƚŚŽĚ ĂŶĚ ŽƚŚĞƌ ƉĂƌĂŵĞƚĞƌƐ͘ ůƚŚŽƵŐŚ Ăůů ƚŚĞ ƐƚƵĚŝĞƐ ĐůĞĂƌůǇ ĂŐƌĞĞ ŽŶ ƚŚĞ ǀŝƌƵĐŝĚĂů ĞĨĨĞĐƚƐ͕ ƚŚĞ
ĚĞŐƌĞĞŽĨŝŶĂĐƚŝǀĂƚŝŽŶĚĞƉĞŶĚƐŽŶƚŚĞĐĂƚĞŐŽƌǇŽĨǀŝƌƵƐĞƐĂŶĚƚŚĞƚǇƉĞŽĨƉůĂƐŵĂ͕ĂƐǁĞůůĂƐŽŶƚŚĞ
ĞǆƉĞƌŝŵĞŶƚĂůƉĂƌĂŵĞƚĞƌƐ͕ƐƵĐŚĂƐƚŚĞĞǆƉŽƐƵƌĞƚŝŵĞ͘





ϭ
 Ɛ͘ƐƉĞĐŝĨŝĐŝŶƉƵƚĞŶĞƌŐǇ;^/ͿŽĨϯϱϬ:>͗ͺϭ͕ŵĞƚŚǇůĞƚŚǇůŬĞƚŽŶĞ;ϱϬйͿ͕ďĞŶǌĞŶĞ;ϱϴйͿ͕ƚŽůƵĞŶĞ;ϳϰйͿ͕ϯͲƉĞŶƚĂŶŽŶĞ
;ϳϲйͿ͕ŵĞƚŚǇůƚĞƌƚͲďƵƚǇůĞƚŚĞƌ;ϴϬйͿ͕ĞƚŚǇůďĞŶǌĞŶĞ;ϴϭйͿ͕ĂŶĚŶͲŚĞǆĂŶĞ;ϵϬйͿ
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ϭϱ



ϴ͘^dh/^zd,:KE/yZ^Z,Es>KWDEdEdZ

KǀĞƌ ƚŚĞ ǇĞĂƌƐ͕ ŶƵŵĞƌŽƵƐ ůĂďŽƌĂƚŽƌǇͲƐĐĂůĞ ƐƚƵĚŝĞƐ ŚĂǀĞ ďĞĞŶ ĐŽŶĚƵĐƚĞĚ ďǇ :ŽŶŝǆ ZĞƐĞĂƌĐŚ Θ
ĞǀĞůŽƉŵĞŶƚĞŶƚĞƌŝŶŽƌĚĞƌƚŽŝŶĐƌĞĂƐĞƚŚĞŬŶŽǁůĞĚŐĞŽĨƚŚĞ:ŽŶŝǆEdWƐǇƐƚĞŵƐƉƌŽĚƵĐĞĚĞĨĨĞĐƚƐŝŶ
ĚŝĨĨĞƌĞŶƚĂƉƉůŝĐĂƚŝŽŶƐ͘dŚĞŵĂŝŶƌĞƐƵůƚƐĂƌĞŚĞƌĞďĞůŽǁƌĞƉŽƌƚĞĚǁŝƚŚĂƐƵŵŵĂƌǇŽĨƚŚĞĐĂƌƌŝĞĚͲŽƵƚ
ĂĐƚŝǀŝƚŝĞƐ͘


ϴ͘ϭ>ĂďŽƌĂƚŽƌǇƐƚƵĚǇŽŶƚŚĞďŝŽĐŝĚĂůĂĐƚŝǀŝƚǇŽĨŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐŐĞŶĞƌĂƚĞĚǀŝĂEdW

WhZWK^͗ĐŚĞĐŬŝŶŐƚŚĞďĂĐƚĞƌŝĐŝĚĂůĐĂƉĂĐŝƚǇŽĨŝŽŶŝǌĞĚĂŝƌŽŶĐƵůƚƵƌĞƉůĂƚĞƐ͘

Z^h>d͗EdWŝƐĞĨĨĞĐƚŝǀĞĨƌŽŵƚŚĞǀĞƌǇĨŝƌƐƚŵŝŶƵƚĞƐŽĨƵƐĞ͘ĨƚĞƌũƵƐƚϱŵŝŶƵƚĞƐ͕ĂůůƚĞƐƚĞĚƐƉĞĐŝĞƐĂƌĞ
ĐŽŵƉůĞƚĞůǇĞƌĂĚŝĐĂƚĞĚĨƌŽŵƚŚĞƐƵƌĨĂĐĞŽĨƚŚĞƉůĂƚĞƐ͘ĨƵƌƚŚĞƌĞůĞŵĞŶƚƚŚĂƚƉŽƐŝƚŝǀĞůǇĐŚĂƌĂĐƚĞƌŝǌĞƐ
ƚŚĞ ƐƵĐĐĞƐƐ ŽĨ ƚŚĞ ƚĞƐƚ ĐŽŶƐŝƐƚƐ ŝŶ ƚŚĞ ĨĂĐƚ ƚŚĂƚ͕ ĐŽŶƚƌĂƌǇ ƚŽ ƚŚĞ ƉƌŽǀŝƐŝŽŶƐ ŽĨ ƐŽŵĞ ŵĞƚŚŽĚƐ ƚŚĂƚ
ƌĞƋƵŝƌĞ ĐĂƌƌǇŝŶŐ ŽƵƚ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚƐ ŽŶ ƐƚĂŝŶůĞƐƐ ƐƚĞĞů ƐƵƌĨĂĐĞƐ͕ ƚŚĞ ĂďŽǀĞ ĚĞƐĐƌŝďĞĚ ƚĞƐƚƐ ǁĞƌĞ
ƉĞƌĨŽƌŵĞĚŝŶŽƉƚŝŵĂůĐŽŶĚŝƚŝŽŶƐĨŽƌƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐďŽƚŚĨƌŽŵĂŶĞĐŽůŽŐŝĐĂůƉŽŝŶƚŽĨǀŝĞǁĂŶĚĨŽƌ
ƚŚĞƋƵĂŶƚŝƚǇŽĨŽƌŐĂŶŝĐƐƵďƐƚĂŶĐĞŝŶǀŽůǀĞĚ͘
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϭ͘


ϴ͘Ϯ>ĂďŽƌĂƚŽƌǇƐƚƵĚǇŽŶƚŚĞƐĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐƉƌŽĚƵĐĞĚďǇĂDd–:ŽŶŝǆ

WhZWK^͗ ĐŚĞĐŬŝŶŐ ƚŚĞ ƐƉŽŶƚĂŶĞŽƵƐ ƌĞĚƵĐƚŝŽŶ ŽĨ ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ŝŶ Ă ǁŽƌŬƉůĂĐĞ ŝŶ ƚŚĞ
ƉƌĞƐĞŶĐĞĂŶĚŝŶĂďƐĞŶĐĞŽĨƚŚĞEdWƚƌĞĂƚŵĞŶƚŐĞŶĞƌĂƚĞĚďǇĂDdĚĞǀŝĐĞ͘

Z^h>d͗ĂĨƚĞƌĂďŽƵƚϯϬŵŝŶƵƚĞƐŽĨƚƌĞĂƚŵĞŶƚƚŚĞƉĞƌĐĞŶƚĂŐĞŽĨŵŝĐƌŽďŝĂůƌĞĚƵĐƚŝŽŶŝƐǀĞƌǇĐůŽƐĞƚŽ
ϭϬϬй͘dŚŝƐĐŽŶĨŝƌŵƐƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨDdŝŶƐĂŶŝƚŝǌŝŶŐůŝǀŝŶŐŽƌǁŽƌŬŝŶŐĞŶǀŝƌŽŶŵĞŶƚƐ͘
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϮ͘


ϴ͘ϯhƐĞŽĨEdWƚĞĐŚŶŽůŽŐǇĂŐĂŝŶƐƚŽĚŽƌƐĂƐƐŽĐŝĂƚĞĚǁŝƚŚƚŚĞƵƐĞŽĨĨŽŽƚǁĞĂƌ

WhZWK^͗ƚĞƐƚŝŶŐƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨƚŚĞ:ŽŶŝǆEdWƐǇƐƚĞŵƚŽƌĞĚƵĐĞƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨĐŚĞŵŝĐĂů
ŵŽůĞĐƵůĞƐ;sKƐͿƌĞƐƉŽŶƐŝďůĞĨŽƌƚŚĞŽĚŽƌĂƐƐŽĐŝĂƚĞĚǁŝƚŚƚŚĞƵƐĞŽĨĨŽŽƚǁĞĂƌ͘
Z^h>d͗ƚŚĞƚĞƐƚƌĞƐƵůƚůĞĚƚŽƚŚĞĐŽŶĐůƵƐŝŽŶƚŚĂƚƵƐŝŶŐĂEdWĂŝƌƚƌĞĂƚŵĞŶƚƐĨŽƌƐƵĨĨŝĐŝĞŶƚůǇůŽŶŐƚŝŵĞ
;ĨƌŽŵϲŚŽƵƌƐŽŶǁĂƌĚƐͿŝƐ&&d/sĂŶĚƚŚĞ ƚƌĞĂƚŵĞŶƚďƌĞĂŬƐĚŽǁŶĂŶĚĐŽŵƉůĞƚĞůǇĚĞƐƚƌŽǇƐƚŚĞ
ŵŽůĞĐƵůĞƐŝŶƐƵďũĞĐƚ
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϯ


ϴ͘ϰ͘^ĂŶŝƚĂƚŝŽŶŽĨŶŽŶͲĐƌŝƚŝĐĂůƵůƚƌĂƐŽƵŶĚƉƌŽďĞƐ

WhZWK^: comparing the sanitizing effect on “nonͲcritical” ultrasound proďĞƐďǇEdWĞŶƌŝĐŚĞĚĨůŽǁ
ŽĨĂŝƌ͕ĐŽŵƉĂƌĞĚƚŽƚŚĞƐĂŶŝƚŝǌĂƚŝŽŶĐĂƌƌŝĞĚŽƵƚďǇƚƌĂĚŝƚŝŽŶĂůĐŽŵŵĞƌĐŝĂůĚĞǀŝĐĞƐ͘

Z^h>d͗dŚĞƚĞƐƚƐŚĂǀĞƐŚŽǁŶƚŚĂƚƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨĂŶEdWƚƌĞĂƚŵĞŶƚŝƐĂďƐŽůƵƚĞůǇĐŽŵƉĂƌĂďůĞƚŽ
ƚŚĂƚŽĨƚŚĞĚĞǀŝĐĞƐƚŚĂƚĂƌĞƚƌĂĚŝƚŝŽŶĂůůǇĚĞƐŝŐŶĞĚĂŶĚƵƐĞĚĨŽƌƚŚĞƉƵƌƉŽƐĞ
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϰ͘


ϴ͘ϱ͘>ĂďŽƌĂƚŽƌǇƐƚƵĚŝĞƐŽŶƚŚĞƵƐĞŽĨEdWĨŽƌsKĂďĂƚĞŵĞŶƚ͗ƌĞǀŝĞǁ

WhZWK^͗ƐƵŵŵĂƌǇŽĨƐŽŵĞůĂďŽƌĂƚŽƌǇŝŶƚĞƌŶĂůƚĞƐƚƐƚŽƌĂƚŝŽŶĂůŝǌĞƚŚĞŽďƚĂŝŶĞĚƌĞƐƵůƚƐĂŶĚĞǀĂůƵĂƚĞ
ƉŽƐƐŝďůĞĂƉƉůŝĐĂƚŝŽŶƐ͘
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ϭϲ

Z^h>d͗dŚĞĂďĂƚĞŵĞŶƚƉĞƌĐĞŶƚĂŐĞƐ͕ŐĞŶĞƌĂůůǇŚŝŐŚĞƌƚŚĂŶϵϱй͕ŝŶĚŝĐĂƚĞƚŚĞEdWĐĂƉĂďŝůŝƚǇŽĨĂĐƚŝŶŐ
ŽŶĐĞƌƚĂŝŶĐŽŵƉŽƵŶĚƐ͕ŵŽƐƚůǇŽĚŽƌŽƵƐ͘/ŶƚĞƌĞƐƚŝŶŐƐĐĞŶĂƌŝŽƐĞŵĞƌŐĞĂƐĨŽƌŽĚŽƌŝŵƉĂĐƚƌĞĚƵĐƚŝŽŶ
ĂƉƉůŝĐĂƚŝŽŶƐŽŶƉƵƌŝĨŝĐĂƚŝŽŶŽƌǁĂƐƚĞƚƌĞĂƚŵĞŶƚƉůĂŶƚƐ͘
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϱ͘


ϴ͘ϲ͘dĞƐƚĞǀĂůƵĂƚŝŶŐƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨŵŝĐƌŽͲŽƌŐĂŶŝƐŵƌĞĚƵĐƚŝŽŶƚŚĂƚŚĂǀĞďĞĞŶ
ŝŶƚĞŶƚŝŽŶĂůůǇŝŶŽĐƵůĂƚĞĚŝŶƚŽƉůĂƚĞƐďǇƵƐŝŶŐƚŚĞ:ŽŶŝǆDĂƚĞĂŝƌŝŽŶŝǌĂƚŝŽŶƐǇƐƚĞŵ

WhZWK^͗ ĐŚĞĐŬŝŶŐ ƚŚĞ ƌĞĚƵĐƚŝŽŶ ŽĨ ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ ƚŚĂƚ ŚĂǀĞ ďĞĞŶ ŝŶƚĞŶƚŝŽŶĂůůǇ ŝŶŽĐƵůĂƚĞĚ ŝŶ
ĐƵůƚƵƌĂůƐŽŝůƐĂŶĚĞǆƉŽƐĞĚĨŽƌĂƉƌĞͲĞƐƚĂďůŝƐŚĞĚƚŝŵĞƚŽƚŚĞĞĨĨĞĐƚŽĨŝŽŶŝǌĞĚĂŝƌ͘&ŽƌĞĂĐŚƚĞƐƚĂĐŽŶƚƌŽů
ƚĞƐƚǁĂƐƉĞƌĨŽƌŵĞĚƵƐŝŶŐƚŚĞƐĂŵĞŝŶŽĐƵůĂƚĞĚƐŽŝůƐďƵƚŶŽƚƐƵďũĞĐƚƚŽEdWƚƌĞĂƚŵĞŶƚ͘

Z^h>d͗ ƚŚĞ ŵŝĐƌŽďŝĂů ĂďĂƚĞŵĞŶƚ ŝŶ ƉƌĞƐĞŶĐĞ ŽĨ ƚŚĞ :ŽŶŝǆ DĂƚĞ Ăŝƌ ŝŽŶŝǌĂƚŝŽŶ ƐǇƐƚĞŵ͕ ŽŶ ŽƌŐĂŶŝĐ
ŵĂƚĞƌŝĂůƐŝŵƵůĂŶƚƐƐƵƌĨĂĐĞƐƚŚĂƚŚĂǀĞďĞĞŶŝŶŽĐƵůĂƚĞĚǁŝƚŚĚŝĨĨĞƌĞŶƚŵŝĐƌŽďŝĂůƐƉĞĐŝĞƐ͕ŝƐŚŝŐŚ͘:ŽŶŝǆ
ŝŽŶŝǌŝŶŐƐǇƐƚĞŵĐŽŵƉůĞƚĞůǇŝŶŚŝďŝƚƐŵŽƐƚŽĨƚŚĞŝŶŽĐƵůĂƚĞĚƐƉĞĐŝĞƐǁŝƚŚŝŶϭϮͲϮϰŚŽƵƌƐ͘/ŶŵĂŶǇĐĂƐĞƐ͕
ƚŚĞŽďƚĂŝŶĞĚƌĞĚƵĐƚŝŽŶŝƐŚŝŐŚĞƌƚŚĂŶϵϱй͘dŚĞŵŝĐƌŽďŝĂůƌĞĚƵĐƚŝŽŶĞĨĨĞĐƚŽĨŝŽŶŝǌĞĚĂŝƌŝƐƐŝŵŝůĂƌŽŶ
ďŽƚŚ'ƌĂŵƉŽƐŝƚŝǀĞ͕'ƌĂŵŶĞŐĂƚŝǀĞ͕ǇĞĂƐƚƐĂŶĚŵŽůĚƐ͕ĂůƚŚŽƵŐŚƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŝƐŽĨƚĞŶĚĞƉĞŶĚŝŶŐ
ŽŶƚŚĞŝŶǀŽůǀĞĚƐƉĞĐŝĞƐ͘
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϲ͘


ϴ͘ϳ͘^ƚƵĚǇŽĨƚŚĞƐĂŶŝƚŝǌŝŶŐƉŽǁĞƌŽĨĂ:ŽŶŝǆĚĞǀŝĐĞŝŶƐƚĂůůĞĚŝŶƚŽĂĐŽŵŵĞƌĐŝĂůĨĂŶ
ĐŽŝů

WhZWK^͗ĐŚĞĐŬŝŶŐƚŚĞďŝŽůŽŐŝĐĂůƐĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨĂ:ŽŶŝǆEdWĚĞǀŝĐĞŝŶƐƚĂůůĞĚŝŶƐŝĚĞĂĨĂŶ
ĐŽŝůĨŽƌǁĂůůŝŶƐƚĂůůĂƚŝŽŶ͘dŚĞƉƵƌƉŽƐĞŽĨƚŚĞƚĞƐƚŝƐƚŽĐŚĞĐŬǁŚĞƚŚĞƌƚŚĞƉƌŽĚƵĐƚŝŽŶŽĨŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐ
ĐĂŶƐŽůǀĞƚŚĞƉƌŽďůĞŵŽĨƉŽůůƵƚŝŽŶďǇŵŽůĚƐŽĨƐŽŵĞƉĂƌƚƐŽĨƚŚĞĞƋƵŝƉŵĞŶƚ͕ĂƐǁĞůůĂƐƐĂŶŝƚŝǌŝŶŐƚŚĞ
ĂŝƌŝŶƚŚĞƌŽŽŵǁŚĞƌĞŝƚŝƐŝŶƐƚĂůůĞĚ͘

Z^h>d͗ƚŚĞŽďƚĂŝŶĞĚƌĞƐƵůƚƐƐŚŽǁŚŽǁƚŚĞƵƐĞŽĨĂ:ŽŶŝǆƐĂŶŝƚŝǌĂƚŝŽŶĚĞǀŝĐĞĂůůŽǁƐŐĞƚƚŝŶŐŽǀĞƌƚŝŵĞ
ĂŵĂƌŬĞĚƌĞĚƵĐƚŝŽŶŽĨĂŶĞŶǀŝƌŽŶŵĞŶƚĂůŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶďŽƚŚŝŶƚĞƌŵƐŽĨďĂĐƚĞƌŝĂ͕ŵŽůĚƐ
ĂŶĚǇĞĂƐƚƐ͘
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϳ͘


ϴ͘ϴ͘ǀĂůƵĂƚŝŽŶŽĨƚŚĞƐĂŶŝƚŝǌŝŶŐĐĂƉĂĐŝƚǇŽĨWŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞƐŝŶĐŽŵƉĂƌŝƐŽŶ
ǁŝƚŚ:ŽŶŝǆEdWƐǇƐƚĞŵƐ

WhZWK^͗ƚŚĞƚĂƌŐĞƚǁĂƐƚŽƋƵĂŶƚŝĨǇĂŶĚƚŚĞŶĐŽŵƉĂƌĞƚŚĞƉŽƐƐŝďůĞƐĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƉĞƌĨŽƌŵĞĚďǇ
ƚǁŽƚǇƉĞƐŽĨĐŽŵŵĞƌĐŝĂůĚĞǀŝĐĞƐ͕:ŽŶŝǆEdWĂŶĚ^,hϵϬϬy͕ĂƉŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞ͘dŚĞǇŚĂǀĞďĞĞŶ
ŝŶƐƚĂůůĞĚŝŶƐŝĚĞĂϯϬĐŵĚŝĂŵĞƚĞƌƐƚĞĞůƉŝƉĞϭϮŵůŽŶŐ͘ǇŵĞĂŶƐŽĨĂĨĂŶ͕ĂŶĂŝƌĨůŽǁďůĞǁĂƚĚŝĨĨĞƌĞŶƚ
ƐƉĞĞĚƐ ĂŶĚ ĨůŽǁ ƌĂƚĞƐ͕ ƚŚƵƐ ƐŝŵƵůĂƚŝŶŐ ǁŚĂƚ ŚĂƉƉĞŶƐ ŝŶƐŝĚĞ Ă ǀĞŶƚŝůĂƚŝŽŶ ĚƵĐƚ ŝŶ ƚŚĞ ĞǀĞŶƚ ŽĨ
ŵŝĐƌŽďŝŽůŽŐŝĐĂůĐŽŶƚĂŵŝŶĂƚŝŽŶĂŶĚŝŶƉƌĞƐĞŶĐĞŽƌĂďƐĞŶĐĞŽĨΗƐĂŶŝƚŝǌŝŶŐΗĚĞǀŝĐĞƐƐƵĐŚĂƐƚŚŽƐĞƚĞƐƚĞĚ͘
&Žƌ ƚŚŝƐ ƉƵƌƉŽƐĞ͕ Z, ŚĂǀĞ ĚĞƐŝŐŶĞĚ ĂŶĚ ĐĂƌƌŝĞĚ ŽƵƚ Ă ƐĞƌŝĞƐ ŽĨ ĞǆƉĞƌŝŵĞŶƚƐ ŝŶ ǁŚŝĐŚ͕ ŝŶ Ă
ĐŽŶƚƌŽůůĞĚŵĂŶŶĞƌ͕ĚŝĨĨĞƌĞŶƚƚǇƉĞƐĂŶĚƋƵĂŶƚŝƚǇŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐŚĂǀĞďĞĞŶĞǆƉŽƐĞĚŝŶƐŝĚĞƚŚĞƚƵďĞ
ƚŽĂŝƌĨůŽǁǁŚŝůĞĚŝĨĨĞƌĞŶƚƚǇƉĞƐŽĨĂŝƌƐĂŶŝƚŝǌŝŶŐĚĞǀŝĐĞƐǁĞƌĞĂĐƚŝǀĂƚĞĚ͘

Z^h>d͗ŽƚŚ:ŽŶŝǆEdWĂŶĚWŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵƐĂƌĞĞĨĨĞĐƚŝǀĞĂƐĨŽƌƚŚĞƚŽƚĂůĂďĂƚĞŵĞŶƚŽĨǇĞĂƐƚƐ͘
dŚĞ WŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵŝƐŵŽƌĞ ĞĨĨŝĐŝĞŶƚƚŚĂŶ ƚŚĞ :ŽŶŝǆ ƐǇƐƚĞŵĂƐĨŽƌƚŚĞ ƐĂŶŝƚŝǌĂƚŝŽŶĞĨĨĞĐƚŽŶ
ŵŽůĚƐŽŶƉůĂƚĞďƵƚŝƐŝŶĞĨĨŝĐŝĞŶƚŽŶďŝŽͲĂĞƌŽƐŽů͕ƵŶůŝŬĞ:ŽŶŝǆ͘/ŶĐŽŶĐůƵƐŝŽŶ͕:ŽŶŝǆƐǇƐƚĞŵƐŚĂǀĞĂďƌŽĂĚ
ƐƉĞĐƚƌƵŵŽĨĂĐƚŝŽŶƚŚĂƚĂůůŽǁƐƐĂŶŝƚŝǌŝŶŐďŽƚŚƐƵƌĨĂĐĞƐĂŶĚĂŝƌ͘
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϴ͘
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ϭϳ

ϴ͘ϵ͘ZĞƉŽƌƚŽŶƚŚĞĂŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚƐŽĨƚŚĞ:ŽŶŝǆEdWƚĞĐŚŶŽůŽŐǇ



:KŶŝǆ^͘Ɖ͘Ă͘
ĞŶĞĨŝƚƌŽƉŽƌĂƚŝŽŶ
Z'/^dZK&&/
sŝĂůĞ^ƉĂŐŶĂϯϭͲϯϯ
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ϲ
^ƵŵŵĂƌǇŽĨƚŚĞƚĞƐƚ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϰ46
ϲ
ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϰ46
ϲ
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ϭϵ
46
KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϰ
ϲ
48
WŚŽƚŽĞǀŝĚĞŶĐĞ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϰ
ϴ
49
ZĞƐƵůƚƐ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϰ
ϵ
51
^ƵŵŵĂƌǇĐŽŶĐůƵƐŝŽŶƐŽŶƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƚĞƐƚ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϱ
ϭ
53
d^d͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϱ
ϯ
53
ϱ͘ϱ͘ϭ^ƵŵŵĂƌǇŽĨƚŚĞƚĞƐƚ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϱ
ϯ
53
ϭ͘ϭ͘Ϯ KǌŽŶĞŝŶƚŚĞŽƵƚƐŝĚĞĂŝƌ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϱ
ϯ
56
ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϱ
ϲ
56
KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϱ
ϲ
60
ϱ͘ϱ͘ϱWŚŽƚŽĞǀŝĚĞŶĐĞ;ĨŽƚŽŐƌĂĨŝĐŚĞͿ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϲ
Ϭ
61
ϱ͘ϱ͘ϲZĞƐƵůƚƐ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϲ
ϭ
63
ϭ͘ϭ͘ϳ ^ƵŵŵĂƌǇĐŽŶĐůƵƐŝŽŶƐŽŶƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƚĞƐƚ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϲ
ϯ

64
^hDDZzEKE>h^/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ϲ
ϰ
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ϮϬ



/EdZKhd/KEE'>K^^Zz
The following report describes the results of the main experiments conducted on behalf of
JONIX S.p.A. in order to evaluate/assess the antimicrobial effect (bacteriostatic or bactericidal)
of the devices, also in relation to similar effects that occur in nature.
For this, experimental tests were conducted by exposing bacterial colonies both in the air
emitted by Jonix devices and in the natural air on a day with good weather.
Below is the definition of the terms used in the report:


ŶƚŝŵŝĐƌŽďŝĂů

^ƵďƐƚĂŶĐĞŽƌƉƌŽĚƵĐƚĐĂƉĂďůĞŽĨŬŝůůŝŶŐŵŝĐƌŽŽƌŐĂŶŝƐŵƐ;ďŝŽĐŝĚĞͿŽƌƐůŽǁŝŶŐ
ƚŚĞŝƌŐƌŽǁƚŚ;ďŝŽƐƚĂƚŝĐͿ

ĂĐƚĞƌŝĐŝĚĂů

^ƵďƐƚĂŶĐĞŽƌƉƌŽĚƵĐƚĐĂƉĂďůĞŽĨŬŝůůŝŶŐďĂĐƚĞƌŝĂ;ďŝŽĐŝĚĞͿ

ĂĐƚĞƌŝŽƐƚĂƚŝĐ

^ƵďƐƚĂŶĐĞ Žƌ ƉƌŽĚƵĐƚ ĐĂƉĂďůĞ ŽĨ ŝŶŚŝďŝƚŝŶŐ Žƌ ƐůŽǁŝŶŐ ďĂĐƚĞƌŝĂů ƌĞƉůŝĐĂƚŝŽŶ
ǁŝƚŚŽƵƚŬŝůůŝŶŐƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵ;ďŝŽƐƚĂƚŝĐͿ

ŶƚĞƌŽĐŽĐĐƵƐ

'ƌĂŵͲƉŽƐŝƚŝǀĞ͕ ĐĂƚĂůĂƐĞͲŶĞŐĂƚŝǀĞ͕ ƌŽƵŶĚĞĚ Žƌ ŽǀĂůͲƐŚĂƉĞĚ ďĂĐƚĞƌŝĂ͕ ŽĨƚĞŶ
ĂƌƌĂŶŐĞĚŝŶĐŚĂŝŶƐ

ƐĐŚĞƌŝĐŚŝĂŽůŝ

'ƌĂŵͲŶĞŐĂƚŝǀĞ ďĂĐƚĞƌŝĂ ƚŚĂƚ ŶŽƌŵĂůůǇ ƌĞƐŝĚĞ ŝŶ ƚŚĞ ŝŶƚĞƐƚŝŶĞƐ ŽĨ ŚĞĂůƚŚǇ
ƉĞŽƉůĞ͖ ŚŽǁĞǀĞƌ͕ ƐŽŵĞ ƐƚƌĂŝŶƐ ĐĂŶ ĐĂƵƐĞ ŝŶĨĞĐƚŝŽŶƐ ŝŶ ƚŚĞ ĚŝŐĞƐƚŝǀĞ ƚƌĂĐƚ͕
ƵƌŝŶĂƌǇƚƌĂĐƚŽƌŵĂŶǇŽƚŚĞƌƉĂƌƚƐŽĨƚŚĞďŽĚǇ͘

'ƌĂŵͲŶĞŐĂƚŝǀĞ

ĂĐƚĞƌŝĂ ƚŚĂƚ ƌĞŵĂŝŶ ƉŝŶŬ ƐƚĂŝŶĞĚ ĂĨƚĞƌ ƚŚĞ 'ƌĂŵ ƐƚĂŝŶŝŶŐ͘ 'ƌĂŵͲŶĞŐĂƚŝǀĞƐ
ŚĂǀĞĂǁĂůůĐŽŶƐŝƐƚŝŶŐŽĨĂƐŝŵƉůĞƌƐƚƌƵĐƚƵƌĞ͕ĂůǁĂǇƐďĂƐĞĚŽŶƉĞƉƚŝĚŽŐůǇĐĂŶ
ĂŶĚĂůƐŽŚĂǀĞĂŶĞǆƚĞƌŶĂůůŝƉŝĚŵĞŵďƌĂŶĞ͘

'ƌĂŵͲƉŽƐŝƚŝǀĞ

ĂĐƚĞƌŝĂƚŚĂƚƌĞŵĂŝŶďůƵĞ ŽƌƉƵƌƉůĞ ƐƚĂŝŶĞĚĂĨƚĞƌ ƚŚĞ 'ƌĂŵ ƐƚĂŝŶŝŶŐ͘'ƌĂŵͲ
ƉŽƐŝƚŝǀĞďĂĐƚĞƌŝĂŚĂǀĞĂǁĂůůǁŝƚŚĂĐŽŵƉůĞǆ͕ƌŝŐŝĚĂŶĚƚŚŝĐŬƐƚƌƵĐƚƵƌĞďĂƐĞĚ
ŽŶƉĞƉƚŝĚŽŐůǇĐĂŶ͘

KǌŽŶĞ

ůůŽƚƌŽƉŝĐĨŽƌŵŽĨŽǆǇŐĞŶǁŝƚŚĨŽƌŵƵůĂKϯ͕ǁŝƚŚĂĐŚĂƌĂĐƚĞƌŝƐƚŝĐŐĂƌůŝĐŽĚŽƵƌ͘
/ƚŝƐƉƌĞƐĞŶƚŝŶŶĂƚƵƌĞĚƵĞƚŽƚŚĞĞĨĨĞĐƚŽĨƐŽůĂƌƌĂĚŝĂƚŝŽŶ͘^ƚƌŽŶŐŽǆŝĚŝǌĞƌƵƐĞĚ
ĨŽƌĚŝƐŝŶĨĞĐƚŝŽŶŽƉĞƌĂƚŝŽŶƐ͘

WƐĞƵĚŽŵŽŶĂƐ

'ƌĂŵͲŶĞŐĂƚŝǀĞďĂĐƚĞƌŝĂ͕ŽďůŝŐĂƚĞĂĞƌŽďĞƐ͕ƉŽƐŝƚŝǀĞŽǆŝĚĂƐĞ͕ĐĂƚĂůĂƐĞƉŽƐŝƚŝǀĞ
ĂŶĚŚĂǀĞƉŽůĂƌĨůĂŐĞůůĂƚŚĂƚĂůůŽǁƚŚĞŵƚŽŵŽǀĞ͘dŚĞǇĂƌĞĨŽƵŶĚŝŶƚŚĞƐŽŝů
ĂŶĚŝŶǁĂƚĞƌďƵƚĂůƐŽŽŶƉůĂŶƚƐ͘

ZK^

dŚĞƌĞĂĐƚŝǀĞŽǆǇŐĞŶƐƉĞĐŝĞƐ͕ZK^͕ĂƌĞƚŚĞŵŽƐƚǁŝĚĞƐƉƌĞĂĚĨƌĞĞƌĂĚŝĐĂůƐ͘dŚĞ
ŵŽƐƚ ŝŵƉŽƌƚĂŶƚ ZK^ ĂƌĞ ƚŚĞ ƐƵƉĞƌŽǆŝĚĞ ĂŶŝŽŶ KϮͲ͕ ƚŚĞ ŚǇĚƌŽŐĞŶ ƉĞƌŽǆŝĚĞ
H2O2 and the hydroxyl radical • OH.

^ƚĂƉŚǇůŽĐŽĐĐƵƐ

ĞƌŽďŝĐ'ƌĂŵͲƉŽƐŝƚŝǀĞƐƉŚĞƌŝĐĂůďĂĐƚĞƌŝĂ;ŝ͘Ğ͕͘ĂďůĞƚŽůŝǀĞŽŶůǇŝŶƚŚĞƉƌĞƐĞŶĐĞ
ŽĨŽǆǇŐĞŶͿŽƌĨĂĐƵůƚĂƚŝǀĞĂŶĂĞƌŽďŝĐ;ŝ͘Ğ͕͘ŶŽƌŵĂůůǇƌĞƋƵŝƌŝŶŐŽǆǇŐĞŶ͕ďƵƚǁŚŝĐŚ
ĐĂŶƐƵƌǀŝǀĞĞǀĞŶǁŝƚŚŽƵƚŝĨŶĞĐĞƐƐĂƌǇͿ͘dŚĞƐĞŵŝĐƌŽďĞƐĂƌĞŶŽƌŵĂůůǇĨŽƵŶĚŽŶ
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Ϯϭ
ƚŚĞƐŬŝŶĂŶĚŝŶƚŚĞŶŽƐĞŽĨŚĞĂůƚŚǇŝŶĚŝǀŝĚƵĂůƐ͕ǁŚĞƌĞŝŶŵŽƐƚĐĂƐĞƐƚŚĞǇĚŽ
ŶŽƚ ĐĂƵƐĞ ĂŶǇ ƉƌŽďůĞŵƐ Žƌ ƌĞƐƵůƚ ŝŶ ŵŝŶŽƌ ƐŬŝŶ ŝŶĨĞĐƚŝŽŶƐ͘ /Ŷ ƐŽŵĞ
ĐŝƌĐƵŵƐƚĂŶĐĞƐ͕ƚŚĞǇĐĂŶƚƌŝŐŐĞƌǀĞƌǇĚĂŶŐĞƌŽƵƐŝŶĨĞĐƚŝŽŶƐ͘
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ϮϮ



d,E//E^/E,Z'K&d,dZ/>
dŚĞƚƌŝĂůƐǁĞƌĞĐŽŶĚƵĐƚĞĚďǇƚŚĞĨŽůůŽǁŝŶŐƋƵĂůŝĨŝĞĚƚĞĐŚŶŝĐŝĂŶƐ͗

Žƚƚ͘ƐƐĂ&ƌĂŶĐĞƐĐĂ'ĂŵďŝŶĞƌŝ

'ƌĂĚƵĂƚĞĚŝŶ/ŶĚƵƐƚƌŝĂůŚĞŵŝƐƚƌǇ͕
ϮϬǇĞĂƌƐŽĨĞǆƉĞƌŝĞŶĐĞŝŶƚŚĞĨŝĞůĚŽĨĐŚĞŵŝĐĂůƌĞƐĞĂƌĐŚ͕ŵĂƚĞƌŝĂůƐ
ƐĐŝĞŶĐĞĂŶĚŝŶŶŽǀĂƚŝǀĞƚĞĐŚŶŽůŽŐŝĞƐ
ϭϬ ǇĞĂƌƐ ŽĨ ĞǆƉĞƌŝĞŶĐĞ ŝŶ ƚŚĞ ƐƚƵĚǇ ŽĨ EdW ĂŶĚ ŝƚƐ ĞĨĨĞĐƚƐ ŽŶ
ĐŚĞŵŝĐĂůƐĂŶĚŵĂƚĞƌŝĂůƐ
ŽͲŝŶǀĞŶƚŽƌŽĨϯƉĂƚĞŶƚƐ
ŽͲĂƵƚŚŽƌŝŶŶƵŵĞƌŽƵƐƐĐŝĞŶƚŝĨŝĐƉƵďůŝĐĂƚŝŽŶƐ͕ϲŽĨǁŚŝĐŚĐŽŶĐĞƌŶŝŶŐ
ƚŚĞƉŽƚĞŶƚŝĂůƵƐĞŽĨEdW
ŽŽƌĚŝŶĂƚŽƌŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚƐ


Žƚƚ͘&ĂďƌŝǌŝŽĞƌǀĞůůŝ

'ƌĂĚƵĂƚĞĚŝŶŝŽůŽŐǇ͕WŚŝŶĞůůƵůĂƌĂŶĚDŽůĞĐƵůĂƌWĂƚŚŽůŽŐǇ
ǆƉĞƌƚ ŝŶ ,ǇŐŝĞŶĞ ŽĨ ůŝǀŝŶŐ ĂŶĚ ǁŽƌŬŝŶŐ ĞŶǀŝƌŽŶŵĞŶƚƐ ĂŶĚ ǁĂƚĞƌ
ƌĞƐŽƵƌĐĞƐ
ϭϬǇĞĂƌƐŽĨĞǆƉĞƌŝĞŶĐĞŝŶĂƐŝĐŝŽůŽŐŝĐĂůZĞƐĞĂƌĐŚ
ϮϬǇĞĂƌƐŽĨĞǆƉĞƌŝĞŶĐĞŝŶŵŝĐƌŽďŝŽůŽŐǇĂŶĚĂƉƉůŝĞĚƌĞƐĞĂƌĐŚ
ŽŽƌĚŝŶĂƚŽƌ ĂŶĚ ƉĞƌĨŽƌŵĞƌ ŽĨ ŵŝĐƌŽďŝŽůŽŐŝĐĂů ĞǆƉĞƌŝŵĞŶƚƐ ŝŶ ƚŚĞ
ƐƚƵĚǇŽĨEdWĂŶĚŝƚƐĞĨĨĞĐƚƐŽŶŵŝĐƌŽŽƌŐĂŶŝƐŵƐ
ŽͲĂƵƚŚŽƌ ŽĨ ŶƵŵĞƌŽƵƐ ƉƵďůŝĐĂƚŝŽŶƐ ŝŶ ŶĂƚŝŽŶĂů ĂŶĚ ŝŶƚĞƌŶĂƚŝŽŶĂů
ƐĐŝĞŶƚŝĨŝĐũŽƵƌŶĂůƐ


Žƚƚ͘>ĂŵďĞƌƚŽƵƌƐŝ

'ƌĂĚƵĂƚĞĚŝŶŚĞŵŝƐƚƌǇ
ϮϬǇĞĂƌƐŽĨĞǆƉĞƌŝĞŶĐĞŝŶĐŽŶĚƵĐƚŝŶŐƌĞƐĞĂƌĐŚƉƌŽũĞĐƚƐ
ŽŽƌĚŝŶĂƚŽƌĂŶĚĞǆĞĐƵƚŽƌŽĨƚŚĞĐŚĞŵŝĐĂůͲƉŚǇƐŝĐĂůŵĞĂƐƵƌĞŵĞŶƚƐ
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Ϯϯ

:KE/yYh/WDEdEs/^
DĞĂƐƵƌĞŵĞŶƚŝŶƐƚƌƵŵĞŶƚƐ
:KE/yEdWƚĞĐŚŶŽůŽŐǇŝƐďĂƐĞĚŽŶEŽŶͲdŚĞƌŵĂůWůĂƐŵĂĂŶĚƉƌŽĚƵĐĞƐŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐĂƌŽƵŶĚƚŚĞ
ŐĞŶĞƌĂƚŽƌƐ ƚŚĂƚ ĂƌĞ ĂůƐŽ ĐŽŶǀĞǇĞĚ ŝŶƚŽ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚ ƚŚƌŽƵŐŚ ƚŚĞ ǀĞŶƚŝůĂƚŝŽŶ ŽĨ ƚŚĞ ĚĞǀŝĐĞƐ
ƚŚĞŵƐĞůǀĞƐĂŶĚƚŚĞŚĞůƉŽĨĂŝƌŚƵŵŝĚŝƚǇ͘

ŵŽŶŐƚŚĞŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐƚŚĂƚĂƌĞŐĞŶĞƌĂƚĞĚ͕ƚŚĞƌĞŝƐĂůƐŽKǌŽŶĞǁŚŝĐŚĂƉƉĞĂƌƐƚŽďĞƚŚĞ ŽŶůǇ
ŵĞĂƐƵƌĂďůĞƐƉĞĐŝĞƐ͘dŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨĞŶǀŝƌŽŶŵĞŶƚĂůKǌŽŶĞŝƐƚŚĞƌĞĨŽƌĞŶŽƚŽŶůǇĂŶŝŵƉŽƌƚĂŶƚ
ĂŶĚŶĞĐĞƐƐĂƌǇƌĞĨĞƌĞŶĐĞƚŽďĞŵĞĂƐƵƌĞĚƚŽĞŶƐƵƌĞĐŽŵƉůŝĂŶĐĞǁŝƚŚĂůůƚŚĞƌĞŐƵůĂƚŝŽŶƐƚŚĂƚƉƌŽǀŝĚĞ
for exposure limits in living environments, but also a reference on the “potential” of the devices in
ŐĞŶĞƌĂƚŝŶŐŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐ͘

,ŽƌŝďĂĂŶĂůǇƐĞƌǁĂƐƵƐĞĚƚŽŵĞĂƐƵƌĞĞŶǀŝƌŽŶŵĞŶƚĂůKǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶƐ͘

,KZ/ŝƐĂůĞĂĚĞƌŝŶƚŚĞĨŝĞůĚŽĨŝŶƐƚƌƵŵĞŶƚĂƚŝŽŶĨŽƌĞŶǀŝƌŽŶŵĞŶƚĂůĂŶĂůǇƐŝƐ͕ĂŶĚƚŚĞŝŶƐƚƌƵŵĞŶƚƵƐĞĚ
ŝƐƚŚĞWKϯϳϬŵŽĚĞů͘

/ƚŝƐďĂƐĞĚŽŶƚŚĞ EhsŵĞƚŚŽĚ
;WƌŝŶĐŝƉůĞŽĨŶŽŶͲĚŝƐƉĞƌƐŝǀĞƵůƚƌĂͲ
ǀŝŽůĞƚͲĂďƐŽƌƉƚŝŽŶͿ ĂŶĚ ĂůůŽǁƐ ƚŽ
ĚĞƚĞĐƚĐŽŶĐĞŶƚƌĂƚŝŽŶƐďĞƚǁĞĞŶϬ
ĂŶĚϭϬϬƉƉďƵƐŝŶŐƚŚĞůŽǁƌĂŶŐĞ
ĂŶĚ ƵƉ ƚŽ ϭ͕ϬϬϬ ƉƉď ƵƐŝŶŐ ƚŚĞ
ŚŝŐŚĞƌƌĂŶŐĞ͕ǁŝƚŚĂĚĞƚĞĐƚĂďŝůŝƚǇ
ŽĨϬ͘ϭƉƉď͘

/ƚŚĂƐĂƌĞƉĞĂƚĂďŝůŝƚǇŽĨцϭ͘ϬйŽĨ
ƚŚĞ ĨƵůůƐĐĂůĞ ĂŶĚĂůŝŶĞĂƌŝƚǇŽĨц
ϭ͘ϬйŽĨƚŚĞĨƵůůƐĐĂůĞ͘

dŚĞ ŝŶƐƚƌƵŵĞŶƚ ŝƐ ƉĞƌŝŽĚŝĐĂůůǇ
ƐƵďũĞĐƚĞĚ ƚŽ ĐĂůŝďƌĂƚŝŽŶ ĂŶĚ ƚŚĞ
ůĂƚĞƐƚƌĞƉŽƌƚŝƐƐŚŽǁŶĂůŽŶŐƐŝĚĞ͗
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Ϯϰ



:ŽŶŝǆĚĞǀŝĐĞƐƵƐĞĚĨŽƌƚŚĞƚĞƐƚƐ
&ŽƌƚŚĞƚĞƐƚƐĚĞƐĐƌŝďĞĚďĞůŽǁ͕ĐŽŵŵĞƌĐŝĂů:ŽŶŝǆDŝŶŝDĂƚĞĂŶĚ:ŽŶŝǆƵďĞĚĞǀŝĐĞƐǁĞƌĞƵƐĞĚ͕ŝŶƐŽŵĞ
ĐĂƐĞƐĞůĞĐƚƌŝĐĂůůǇŵŽĚŝĨŝĞĚƚŽƐŝŵƵůĂƚĞƚŚĞĐŽƌƌĞĐƚƐŝǌŝŶŐǁŝƚŚŝŶƚŚĞƚĞƐƚŝŶŐƌŽŽŵƐ͘

dŚĞ ƵƐĞ͕ƐŝǌŝŶŐĂŶĚŵĂŶĂŐĞŵĞŶƚŽĨƚŚĞĚĞǀŝĐĞƐ ǁĂƐ ƚŚĞƌĞĨŽƌĞ ƐƵĐŚĂƐƚŽŬĞĞƉ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚĂů
KǌŽŶĞůĞǀĞůƐďĞůŽǁϱϬƉƉďǁŚŝĐŚŝƐƚŚĞƚĂƌŐĞƚĨŽƌƚŚĞĐŽƌƌĞĐƚƐŝǌŝŶŐŽĨƚŚĞĚĞǀŝĐĞƐŝŶƚŚĞƉƌĞŵŝƐĞƐ͘













24 | Scientific Dossier



Ϯϱ



WZ&KZDd^d^
dŚĞĨŽůůŽǁŝŶŐĞǆƉĞƌŝŵĞŶƚĂůƚĞƐƚƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚ͕ŝŶĂĚĚŝƚŝŽŶƚŽŽƚŚĞƌƵŶĚŽĐƵŵĞŶƚĞĚŽŶĞƐƚŚĂƚǁĞƌĞ
ƉƌĞƉĂƌĂƚŽƌǇĨŽƌƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƚŚĞŵĞƚŚŽĚƐ͗



d^d

K

^Z/Wd/KE

K:d/s





^ϮϬͬϬϬϱϴϬϬϬϬϭ ǆƉŽƐƵƌĞŽĨƉůĂƚĞƐǁŝƚŚƐĐŚĞƌŝĐŚŝĂĐŽůŝ ǀĂůƵĂƚŝŶŐƚŚĞĂŶƚŝŵŝĐƌŽďŝĂů
ĂŶĚ
^ƚĂƉŚǇůŽĐŽĐĐƵƐ
ĂƵƌĞƵƐ ĞĨĨĞĐƚ ŽĨ EdW Ăƚ ĚŝĨĨĞƌĞŶƚ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ Ăƚ ĚŝĨĨĞƌĞŶƚ ĚŝƐƚĂŶĐĞƐ ĚŝƐƚĂŶĐĞƐĨƌŽŵƚŚĞĚĞǀŝĐĞ
ĨƌŽŵƚŚĞ:KE/yĚĞǀŝĐĞ





^ϮϬͬϬϬϱϴϬϬϬϬϯ ǆƉŽƐƵƌĞ ŽĨ ƉůĂƚĞƐ ǁŝƚŚ ĨĞĐĂů ǀĂůƵĂƚŝŶŐƚŚĞĂŶƚŝŵŝĐƌŽďŝĂů
ŶƚĞƌŽĐŽĐĐƵƐ
ĂŶĚ
WƐĞƵĚŽŵŽŶĂƐ ĞĨĨĞĐƚ ŽĨ EdW Ăƚ ĚŝĨĨĞƌĞŶƚ
ĂĞƌƵŐŝŶŽƐĂ͕ Ăƚ ĚŝĨĨĞƌĞŶƚ ĚŝƐƚĂŶĐĞƐ ĨƌŽŵ ĚŝƐƚĂŶĐĞƐĨƌŽŵƚŚĞĚĞǀŝĐĞ
ƚŚĞ:KE/yĚĞǀŝĐĞ





^ϮϬͬϬϬϱϴϬϬϬϬϰ ǆƉŽƐƵƌĞŽĨƉůĂƚĞƐǁŝƚŚ^ƚĂƉŚǇůŽĐŽĐĐƵƐ
ĂƵƌĞƵƐ͕ĨĞĐĂůŶƚĞƌŽĐŽĐĐƵƐ͕ƐĐŚĞƌŝĐŚŝĂ
ĐŽůŝĂŶĚWƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂŝŶ
ƐŵĂůůĐĂƐĞƐ;ƚŚĞĐĂͿ͕ŬĞĞƉŝŶŐƚŚĞŝŶƚĞƌŶĂů
ŚƵŵŝĚŝƚǇĂƚĂďŽƵƚϱϬй

ǀĂůƵĂƚŝŶŐƚŚĞĂŶƚŝŵŝĐƌŽďŝĂů
ĞĨĨĞĐƚŽĨEdWƵŶĚĞƌ
ĐŽŶƚƌŽůůĞĚŚƵŵŝĚŝƚǇ
ĐŽŶĚŝƚŝŽŶƐ





^ϮϬͬϬϬϱϴϬϬϬϬϵ ǆƉŽƐƵƌĞŽĨƉůĂƚĞƐǁŝƚŚ^ƚĂƉŚǇůŽĐŽĐĐƵƐ
ĂƵƌĞƵƐ͕ĨĞĐĂůŶƚĞƌŽĐŽĐĐƵƐ͕ƐĐŚĞƌŝĐŚŝĂ
ĐŽůŝĂŶĚWƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂŝŶ
ƐŵĂůůĐĂƐĞƐ;ƚŚĞĐĂͿ͕ŬĞĞƉŝŶŐƚŚĞŝŶƚĞƌŶĂů
ŚƵŵŝĚŝƚǇĂƚĂďŽƵƚϴϬй

ǀĂůƵĂƚŝŶŐƚŚĞĂŶƚŝŵŝĐƌŽďŝĂů
ĞĨĨĞĐƚŽĨEdWĂƚŚŝŐŚ
ŚƵŵŝĚŝƚǇĐŽŶĚŝƚŝŽŶƐ






^ϮϬͬϬϬϱϴϬϬϬϬϴ ǆƉŽƐƵƌĞŽĨƉůĂƚĞƐǁŝƚŚ^ƚĂƉŚǇůŽĐŽĐĐƵƐ
ĂƵƌĞƵƐ͕ĨĞĐĂůŶƚĞƌŽĐŽĐĐƵƐ͕ƐĐŚĞƌŝĐŚŝĂ
ĐŽůŝĂŶĚWƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂŝŶĂ
ŶĂƚƵƌĂůĞŶǀŝƌŽŶŵĞŶƚ


ǀĂůƵĂƚŝŶŐƚŚĞĞĨĨĞĐƚŽĨ
ĞǆƚĞƌŶĂůĂŝƌ͕ĐŽŶƚĂŝŶŝŶŐ
ŶĂƚƵƌĂůůǇŽĐĐƵƌƌŝŶŐŽǆŝĚŝǌŝŶŐ
ƐƉĞĐŝĞƐ
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Ϯϲ



d^d
^ƵŵŵĂƌǇŽĨƚŚĞƚĞƐƚ
dĞƐƚĐŽĚĞ

^ϮϬͬϬϬϱϴϬϬϬϬϭ

ĂƚĞ

ϮϭƉƌŝůϮϬϮϭ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ

ǆƉŽƐƵƌĞ ŽĨ ƉůĂƚĞƐ ǁŝƚŚ ƐĐŚĞƌŝĐŚŝĂ ĐŽůŝ ĂŶĚ ^ƚĂƉŚǇůŽĐŽĐĐƵƐ ĂƵƌĞƵƐ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ĂƚĚŝĨĨĞƌĞŶƚĚŝƐƚĂŶĐĞƐĨƌŽŵƚŚĞ:KE/yĚĞǀŝĐĞ

KďũĞĐƚŝǀĞŽĨƚŚĞƚĞƐƚ

ǀĂůƵĂƚŝŶŐƚŚĞĂŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚŽĨEdWĂƚĚŝĨĨĞƌĞŶƚĚŝƐƚĂŶĐĞƐĨƌŽŵ
ƚŚĞĚĞǀŝĐĞ

:ŽŶŝǆĚĞǀŝĐĞƵƐĞĚ

:KE/yDŝŶŝDĂƚĞ

dĞƐƚĞŶǀŝƌŽŶŵĞŶƚ

ZŽŽŵǁŝƚŚƉůĂŶĚŝŵĞŶƐŝŽŶƐŽĨϵ͘Ϯŵǆϲ͘ϴŵǆϮ͘ϴŵ;ŚͿĨŽƌĂĨůŽŽƌ
ĂƌĞĂŽĨϲϮ͘ϲƐƋƵĂƌĞŵĞƚĞƌƐĂŶĚĂǀŽůƵŵĞŽĨϭϳϱŵϯ
ZĞĚƵĐƚŝŽŶŽĨƚŚĞŵŝĐƌŽďŝĂůůŽĂĚƵƉƚŽϭϬϬйĨŽƌ^ƚĂƉŚǇůŽĐŽĐĐƵƐ
ĂƵƌĞƵƐĂŶĚƵƉƚŽϵйĨŽƌƐĐŚĞƌŝĐŚŝĂĐŽůŝ

^ƵŵŵĂƌǇŽĨƚŚĞƌĞƐƵůƚƐ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ
&ŽƌƚŚŝƐƚĞƐƚ͕ĐƵůƚƵƌĞƐŽĨŐƌĂŵͲŶĞŐĂƚŝǀĞ;ƐĐŚĞƌŝĐŚŝĂĐŽůŝͿĂŶĚ'ƌĂŵͲƉŽƐŝƚŝǀĞ;^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐͿ
ďĂĐƚĞƌŝĂǁĞƌĞƵƐĞĚ͕ƐŝŶĐĞĂĚŝĨĨĞƌĞŶƚƐĞŶƐŝƚŝǀŝƚǇƚŽďŝŽĐŝĚĂůĂŐĞŶƚƐŝƐŬŶŽǁŶďĞƚǁĞĞŶƚŚĞƚǁŽƚǇƉĞƐŽĨ
ďĂĐƚĞƌŝĂ͘

dŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁĞƌĞƐĞĞĚĞĚ͕ŝŶĚƵƉůŝĐĂƚĞ͕ŽŶĚŽƵďůĞƐĞĐƚŽƌƉĞƚƌŝĚŝƐŚĞƐĨŝůůĞĚǁŝƚŚWĂŐĂƌ;ŶŽŶͲ
ƐĞůĞĐƚŝǀĞ ŵĞĚŝƵŵͿ Ăƚ Ă ĚĞŶƐŝƚǇ ŽĨ ĂďŽƵƚ ϮϬϬ &hͬƐĞĐƚŽƌ͘ ^ƵďƐĞƋƵĞŶƚůǇ͕ ƚŚĞ ƉůĂƚĞƐ ǁĞƌĞ ĞǆƉŽƐĞĚ͕
ƵŶĐŽǀĞƌĞĚ͕ƚŽƚŚĞEdW͕ŬĞĞƉŝŶŐƚŚĞŵĂƚĂĚŝƐƚĂŶĐĞŽĨϭ͕ϮĂŶĚϰŵĞƚĞƌƐĨƌŽŵƚŚĞĚĞǀŝĐĞĨŽƌĂƚŽƚĂů
ƚŝŵĞŽĨϮϰŚŽƵƌƐ͘dŚĞĐŽŶƚƌŽůƉůĂƚĞƐǁĞƌĞŬĞƉƚŝŶƐŝĚĞƚŚĞůĂďŽƌĂƚŽƌǇ͕ĐůŽƐĞĚǁŝƚŚƚŚĞŝƌůŝĚ͕ƚŚƵƐĂǀŽŝĚŝŶŐ
ĂŶǇƉŽƐƐŝďůĞĞǆƉŽƐƵƌĞƚŽEdW͘

ĨƚĞƌĞǆƉŽƐƵƌĞ͕ƚŚĞƉůĂƚĞƐǁĞƌĞƉŚŽƚŽŐƌĂƉŚĞĚĂŶĚƚŚĞŶŬĞƉƚŝŶĂŶŝŶĐƵďĂƚŽƌĂƚϯϳΣĨŽƌϮϰнϮϰŚŽƵƌƐ.

KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚ
dŚĞ KǌŽŶĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ƚŽ ǁŚŝĐŚ ƚŚĞ ƉůĂƚĞƐ ǁĞƌĞ ĞǆƉŽƐĞĚ ĚƵƌŝŶŐ ƚŚĞ Ϯϰ ŚŽƵƌƐ ŽĨ ƚƌĞĂƚŵĞŶƚ
ƌĞǀĞĂůĞĚĂŶĂǀĞƌĂŐĞǀĂůƵĞŽĨϰϱƉƉďĚƵƌŝŶŐƚŚĞƚĞƐƚƉĞƌŝŽĚĂƐƐŚŽǁŶŝŶƚŚĞĨŽůůŽǁŝŶŐŐƌĂƉŚ͗
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Ϯϳ




dĞƐƚĞŶǀŝƌŽŶŵĞŶƚKǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶĚƵƌŝŶŐdĞƐƚ;ƌĞĚůŝŶĞсĂǀĞƌĂŐĞͿ

WŚŽƚŽĞǀŝĚĞŶĐĞ
^ŽƐƉĞŶƐŝŽŶĞĨƌĞƐĐĂĞƐĞŵŝŶĂƚĂ^,Z/,/K>/
ϭŵĞƚƌŽ

EdW
ϮŵĞƚƌŝ

ϰŵĞƚƌŝ

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE

KEdZK>>K


/ŵŵĂŐŝŶĞ͗^ƵƐƉĞŶƐŝŽŶƐĞĞĚĞĚǁŝƚŚ^,Z/,/K>/
ŽŶƚƌŽů–ϬŵĞƚĞƌ–EdWϮŵĞƚĞƌƐ–ϰŵĞƚĞƌƐ
ĨƚĞƌϮϰͲŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶ
ĨƚĞƌϮϰͲŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
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Ϯϴ



ŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚƐ͗ĚĞƚĂŝůŽĨƚŚĞƐĞĐƚŽƌƐĐŽŶƚĂŝŶŝŶŐƐĐŚĞƌŝĐŚŝĂĐŽůŝ
dŽƉƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽEdW;ĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞĐŽŶƚƌŽůƉůĂƚĞ͕
ŶŽƚĞǆƉŽƐĞĚͿĂƐƚŚĞĚŝƐƚĂŶĐĞĨƌŽŵƚŚĞĚĞǀŝĐĞǀĂƌŝĞƐ
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ

^ŽƐƉĞŶƐŝŽŶĞĨƌĞƐĐĂĞƐĞŵŝŶĂƚĂ^d&/>KKKhZK
ϭŵĞƚƌŽ

EdW
ϮŵĞƚƌŝ

ϰŵĞƚƌŝ

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE

KEdZK>>K


/ŵŵĂŐŝŶĞ͗^ƵƐƉĞŶƐŝŽŶƐĞĞĚĞĚǁŝƚŚ^dW,z>KKh^hZh^
ŽŶƚƌŽů–ϬŵĞƚĞƌ–EdWϮŵĞƚĞƌƐ–ϰŵĞƚĞƌƐ
ĨƚĞƌϮϰͲŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶ
ĨƚĞƌϮϰͲŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ

ŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚƐ͗ĚĞƚĂŝůŽĨƚŚĞƐĞĐƚŽƌƐĐŽŶƚĂŝŶŝŶŐ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ
dŽƉƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽEdW;ĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞĐŽŶƚƌŽůƉůĂƚĞ͕
ŶŽƚĞǆƉŽƐĞĚͿĂƐƚŚĞĚŝƐƚĂŶĐĞĨƌŽŵƚŚĞĚĞǀŝĐĞǀĂƌŝĞƐ
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ

ZĞƐƵůƚƐ
&ƌŽŵƚŚĞƉƌĞǀŝŽƵƐŝŵĂŐĞ͕ŝƚŝƐĞĂƐǇƚŽƐĞĞŚŽǁƚŚĞƌĞŝƐĂƐƵďƐƚĂŶƚŝĂůĚŝĨĨĞƌĞŶĐĞŝŶƚŚĞĞĨĨĞĐƚƐĞǆĞƌƚĞĚ
ďǇ EdW ŽŶ ƚŚĞ ƚǁŽ ĚŝĨĨĞƌĞŶƚ ƚǇƉĞƐ ŽĨ ďĂĐƚĞƌŝĂ͘ /Ŷ ƉĂƌƚŝĐƵůĂƌ͕ ǁĞ ŽďƐĞƌǀĞ͕ ĨŽƌ Ăůů ƚŚƌĞĞ ĞǆƉŽƐƵƌĞ
ĚŝƐƚĂŶĐĞƐ͕ĂŶĞĨĨĞĐƚŽĨĂůŵŽƐƚƚŽƚĂůŝŶŚŝďŝƚŝŽŶŽĨŐƌŽǁƚŚĂŐĂŝŶƐƚ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ;ƌŝŐŚƚƐĞĐƚŽƌƐͿ
ĂŶĚĂůŝŵŝƚĞĚĂĐƚŝŽŶĂŐĂŝŶƐƚƐĐŚĞƌŝĐŚŝĂĐŽůŝ͘

/ƚŝƐĂůƐŽŝŶƚĞƌĞƐƚŝŶŐƚŽŽďƐĞƌǀĞŚŽǁĂƚƚŚĞĞŶĚŽĨƚŚĞϮϰŚŽƵƌƐŽĨĞǆƉŽƐƵƌĞƚŽEdW͕ŝƚǁĂƐŶŽƚƉŽƐƐŝďůĞ
ƚŽƌĞĐŽŐŶŝƐĞ ĂŶǇŵŝĐƌŽďŝĂůŐƌŽǁƚŚŝŶĂůůƐĞĐƚŽƌƐ͕ŝŶĐůƵĚŝŶŐƚŚŽƐĞ ĐŽŶƚĂŝŶŝŶŐƐĐŚĞƌŝĐŚŝĂĐŽůŝ͕ǁŚŝĐŚ
ŝŶƐƚĞĂĚ ĚŽĞƐ ŶŽƚ ŽĐĐƵƌ ĂĨƚĞƌ ƚŚĞ ƐƵďƐĞƋƵĞŶƚ ŝŶĐƵďĂƚŝŽŶ͕ ŝŶ ǁŚŝĐŚ ĐŽůŽŶŝĞƐ ŽĨ ƐĐŚĞƌŝĐŚŝĂ ĐŽůŝ ĂůƐŽ
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Ϯϵ

ĂƉƉĞĂƌŝŶƉůĂƚĞƐĞǆƉŽƐĞĚƚŽEdW͘dŚŝƐĚĂƚĂ͕ƚŽŐĞƚŚĞƌǁŝƚŚƚŚĞƐŵĂůůĞƌƐŝǌĞŽĨƚŚĞďĂĐƚĞƌŝĂůĐŽůŽŶŝĞƐ͕
ĚĞŵŽŶƐƚƌĂƚĞƚŚĞďĂĐƚĞƌŝŽƐƚĂƚŝĐĞĨĨĞĐƚƉƌŽĚƵĐĞĚďǇEdW͘

KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ƚŚĞƐŝƚƵĂƚŝŽŶƌĞůĂƚŝŶŐƚŽ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐŝƐĚŝĨĨĞƌĞŶƚ͕ǁŚŝĐŚŝŶƐƚĞĂĚƐŚŽǁĞĚ
ĂŶĂůŵŽƐƚĂďƐŽůƵƚĞĞĨĨĞĐƚŽĨŵŝĐƌŽďŝĂůƌĞĚƵĐƚŝŽŶĂĨƚĞƌĞǆƉŽƐƵƌĞƚŽEdW͘

&ŽůůŽǁŝŶŐĂƌĞƚŚĞǀĂůƵĞƐŽĨƚŚĞŵŝĐƌŽďŝĂůĐŽƵŶƚŽĨƚŚĞĐŽůŽŶŝĞƐŐƌŽǁŶŝŶƚŚĞƉůĂƚĞ͗
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ϯϬ



DŝĐƌŽďŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶĞĂĐŚƐĞĐƚŽƌŽĨƚŚĞƉůĂƚĞƐƵƐĞĚ͘

>ŽŐh&ͬƐĞĐƚŽƌ



ĐŽůŝ

h&ͬƐĞĐƚŽƌ







ƉůĂƚĞϭ

ƉůĂƚĞϮ

ǀĞƌĂŐĞ

^ƚĞǀ

ƚƌů

Ϯϵϭ

ϮϳϮ

Ϯϴϭ͕ϱ

ϭϯ

EdWϭŵƚ

Ϯϲϯ

ϮϲϬ

ϮϲϮ

Ϯ

EdWϮŵƚ

Ϯϱϵ

Ϯϱϳ

Ϯϱϴ

ϭ

EdWϰŵƚ

ϭϳϴ

ϭϳϬ

ϭϳϰ

ϲ









ƚƌů

Ϯ͕ϰϱ

Ϯ͕ϰϯ

Ϯ͕ϰϱ

Ϭ͕ϬϮ

EdWϭŵƚ

Ϯ͕ϰϮ

Ϯ͕ϰϭ

Ϯ͕ϰϮ

Ϭ͕ϬϬ

EdWϮŵƚ

Ϯ͕ϰϭ

Ϯ͕ϰϭ

Ϯ͕ϰϭ

Ϭ͕ϬϬ

EdWϰŵƚ

Ϯ͕Ϯϱ

Ϯ͕Ϯϯ

Ϯ͕Ϯϰ

Ϭ͕Ϭϭ



















ƉůĂƚĞϭ

ƉůĂƚĞϮ

ǀĞƌĂŐĞ

^ƚĞǀ

ϭϬϴ

ϭϯϰ

ϭϮϭ

ϭϴ

EdWϭŵƚ

Ϭ

Ϭ

Ϭ

Ϭ

EdWϮŵƚ

Ϭ

Ϯ

ϭ

ϭ

EdWϰŵƚ

Ϭ

Ϭ

Ϭ

Ϭ









ƚƌů

Ϯ͕Ϭϯ

Ϯ͕ϭϯ

Ϯ͕Ϭϴ

Ϭ͕Ϭϳ

EdWϭŵƚ

Ϭ͕ϬϬ

Ϭ͕ϬϬ

Ϭ͕ϬϬ

Ϭ͕ϬϬ

EdWϮŵƚ

Ϭ͕ϬϬ

Ϭ͕ϯϬ

Ϭ͕ϭϱ

Ϭ͕Ϯϭ

EdWϰŵƚ

Ϭ͕ϬϬ

Ϭ͕ϬϬ

Ϭ͕ϬϬ

Ϭ͕ϬϬ

>ŽŐh&ͬƐĞĐƚŽƌ



^ĂƵƌĞŽ

h&ͬƐĞĐƚŽƌ

ƚƌů
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ϯϭ



^ƵŵŵĂƌǇĐŽŶĐůƵƐŝŽŶƐŽŶƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƚĞƐƚ
dŚĞŐƌĂƉŚŝĐƚƌĂŶƐƉŽƐŝƚŝŽŶŽĨƚŚĞĚĂƚĂŚŝŐŚůŝŐŚƚƐďĞƚƚĞƌƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͗


/ŵŵĂŐŝŶĞ͗ůŽŐ&hͬƉůĂƚĞ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐĂŶĚ͘ŽůŝǁŝƚŚEdW
ϮϰŚŽƵƌƐŽĨEdWĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶ
ŽŵƉĂƌŝƐŽŶŽĨƚŚĞĞĨĨĞĐƚƐŽĨEdWƚƌĞĂƚŵĞŶƚ͕ǀĂůƵĞƐĞǆƉƌĞƐƐĞĚĂƐƚŚĞĂǀĞƌĂŐĞŽĨƚǁŽƉůĂƚĞƐ

KŶ ƚŚĞ ŽƚŚĞƌ ŚĂŶĚ͕ ďǇ ĞǆƉƌĞƐƐŝŶŐ ƚŚĞ ĚĂƚĂ ŽďƚĂŝŶĞĚ ŝŶ ƚĞƌŵƐ ŽĨ ƉĞƌĐĞŶƚĂŐĞ ƌĞĚƵĐƚŝŽŶ ŽĨ ŐƌŽǁƚŚ
ĐŽŵƉĂƌĞĚƚŽƚŚĞ ĐŽŶƚƌŽůƉůĂƚĞƐ͕ŝƚĐĂŶďĞĐůĞĂƌůǇŚŝŐŚůŝŐŚƚĞĚŚŽǁƚŚŝƐǁĂƐǀĞƌǇŚŝŐŚĞǆĐůƵƐŝǀĞůǇĨŽƌ
^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐĂŶĚƉƌĞƐĞŶƚŽŶůǇĂƚĂĚŝƐƚĂŶĐĞŽĨϰŵĞƚĞƌƐĨƌŽŵƚŚĞĚĞǀŝĐĞĨŽƌƐĐŚĞƌŝĐŚŝĂĐŽůŝ͘




Scientific Dossier | 31



ϯϮ





/ŵŵĂŐŝŶĞ͗ZĞĚƵĐƚŝŽŶй
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐĂŶĚ͘ŽůŝǁŝƚŚEdW
WĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶ
ϮϰŚŽƵƌƐŽĨEdWĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶƐŝŶŵŝĐƌŽďŝĂůŐƌŽǁƚŚďĞƚǁĞĞŶƚŚĞƚǁŽƚĞƐƚĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ

dŚĞĚŝƐƚĂŶĐĞĨƌŽŵƚŚĞEdWĚĞǀŝĐĞĚŝĚŶŽƚƐŚŽǁĂŶǇƐŝŐŶŝĨŝĐĂŶƚĚŝĨĨĞƌĞŶĐĞƐ͘


d^d
^ƵŵŵĂƌǇŽĨƚŚĞƚĞƐƚ
dĞƐƚĐŽĚĞ

^ϮϬͬϬϬϱϴϬϬϬϬϯ

ĂƚĞ

ϮϵͬϬϰͬϮϬϮϭ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ

ǆƉŽƐƵƌĞ ŽĨ ƉůĂƚĞƐ ǁŝƚŚ ĨĞĐĂů ŶƚĞƌŽĐŽĐĐƵƐ ĂŶĚ WƐĞƵĚŽŵŽŶĂƐ
ĂĞƌƵŐŝŶŽƐĂ͕ĂƚĚŝĨĨĞƌĞŶƚĚŝƐƚĂŶĐĞƐĨƌŽŵƚŚĞ:KE/yĚĞǀŝĐĞ

KďũĞĐƚŝǀĞŽĨƚŚĞƚĞƐƚ

ǀĂůƵĂƚŝŶŐƚŚĞĂŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚŽĨEdWĂƚĚŝĨĨĞƌĞŶƚĚŝƐƚĂŶĐĞƐĨƌŽŵ
ƚŚĞĚĞǀŝĐĞ

:ŽŶŝǆĚĞǀŝĐĞƵƐĞĚ

:KE/yDŝŶŝDĂƚĞ

dĞƐƚĞŶǀŝƌŽŶŵĞŶƚ

ZŽŽŵǁŝƚŚƉůĂŶĚŝŵĞŶƐŝŽŶƐŽĨϵ͘Ϯŵǆϲ͘ϴŵǆϮ͘ϴŵ;ŚͿĨŽƌĂĨůŽŽƌĂƌĞĂ
ŽĨϲϮ͘ϲƐƋƵĂƌĞŵĞƚĞƌƐĂŶĚĂǀŽůƵŵĞŽĨϭϳϱŵϯ

^ƵŵŵĂƌǇŽĨƚŚĞƌĞƐƵůƚƐ

ZĞĚƵĐƚŝŽŶŽĨƚŚĞŵŝĐƌŽďŝĂůůŽĂĚƵƉƚŽϱϲйĨŽƌŶƚĞƌŽĐŽĐĐƵƐĂŶĚƵƉƚŽ
ϵйĨŽƌƐĐŚĞƌŝĐŚŝĂĐŽůŝ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ
,ĂǀŝŶŐ ĂƐĐĞƌƚĂŝŶĞĚ ƚŚĞ ĚŝĨĨĞƌĞŶƚ ĞĨĨĞĐƚ ŽŶ ƚŚĞ ƚǁŽ ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ ƐĐŚĞƌŝĐŚŝĂ ĐŽůŝ ĂŶĚ
^ƚĂƉŚǇůŽĐŽĐĐƵƐ ĂƵƌĞƵƐ ;dĞƐƚ Ϳ͕ ǁĞ ǁĂŶƚĞĚ ƚŽ ǀĞƌŝĨǇ ǁŚĞƚŚĞƌ ƚŚŝƐ ǁĂƐ Ă ĚŝƐƚŝŶĐƚŝǀĞ ƚƌĂŝƚ ŽĨ ƚŚĞ
ŵŝĐƌŽďŝĂůŐƌŽƵƉƐƚŽǁŚŝĐŚƚŚĞǇďĞůŽŶŐ͘

dǁŽ ŽƚŚĞƌ 'ƌĂŵͲƉŽƐŝƚŝǀĞ ;ŶƚĞƌŽĐŽĐĐƵƐ ĨĞĐĂůͿ ĂŶĚ 'ƌĂŵͲŶĞŐĂƚŝǀĞ ;WƐĞƵĚŽŵŽŶĂƐ ĂĞƌƵŐŝŶŽƐĂͿ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁĞƌĞƚŚƵƐĞǆƉŽƐĞĚƚŽEdW͘

:ƵƐƚůŝŬĞĨŽƌƚŚĞƉƌĞǀŝŽƵƐƚĞƐƚ͕ƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁĞƌĞƐĞĞĚĞĚ͕ŝŶĚƵƉůŝĐĂƚĞ͕ŽŶĚŽƵďůĞƐĞĐƚŽƌƉĞƚƌŝ
ĚŝƐŚĞƐ ĨŝůůĞĚ ǁŝƚŚ W ĂŐĂƌ ;ŶŽŶͲƐĞůĞĐƚŝǀĞ ŵĞĚŝƵŵͿ Ăƚ Ă ĚĞŶƐŝƚǇ ŽĨ ĂďŽƵƚ ϮϬϬ &hͬƐĞĐƚŽƌ͘
^ƵďƐĞƋƵĞŶƚůǇ͕ƚŚĞƉůĂƚĞƐǁĞƌĞĞǆƉŽƐĞĚ͕ƵŶĐŽǀĞƌĞĚ͕ƚŽƚŚĞEdW͕ŬĞĞƉŝŶŐƚŚĞŵĂƚĂĚŝƐƚĂŶĐĞŽĨϭ͕ϮĂŶĚ
ϰ ŵĞƚĞƌƐ ĨƌŽŵ ƚŚĞ ĚĞǀŝĐĞ ĨŽƌ Ă ƚŽƚĂů ƚŝŵĞ ŽĨ Ϯϰ ŚŽƵƌƐ͘ dŚĞ ĐŽŶƚƌŽů ƉůĂƚĞƐ ǁĞƌĞ ŬĞƉƚ ŝŶƐŝĚĞ ƚŚĞ
ůĂďŽƌĂƚŽƌǇ͕ĐůŽƐĞĚǁŝƚŚƚŚĞŝƌůŝĚ͕ƚŚƵƐĂǀŽŝĚŝŶŐĂŶǇƉŽƐƐŝďůĞĞǆƉŽƐƵƌĞƚŽEdW͘
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ϯϯ

ĨƚĞƌĞǆƉŽƐƵƌĞ͕ƚŚĞƉůĂƚĞƐǁĞƌĞƉŚŽƚŽŐƌĂƉŚĞĚĂŶĚƚŚĞŶŬĞƉƚŝŶĂŶŝŶĐƵďĂƚŽƌĂƚϯϳΣĨŽƌϮϰнϮϰŚŽƵƌƐ.

KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚ
dŚĞ KǌŽŶĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ƚŽ ǁŚŝĐŚ ƚŚĞ ƉůĂƚĞƐ ǁĞƌĞ ĞǆƉŽƐĞĚ ĚƵƌŝŶŐ ƚŚĞ Ϯϰ ŚŽƵƌƐ ŽĨ ƚƌĞĂƚŵĞŶƚ
ƌĞǀĞĂůĞĚĂŶĂǀĞƌĂŐĞǀĂůƵĞŽĨϮϰƉƉďĚƵƌŝŶŐƚŚĞƚĞƐƚƉĞƌŝŽĚĂƐƐŚŽǁŶŝŶƚŚĞĨŽůůŽǁŝŶŐŐƌĂƉŚ͗



/ŵŵĂŐŝŶĞ͗KǌŽŶĞŽŶĐĞŶƚƌĂƚŝŽŶ
Kϯ;ƉƉďͿ
DŝŶƵƚĞƐ
dĞƐƚĞŶǀŝƌŽŶŵĞŶƚKǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶĚƵƌŝŶŐdĞƐƚ;ƌĞĚůŝŶĞсĂǀĞƌĂŐĞͿ
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ϯϰ



WŚŽƚŽĞǀŝĚĞŶĐĞ
^ŽƐƉĞŶƐŝŽŶĞĨƌĞƐĐĂĞƐĞŵŝŶĂƚĂEdZKKK
ϬŵĞƚƌŽ

EdW
ϮŵĞƚƌŝ

ϰŵĞƚƌŝ

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE

KEdZK>>K


/ŵŵĂŐŝŶĞ͗^ƵƐƉĞŶƐŝŽŶƐĞĞĚĞĚǁŝƚŚ͘Žůŝ
ŽŶƚƌŽů–ϬŵĞƚĞƌ–EdWϮŵĞƚĞƌƐ–ϰŵĞƚĞƌƐ
ĨƚĞƌϮϰͲŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶ
ĨƚĞƌϮϰͲŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ

ŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚƐ͗ĚĞƚĂŝůŽĨƚŚĞƐĞĐƚŽƌƐĐŽŶƚĂŝŶŝŶŐĨĞĐĂůŶƚĞƌŽĐŽĐĐƵƐ
dŽƉƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽEdW;ĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞĐŽŶƚƌŽůƉůĂƚĞ͕
ŶŽƚĞǆƉŽƐĞĚͿĂƐƚŚĞĚŝƐƚĂŶĐĞĨƌŽŵƚŚĞĚĞǀŝĐĞǀĂƌŝĞƐ
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
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ϯϱ


^ŽƐƉĞŶƐŝŽŶĞĨƌĞƐĐĂĞƐĞŵŝŶĂƚĂW^hKDKE^
ϬŵĞƚƌŽ

EdW
ϮŵĞƚƌŝ

ϰŵĞƚƌŝ

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE

KEdZK>>K


/ŵŵĂŐŝŶĞ͗^ƵƐƉĞŶƐŝŽŶƐĞĞĚĞĚǁŝƚŚW^hKDKE^
ŽŶƚƌŽů–ϬŵĞƚĞƌ–EdWϮŵĞƚĞƌƐ–ϰŵĞƚĞƌƐ
ĨƚĞƌϮϰͲŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶ
ĨƚĞƌϮϰͲŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ

ŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚƐ͗ĚĞƚĂŝůŽĨƚŚĞƐĞĐƚŽƌƐĐŽŶƚĂŝŶŝŶŐWƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂ
hƉƉĞƌƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽEdW;ĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞĐŽŶƚƌŽů
ƉůĂƚĞ͕ŶŽƚĞǆƉŽƐĞĚͿĂƐƚŚĞĚŝƐƚĂŶĐĞĨƌŽŵƚŚĞĚĞǀŝĐĞǀĂƌŝĞƐ
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ

ZĞƐƵůƚƐ
ůƐŽ͕ŝŶƚŚŝƐĐĂƐĞŝƚŝƐƉŽƐƐŝďůĞƚŽŽďƐĞƌǀĞĂŶŝŵƉŽƌƚĂŶƚŝŶŚŝďŝƚŽƌǇĞĨĨĞĐƚĂŐĂŝŶƐƚŐƌĂŵͲƉŽƐŝƚŝǀĞ;ĨĞĐĂů
ŶƚĞƌŽĐŽĐĐƵƐͿƵŶůŝŬĞǁŚĂƚŚĂƉƉĞŶƐĨŽƌŐƌĂŵͲŶĞŐĂƚŝǀĞ;WƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂͿ͘

ŐĂŝŶ͕ƚŚĞƌĞŝƐĂůƐŽĂƚŽƚĂůĂďƐĞŶĐĞŽĨŐƌŽǁƚŚŝŶƚŚĞƉůĂƚĞƐĂĨƚĞƌϮϰŚŽƵƌƐŽĨĞǆƉŽƐƵƌĞ͕ďŽƚŚŝŶƚŚĞ
ŐƌĂŵͲƉŽƐŝƚŝǀĞĂŶĚŝŶƚŚĞŐƌĂŵͲŶĞŐĂƚŝǀĞƐĞĐƚŽƌƐ͕ǁŚŝĐŚŝŶƐƚĞĂĚĚŝƐĂƉƉĞĂƌƐĂĨƚĞƌŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ͕
ĐŽŶĨŝƌŵŝŶŐƚŚĞďĂĐƚĞƌŝŽƐƚĂƚŝĐĞĨĨĞĐƚŽĨƚŚĞEdW͘

&ŽůůŽǁŝŶŐĂƌĞƚŚĞǀĂůƵĞƐŽĨƚŚĞŵŝĐƌŽďŝĂůĐŽƵŶƚŽĨƚŚĞĐŽůŽŶŝĞƐŐƌŽǁŶŝŶƚŚĞƉůĂƚĞ͗
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ϯϲ


DŝĐƌŽďŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶĞĂĐŚƐĞĐƚŽƌŽĨƚŚĞƉůĂƚĞƐƵƐĞĚ͘


>ŽŐ&hͬƐĞĐƚŽƌ

&ĞĐĂů
ŶƚĞƌŽĐŽĐĐƵƐ

&hͬƐĞĐƚŽƌ



ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϲϲ

ϲϭ

ϲϯ͕ϱ

ϰ

EdWϭŵƚ

ϭϭ

ϭϰ

ϭϯ

Ϯ

EdWϮŵƚ

ϱ

ϴ

ϳ

Ϯ

EdWϰŵƚ

ϰ

ϭϬ

ϳ

ϰ









ƚƌů

ϭ͕ϴϮ

ϭ͕ϳϵ

ϭ͕ϴϬ

Ϭ͕ϬϮ

EdWϭŵƚ

ϭ͕Ϭϰ

ϭ͕ϭϱ

ϭ͕Ϭϵ

Ϭ͕Ϭϳ

EdWϮŵƚ

Ϭ͕ϳϬ

Ϭ͕ϵϬ

Ϭ͕ϴϬ

Ϭ͕ϭϰ

EdWϰŵƚ

Ϭ͕ϲϬ

ϭ͕ϬϬ

Ϭ͕ϴϬ

Ϭ͕Ϯϴ















ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϲϱ

ϱϰ

ϱϵ͕ϱ

ϴ

EdWϭŵƚ

ϱϲ

ϰϰ

ϱϬ

ϴ

EdWϮŵƚ

ϯϴ

ϱϯ

ϰϲ

ϭϭ

EdWϰŵƚ

ϰϱ

ϰϯ

ϰϰ

ϭ









ƚƌů

ϭ͕ϴϭ

ϭ͕ϳϯ

ϭ͕ϳϳ

Ϭ͕Ϭϲ

EdWϭŵƚ

ϭ͕ϳϱ

ϭ͕ϲϰ

ϭ͕ϳϬ

Ϭ͕Ϭϳ

EdWϮŵƚ

ϭ͕ϱϴ

ϭ͕ϳϮ

ϭ͕ϲϱ

Ϭ͕ϭϬ

EdWϰŵƚ

ϭ͕ϲϱ

ϭ͕ϲϯ

ϭ͕ϲϰ

Ϭ͕Ϭϭ

>ŽŐ&hͬƐĞĐƚŽƌ

ĂƵƌĞŽŐ͘

ƉůĂƚĞϮ



&hͬƐĞĐƚŽƌ

WƐĞƵĚŽŵŽŶĂƐ

ƉůĂƚĞϭ
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ϯϳ



^ƵŵŵĂƌǇĐŽŶĐůƵƐŝŽŶƐŽŶƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƚĞƐƚ
dŚĞŐƌĂƉŚŝĐƚƌĂŶƐƉŽƐŝƚŝŽŶŽĨƚŚĞĚĂƚĂŚŝŐŚůŝŐŚƚƐďĞƚƚĞƌƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͗



/ŵŵĂŐŝŶĞ͗ůŽŐ&hͬƉůĂƚĞ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶŶƚĞƌŽĐŽĐĐƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂ͘ǁŝƚŚEdW
;ϮϰŚŽƵƌƐŽĨEdWĞǆƉŽƐƵƌĞнϳϮŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶͿ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞĞĨĨĞĐƚƐŽĨEdWƚƌĞĂƚŵĞŶƚ͕ǀĂůƵĞƐĞǆƉƌĞƐƐĞĚĂƐƚŚĞĂǀĞƌĂŐĞŽĨƚǁŽƉůĂƚĞƐ

KŶ ƚŚĞ ŽƚŚĞƌ ŚĂŶĚ͕ ďǇ ĞǆƉƌĞƐƐŝŶŐ ƚŚĞ ĚĂƚĂ ŽďƚĂŝŶĞĚ ŝŶ ƚĞƌŵƐ ŽĨ ƉĞƌĐĞŶƚĂŐĞ ƌĞĚƵĐƚŝŽŶ ŝŶ ŐƌŽǁƚŚ
ĐŽŵƉĂƌĞĚ ƚŽ ĐŽŶƚƌŽů ƉůĂƚĞƐ͕ ŝƚ ĐĂŶ ďĞ ƐĞĞŶ ƚŚĂƚ ƚŚŝƐ ǁĂƐ ŽŶĐĞ ĂŐĂŝŶ ŚŝŐŚůŝŐŚƚĞĚ ĨŽƌ ŐƌĂŵͲƉŽƐŝƚŝǀĞ
ďĂĐƚĞƌŝĂ ;ŶƚĞƌŽĐŽĐĐƵƐͿ͕ ĞǆƚƌĞŵĞůǇ ůŝŵŝƚĞĚ ĨŽƌ ŐƌĂŵͲŶĞŐĂƚŝǀĞ ďĂĐƚĞƌŝĂ͕ ƌĞƉƌĞƐĞŶƚĞĚ ŝŶ ƚŚŝƐ ĐĂƐĞ ďǇ
WƐĞƵĚŽŵŽŶĂƐ͘
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ϯϴ





/ŵŵĂŐŝŶĞ͗йŽĨůŽŐƌĞĚƵĐƚŝŽŶ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂ͘ǁŝƚŚEdW
;ϮϰŚŽƵƌƐƚŽϮϰƉƉďнϳϮŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶͿ
ŶƚĞƌŽĐŽĐĐƵƐͲWƐĂĞƌƵŐŝŶŽƐĂ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶƐŝŶŵŝĐƌŽďŝĂůŐƌŽǁƚŚďĞƚǁĞĞŶƚŚĞƚǁŽƚĞƐƚĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ 


38 | Scientific Dossier



ϯϵ



WZKs
^ƵŵŵĂƌǇŽĨƚŚĞƚĞƐƚ
dĞƐƚĐŽĚĞ

^ϮϬͬϬϬϱϴϬϬϬϬϰ

ĂƚĞ

ϭϭDĂǇϮϬϮϭ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ

ǆƉŽƐƵƌĞ ŽĨ ƉůĂƚĞƐ ǁŝƚŚ ^ƚĂƉŚǇůŽĐŽĐĐƵƐ ĂƵƌĞƵƐ͕ ĨĞĐĂů ŶƚĞƌŽĐŽĐĐƵƐ͕
ƐĐŚĞƌŝĐŚŝĂ ĐŽůŝ ĂŶĚ WƐĞƵĚŽŵŽŶĂƐ ĂĞƌƵŐŝŶŽƐĂ ŝŶ ƐŵĂůů ĐĂƐĞƐ ;ƚŚĞĐĂͿ͕
ŬĞĞƉŝŶŐƚŚĞŝŶƚĞƌŶĂůŚƵŵŝĚŝƚǇĂƚĂďŽƵƚϱϬй

KďũĞĐƚŝǀĞŽĨƚŚĞƚĞƐƚ

ǀĂůƵĂƚŝŶŐ ƚŚĞ ĂŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚŽĨEdWƵŶĚĞƌ ĐŽŶƚƌŽůůĞĚŚƵŵŝĚŝƚǇ
ĐŽŶĚŝƚŝŽŶƐ

:ŽŶŝǆĚĞǀŝĐĞƵƐĞĚ

DŽĚŝĨŝĞĚ:KE/yƵďĞ

dĞƐƚĞŶǀŝƌŽŶŵĞŶƚ

WůĂƐƚŝĐĐĂƐĞƐǁŝƚŚĚŝŵĞŶƐŝŽŶƐŽĨϭϬϬĐŵǆϱϬĐŵǆϱϬĐŵĨŽƌĂǀŽůƵŵĞ
ŽĨϬ͘ϮϱϬŵϯ
ZĞĚƵĐƚŝŽŶŽĨƚŚĞŵŝĐƌŽďŝĂůůŽĂĚƵƉƚŽϯйĨŽƌĐŽůŝ͕ϮϬй^ƚĂƉŚŝůŽĐŽĐĐƵƐ
ĂƵƌĞƵƐ͕ϯϬйŶƚĞƌŽĐŽĐĐƵƐ͘

^ƵŵŵĂƌǇŽĨƚŚĞƌĞƐƵůƚƐ

EŽƚĚĞƚĞĐƚĞĚĨŽƌWƐĞƵĚŽŵŽŶĂƐ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ
/ŶƚŚŝƐƚĞƐƚ͕ĂŶĚŝŶƚŚĞƐƵďƐĞƋƵĞŶƚŽŶĞ͕ĂŶĂƚƚĞŵƉƚǁĂƐŵĂĚĞƚŽƌĞƉůŝĐĂƚĞǁŚĂƚǁĂƐŽďƐĞƌǀĞĚŝŶĂ
ůĂƌŐĞƌ ĞŶǀŝƌŽŶŵĞŶƚ͕ ǁŝƚŚŝŶ Ă ƐŵĂůů ĐŽŶĨŝŶĞĚ ĞŶǀŝƌŽŶŵĞŶƚ ŝŶ ǁŚŝĐŚ ŝƚ ŝƐ ĞĂƐŝĞƌ ƚŽ ĐŽŶƚƌŽů ƚŚĞ
ĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶĚŝƚŝŽŶƐ͘

&ŽƌƚŚŝƐƉƵƌƉŽƐĞ͕ĂƐƉĞĐŝĂůĐĂƐĞ;ϱϬĐŵǆϱϬĐŵǆϭϬϬĐŵͿǁĂƐƵƐĞĚŝŶǁŚŝĐŚƚŽŝŶƐĞƌƚĂŶEdWŐĞŶĞƌĂƚŽƌ
;hͿƉŽǁĞƌĞĚǁŝƚŚĂǀŽůƚĂŐĞƌĞŐƵůĂƚĞĚƐƉĞĐŝĨŝĐĂůůǇƚŽŬĞĞƉƚŚĞĞǆƉŽƐƵƌĞĂƐůŽǁĂƐƉŽƐƐŝďůĞƵŶĚĞƌ
ϱϬƉƉď͕ƉƌĞĐŝƐĞůǇƚŽƐŝŵƵůĂƚĞ ƚŚĞ ĨƵŶĐƚŝŽŶŝŶŐŽĨĂ:ŽŶŝǆ ĚĞǀŝĐĞ ŝŶƌĞĂůĐŽŶĚŝƚŝŽŶƐ͘WƌĞůŝŵŝŶĂƌǇƚĞƐƚƐ
ŵĂĚĞŝƚƉŽƐƐŝďůĞƚŽĞƐƚĂďůŝƐŚƚŚĂƚƚŚĞďĞƐƚƉŽǁĞƌƐƵƉƉůǇĐŽŶĚŝƚŝŽŶƐĨŽƌƚŚŝƐƉƵƌƉŽƐĞǁĞƌĞϴϱϬǀŽůƚƐĂƚ
ϱϬ,ǌ͘

dŚĞ ĞǆƉŽƐƵƌĞ ƚĞƐƚ ǁĂƐ ĐŽŶĚƵĐƚĞĚ ƵƐŝŶŐ ďŽƚŚ 'ƌĂŵͲƉŽƐŝƚŝǀĞ ;^ƚĂƉŚǇůŽĐŽĐĐƵƐ ĂƵƌĞƵƐ ĂŶĚ ĨĞĐĂů
ŶƚĞƌŽĐŽĐĐƵƐͿĂŶĚ'ƌĂŵͲŶĞŐĂƚŝǀĞ;ƐĐŚĞƌŝĐŚŝĂĐŽůŝĂŶĚWƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂͿďĂĐƚĞƌŝĂ͘

ƐĨŽƌƚŚĞŽƚŚĞƌƚĞƐƚƐ͕ƚŚĞďĂĐƚĞƌŝĂǁĞƌĞƐĞĞĚĞĚ͕ŝŶĚƵƉůŝĐĂƚĞ͕ŽŶĚŽƵďůĞƐĞĐƚŽƌƉĞƚƌŝĚŝƐŚĞƐĨŝůůĞĚǁŝƚŚ
WĂŐĂƌ;ŶŽŶͲƐĞůĞĐƚŝǀĞŵĞĚŝƵŵͿĂƚĂĚĞŶƐŝƚǇŽĨĂďŽƵƚϮϬϬ&hͬƐĞĐƚŽƌ͘^ƵďƐĞƋƵĞŶƚůǇ͕ƚŚĞƉůĂƚĞƐǁĞƌĞ
ĞǆƉŽƐĞĚ͕ƵŶĐŽǀĞƌĞĚ͕ƚŽƚŚĞEdWŝŶƐŝĚĞƚŚĞĐĂƐĞŝŶǁŚŝĐŚĂŶEdWŐĞŶĞƌĂƚŽƌ;hͿǁĂƐƉůĂĐĞĚ͕ŬĞƉƚ
ĐŽŶƐƚĂŶƚůǇŽŶĨŽƌƚŚĞĞŶƚŝƌĞƚŝŵĞŽĨƚŚĞƚĞƐƚ͘dŚĞĐŽŶƚƌŽůƉůĂƚĞƐǁĞƌĞŬĞƉƚŝŶƐŝĚĞƚŚĞůĂďŽƌĂƚŽƌǇ͕ĐůŽƐĞĚ
ǁŝƚŚƚŚĞŝƌůŝĚ͕ƚŚƵƐĂǀŽŝĚŝŶŐĂŶǇƉŽƐƐŝďůĞĞǆƉŽƐƵƌĞƚŽEdW͘

ĨƚĞƌĞǆƉŽƐƵƌĞ͕ƚŚĞƉůĂƚĞƐǁĞƌĞƉŚŽƚŽŐƌĂƉŚĞĚĂŶĚƚŚĞŶŬĞƉƚŝŶĂŶŝŶĐƵďĂƚŽƌĂƚϯϳΣĨŽƌϮϰнϮϰŚŽƵƌƐ͘
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ϰϬ



KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚ
dŚĞKǌŽŶĞƉƌŽĚƵĐĞĚǁĂƐŵĞĂƐƵƌĞĚǁŝƚŚƚŚĞ,KZ/ǁŝƚŚĚĂƚĂĂĐƋƵŝƐŝƚŝŽŶĞǀĞƌǇƚŚƌĞĞŵŝŶƵƚĞƐ͘

dŚĞ KǌŽŶĞ ǀĂůƵĞƐ ƚŚĂƚǁĞƌĞ ŬĞƉƚŝŶƐŝĚĞ ƚŚĞ ĐĂƐĞ ǁĞƌĞ ƋƵŝƚĞ ǀĂƌŝĂďůĞ ǁŝƚŚĂĐŽŶƚŝŶƵŽƵƐŝŶĐƌĞĂƐŝŶŐ
ƚƌĞŶĚĂŶĚ͕ŽŶĂǀĞƌĂŐĞ͕ƐůŝŐŚƚůǇŚŝŐŚĞƌƚŚĂŶĞǆƉĞĐƚĞĚ͘dŚĞĂǀĞƌĂŐĞĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞĞŶƚŝƌĞƚĞƐƚǁĂƐ
ϲϰƉƉď͘


/ŵŵĂŐŝŶĞ͗KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶ
WƉďKϯ
DŝŶƵƚĞƐ

KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶƚƌĞŶĚ;ƌĞĚůŝŶĞсĂǀĞƌĂŐĞͿ
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ϰϭ


ŶĂǀĞƌĂŐĞŚƵŵŝĚŝƚǇŽĨĂďŽƵƚϱϰйǁĂƐŵĞĂƐƵƌĞĚŝŶƐŝĚĞƚŚĞĐĂƐĞ͘


dĞŵƉĞƌĂƚƵƌĞƚƌĞŶĚ;ƌĞĚůŝŶĞͿĂŶĚŚƵŵŝĚŝƚǇƚƌĞŶĚ;ďůƵĞůŝŶĞͿŝŶƐŝĚĞƚŚĞĐĂƐĞ

WŚŽƚŽĞǀŝĚĞŶĐĞ;ĨŽƚŽŐƌĂĨŝĐŚĞͿ

ƐĐŚĞƌŝĐŚŝĂ
EdW

ƐĐŚĞƌŝĐŚŝĂ
KEdZK>>K

ƐĐŚĞƌŝĐŚŝĂ
EdW

^ƚĂĨŝůŽĐŽĐĐŽ
EdW

^ƚĂĨŝůŽĐŽĐĐŽ
KEdZK>>K

^ƚĂĨŝůŽĐŽĐĐŽ
EdW

KWKϮϰKZ/^WK^//KE

^ƚĂĨŝůŽĐŽĐĐŽ
KEdZK>>K

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE

ƐĐŚĞƌŝĐŚŝĂ
KEdZK>>K

/ŵŵĂŐŝŶĞƐǆ͗ƐĐŚĞƌŝĐŚŝĂKEdZK>–ƐĐŚĞƌŝĐŚŝĂEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
ƐĐŚĞƌŝĐŚŝĂKEdZK>–ƐĐŚĞƌŝĐŚŝĂEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
/ŵŵĂŐŝŶĞĚǆ͗^ƚĂƉŚǇůŽĐŽĐĐƵƐKEdZK>–^ƚĂƉŚǇůŽĐŽĐĐƵƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
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ϰϮ


^ƚĂƉŚǇůŽĐŽĐĐƵƐKEdZK>–^ƚĂƉŚǇůŽĐŽĐĐƵƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ


dŽƉƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽEdW;ĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞĐŽŶƚƌŽůƉůĂƚĞƐ͕
ŶŽƚĞǆƉŽƐĞĚͿ
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ


WƐĞƵĚŽŵŽŶĂƐ
EdW

WƐĞƵĚŽŵŽŶĂƐ
KEdZK>>K

WƐĞƵĚŽŵŽŶĂƐ
EdW

ŶƚĞƌŽĐŽĐĐŽ
EdW

ŶƚĞƌŽĐŽĐĐŽ
KEdZK>>K

ŶƚĞƌŽĐŽĐĐŽ
EdW

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE
KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

ŶƚĞƌŽĐŽĐĐŽ
KEdZK>>K

KWKϮϰKZ/^WK^//KE

WƐĞƵĚŽŵŽŶĂƐ
KEdZK>>K


/ŵŵĂŐŝŶĞƐǆ͗WƐĞƵĚŽŵŽŶĂƐKEdZK>–WƐĞƵĚŽŵŽŶĂƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
WƐĞƵĚŽŵŽŶĂƐKEdZK>–WƐĞƵĚŽŵŽŶĂƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
/ŵŵĂŐŝŶĞĚǆ͗ŶƚĞƌŽĐŽĐĐƵƐKEdZK>–ŶƚĞƌŽĐŽĐĐƵƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
ŶƚĞƌŽĐŽĐĐƵƐKEdZK>–ŶƚĞƌŽĐŽĐĐƵƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
dŽƉƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽEdW;ĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞĐŽŶƚƌŽůƉůĂƚĞƐ͕
ŶŽƚĞǆƉŽƐĞĚͿ
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ



ZĞƐƵůƚƐ
Once again, the “differential” effect towards GramͲƉŽƐŝƚŝǀĞǀĞƌƐƵƐĂŵŽĚĞƐƚĞĨĨŝĐĂĐǇƚŽǁĂƌĚƐ'ƌĂŵͲ
ŶĞŐĂƚŝǀĞŝƐĐŽŶĨŝƌŵĞĚ͘
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ϰϯ

Again, the bacteriostatic “phenomenon” is very well appreciated, that is, the delay in microbial growth
ŽĨĐƌŽƉƐĞǆƉŽƐĞĚƚŽEdWĐŽŵƉĂƌĞĚƚŽƚŚĞĐŽŶƚƌŽůŽŶĞƐ͘

&ŽůůŽǁŝŶŐĂƌĞƚŚĞǀĂůƵĞƐŽĨƚŚĞŵŝĐƌŽďŝĂůĐŽƵŶƚŽĨƚŚĞĐŽůŽŶŝĞƐŐƌŽǁŶŝŶƚŚĞƉůĂƚĞ͗

DŝĐƌŽďŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶĞĂĐŚƐĞĐƚŽƌŽĨƚŚĞƉůĂƚĞƐƵƐĞĚ͘





&hͬƐĞĐƚŽƌ

ĐŽůŝ


>ŽŐ&hͬ
ƐĞĐƚŽƌ






ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϭϭϯ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

EdW

ϭϬϴ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘











ƚƌů

Ϯ͕Ϭϱ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

EdW

Ϯ͕Ϭϯ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘


ƉůĂƚĞϭ


ƉůĂƚĞϮ


ĂǀĞƌĂŐĞ


^ƚ͘Ğǀ͘

ƚƌů

ϵϳ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

EdW

ϯϴ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘



&hͬ
ƐĞĐƚŽƌ

^ĂƵƌĞŽ

ƉůĂƚĞϭ



>ŽŐ&hͬ
ƐĞĐƚŽƌ











Ŷ͘Ă

Ŷ͘Ă͘

ƚƌů

ϭ͕ϵϵ

Ŷ͘Ğ͘

EdW

ϭ͕ϱϴ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϭϬ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

EdW

ϱ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘












&hͬ
ƐĞĐƚŽƌ

&ĞĐĂů



>ŽŐ&hͬ
ƐĞĐƚŽƌ





ƚƌů

ϭ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

EdW

Ϭ͕ϳ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϰϴ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

EdW

ϱϭ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘













WĂƵƌĞŽŐ


&hͬ
ƐĞĐƚŽƌ


>ŽŐ&h
ͬƐĞĐƚŽƌ



ƚƌů

ϭ͕ϲϴ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

EdW

ϭ͕ϳϭ

Ŷ͘Ğ͘

Ŷ͘Ă

Ŷ͘Ă͘

^ƵŵŵĂƌǇĐŽŶĐůƵƐŝŽŶƐŽŶƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƚĞƐƚ
dŚĞŐƌĂƉŚŝĐƚƌĂŶƐƉŽƐŝƚŝŽŶŽĨƚŚĞĚĂƚĂŚŝŐŚůŝŐŚƚƐďĞƚƚĞƌƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͗
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ϰϰ





/ŵŵĂŐŝŶĞ͗ůŽŐ&hͬƉůĂƚĞ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂ͘ǁŝƚŚEdW
;ϮϰŚŽƵƌƐŽĨEdWĞǆƉŽƐŝƚŝŽŶнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶͿ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞĞĨĨĞĐƚƐŽĨEdWƚƌĞĂƚŵĞŶƚ

/ĨĞǆƉƌĞƐƐĞĚŝŶƚĞƌŵƐŽĨƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶŽĨŐƌŽǁƚŚĐŽŵƉĂƌĞĚƚŽƚŚĞĐŽŶƚƌŽůƐ͕ŝƚĐĂŶďĞŶŽƚĞĚ
ĂŐĂŝŶ ƚŚĂƚ ƚŚŝƐ ǁĂƐ ƉƌĂĐƚŝĐĂůůǇ ĞǀŝĚĞŶƚ ŽŶůǇ ĨŽƌ 'ƌĂŵͲƉŽƐŝƚŝǀĞ ďĂĐƚĞƌŝĂ ;^ƚĂƉŚǇůŽĐŽĐĐƵƐ ĂŶĚ
ŶƚĞƌŽĐŽĐĐƵƐͿ͘
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ϰϱ


/ŵŵĂŐŝŶĞ͗йŽĨůŽŐƌĞĚƵĐƚŝŽŶ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂ͘ǁŝƚŚEdW
;ϮϰŚŽƵƌƐŽĨEdWĞǆƉŽƐŝƚŝŽŶнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶͿ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶƐŝŶŵŝĐƌŽďŝĂůŐƌŽǁƚŚďĞƚǁĞĞŶƚŚĞƚǁŽƚĞƐƚĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ
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ϰϲ



d^d
^ƵŵŵĂƌǇŽĨƚŚĞƚĞƐƚ
dĞƐƚĐŽĚĞ

^ϮϬͬϬϬϱϴϬϬϬϬϵ

ĂƚĞ

ϮϳDĂǇϮϬϮϭ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ

ǆƉŽƐƵƌĞ ŽĨ ƉůĂƚĞƐ ǁŝƚŚ ^ƚĂƉŚǇůŽĐŽĐĐƵƐ ĂƵƌĞƵƐ͕ ĨĞĐĂů ŶƚĞƌŽĐŽĐĐƵƐ͕
ƐĐŚĞƌŝĐŚŝĂ ĐŽůŝ ĂŶĚ WƐĞƵĚŽŵŽŶĂƐ ĂĞƌƵŐŝŶŽƐĂ ŝŶ ƐŵĂůů ĐĂƐĞƐ ;ƚŚĞĐĂͿ͕
ŬĞĞƉŝŶŐƚŚĞŝŶƚĞƌŶĂůŚƵŵŝĚŝƚǇĂƚĂďŽƵƚϴϬй

KďũĞĐƚŝǀĞŽĨƚŚĞƚĞƐƚ

ǀĂůƵĂƚŝŶŐƚŚĞ ĂŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚŽĨEdWƵŶĚĞƌ ĐŽŶƚƌŽůůĞĚŚƵŵŝĚŝƚǇ
ĐŽŶĚŝƚŝŽŶƐ

:ŽŶŝǆĚĞǀŝĐĞƵƐĞĚ

DŽĚŝĨŝĞĚ:KE/yƵďĞ

dĞƐƚĞŶǀŝƌŽŶŵĞŶƚ

WůĂƐƚŝĐďŽǆǁŝƚŚĚŝŵĞŶƐŝŽŶƐŽĨϭϬϬĐŵǆϱϬĐŵǆϱϬĐŵĨŽƌĂǀŽůƵŵĞŽĨ
Ϭ͘ϮϱϬŵϯ

^ƵŵŵĂƌǇŽĨƚŚĞƌĞƐƵůƚƐ

ZĞĚƵĐƚŝŽŶŽĨƚŚĞŵŝĐƌŽďŝĂůůŽĂĚƵƉƚŽϱϭйĨŽƌƚŚĞŶƚĞƌŽĐŽĐĐƵƐ͕ĂŶĚ
ϱϵйĨŽƌƚŚĞ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ


ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ
Ɛ ĨŽƌ ƚŚĞ ƉƌĞǀŝŽƵƐ ƚĞƐƚ͕ ďŽƚŚ 'ƌĂŵͲƉŽƐŝƚŝǀĞ ;^ƚĂƉŚǇůŽĐŽĐĐƵƐ ĂƵƌĞƵƐ ĂŶĚ ĨĞĐĂů ŶƚĞƌŽĐŽĐĐƵƐͿ ĂŶĚ
'ƌĂŵͲŶĞŐĂƚŝǀĞ ;ƐĐŚĞƌŝĐŚŝĂ ĐŽůŝ ĂŶĚ WƐĞƵĚŽŵŽŶĂƐ ĂĞƌƵŐŝŶŽƐĂͿ ďĂĐƚĞƌŝĂ ǁĞƌĞ ƵƐĞĚ͕ ƐĞĞĚĞĚ͕ ŝŶ
ĚƵƉůŝĐĂƚĞ͕ŽŶĚŽƵďůĞͲƐĞĐƚŽƌƉĞƚƌŝĚŝƐŚĞƐĨŝůůĞĚǁŝƚŚWĂŐĂƌ;ŶŽŶͲƐĞůĞĐƚŝǀĞŵĞĚŝƵŵͿĂƚĂĚĞŶƐŝƚǇŽĨ
ĂďŽƵƚϮϬϬ&hͬƐĞĐƚŽƌ͘^ƵďƐĞƋƵĞŶƚůǇ͕ƚŚĞƉůĂƚĞƐǁĞƌĞĞǆƉŽƐĞĚ͕ƵŶĐŽǀĞƌĞĚ͕ƚŽƚŚĞEdWŝŶƐŝĚĞƚŚĞĐĂƐĞ
ŝŶǁŚŝĐŚĂŶEdWŐĞŶĞƌĂƚŽƌ;hͿǁĂƐƉůĂĐĞĚ͕ŬĞƉƚĐŽŶƐƚĂŶƚůǇŽŶĨŽƌƚŚĞĞŶƚŝƌĞƚŝŵĞŽĨƚŚĞƚĞƐƚ͘dŚĞ
ĐŽŶƚƌŽů ƉůĂƚĞƐ ǁĞƌĞ ŬĞƉƚ ŝŶƐŝĚĞ ƚŚĞ ůĂďŽƌĂƚŽƌǇ͕ ĐůŽƐĞĚ ǁŝƚŚ ƚŚĞŝƌ ůŝĚ͕ ƚŚƵƐ ĂǀŽŝĚŝŶŐ ĂŶǇ ƉŽƐƐŝďůĞ
ĞǆƉŽƐƵƌĞƚŽEdW͘

dŚĂŶŬƐƚŽƚŚĞƵƐĞŽĨĂƐƵƉĞƌƐĂƚƵƌĂƚĞĚEĂůƐŽůƵƚŝŽŶ͕ĂŶĞŶǀŝƌŽŶŵĞŶƚǁŝƚŚƌĞůĂƚŝǀĞŚƵŵŝĚŝƚǇǀĂůƵĞƐ
ŚŝŐŚĞƌƚŚĂŶϴϬйǁĂƐĐƌĞĂƚĞĚŝŶƐŝĚĞƚŚĞĐĂƐĞ͘

KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚ
/ŶŽƌĚĞƌƚŽĂǀŽŝĚŝŶƐƚƌƵŵĞŶƚĂůĚĂŵĂŐĞ͕ƚŚĞKǌŽŶĞŵĞĂƐƵƌĞŵĞŶƚƐŝŶƚŚĞĐĂƐĞĚŝĚŶŽƚƚĂŬĞƉůĂĐĞ
ĐŽŶƚŝŶƵŽƵƐůǇĂƐŝŶƚŚĞŽƚŚĞƌƚĞƐƚƐ͕ďƵƚŝŶĂĚŝƐĐŽŶƚŝŶƵŽƵƐĂŶĚƚŝŵĞůǇŵĂŶŶĞƌ͕ŝŶƚĞƌƌƵƉƚŝŶŐŝƚŽŶůǇ
ĚƵƌŝŶŐƚŚĞŶŝŐŚƚ͘/ŶĂŶǇĐĂƐĞ͕ƚŚĞŵĞĂƐƵƌĞĚvalues made it possible to establish a “trend”
ƐƵďƐƚĂŶƚŝĂůůǇŽǀĞƌůĂƉƉŝŶŐƚŚĞƉƌĞǀŝŽƵƐŽŶĞƐ͘dŚĞĂǀĞƌĂŐĞǀĂůƵĞĨŽƵŶĚǁĂƐϰϳƉƉď͕ůŽǁĞƌƚŚĂŶƚŚĂƚŽĨ
ƚŚĞƉƌĞǀŝŽƵƐƚĞƐƚ͘
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ϰϳ




/ŵŵĂŐŝŶĞ͗KǌŽŶĞŽŶĐĞŶƚƌĂƚŝŽŶ
WƉď
ŵŝŶƵƚĞƐ
KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶƚƌĞŶĚ͘ZĞĚůŝŶĞсĂǀĞƌĂŐĞ

^ŝŶĐĞ ƚŚĞ ƉŽǁĞƌƐƵƉƉůǇĐŽŶĚŝƚŝŽŶƐŽĨ ƚŚĞ ŐĞŶĞƌĂƚŽƌ ǁĞƌĞ ŝĚĞŶƚŝĐĂů;ϴϱϬǀŽůƚƐĂƚϱϬ,ǌͿ͕ƚŚĞůŽǁĞƌ
ƋƵĂŶƚŝƚǇŽĨKǌŽŶĞĚĞƚĞĐƚĞĚĐŽƵůĚďĞĚƵĞƉƌĞĐŝƐĞůǇƚŽƚŚĞƉƌĞƐĞŶĐĞŽĨŐƌĞĂƚĞƌŚƵŵŝĚŝƚǇŝŶƚŚĞĂŝƌǁŚŝĐŚ͕
ĐĂƌƌǇŝŶŐǁĂƚĞƌ͕ǁŽƵůĚŚĂǀĞǁŽƌŬĞĚas a “sequestering” agent of the Ozone diffused in a gaseous form
ŐŝǀŝŶŐƌŝƐĞƚŽĚŝĨĨĞƌĞŶƚĐŚĞŵŝĐĂůƐƉĞĐŝĞƐ;Ğ͘Ő͕͘,ϮKϮͿǁŚŝĐŚǁŽƵůĚĂůƐŽĞǆƉůĂŝŶƚŚĞŐƌĞĂƚĞƌĞĨĨĞĐƚŝǀĞŶĞƐƐ
ŽĨƚŚĞƚƌĞĂƚŵĞŶƚ͘
dŚĞƚĞŵƉĞƌĂƚƵƌĞŝŶƚŚĞĐĂƐĞĂŶĚƚŚĂƚŽĨƚŚĞĐŽŶƚƌŽůĞŶǀŝƌŽŶŵĞŶƚǁĂƐĨŽƵŶĚƚŽďĞŽĨůŝƚƚůĞŝŶĨůƵĞŶĐĞ
ǁŝƚŚŽŶůǇŽŶĞĚĞŐƌĞĞŽĨĚŝĨĨĞƌĞŶĐĞ;ĂǀĞƌĂŐĞdΣEdW͗Ϯϰ͘ϳ͖ĂǀĞƌĂŐĞdΣdZ>͗Ϯϯ͘ϳͿ͘


/ŵŵĂŐŝŶĞ͗ƚĞŵƉĞƌĂƚƵƌĞǀĂƌŝĂƚŝŽŶ
DŝŶƵƚĞƐ
ŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶƚŚĞƚǁŽĞǆƉŽƐƵƌĞƚĞŵƉĞƌĂƚƵƌĞƐŽǀĞƌϮϰŚŽƵƌƐ͘dZ>͗ƉůĂƚĞƐƐƚŽƌĞĚŝŶƚŚĞůĂŵŝŶĂƌĨůŽǁŚŽŽĚ͖EdW͗ƉůĂƚĞƐ
ƐƚŽƌĞĚŝŶĂĐĂƐĞ͘
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ϰϴ


&ƵƌƚŚĞƌŵŽƌĞ͕ĂŶĂǀĞƌĂŐĞŚƵŵŝĚŝƚǇŽĨĂďŽƵƚϴϬйǁĂƐŵĞĂƐƵƌĞĚŝŶƐŝĚĞƚŚĞĐĂƐĞ͘


dĞŵƉĞƌĂƚƵƌĞƚƌĞŶĚ;ƌĞĚůŝŶĞͿĂŶĚŚƵŵŝĚŝƚǇƚƌĞŶĚ;ďůƵĞůŝŶĞͿŝŶƐŝĚĞƚŚĞĐĂƐĞ

WŚŽƚŽĞǀŝĚĞŶĐĞ
ƐĐŚĞƌŝĐŚŝĂ
EdW

ƐĐŚĞƌŝĐŚŝĂ
KEdZK>>K

ƐĐŚĞƌŝĐŚŝĂ
EdW

^ƚĂĨŝůŽĐŽĐĐŽ
KEdZK>>K

^ƚĂĨŝůŽĐŽĐĐŽ
EdW

^ƚĂĨŝůŽĐŽĐĐŽ
KEdZK>>K

^ƚĂĨŝůŽĐŽĐĐŽ
EdW

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE

KWKϮϰKZ/^WK^//KE

ƐĐŚĞƌŝĐŚŝĂ
KEdZK>>K



/ŵŵĂŐŝŶĞƐǆ͗ƐĐŚĞƌŝĐŚŝĂKEdZK>–ƐĐŚĞƌŝĐŚŝĂEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
ƐĐŚĞƌŝĐŚŝĂKEdZK>–ƐĐŚĞƌŝĐŚŝĂEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
/ŵŵĂŐŝŶĞĚǆ͗^ƚĂƉŚǇůŽĐŽĐĐƵƐKEdZK>–^ƚĂƉŚǇůŽĐŽĐĐƵƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
^ƚĂƉŚǇůŽĐŽĐĐƵƐKEdZK>–^ƚĂƉŚǇůŽĐŽĐĐƵƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
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ϰϵ



dŽƉƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽEdW;ĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞĐŽŶƚƌŽůƉůĂƚĞƐ͕
ŶŽƚĞǆƉŽƐĞĚͿ
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ



ŶƚĞƌŽĐŽĐĐŽ
EdW

ŶƚĞƌŽĐŽĐĐŽ
KEdZK>>K

ŶƚĞƌŽĐŽĐĐŽ
EdW

WƐĞƵĚŽŵŽŶĂƐ
KEdZK>>K

WƐĞƵĚŽŵŽŶĂƐ
EdW

WƐĞƵĚŽŵŽŶĂƐ
KEdZK>>K

WƐĞƵĚŽŵŽŶĂƐ
EdW



KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE
нϰϴKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE

KWKϮϰKZ/^WK^//KE

ŶƚĞƌŽĐŽĐĐŽ
KEdZK>>K

/ŵŵĂŐŝŶĞƐǆ͗ŶƚĞƌŽĐŽĐĐƵƐKEdZK>–ŶƚĞƌŽĐŽĐĐƵƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
ŶƚĞƌŽĐŽĐĐƵƐKEdZK>–ŶƚĞƌŽĐŽĐĐƵƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
/ŵŵĂŐŝŶĞĚǆ͗WƐĞƵĚŽŵŽŶĂƐKEdZK>–WƐĞƵĚŽŵŽŶĂƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
WƐĞƵĚŽŵŽŶĂƐKEdZK>–WƐĞƵĚŽŵŽŶĂƐEdW
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ

dŽƉƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽEdW;ĐŽŵƉĂƌŝƐŽŶǁŝƚŚƚŚĞĐŽŶƚƌŽůƉůĂƚĞƐ͕
ŶŽƚĞǆƉŽƐĞĚͿ
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ

ZĞƐƵůƚƐ
In this case, the test highlighted an inhibitory effect (biocide) also against Gram-negative
bacteria (Escherichia coli and Pseudomonas aeruginosa), a phenomenon not observed in the
lower humidity test.


&ŽůůŽǁŝŶŐĂƌĞƚŚĞǀĂůƵĞƐŽĨƚŚĞŵŝĐƌŽďŝĂůĐŽƵŶƚŽĨƚŚĞĐŽůŽŶŝĞƐŐƌŽǁŶŝŶƚŚĞƉůĂƚĞ͗
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ϱϬ


DŝĐƌŽďŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶĞĂĐŚƐĞĐƚŽƌŽĨƚŚĞƉůĂƚĞƐƵƐĞĚ͘






&hͬƐĞĐƚŽƌ

ĐŽůŝ


>ŽŐ&hͬ
ƐĞĐƚŽƌ

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϭϱ

ϭϲ

ϭϱ͕ϱ

ϭ

EdW

ϭϯ

ϵ

ϭϭ

ϯ











ƚƌů

Ͳ

Ͳ

ϭ͕ϭϵ

Ϭ͕ϬϮ

EdW

Ͳ

Ͳ

ϭ͕Ϭϰ

Ϭ͕ϭϭ

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘







&hͬƐĞĐƚŽƌ

ƚƌů

ϳ

ϲ

ϲ͕ϱ

ϭ

EdW

ϯ

ϭ

Ϯ

ϭ

^ĂƵƌĞŽ


>ŽŐ&hͬ
ƐĞĐƚŽƌ











ƚƌů

Ͳ

Ͳ

Ϭ͕ϴϭ

Ϭ͕Ϭϱ

EdW

Ͳ

Ͳ

Ϭ͕ϯϬ

Ϭ͕ϯϰ

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘







&hͬƐĞĐƚŽƌ

ƚƌů

ϭϴ

ϭϱ

ϭϲ͕ϱ

Ϯ

EdW

Ϯ

Ϭ

ϭ

ϭ

&ĞĐĂů


>ŽŐ&hͬ
ƐĞĐƚŽƌ











ƚƌů

Ͳ

Ͳ

ϭ͕ϮϮ

Ϭ͕Ϭϲ

EdW

Ͳ

Ͳ

Ϭ͕ϬϮ

Ϭ͕ϵϮ

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘







&hͬƐĞĐƚŽƌ

ƚƌů

ϰ

ϭϱ

ϵ͕ϱ

ϴ

EdW

ϰ

Ϯ

ϯ

ϭ

WĂƵƌĞŽŐ


>ŽŐ&hͬ
ƐĞĐƚŽƌ





ƚƌů

Ͳ

Ͳ

Ϭ͕ϵϴ

Ϭ͕ϰϭ

EdW

Ͳ

Ͳ

Ϭ͕ϰϴ

Ϭ͕Ϯϭ
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ϱϭ



^ƵŵŵĂƌǇĐŽŶĐůƵƐŝŽŶƐŽŶƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƚĞƐƚ
dŚĞŐƌĂƉŚŝĐƚƌĂŶƐƉŽƐŝƚŝŽŶŽĨƚŚĞĚĂƚĂŚŝŐŚůŝŐŚƚƐďĞƚƚĞƌƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͗
ĨĨĞƚƚŝĚĞůƚƌĂƚƚĂŵĞŶƚŽƐƵ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐŚŝĞ
WƐĞƵĚŽŵŽŶĂƐĂ͘ĐŽŶEdW
;ϮϰĚŝŽƌĞĞƐƉŽƐŝǌŝŽŶĞĂEdWнϰϴŽƌĞŝŶĐƵďĂǌŝŽŶĞͿ

ϭ͕ϱϬ

ůŽŐh&ͬƉŝĂƐƚƌĂ

ϭ͕ϬϬ
Ϭ͕ϱϬ
Ϭ͕ϬϬ
ͲϬ͕ϱϬ
Ͳϭ͕ϬϬ
Ͳϭ͕ϱϬ

EdW

dZ>
ĐŽůŝ

^ĂƵƌĞƵƐ

ŶƚĞƌŽĐ͘

WƐĂƵƌ͘


/ŵŵĂŐŝŶĞ͗ůŽŐ&hͬƉůĂƚĞ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂ͘ǁŝƚŚEdW
;ϮϰŚŽƵƌƐŽĨEdWĞǆƉŽƐŝƚŝŽŶнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶͿ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞĞĨĨĞĐƚƐŽĨEdWƚƌĞĂƚŵĞŶƚ
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/ŵŵĂŐŝŶĞ͗йŽĨůŽŐƌĞĚƵĐƚŝŽŶ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂ͘ǁŝƚŚEdW
;ϮϰŚŽƵƌƐŽĨEdWĞǆƉŽƐŝƚŝŽŶнϳϮŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶͿ


ϱϮ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶƐŝŶŵŝĐƌŽďŝĂůŐƌŽǁƚŚďĞƚǁĞĞŶƚŚĞƚǁŽƚĞƐƚĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ

dŚĞĐŽŵƉĂƌŝƐŽŶŽĨƚŚĞƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶƐĐůĞĂƌůǇŚŝŐŚůŝŐŚƚƐĂŶĞǁƉŚĞŶŽŵĞŶŽŶ͘

,ĂǀŝŶŐĞǆƉŽƐĞĚƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐƚŽEdWŝŶĂŶĞŶǀŝƌŽŶŵĞŶƚŽĨŚŝŐŚƌĞůĂƚŝǀĞŚƵŵŝĚŝƚǇĐŽŶƐŝĚĞƌĂďůǇ
ŝŶĐƌĞĂƐĞĚƚŚĞďŝŽĐŝĚĂůĐĂƉĂĐŝƚǇĞǆĞƌƚĞĚďǇƚŚĞƚƌĞĂƚŵĞŶƚ͘
/ŶĨĂĐƚ͕ďǇĐŽŵƉĂƌŝŶŐƚŚĞƌĞƐƵůƚƐŽĨƚĞƐƚĐŽŶĚƵĐƚĞĚĂƚĂZĞůĂƚŝǀĞ,ƵŵŝĚŝƚǇŽĨĂƉƉƌŽǆŝŵĂƚĞůǇϱϰйĂŶĚ
ƚŚŽƐĞ ŽĨ ƚĞƐƚ  ĐŽŶĚƵĐƚĞĚ Ăƚ Ă ZĞůĂƚŝǀĞ ,ƵŵŝĚŝƚǇ ŽĨ ĂƉƉƌŽǆŝŵĂƚĞůǇ ϴϬй͕ ŝƚ ĐĂŶ ďĞ ƐĞĞŶ ŚŽǁ ƚŚĞ
ŚƵŵŝĚŝƚǇŝŶĨůƵĞŶĐĞƐƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨƚŚĞEdW͕ĂƐŝƚǁĂƐĐŽŶĐĞŝǀĂďůĞĂƐƚŚĞŶĂƚƵƌĂůĚƌŽƉůĞƚĂĐƚƐĂƐ
ĂǀĞŚŝĐůĞĨŽƌŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐ͘




/ŵŵĂŐŝŶĞ͗ŝŶĨůƵĞŶĐĞŽĨ,ƵŵŝĚŝƚǇŽŶƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨƚŚĞEdW
ZĞĚƵĐƚŝŽŶĂĨƚĞƌϮϰŚŽƵƌƐŽĨEdWĞǆƉŽƐƵƌĞ
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ϱϯ



ŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶƚŚĞƉĞƌĐĞŶƚĂŐĞƐŽĨďĂĐƚĞƌŝĂůƌĞĚƵĐƚŝŽŶŝŶĚŝĨĨĞƌĞŶƚŚƵŵŝĚŝƚǇĐŽŶĚŝƚŝŽŶƐ

d^d
ϱ͘ϱ͘ϭ^ƵŵŵĂƌǇŽĨƚŚĞƚĞƐƚ
dĞƐƚĐŽĚĞ

^ϮϬͬϬϬϱϴϬϬϬϬϴ

ĂƚĞ

ϮϰDĂǇϮϬϮϭ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ

ǆƉŽƐƵƌĞŽĨƉůĂƚĞƐǁŝƚŚ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ͕ĨĞĐĂůŶƚĞƌŽĐŽĐĐƵƐ͕
ƐĐŚĞƌŝĐŚŝĂĐŽůŝĂŶĚWƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂŝŶĂŶĂƚƵƌĂů
ĞŶǀŝƌŽŶŵĞŶƚ
ǀĂůƵĂƚŝŶŐ ƚŚĞ ĞĨĨĞĐƚ ŽĨ ĞǆƚĞƌŶĂů Ăŝƌ͕ ĐŽŶƚĂŝŶŝŶŐ ŶĂƚƵƌĂůůǇ ŽĐĐƵƌƌŝŶŐ
ŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐ

KďũĞĐƚŝǀĞŽĨƚŚĞƚĞƐƚ
:ŽŶŝǆĚĞǀŝĐĞƵƐĞĚ

EKE

dĞƐƚĞŶǀŝƌŽŶŵĞŶƚ

ZŽŽŵĨĂĐŝŶŐŽƵƚǁĂƌĚƐ

^ƵŵŵĂƌǇŽĨƚŚĞƌĞƐƵůƚƐ

ZĞĚƵĐƚŝŽŶŽĨƚŚĞŵŝĐƌŽďŝĂůůŽĂĚƵƉƚŽϱϭйĨŽƌƚŚĞŶƚĞƌŽĐŽĐĐƵƐ͕ĂŶĚ
ϱϵйĨŽƌ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ

ϭ͘ϭ͘Ϯ KǌŽŶĞŝŶƚŚĞŽƵƚƐŝĚĞĂŝƌ
/ƚŝƐŬŶŽǁŶƚŚĂƚKǌŽŶĞŝƐĂůƐŽĨŽƵŶĚŝŶƚŚĞĂƚŵŽƐƉŚĞƌĞĂƐĂƌĞƐƵůƚŽĨƚŚĞŝŶƚĞƌĂĐƚŝŽŶŽĨƐŽůĂƌƌĂĚŝĂƚŝŽŶ
ǁŚŝĐŚ͕ŝŶƚĞƌĂĐƚŝŶŐǁŝƚŚĂƚŵŽƐƉŚĞƌŝĐŽǆǇŐĞŶ͕ůĞĂĚƐƚŽƚŚĞƉƌŽĚƵĐƚŝŽŶŽĨƚŚŝƐŐĂƐ͘

dǇƉŝĐĂůůǇ͕ĂƐŝƚŝƐĞĂƐǇƚŽƐĞĞĨƌŽŵƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůŵŽŶŝƚŽƌŝŶŐĚĂƚĂĚĞƚĞĐƚĞĚďǇƚŚĞĐŽŶƚƌŽůƵŶŝƚƐŽĨ
ƚŚĞ ǀĂƌŝŽƵƐ ZWƐ ƐĐĂƚƚĞƌĞĚ ƚŚƌŽƵŐŚŽƵƚ ƚŚĞ ĐŽƵŶƚƌǇ͕ ƚŚĞ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ KǌŽŶĞ ŝŶĐƌĞĂƐĞƐ
ƐŝŐŶŝĨŝĐĂŶƚůǇŽŶĚĂǇƐŽĨŐŽŽĚǁĞĂƚŚĞƌ͕ǁŚĞŶƐŽůĂƌƌĂĚŝĂƚŝŽŶŝƐƐƚƌŽŶŐĞƌ͘

ƐĂůƐŽŝŶĚŝĐĂƚĞĚŝŶƚŚĞƌĞƉŽƌƚŽĨƚŚĞEĂƚŝŽŶĂů^ǇƐƚĞŵĨor Environmental Protection “Air quality in Italy
2020 edition”, in lowland areas or at sea level, OϯĐŽŶĐĞŶƚƌĂƚŝŽŶƐĨŽůůŽǁƚŚĞŝŶƚĞŶƐŝƚǇƉƌŽĨŝůĞŽĨƐŽůĂƌ
ƌĂĚŝĂƚŝŽŶƋƵŝƚĞǁĞůů;ƚŚƵƐƚĞŶĚŝŶŐƚŽŝŶĐƌĞĂƐĞĚƵƌŝŶŐŵĂǆŝŵƵŵŝŶƐŽůĂƚŝŽŶĂŶĚƚŽĚĞĐƌĞĂƐĞĂƚŶŝŐŚƚͿ͘

dŚĞ ƐĂŵĞ ƌĞƉŽƌƚ ĂůƐŽ ƐŚŽǁƐ ƚŚĞ ĂǀĞƌĂŐĞ ƐƚĂƚŝƐƚŝĐƐ ŽĨ KǌŽŶĞ ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ĚĞƚĞĐƚĞĚ ďǇ ϮϮϰ
ŵŽŶŝƚŽƌŝŶŐƐƚĂƚŝŽŶƐŝŶĚŝĐĂƚŝŶŐĂŶĂǀĞƌĂŐĞŽĨĂďŽƵƚϯϱƉƉď;ƌĞŵĞŵďĞƌƚŚĂƚђŐͬŵ ϯĂƌĞĚŽƵďůĞƚŚĞƉƉďͿ
ǁŝƚŚƉĞĂŬƐƚŚĂƚĞǀĞŶĞǆĐĞĞĚϱϬͲϲϬƉƉď͘
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ϱϰ


Kϯ^KDKϬƉƌŝůͲ^ĞƉƚĞŵďĞƌĂǀĞƌĂŐĞϮϬϭϬͲϮϬϭϵ
zĞĂƌ
&ŝŐƵƌĞϲ͘ϰ͘KǌŽŶĞ;^KDKϬͿ͕ϮϬϭϬͲϮϬϭϵ͘–ĞƐĐƌŝƉƚŝǀĞƐƚĂƚŝƐƚŝĐƐĐĂůĐƵůĂƚĞĚďǇϮϮϰŵŽŶŝƚŽƌŝŶŐƐƚĂƚŝŽŶƐ
ĂůůŽǀĞƌƚŚĞŶĂƚŝŽŶĂůƚĞƌƌŝƚŽƌǇ͘
^ŽƵƌĐĞ͗/^WZďĂƐĞĚŽŶZWͬWWĚĂƚĂ
ůƐŽŝŶƚĞƌĞƐƚŝŶŐŝƐƚŚĞŐƌĂƉŚƚŚĂƚƐŚŽǁƐƚŚĞĂǀĞƌĂŐĞƐƚĂƚŝƐƚŝĐƐŝŶƌĞůĂƚŝŽŶƚŽƚŚĞƉŽƐŝƚŝŽŶŽĨƚŚĞƐƚĂƚŝŽŶƐ
ĨƌŽŵǁŚŝĐŚŝƚŝƐŶŽƚĞĚƚŚĂƚƚŚĞŚŝŐŚĞƐƚĐŽŶĐĞŶƚƌĂƚŝŽŶƐ͕ϰϬͲϰϱƉƉď͕ŽĐĐƵƌŝŶƌƵƌĂůĂƌĞĂƐ͕ ƚŚĞƌĞĨŽƌĞ͕
places that we all consider to have “clean air”. In fact, the pollution of urban areas that “steals” the
KǌŽŶĞďǇŵĂŬŝŶŐŝƚƌĞĂĐƚǁŝƚŚƚŚĞƉŽůůƵƚĂŶƚƐƉƌŽĚƵĐĞĚďǇǀĞŚŝĐƵůĂƌƚƌĂĨĨŝĐ͕ŚĞĂƚŝŶŐ͕ĞƚĐ͘
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ϱϱ


Kϯ^KDKϬƉƌŝůͲ^ĞƉƚĞŵďĞƌĂǀĞƌĂŐĞϮϬϭϬͲϮϬϭϵ
zĞĂƌ
ZƵƌĂů
^ƵďƵƌďĂŶ
hƌďĂŶ
&ŝŐƵƌĞϲ͘ϱ͘KǌŽŶĞ;^KDKϬͿ͕ϮϬϭϬͲϮϬϭϵ͘–
zĞĂƌ
dŚĞƚƌĞŶĚŽĨƚŚĞĂǀĞƌĂŐĞŽĨƚŚĞĞŝŐŚƚͲŚŽƵƌĚĂŝůǇŵĂǆŝŵƵŵŵŽǀŝŶŐĂǀĞƌĂŐĞƐŽĨŽǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶƐ
ĐĂůĐƵůĂƚĞĚŽŶĂƐĂŵƉůĞŽĨϮϮϰƐƚĂƚŝŽŶƐ͕ĚŝǀŝĚĞĚďǇƚǇƉĞŽĨƐƚĂƚŝŽŶ͘

>ĞŐĞŶĚ͗ZƵƌĂů͗ZƵƌĂůƐƚĂƚŝŽŶƐ;ϱϳͿ͖^ƵďƵƌďĂŶ͗ƐƵďƵƌďĂŶƐƚĂƚŝŽŶƐ;ϲϯͿ͖hƌďĂŶ͗ƵƌďĂŶƐƚĂƚŝŽŶƐ;ϭϬϰͿ͘

^ŽƵƌĐĞ͗/^WZ͕ďĂƐĞĚŽŶZWͬWWĚĂƚĂ
/ƚ ƐŚŽƵůĚ ĂůƐŽ ďĞ ĐŽŶƐŝĚĞƌĞĚ ƚŚĂƚ ǁŚĞƌĞ KǌŽŶĞ ŝƐ ƉƌĞƐĞŶƚ͕ ŽƚŚĞƌ ŽǆŝĚŝǌŝŶŐ ƐƉĞĐŝĞƐ͕ ĨƌĞĞ ƌĂĚŝĐĂůƐ͕
ŚǇĚƌŽǆǇůƐ͕ĞƚĐ͘ĂƌĞƉƌĞƐƵŵĂďůǇĂůƐŽƉƌĞƐĞŶƚ͘dŚĞǇƉůĂǇĂƌŽůĞŝŶƉƌŽĚƵĐŝŶŐƚŚĞKϯŵŽůĞĐƵůĞ͘
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ϱϲ

ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞƚĞƐƚ
dŚŝƐĞǆƉĞƌŝŵĞŶƚĂůƚĞƐƚĂŝŵĞĚƚŽǀĞƌŝĨǇǁŚĞƚŚĞƌƚŚĞĞĨĨĞĐƚƐŽĨĞǆƉŽƐƵƌĞŽĨďĂĐƚĞƌŝĂůĐŽůŽŶŝĞƐŽŶƉůĂƚĞƐ
ƚŽĐŽŶĐĞŶƚƌĂƚŝŽŶƐŽĨKǌŽŶĞ;ĂŶĚƉƌĞƐƵŵĂďůǇŽĨŽƚŚĞƌŶĂƚƵƌĂůŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐͿŶĂƚƵƌĂůůǇƉƌĞƐĞŶƚŝŶ
ƚŚĞŽƵƚƐŝĚĞĂŝƌǁĞƌĞƐŝŵŝůĂƌĂŶĚĐŽŵƉĂƌĂďůĞƚŽƚŚŽƐĞĚĞƚĞĐƚĞĚŝŶƐŝĚĞƚŚĞĐĂƐĞ͘

&Žƌ ƚŚŝƐ ƉƵƌƉŽƐĞ͕ ĂƐ ĨŽƌ ƚŚĞ ƉƌĞǀŝŽƵƐ ƚĞƐƚƐ͕ ďŽƚŚ 'ƌĂŵͲƉŽƐŝƚŝǀĞ ;^ƚĂƉŚǇůŽĐŽĐĐƵƐ ĂƵƌĞƵƐ ĂŶĚ ĨĞĐĂů
ŶƚĞƌŽĐŽĐĐƵƐͿĂŶĚ'ƌĂŵͲŶĞŐĂƚŝǀĞ;ƐĐŚĞƌŝĐŚŝĂĐŽůŝĂŶĚWƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂͿďĂĐƚĞƌŝĂǁĞƌĞƵƐĞĚ͕
ƐĞĞĚĞĚ͕ŝŶĚƵƉůŝĐĂƚĞ͕ŽŶĚŽƵďůĞͲƐĞĐƚŽƌƉĞƚƌŝĚŝƐŚĞƐĨŝůůĞĚǁŝƚŚWĂŐĂƌ;ŶŽŶͲƐĞůĞĐƚŝǀĞŵĞĚŝƵŵͿĂƚĂ
ĚĞŶƐŝƚǇŽĨĂďŽƵƚϮϬϬ&hͬƐĞĐƚŽƌ͘

ǆƉŽƐƵƌĞ ƚŽ ĂƚŵŽƐƉŚĞƌŝĐ KǌŽŶĞ ŽĐĐƵƌƌĞĚ ďǇ ƉůĂĐŝŶŐ ƚŚĞ ƉůĂƚĞƐ ŝŶ Ă ƌŽŽŵ ůĞĂǀŝŶŐ ƚŚĞ ǁŝŶĚŽǁ
ĐŽŵƉůĞƚĞůǇŽƉĞŶƚŽĂůůŽǁ ĂƚŵŽƐƉŚĞƌŝĐĂŝƌƚŽƐĂƚƵƌĂƚĞ ƚŚĞ ƌŽŽŵ͘ǆƉŽƐƵƌĞƚŽŽƵƚƐŝĚĞ ĂŝƌǁĂƐ ƚŚƵƐ
ƉŽƐƐŝďůĞ͕ďƵƚǁŝƚŚŽƵƚƐŽůĂƌƌĂĚŝĂƚŝŽŶŽƌƚƵƌďƵůĞŶĐĞĚƵĞƚŽǁŝŶĚƐĂŶĚďƌĞĞǌĞƐ͘


KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚ


dĞƐƚůĂǇŽƵƚ͘
ͿůŽĐĂƚŝŽŶŽĨƚŚĞ,ŽƌŝďĂĂŶĚƚŚĞƉůĂƚĞƐǁŝƚŚƌĞƐƉĞĐƚƚŽƚŚĞŽƉĞŶǁŝŶĚŽǁ͖
ͿĚĞƚĂŝůŽĨƚŚĞĞǆƉŽƐĞĚƉůĂƚĞƐǁŝƚŚƚŚĞ,ŽƌŝďĂĂŝƌƐĂŵƉůŝŶŐƚƵďĞ;ƌĞĚĂƌƌŽǁͿ


dŚĞKǌŽŶĞǀĂůƵĞŵĞĂƐƵƌĞĚďǇ,KZ/ǁĂƐĐŽŵƉĂƌĞĚǁŝƚŚƚŚĂƚƌĞĐŽƌĚĞĚďǇƚŚĞŶĞĂƌĞƐƚZWdĐŽŶƚƌŽů
unit located in the “I Passi” district of Pisa, about 6 km away from the test siƚĞ͘
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ϱϳ




>ŽĐĂƚŝŽŶŽĨƚŚĞZWdĐŽŶƚƌŽůƵŶŝƚǁŝƚŚƌĞƐƉĞĐƚƚŽƚŚĞƚĞƐƚƐŝƚĞ

WƌĞǀŝŽƵƐƚĞƐƚƐŚĂǀĞŝŶĨĂĐƚŵĂĚĞ ŝƚƉŽƐƐŝďůĞ ƚŽĞƐƚĂďůŝƐŚƚŚĂƚƚŚĞƌĞ ŝƐĂŶĞǆĐĞůůĞŶƚĐŽƌƌĞƐƉŽŶĚĞŶĐĞ
ďĞƚǁĞĞŶ ƚŚĞ ǀĂůƵĞƐ ƌĞĐŽƌĚĞĚ ďǇ ƚŚĞ ZWd ĐŽŶƚƌŽů ƵŶŝƚ ĂŶĚ ƚŚŽƐĞ ŵĞĂƐƵƌĞĚ ŝŶ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚ
ŽƵƚƐŝĚĞ ƚŚĞ ƚĞƐƚ ƐŝƚĞ ǁŝƚŚ ƚŚĞ ,KZ/͕ ĚĞƐƉŝƚĞ ƚŚĞ ĚŝƐƚĂŶĐĞ ƚŚĂƚ ƐĞƉĂƌĂƚĞƐ ƚŚĞ ƚǁŽ ŵĞĂƐƵƌĞŵĞŶƚ
ƉŽŝŶƚƐ͘
dŽŐĞƚŚĞƌ ǁŝƚŚ ƚŚĞ ĂƚŵŽƐƉŚĞƌŝĐ KǌŽŶĞ ǀĂůƵĞ͕ ƚŚĞ ĂŵďŝĞŶƚ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ ŚƵŵŝĚŝƚǇ ǁĞƌĞ ĂůƐŽ
ŵĞĂƐƵƌĞĚ͘
In this case too, as in all other experiments, Ozone is to be considered the indicator of the “oxidizing
species”ďĞĐĂƵƐĞŝƚŝƐĐĞƌƚĂŝŶůǇƚŚĞůŽŶŐĞƐƚͲůŝǀĞĚƐƉĞĐŝĞƐĂŶĚĂďŽǀĞĂůůƚŚĞŽŶůǇŵĞĂƐƵƌĂďůĞƐƵďƐƚĂŶĐĞ͘

dŚĞĐŽŶƚƌŽůƉůĂƚĞƐǁĞƌĞŬĞƉƚŝŶƐŝĚĞƚŚĞůĂďŽƌĂƚŽƌǇ͕ĐůŽƐĞĚǁŝƚŚƚŚĞŝƌůŝĚ͕ƚŚƵƐĂǀŽŝĚŝŶŐĂŶǇƉŽƐƐŝďůĞ
ĞǆƉŽƐƵƌĞƚŽĞŶǀŝƌŽŶŵĞŶƚĂůKǌŽŶĞ͘ƐƵƐƵĂů͕ĂĨƚĞƌϮϰŚŽƵƌƐŽĨĞǆƉŽƐƵƌĞĂůůƚŚĞƉůĂƚĞƐǁĞƌĞƉůĂĐĞĚ
ŝŶƐŝĚĞƚŚĞŝŶĐƵďĂƚŽƌĂƚϯϳΣƚŽĨĂĐŝůŝƚĂƚĞƚŚĞŐƌŽǁƚŚŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͘
dŽĐŽŵƉĂƌĞƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůKǌŽŶĞǀĂůƵĞƐŵĞĂƐƵƌĞĚďǇƚŚĞZWdĐŽŶƚƌŽůƵŶŝƚĂŶĚƚŚĞ,ŽƌŝďĂ͕ŝƚ
ǁĂƐ ŶĞĐĞƐƐĂƌǇƚŽƉĂƌƚŝĂůůǇƉƌŽĐĞƐƐ ƚŚĞĚĂƚĂĐŽůůĞĐƚĞĚďǇ ƚŚĞ ůĂƚƚĞƌ͕ƐŝŶĐĞ ŽŶůǇƚŚĞǀĂůƵĞƐ ŝŶђŐͬŵϯ
ĞǆƉƌĞƐƐĞĚĂƐĂŶŚŽƵƌůǇĂǀĞƌĂŐĞĂƌĞƐŚŽǁŶĨƌŽŵƚŚĞZWdƐŝƚĞ͘ŽŶƐĞƋƵĞŶƚůǇ͕ŝƚǁĂƐŶĞĐĞƐƐĂƌǇƚŽ
ƉĞƌĨŽƌŵĂŶŚŽƵƌůǇĂǀĞƌĂŐĞŽĨĂůůƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐŵĂĚĞďǇ,ŽƌŝďĂĂŶĚĐŽŶǀĞƌƚƚŚĞZWdĚĂƚĂŝŶƚŽ
ƉƉď;ĚŝǀŝĚŝŶŐďǇϮͿ͘
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ϱϴ




/ŵŵĂŐŝŶĞ͗ĂǀĞƌĂŐĞŚŽƵƌůǇĐŽŵƉĂƌŝƐŽŶ
,ŽƌŝďĂǀƐZWd

ŶǀŝƌŽŶŵĞŶƚĂůKǌŽŶĞǀĂůƵĞƐƚŽǁŚŝĐŚƚŚĞƉůĂƚĞƐǁĞƌĞĞǆƉŽƐĞĚ͘ŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶZWdĂŶĚ,KZ/ŵĞĂƐƵƌĞƐ


ƐĐĂŶďĞƐĞĞŶĨƌŽŵƚŚĞƉƌĞǀŝŽƵƐŐƌĂƉŚ͕ƚŚĞĐƵƌǀĞƐĂƌĞƋƵŝƚĞƐŝŵŝůĂƌďƵƚĂďŽǀĞĂůůƚŚĞĂǀĞƌĂŐĞǀĂůƵĞ
ĚĞƚĞĐƚĞĚ ;ĚĂƐŚĞĚ ůŝŶĞƐͿ ŝƐ ƉƌĂĐƚŝĐĂůůǇ ŝĚĞŶƚŝĐĂů͗ ϯϮ͘Ϯ ƉƉď ;ZWd ǀĂůƵĞͿ ĂŐĂŝŶƐƚ ϯϭ͘ϲ ƉƉď ;,KZ/
ǀĂůƵĞͿ͘
ŽŶƐĞƋƵĞŶƚůǇ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽĐŽŶĐůƵĚĞƚŚĂƚƚŚĞƉůĂƚĞƐŚĂǀĞďĞĞŶĞǆƉŽƐĞĚƚŽǀĂůƵĞƐŽĨKǌŽŶĞ;ĂŶĚ
ƉƌĞƐƵŵĂďůǇŽĨŽƚŚĞƌŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐͿǁŚŝĐŚ͕ŽŶĂǀĞƌĂŐĞ͕ĂƌĞĂďƐŽůƵƚĞůǇƐŝŵŝůĂƌƚŽŽƚŚĞƌƐƉƌĞǀŝŽƵƐůǇ
ƚĞƐƚĞĚǁŝƚŚEdWƚƌĞĂƚŵĞŶƚƐ͘
&ŝŶĂůůǇ͕ĂƐƌĞŐĂƌĚƐƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůƚĞŵƉĞƌĂƚƵƌĞĂŶĚŚƵŵŝĚŝƚǇǀĂůƵĞƐ͕ƚŚĞĨŽůůŽǁŝŶŐŐƌĂƉŚƐŚŽǁƐ
ƚŚĞĚĂƚĂƌĞĐŽƌĚĞĚďǇƚŚĞŵŽŶŝƚŽƌŝŶŐĚĂƚĂůŽŐŐĞƌ͘
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ϱϵ




dƌĞŶĚŽĨƚĞŵƉĞƌĂƚƵƌĞ;ƌĞĚĐƵƌǀĞͿĂŶĚŚƵŵŝĚŝƚǇ;ůŝŐŚƚďůƵĞĐƵƌǀĞͿŝŶƚŚĞƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚ


/ŶƚŚŝƐĐĂƐĞ͕;ĂǀĞƌĂŐĞͿŚƵŵŝĚŝƚǇǀĂůƵĞƐŽĨϱϳ͘ϵйĂŶĚĂƚĞŵƉĞƌĂƚƵƌĞŽĨϭϵ͘ϵΣǁĞƌĞƌĞĐŽƌĚĞĚ͘
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ϲϬ



ϱ͘ϱ͘ϱWŚŽƚŽĞǀŝĚĞŶĐĞ;ĨŽƚŽŐƌĂĨŝĐŚĞͿ

ƐĐŚĞƌŝĐŚŝĂ
ƐƉŽƐŝǌŝŽŶĞĂĂƌŝĂĂƚŵŽƐĨĞƌŝĐĂ

EŽŶĞƐĞŐƵŝƚĂ

ƐĐŚĞƌŝĐŚŝĂ
ƐƉŽƐŝǌŝŽŶĞĂĂƌŝĂĂƚŵŽƐĨĞƌŝĐĂ

^ƚĂĨŝůŽĐŽĐĐŽ
ƐƉŽƐŝǌŝŽŶĞĂĂƌŝĂĂƚŵŽƐĨĞƌŝĐĂ

EŽŶĞƐĞŐƵŝƚĂ

^ƚĂĨŝůŽĐŽĐĐŽ
KEdZK>>K

^ƚĂĨŝůŽĐŽĐĐŽ
ƐƉŽƐŝǌŝŽŶĞĂĂƌŝĂĂƚŵŽƐĨĞƌŝĐĂ

KWKϮϰKZ/^WK^//KE
нϳϮKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE
нϳϮKZ//Eh/KEϯϳΣ

ƐĐŚĞƌŝĐŚŝĂ
KEdZK>>K

^ƚĂĨŝůŽĐŽĐĐŽ
KEdZK>>K

KWKϮϰKZ/^WK^//KE

KWKϮϰKZ/^WK^//KE

ƐĐŚĞƌŝĐŚŝĂ
KEdZK>>K


ŶƚĞƌŽĐŽĐĐŽ
ƐƉŽƐŝǌŝŽŶĞĂĂƌŝĂĂƚŵŽƐĨĞƌŝĐĂ

ŶƚĞƌŽĐŽĐĐŽ
KEdZK>>K

ŶƚĞƌŽĐŽĐĐŽ
ƐƉŽƐŝǌŝŽŶĞĂĂƌŝĂĂƚŵŽƐĨĞƌŝĐĂ

WƐĞƵĚŽŵŽŶĂƐ
ƐƉŽƐŝǌŝŽŶĞĂĂƌŝĂĂƚŵŽƐĨĞƌŝĐĂ

WƐĞƵĚŽŵŽŶĂƐ
KEdZK>>K

WƐĞƵĚŽŵŽŶĂƐ
ƐƉŽƐŝǌŝŽŶĞĂĂƌŝĂĂƚŵŽƐĨĞƌŝĐĂ

KWKϮϰKZ/^WK^//KE
нϳϮKZ//Eh/KEϯϳΣ

KWKϮϰKZ/^WK^//KE
KWKϮϰKZ/^WK^//KE
нϳϮKZ//Eh/KEϯϳΣ

WƐĞƵĚŽŵŽŶĂƐ
KEdZK>>K

KWKϮϰKZ/^WK^//KE

ŶƚĞƌŽĐŽĐĐŽ
KEdZK>>K


/ŵŵĂŐŝŶĞϭƐǆ͗ƐĐŚĞƌŝĐŚŝĂKEdZK>–ƐĐŚĞƌŝĐŚŝĂĞǆƉŽƐĞĚƚŽŽƵƚƐŝĚĞĂŝƌ–ŶŽƚƉĞƌĨŽƌŵĞĚ
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
ƐĐŚĞƌŝĐŚŝĂKEdZK>–ƐĐŚĞƌŝĐŚŝĂĞǆƉŽƐĞĚƚŽŽƵƚƐŝĚĞĂŝƌ
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
/ŵŵĂŐŝŶĞĚǆ͗^ƚĂƉŚǇůŽĐŽĐĐƵƐKEdZK>–^ƚĂƉŚǇůŽĐŽĐĐƵƐĞǆƉŽƐĞĚƚŽŽƵƚƐŝĚĞĂŝƌ–ŶŽƚƉĞƌĨŽƌŵĞĚ
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
^ƚĂƉŚǇůŽĐŽĐĐƵƐKEdZK>–^ƚĂƉŚǇůŽĐŽĐĐƵƐĞǆƉŽƐĞĚƚŽŽƵƚƐŝĚĞĂŝƌ
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
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ϲϭ




/ŵŵĂŐŝŶĞϮƐǆ͗ŶƚĞƌŽĐŽĐĐƵƐKEdZK>–ŶƚĞƌŽĐŽĐĐƵƐĞǆƉŽƐĞĚƚŽŽƵƚƐŝĚĞĂŝƌ
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
ŶƚĞƌŽĐŽĐĐƵƐKEdZK>–ŶƚĞƌŽĐŽĐĐƵƐĞǆƉŽƐĞĚƚŽŽƵƚƐŝĚĞĂŝƌ
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ
/ŵŵĂŐŝŶĞĚǆ͗WƐĞƵĚŽŵŽŶĂƐKEdZK>–WƐĞƵĚŽŵŽŶĂƐĞǆƉŽƐĞĚƚŽŽƵƚƐŝĚĞĂŝƌ
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞ
^ƚĂƉŚǇůŽĐŽĐĐƵƐKEdZK>–^ƚĂƉŚǇůŽĐŽĐĐƵƐĞǆƉŽƐĞĚƚŽŽƵƚƐŝĚĞĂŝƌ
ĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞнϰϴŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ


dŽƉƌŽǁ͗ƚŚĞĂƉƉĞĂƌĂŶĐĞŽĨƚŚĞĐƵůƚƵƌĞƉůĂƚĞƐĂĨƚĞƌϮϰͲŚŽƵƌĞǆƉŽƐƵƌĞƚŽĞŶǀŝƌŽŶŵĞŶƚĂůKǌŽŶĞ;ĐŽŵƉĂƌŝƐŽŶ
ǁŝƚŚƚŚĞĐŽŶƚƌŽůƉůĂƚĞƐ͕ŶŽƚĞǆƉŽƐĞĚͿ͘
ŽƚƚŽŵƌŽǁ͗ƐĂŵĞƉůĂƚĞƐďƵƚĂĨƚĞƌϳϮŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳΣ͘
ƌƌŽǁƐŝŶĚŝĐĂƚĞƚŚĞƉƌĞƐĞŶĐĞŽĨĐŽůŽŶŝĞƐŽĨĐŽŶƚĂŵŝŶĂƚŝŶŐĞŶǀŝƌŽŶŵĞŶƚĂůŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͘

ϱ͘ϱ͘ϲZĞƐƵůƚƐ
As can be appreciated from the previous figures, the effects of “simple” exposure to outside air
;ĐŽŶƚĂŝŶŝŶŐŶĂƚƵƌĂůKǌŽŶĞͿƌĞƉůŝĐĂƚĞĚǁŚĂƚǁĂƐŽďƐĞƌǀĞĚƌĞŐĂƌĚŝŶŐƚŚĞĂĐƚŝŽŶŽĨEdWŝŶĂĐŽŶĨŝŶĞĚ
ĞŶǀŝƌŽŶŵĞŶƚ ;ƌŽŽŵ Žƌ ĐĂƐĞͿ ǁŝƚŚ Ă ƐŝŐŶŝĨŝĐĂŶƚ ĞĨĨĞĐƚ ŽĨ ŐƌŽǁƚŚ ŝŶŚŝďŝƚŝŽŶ ĂŐĂŝŶƐƚ 'ƌĂŵͲƉŽƐŝƚŝǀĞ
ďĂĐƚĞƌŝĂĂŶĚŶŽĞĨĨĞĐƚĂŐĂŝŶƐƚ'ƌĂŵͲŶĞŐĂƚŝǀĞďĂĐƚĞƌŝĂ͘


&ƌŽŵ ƚŚĞ ŽďƐĞƌǀĂƚŝŽŶ ŽĨ ƚŚĞ ƉůĂƚĞƐ͕ ŝƚ ŝƐ ƉŽƐƐŝďůĞ ƚŽ ŶŽƚŝĐĞ Ă ƉƌĞƐĞŶĐĞ ŽĨ ĐŽŶƚĂŵŝŶĂƚŝŶŐ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐŽĨĞŶǀŝƌŽŶŵĞŶƚĂůŽƌŝŐŝŶƚŚĂƚŚĂǀĞĚĞǀĞůŽƉĞĚŽŶƚŚĞƐƵƌĨĂĐĞŽĨƚŚĞĐƵůƚƵƌĞĂŐĂƌ͘dŚĞ
ŐƌĞĂƚĞƌƚŚĞƉƌĞƐĞŶĐĞŽĨƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ƚŚĞůŽǁĞƌƚŚĞƉƌĞƐĞŶĐĞŽĨƚĞƐƚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͘dŚŝƐĨĂĐƚ
ĨŝŶĚƐĂŶŽďǀŝŽƵƐĞǆƉůĂŶĂƚŝŽŶŝŶƚŚĞĐŽŵŵŽŶƉŚĞŶŽŵĞŶĂŽĨĞĐŽůŽŐŝĐĂůĐŽŵƉĞƚŝƚŝŽŶƚŚĂƚĂƌŝƐĞǁŚĞŶĂ
ĐŽŵŵŽŶĞŶǀŝƌŽŶŵĞŶƚ;ǁŝƚŚŝƚƐŶƵƚƌŝĞŶƚƐͿŝƐƐŚĂƌĞĚďǇƐĞǀĞƌĂůƐƉĞĐŝĞƐ͖ŝŶƚŚŝƐĐĂƐĞƚŚĞƐƚƌŽŶŐĞƐƚĂŶĚͬŽƌ
ŵŽƐƚŶƵŵĞƌŽƵƐƚĂŬĞƐŽǀĞƌ͕ƉƌĞǀĞŶƚŝŶŐŽƌůŝŵŝƚŝŶŐƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƚŚĞŽƚŚĞƌƐ͘

&ƵƌƚŚĞƌŵŽƌĞ͕ŝƚŝƐĐůĞĂƌŽŶĐĞĂŐĂŝŶƚŚĂƚƚŚĞƌĞǁĂƐĂŶŝŶŚŝďŝƚŽƌǇ;ďŝŽĐŝĚĂůͿĞĨĨĞĐƚŽŶĚŝĨĨĞƌĞŶƚŝĂůŐƌŽǁƚŚ
ĚĞƉĞŶĚŝŶŐŽŶƚŚĞƚǇƉĞŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵ͘

&ŽůůŽǁŝŶŐĂƌĞƚŚĞǀĂůƵĞƐŽĨƚŚĞŵŝĐƌŽďŝĂůĐŽƵŶƚŽĨƚŚĞĐŽůŽŶŝĞƐŐƌŽǁŶŝŶƚŚĞƉůĂƚĞ͗
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ϲϮ


DŝĐƌŽďŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶĞĂĐŚƐĞĐƚŽƌŽĨƚŚĞƉůĂƚĞƐƵƐĞĚ͘





&hͬƐĞĐƚŽƌ

ĐŽůŝ


>ŽŐ&hͬ
ƐĞĐƚŽƌ

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϯϲϵ

ϯϱϱ

ϯϲϮ

ϭϬ

Kϯ

ϰϯϴ

ϯϭϴ

ϯϳϴ

ϴϱ









ƚƌů

Ͳ

Ͳ

Ϯ͕ϱϲ

Ϭ͕Ϭϭ

Kϯ

Ͳ

Ͳ

Ϯϱ͕ϱϴ

Ϭ͕ϭ

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϮϮϬ

ϯϬϭ

ϮϲϬ͕ϱ

ϱϳ

Kϯ

ϭϰ

ϲ

ϭϬ

ϲ








&hͬ
ƐĞĐƚŽƌ

^ĂƵƌĞŽ


>ŽŐ&hͬ
ƐĞĐƚŽƌ











ƚƌů

Ͳ

Ͳ

Ϯ͕ϰϮ

Ϭ͕ϭ

Kϯ

Ͳ

Ͳ

ϭ

Ϭ͕Ϯϲ

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϭϲϰ

ϭϭϬ

ϭϯϳ

ϯϴ

Kϯ

ϵ

ϯ






&hͬ
ƐĞĐƚŽƌ

&ĞĐĂů


>ŽŐ&hͬ
ƐĞĐƚŽƌ

ϭϯ

ϭϭ







ƚƌů

Ͳ

Ͳ

Ϯ͕ϭϰ

Ϭ͕ϭϮ

Kϯ

Ͳ

Ͳ

ϭ͕Ϭϰ

Ϭ͕ϭϭ

ƉůĂƚĞϭ

ƉůĂƚĞϮ

ĂǀĞƌĂŐĞ

^ƚ͘Ğǀ͘

ƚƌů

ϴϮ

ϭϰϱ

ϭϭϯ͕ϱ

ϰϱ

Kϯ

ϭϲϰ

ϭϳϰ

ϭϲϵ

ϳ







ƚƌů

Ͳ

Ͳ

Ϯ͕Ϭϱ

Ϭ͕ϭϴ

Kϯ

Ͳ

Ͳ

Ϯ͕Ϯϯ

Ϭ͕ϬϮ










&hͬ
ƐĞĐƚŽƌ

WĂƵƌĞŽŐ


>ŽŐ&hͬ
ƐĞĐƚŽƌ
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ϲϯ



ϭ͘ϭ͘ϳ ^ƵŵŵĂƌǇĐŽŶĐůƵƐŝŽŶƐŽŶƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƚĞƐƚ
dŚĞŐƌĂƉŚŝĐƚƌĂŶƐƉŽƐŝƚŝŽŶŽĨƚŚĞĚĂƚĂŚŝŐŚůŝŐŚƚƐďĞƚƚĞƌƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͗
ĨĨĞƚƚŝĚĞůƚƌĂƚƚĂŵĞŶƚŽƐƵ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐŚŝĞWƐĞƵĚŽŵŽŶĂƐĂ͘ĐŽŶ
ĂƌŝĂĂŵďŝĞŶƚĞĞKǌŽŶŽŶĂƚƵƌĂůĞ
;ϮϰŽƌĞĚŝĞƐƉŽƐŝǌŝŽŶĞнϳϮŽƌĞŝŶĐƵďĂǌŝŽŶĞͿ
ϯ͕ϬϬ

ůŽŐh&ͬƉŝĂƐƚƌĂ

Ϯ͕ϱϬ

Ϯ͕ϬϬ
ϭ͕ϱϬ
ϭ͕ϬϬ
Ϭ͕ϱϬ
Ϭ͕ϬϬ

ZŝĚƵǌŝŽŶĞй

dZ>

Ͳ

ĐŽůŝ

ƌŝĂĂŵďŝĞŶƚĞĞKǌŽŶŽŶĂƚƵƌĂůĞ
^ĂƵƌĞƵƐ

ŶƚĞƌŽĐ͘

WƐĂƵƌ͘



/ŵŵĂŐŝŶĞ͗ůŽŐ&hͬƉůĂƚĞ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂ͘ǁŝƚŚŽƵƚƐŝĚĞĂŝƌĂŶĚ
ŶĂƚƵƌĂůKǌŽŶĞ
;dZ>–KƵƚƐŝĚĞĂŝƌĂŶĚŶĂƚƵƌĂůKǌŽŶĞͿ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞĞĨĨĞĐƚƐŽĨƚŚĞĞǆƉŽƐƵƌĞƚŽŽƵƚƐŝĚĞĂŝƌĂŶĚŶĂƚƵƌĂůŽǌŽŶĞ
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ϲϰ

dŚĞƵƐƵĂůĐŽŶǀĞƌƐŝŽŶŽĨƚŚĞĚĂƚĂŝŶƚŽƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶǀĂůƵĞƐŚŝŐŚůŝŐŚƚƐƚŚĞĞĨĨĞĐƚƐŽďƚĂŝŶĞĚŽŶ
ƚŚĞƚǁŽŵĂŝŶďĂĐƚĞƌŝĂůƐƚƌĂŝŶƐ͘


/ŵŵĂŐŝŶĞ͗йŽĨůŽŐƌĞĚƵĐƚŝŽŶ
ĨĨĞĐƚƐŽĨƚŚĞƚƌĞĂƚŵĞŶƚŽŶ^͘ĂƵƌĞƵƐ͕͘Žůŝ͕ŶƚĞƌŽĐŽĐĐƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂ͘ǁŝƚŚŽƵƚƐŝĚĞĂŝƌĂŶĚ
ŶĂƚƵƌĂůKǌŽŶĞ
;ϮϰŚŽƵƌƐŽĨĞǆƉŽƐŝƚŝŽŶнϳϮŚŽƵƌƐŽĨŝŶĐƵďĂƚŝŽŶͿ

ŽŵƉĂƌŝƐŽŶŽĨƚŚĞƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶƐŝŶŵŝĐƌŽďŝĂůŐƌŽǁƚŚďĞƚǁĞĞŶƚŚĞƚǁŽƚĞƐƚĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ

^hDDZzEKE>h^/KE^
dŚĞ ĨŽůůŽǁŝŶŐ ƚĂďůĞ ĐŽŵƉĂƌĞƐ ƚŚĞ ƌĞƐƵůƚƐ ŽďƚĂŝŶĞĚ ǁŝƚŚ ƚŚĞ ǀĂƌŝŽƵƐ ƚĞƐƚƐ͘ tŚĞŶ ĂǀĂŝůĂďůĞ͕ ƚŚĞ
ĞŶǀŝƌŽŶŵĞŶƚĂů ĚĂƚĂ ŽĨ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ ƌĞůĂƚŝǀĞ ŚƵŵŝĚŝƚǇ ;ďŽƚŚ ŽĨ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚ ŝŶ ǁŚŝĐŚ ƚŚĞ
ƚƌĞĂƚŵĞŶƚƚŽŽŬƉůĂĐĞĂŶĚƚŚĂƚŽĨƚŚĞĐŽŶƚƌŽůƉůĂƚĞͿĂƌĞƌĞƉŽƌƚĞĚ͕ŝŶĂĚĚŝƚŝŽŶƚŽƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨ
KǌŽŶĞ;ďŽƚŚŶĂƚƵƌĂůŽƌŐĞŶĞƌĂƚĞĚďǇƚŚĞEdWͿĂŶĚƚŚĞƉĞƌĐĞŶƚĂŐĞƌĞĚƵĐƚŝŽŶǀĂůƵĞŽĨŵŝĐƌŽďŝĂůŐƌŽǁƚŚ
;ZͿ͘dŚŝƐůĂƚƚĞƌǀĂůƵĞŝŶƚŚĞĐĂƐĞŽĨƚŚĞĨŝƌƐƚƚǁŽƚĞƐƚƐĂŶĚŝƐŝŶĚŝĐĂƚĞĚĂƐƚŚĞĂǀĞƌĂŐĞǀĂůƵĞŽĨƚŚĂƚ
ŵĞĂƐƵƌĞĚĂƚƚŚĞƚŚƌĞĞĚŝƐƚĂŶĐĞƐĞǀĂůƵĂƚĞĚ͘
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ϲϱ



^ƵŵŵĂƌǇƚĂďůĞŽĨƌĞƐƵůƚƐ͘E͘ƌ͘ŶŽƚĚĞƚĞĐƚĞĚ

dΣ
dĞƐƚŝ͘Ě͘

Z;йͿ
hZ;йͿ

EdW

dZ>

d^d

ϭϵ͕ϳ

Ϯϱ͕Ϯ

ϰϮ

d^d

Ŷ͘ƌ͘

Ŷ͘ƌ͘

d^d

Ϯϰ͕ϰ

d^d
d^d

Kϯ;ƉƉďͿ

'ZDͲE'd/s

'ZDͲWK^/d/s

ĐŽůŝ

W͘
ĞƌƵŐŝŶŽƐĂ

^͘ƵƌĞƵƐ

&ĞĐĂů͘

ϰϱ

ϳ



ϭϬϬ



ϱϴ

Ϯϰ



Ϯϲ



ϵϬ

ϮϮ͕ϰ

ϱϰ

ϲϰ





ϲϭ

ϱϬ

Ϯϰ͕ϳ

Ϯϯ͕ϳ

ϴϬ

ϰϳ

Ϯϵ

ϲϴ

ϲϵ

ϵϰ

ϭϵ͕ϵ

Ϯϯ͕ϵ

ϱϴ

ϯϮ





ϵϲ

ϵϮ


ƐĐĂŶďĞ ƐĞĞŶĨƌŽŵƚŚĞ ĐŽůŽƌĞĚĐĞůůƐ͕ƚŚĞƉĞƌĐĞŶƚĂŐĞƐ ;йͿ ŽĨƌĞĚƵĐƚŝŽŶŽĨƚŚĞ ŵŝĐƌŽďŝĂůůŽĂĚĂƌĞ
almost similar in the case of exposure to “artificial=Jonix” NTP and exposure to “natural” NTP.
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ϲϳ




ϵ͘^^dhz͗^dh/^KEWZd/>WW>/d/KE^K&/EKKZ
^E/d//E'^z^dD^:KE/y


ϵ͘ϭ͘ĂƐĞƐƚƵĚǇϭ͗ƌĞĚƵĐƚŝŽŶŽĨŽĚŽƌŝŵƉĂĐƚƐŽŶǁĂƐƚĞŵĂŶĂŐĞŵĞŶƚƉůĂŶƚ

WhZWK^͗ƐƚƵĚǇĂŶĚĂŶĂůǇƐŝƐŽĨƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůĂƐƉĞĐƚƐƌĞůĂƚĞĚƚŽƚŚĞŽĚŽƌŝŵƉĂĐƚŵĞĂƐƵƌĞŵĞŶƚƐ
ŝŶ ĐŽŶŶĞĐƚŝŽŶ ƚŽ ǁĂƐƚĞ ŵĂŶĂŐĞŵĞŶƚ͖ ŝŵƉůĞŵĞŶƚĂƚŝŽŶ ŽĨ Ă ƉŝůŽƚͲƐĐĂůĞ ĞǆƉĞƌŝŵĞŶƚ ƌĞůĂƚĞĚ ƚŽ ƚŚĞ
ƚƌĞĂƚŵĞŶƚŽĨŐĂƐĞŽƵƐĞĨĨůƵĞŶƚƐŝŶŽƌĚĞƌƚŽƌĞĚƵĐĞĞĨĨĞĐƚŝǀĞůǇƚŚĞƉƌĞƐĞŶƚŽĚŽƌůŽĂĚ͘

Z^h>d^͗ƚŚĞƚĞƐƚƌĞƐƵůƚƐƐŚŽǁŚŽǁEdWƚĞĐŚŶŽůŽŐǇƉŽƐŝƚŝǀĞůǇĂďĂƚĞƐƚŚĞƐƉĞĐŝĞƐƚŚĂƚĂƌĞƉƌĞƐĞŶƚŝŶ
ƚŚĞŐĂƐĞŽƵƐĨůŽǁŐĞŶĞƌĂƚĞĚďǇĂǁĂƐƚĞ͕ǁŝƚŚĂƉĞƌĐĞŶƚĂŐĞƐǀĂƌǇŝŶŐďĞƚǁĞĞŶϮϱйĂŶĚϰϬй͘dŚŝƐƌĞƐƵůƚ
ŚĂƐďĞĞŶŽďƚĂŝŶĞĚďǇĐĂƌƌǇŝŶŐŽƵƚĂĐŽŵƉůĞǆĞǆƉĞƌŝŵĞŶƚĂƚŝŽŶŽŶĂƉŝůŽƚƉůĂŶƚƚŚĂƚǁĂƐĞƋƵŝƉƉĞĚǁŝƚŚ
EdWƚĞĐŚŶŽůŽŐǇ͘dŚĞƚƌĞĂƚŵĞŶƚǁĂƐƚĞƐƚĞĚŽŶĚŝĨĨĞƌĞŶƚƚǇƉĞŽĨǁĂƐƚĞĂŶĚďǇŵŝǆŝŶŐƚŚĞŵƚŽŽ͘ŽƚŚ
ƚŚĞůĞĐƚƌŽŶŝĐ EŽƐĞ ĂŶĚ ƚŚĞ 'ĂƐĐŚƌŽŵĂƚŽŐƌĂƉŚǇǁŝƚŚ DĂƐƐĚĞƚĞĐƚŽƌ;'ͲD^ͿŚĂǀĞďĞĞŶƵƐĞĚ ĂƐ
ĂŶĂůǇƚŝĐĂůƚĞĐŚŶŝƋƵĞƐĨŽƌƚŚĞΗƋƵĂŶƚŝĨŝĐĂƚŝŽŶΗŽĨƚŚĞĞĨĨŝĐŝĞŶĐǇ͘dŚĞŽďƚĂŝŶĞĚƌĞƐƵůƚƐƐƵŐŐĞƐƚĂǁŝĚĞ
ƉŽƐƐŝďŝůŝƚǇ ŽĨ ĂƉƉůŝĐĂƚŝŽŶƐ ŽĨ ƚŚŝƐ ƚĞĐŚŶŽůŽŐǇ ĂƐ Ă ƐǇƐƚĞŵ ĨŽƌ ƚŚĞ ĂďĂƚĞŵĞŶƚ ŽĨ ďŽƚŚ ƚŚĞ ŽƌŐĂŶŝĐ
ƉŽůůƵƚĂŶƚƐ ƉƌĞƐĞŶƚ ŝŶ ĂŶ ĞŵŝƐƐŝŽŶ ĂŶĚ͕ ĂƐ ƌĞŐĂƌĚƐ ŵŽƌĞ ƐƉĞĐŝĨŝĐĂůůǇ ƚŚĞ ƚŽƉŝĐ ŽĨ ƚŚĞ ƉƌŽũĞĐƚ͕ ƚŚĞ
ĂďĂƚĞŵĞŶƚŽĨŽĚŽƌŽƵƐŵŽůĞĐƵůĞƐ͘KƌŐĂŶŝĐŵŽůĞĐƵůĞƐ͕ĂƐŝƚŚĂƐďĞĞŶǀĞƌŝĨŝĞĚŽŶĂůŝƉŚĂƚŝĐĂŶĚĂƌŽŵĂƚŝĐ
ĐŚĂŝŶƐďǇŵĞĂŶƐŽĨ'ͲD^͕ĂƌĞƌĞĚƵĐĞĚƵƉƚŽĂďŽƵƚϰϬй͘dŚĞŽĚŽƌŽƵƐƐƵďƐƚĂŶĐĞƐ͕ĂƐŝƚǁĂƐƉŽƐƐŝďůĞ
ƚŽǀĞƌŝĨǇƚŚĂŶŬƐƚŽƚŚĞůĞĐƚƌŽŶŝĐEŽƐĞ͕ĚĞĐƌĞĂƐĞĚŝŶƚŚĞŝƌĐŽŶĐĞŶƚƌĂƚŝŽŶĚŽǁŶƚŽĂϯϬй͘ƉŽƐƐŝďůĞ
ĨƵƌƚŚĞƌ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ƚŚĞ ƐƚƵĚǇ ĂŶĚ ŽĨ ƚŚĞ ƉƌŽƉŽƐĞĚ ƚĞĐŚŶŽůŽŐǇ ĐŽƵůĚ ĐŽŶĐĞƌŶ ĚŝĨĨĞƌĞŶƚ ǁĂƐƚĞ
ŵĂƚƌŝĐĞƐ ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ ŽůĨĂĐƚŽƌǇ ŝŵƉĂĐƚƐ ĚƵĞ ƚŽ ŝŶŽƌŐĂŶŝĐ ĐŽŵƉŽƵŶĚƐ͕ ƐƵĐŚ ĂƐ ĨŽƌ ĞǆĂŵƉůĞ
ĂŵŵŽŶŝĂĂŶĚŚǇĚƌŽŐĞŶƐƵůƉŚŝĚĞ͘/ŶƚŚĞƐĞĐĂƐĞƐ͕ƚŚĞĂŶĂůǇƚŝĐĂůŵĞƚŚŽĚƐƚŽďĞĂƉƉůŝĞĚĐŽƵůĚďĞƚŚĞ
ůĞĐƚƌŽŶŝĐEŽƐĞĂŶĚƐƉĞĐŝĨŝĐƚĞĐŚŶŝƋƵĞƐĨŽƌƚŚĞĚĞƚĞƌŵŝŶĂƚŝŽŶŽĨƚŚĞƐĞĐŽŵƉŽƵŶĚƐ͘

dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϵ͘


ϵ͘Ϯ͘ĂƐĞƐƚƵĚǇϮ͗^ƚƵĚǇŽĨĂŝƌƐĂŶŝƚĂƚŝŽŶŝŶĂǀĞƚĞƌŝŶĂƌǇĐůŝŶŝĐ

WhZWK^͗ƚĞƐƚŝŶŐƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨEŽŶdŚĞƌŵĂůWůĂƐŵĂƚĞĐŚŶŽůŽŐǇŝŶǀĞƚĞƌŝŶĂƌǇŚĞĂůƚŚƐǇƐƚĞŵ͘
dŚĞƚƌŝĂůǁĂƐĐŽŶĚƵĐƚĞĚĂƚĂsĞƚĞƌŝŶĂƌǇůŝŶŝĐǁŝƚŚƚŚĞĂŝŵŽĨĂĐŚŝĞǀŝŶŐĂƌĞĚƵĐƚŝŽŶŝŶƉĞƌĐĞŝǀĞĚŽĚŽƌƐ
ĂŶĚ Ă ƌĞĚƵĐƚŝŽŶ ŝŶ ĂŝƌďŽƌŶĞ ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ŝŶ ƉƌĞŵŝƐĞƐ ǁŚĞƌĞ ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ĐŽƵůĚ ďĞ
ƐŝŐŶŝĨŝĐĂŶƚĂŶĚŚĂǀĞĂŶĞŐĂƚŝǀĞŝŵƉĂĐƚŽŶĂŶŝŵĂůƐĂŶĚƉĞŽƉůĞ͘dŚĞƚĞƐƚƌĞƋƵŝƌĞĚĂƐĞƌŝĞƐŽĨƐĂŵƉůŝŶŐƐ
ƚŚĂƚŚĂǀĞďĞĞŶƚĂŬĞŶďĞĨŽƌĞƚŚĞŝŶƐƚĂůůĂƚŝŽŶŽĨƚŚĞĚĞǀŝĐĞƐ͕ĚƵƌŝŶŐƚŚĞŶŽƌŵĂůĂĐƚŝǀŝƚǇŽĨƚŚĞĐůŝŶŝĐ͕ƚŽ
ĞǀĂůƵĂƚĞƚŚĞŝŶŝƚŝĂůĐŽŶĚŝƚŝŽŶƐ͕ƚŽďĞĐŽŵƉĂƌĞĚǁŝƚŚƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐŵĂĚĞĂĨƚĞƌƐǁŝƚĐŚŝŶŐŽŶƚŚĞ
:ŽŶŝǆĚĞǀŝĐĞƐ͘

Z^h>d^͗ /Ŷ ƚŚĞ ǀĞƚĞƌŝŶĂƌǇ ŚŽƐƉŝƚĂů ƌŽŽŵ͕ ƚŚĞ ŽďƐĞƌǀĞĚ ƚƌĞŶĚ ŝŶĚŝĐĂƚĞƐ Ă ƌĞĚƵĐƚŝŽŶ ŽĨ ƚŚĞ ƚŽƚĂů
ŵŝĐƌŽďŝĂůĐŽŶƚĞŶƚĂŶĚƐƚĂƉŚǇůŽĐŽĐĐŝ͕ǁŚŝůĞƚŚĞĨƵŶŐŝŚĂǀĞĂƐůŝŐŚƚƚĞŶĚĞŶĐǇƚŽŝŶĐƌĞĂƐĞ͘dŚŝƐĐĂŶďĞ
ĞǆƉůĂŝŶĞĚďǇƚŚĞĨƌĞƋƵĞŶƚŽƉĞŶŝŶŐŽĨƚŚĞĚŽŽƌƐƚŚĂƚŽǀĞƌůŽŽŬƚŚĞŽƵƚƐŝĚĞŽĨƚŚĞďƵŝůĚŝŶŐ͕ƐƵƌƌŽƵŶĚĞĚ
ďǇŚĞĚŐĞƐĂŶĚƉůĂŶƚƐ͘dŚĞƐĂŵƉůŝŶŐƉŽŝŶƚƐǁĞƌĞĂďŽƵƚϱϬĐŵĨƌŽŵƚŚĞĚŽŽƌƐĐŽŶƐĞƋƵĞŶƚůǇƚŚĞƐƵĐŬĞĚ
ĂŝƌǁĂƐŵŝǆĞĚǁŝƚŚƚŚĂƚĐŽŵŝŶŐĨƌŽŵŽƵƚƐŝĚĞ͘/ŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵƚŚĞƌĞǁĂƐĂŐĞŶĞƌĂůƚƌĞŶĚůŝŶĞŽĨ
ƐůŝŐŚƚŝŶĐƌĞĂƐĞŝŶƚŚĞŝŶŝƚŝĂůůǇĚĞƚĞĐƚĞĚƉĂƌĂŵĞƚĞƌƐĚƵĞƚŽƚŚĞƉƌŽŵŝƐĐƵŝƚǇǁŝƚŚƚŚĞĂŝƌĐŽŵŝŶŐĨƌŽŵ
ƚŚĞ ŽƉĞŶŝŶŐ ĂŶĚ ĐůŽƐŝŶŐ ŽĨ ƚŚĞ ĚŽŽƌƐ͘ dŚĞ ĞĨĨĞĐƚ ŽĨ ďĂĐƚĞƌŝĂů ƌĞĚƵĐƚŝŽŶ ŽǀĞƌ ƚŝŵĞ ŝƐ ĞǀŝĚĞŶƚ͕ ƚŚĞ
ƉƌŽůŽŶŐĞĚ ƐƵƉƉůǇ ŽĨ ŝŽŶŝǌŝŶŐ ŵŽůĞĐƵůĞƐ ƚŽ ƚŚĞ Ăŝƌ ŵĂŬĞƐ ƚŚĞ Ăŝƌ ďĞĐŽŵŝŶŐ ŝŶŚŽƐƉŝƚĂďůĞ ĨŽƌ
ĐŽŶƚĂŵŝŶĂŶƚƐ͘dŚĞĚĞŽĚŽƌŝǌĂƚŝŽŶĞĨĨĞĐƚŽĨƚŚĞĂŝƌǁĂƐƐĞŶƐŝďůǇĂƉƉƌĞĐŝĂďůĞŝŶďŽƚŚĐŽŶƚƌŽůůĞĚƌŽŽŵƐ͗
ƚŚĞŽĚŽƌƉƌĞƐĞŶƚǁĂƐƐŝŐŶŝĨŝĐĂŶƚůǇƌĞĚƵĐĞĚ͘hƐĞƌƐƉĞƌĐĞŝǀĞĚĂůŵŽƐƚŽĚŽƌůĞƐƐĂŝƌŝŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵ
ĂĨƚĞƌƐǁŝƚĐŚŝŶŐŽŶƚŚĞ:ŽŶŝǆĚĞǀŝĐĞƐ͘dŽĐŽŶĚƵĐƚĂŵŽƌĞĚĞƚĂŝůĞĚĞǀĂůƵĂƚŝŽŶŽĨƚŚĞĂŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚ
ŽĨŝŽŶŝǌĂƚŝŽŶ͕ ƚŚĂƚŚĂƐĂůƌĞĂĚǇďĞĞŶĚŽĐƵŵĞŶƚĞĚŝŶƚŚĞďŝďůŝŽŐƌĂƉŚǇĂŶĚǁŝƚŚƚŚĞƐĂŵĞĚĞǀŝĐĞƐŝŶ
ŽƚŚĞƌ ĂƉƉůŝĐĂƚŝŽŶ͕ ŝƚ ǁŽƵůĚ ďĞ ŶĞĐĞƐƐĂƌǇ ƚŽ ƐĞƚ ƵƉ Ă ƌĞƐĞĂƌĐŚ ƉƌŽƚŽĐŽů ŝŶ ƉƌĞŵŝƐĞƐ ǁŝƚŚ Ă ŐƌĞĂƚĞƌ
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ϲϴ

ĐŽŶƚƌŽůŽĨ ƚŚĞ ǀĂƌŝĂďůĞƐ ŽƌǁŝƚŚĞŶǀŝƌŽŶŵĞŶƚĂůŝŶĚŝĐĂƚŽƌƐƚŚĂƚĂƌĞůĞƐƐ ĂĨĨĞĐƚĞĚďǇ ƚŚĞ ǀĂƌŝĂďůĞƐ ŝŶ
ƉůĂĐĞ͘
dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϭϬ͘


ϵ͘ϯ͘ ĂƐĞ ƐƚƵĚǇ ϯ͗ ^ĂŶŝƚŝǌŝŶŐ ĞĨĨĞĐƚƐ ŽĨ ƚŚĞ Dd ĚĞǀŝĐĞ ŝŶ ƚŚĞ ůĂƌŐĞͲƐĐĂůĞ ĨŽŽĚ
ĚŝƐƚƌŝďƵƚŝŽŶƐĞĐƚŽƌ

WhZWK^͗ĞǀĂůƵĂƚŝŽŶŽĨƚŚĞƐĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŝŶĂŚǇƉĞƌŵĂƌŬĞƚ͕ǁŚĞƌĞĂŶŝŽŶŝǌĂƚŝŽŶĂŶĚĂŝƌĨŝůƚƌĂƚŝŽŶ
ĚĞǀŝĐĞŵŽĚĞů:KE/yD/E/DdŚĂƐďĞĞŶŝŶƐƚĂůůĞĚ͘dŚĞĚĞǀŝĐĞǁĂƐƉůĂĐĞĚŝŶƚŚĞƉĂĐŬĂŐŝŶŐĂƌĞĂŽĨƚŚĞ
ŵĞĂƚƉƌŽĐĞƐƐŝŶŐĚĞƉĂƌƚŵĞŶƚ͘

Z^h>d^͗ƚŚĞƚĞƐƚƌĞƐƵůƚƐƐŚŽǁƚŚĂƚ:ŽŶŝǆDŝŶŝŵĂƚĞĚĞǀŝĐĞƐŝŐŶŝĨŝĐĂŶƚůǇƌĞĚƵĐĞĚƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶ
ƉƌĞƐĞŶƚŝŶƚŚĞĂŝƌ͕ĚĞƐƉŝƚĞƚŚĞŝŶĨůƵĞŶĐĞŽĨƚŚĞĂŝƌĐŽŵŝŶŐĨƌŽŵĂĚũĂĐĞŶƚƌŽŽŵƐ͘

dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϭϭ͘


ϵ͘ϰ͘ĂƐĞƐƚƵĚǇϰ͗^ĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŽĨƚŚĞDdĚĞǀŝĐĞŝŶŚŽƐƉŝƚĂůŽƉĞƌĂƚŝŶŐƌŽŽŵƐ

WhZWK^͗ƚŽƐƚƵĚǇƚŚĞĂĐƚŝŽŶŽĨƚŚĞ:ŽŶŝǆDdĚĞǀŝĐĞŽŶƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůƐŽĨƚǁŽŽƉĞƌĂƚŝŶŐ
ƌŽŽŵƐŝŶƉƌŝǀĂƚĞŚŽƐƉŝƚĂů͘

Z^h>d^͗ ĂƐ ĨŽƌ ƚŚĞ ǁŽƌŬ ƐƵƌĨĂĐĞƐ͕ ƚŚĞ ĐŽůůĞĐƚĞĚ ĚĂƚĂ ŚŝŐŚůŝŐŚƚĞĚ Ă ƐƵďƐƚĂŶƚŝĂů ůŽǁ ŵŝĐƌŽďŝĂů
ĐŽŶƚĂŵŝŶĂƚŝŽŶ͖ ƚŚĞ ĐŽŶƚŝŶƵŽƵƐ ƵƐĞ ŽĨ Dd ŚĂƐ ĞǆĞƌĐŝƐĞĚ ĂŶ ŝŵƉŽƌƚĂŶƚ ĂŶĚ ƐŝŐŶŝĨŝĐĂŶƚ ĂĚũƵǀĂŶƚ
ĂĐƚŝŽŶƚŽƚŚĞĐůĞĂŶŝŶŐŽƉĞƌĂƚŝŽŶƐ͕ǁŝƚŚŽƵƚĂŶǇƵƐĞŽĨĂĚĚŝƚŝŽŶĂůĐŚĞŵŝĐĂůĐŽŵƉŽƵŶĚƐƚŽďĞŶĞďƵůŝǌĞĚ
ŝŶƚŚĞĞŶǀŝƌŽŶŵĞŶƚ

ƐƌĞŐĂƌĚƐƚŚĞĂŵďŝĞŶƚĂŝƌ͕ŝƚǁĂƐƉŽƐƐŝďůĞƚŽĚĞƚĞĐƚĂůŽǁĂŝƌďŽƌŶĞŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶ͕ǁŝƚŚƚŚĞ
ƐĂŵĞƚǇƉĞŽĨŝƐŽůĂƚĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ;ĞǆĐůƵƐŝǀĞůǇdϯϳĂŶĚƐƉŽƌĂĚŝĐĂůůǇ^нͿ͘/ŶƚŚŝƐĐĂƐĞĂůƐŽ͕ƚŚĞ
ƚĞƐƚŽŶƚŚĞĂŝƌƐŚŽǁĞĚƚŚĞƐĂŵĞĐŽŶƚĂŵŝŶĂƚŝŽŶĚĞĐƌĞĂƐŝŶŐƚƌĞŶĚ͕ĂƐŝĨŽǀĞƌƚŝŵĞŝƚǁĂƐŝŶĐƌĞĂƐŝŶŐůǇ
ƉƌŽƚĞĐƚĞĚĚƵƌŝŶŐƚŚĞŽƉĞƌĂƚŝŽŶƐ;ĞǀĞŶŝĨƚŚĞŵĂƚĞŝƐŽĨĨͿĂŶĚŝƚƐƌĞŵĞĚŝĂƚŝŽŶĚƵƌŝŶŐƚŚĞŶŝŐŚƚďĞĐĂŵĞ
ŵŽƌĞĂŶĚŵŽƌĞĞĨĨĞĐƚŝǀĞ͘

dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϭϮ͘


ϵ͘ϱ͘ĂƐĞƐƚƵĚǇϱ͗^ĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŽĨƚŚĞDdĚĞǀŝĐĞŝŶŚŽƐƉŝƚĂůǁĂƌĚƐ

WhZWK^͗ƚŽĞƐƚĂďůŝƐŚƚŚĞĂĐƚŝŽŶŽĨEdWƚĞĐŚŶŽůŽŐǇĂŐĂŝŶƐƚŵŝĐƌŽŽƌŐĂŶŝƐŵƐƚŚĂƚĐĂŶďĞƉŽƚĞŶƚŝĂůůǇ
ĨŽƵŶĚǁŝƚŚŝŶƚŚĞǁĂƌĚƐ͘&ŽƌƚŚŝƐƉƵƌƉŽƐĞ͕ŝŽŶŝǌŝŶŐƐǇƐƚĞŵƐŽĨƌĞĚƵĐĞĚĚŝŵĞŶƐŝŽŶƐŚĂǀĞďĞĞŶƵƐĞĚ͘
dŚĞǇĂƌĞƐƉĞĐŝĂůůǇĚĞƐŝŐŶĞĚĨŽƌƚŚĞŝƌůĞƐƐΗŝŶǀĂƐŝǀĞΗůŽĐĂƚŝŽŶĂŶĚŵŽƌĞĞĂƐŝůǇƉůĂĐĞŵĞŶƚŝŶĂĐŽŶƚĞǆƚ
ŽĨĞǀĞƌǇĚĂǇůŝĨĞ͘dŚĞĞƋƵŝƉŵĞŶƚǁĂƐƉůĂĐĞĚŝŶĚŝĨĨĞƌĞŶƚƉŽŝŶƚƐŽĨĂǁĂƌĚĂŶĚůĞĨƚŝŶĂůŵŽƐƚĐŽŶƐƚĂŶƚ
ŽƉĞƌĂƚŝŽŶƚŚƌŽƵŐŚŽƵƚƚŚĞƐƚƵĚǇƉĞƌŝŽĚ͘dŚĞĐŽŵƉĂƌŝƐŽŶŽĨƚŚĞĞĨĨĞĐƚƐǁĂƐƉĞƌĨŽƌŵĞĚďǇĞǀĂůƵĂƚŝŶŐ
ƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůƐŝŶĂΗĐŽŶƚƌŽůΗůĂŶĞǁŝƚŚŽƵƚEdWƐǇƐƚĞŵƐ͘/ŶƚŚŝƐǁĂǇ͕ƚŚĞƐƚƵĚǇǁĂƐĂďůĞƚŽ
ƌĞƐƉŽŶĚ ĞĨĨĞĐƚŝǀĞůǇ ĂŶĚ ĞǆƚƌĞŵĞůǇ ƉĞƌƚŝŶĞŶƚůǇ ƚŽ ƚŚĞ ŶĞĞĚ ƚŽ ĞǀĂůƵĂƚĞ ŝŶŶŽǀĂƚŝǀĞ ƐǇƐƚĞŵƐ ĨŽƌ ƚŚĞ
ƉƌĞǀĞŶƚŝŽŶ ŽĨ ŝŶĨĞĐƚŝŽŶƐ ŝŶ ƚŚĞ ŽƉĞƌĂƚŝŶŐ ƌŽŽŵ ŝŶ ƉĂƌƚŝĐƵůĂƌ͕ ĂŶĚ ŚŽƐƉŝƚĂů ŝŶĨĞĐƚŝŽŶƐ ŝŶ ŐĞŶĞƌĂů͕
ĂůůŽǁŝŶŐ ƚŚĞ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶ ŽĨ Ă ƚĞĐŚŶŽůŽŐǇ ƚŚĂƚ ŝƐ ĐĂƉĂďůĞ ŽĨ ƐƵƉƉŽƌƚŝŶŐ ƚŚĞ ƵƐƵĂů ĞŶǀŝƌŽŶŵĞŶƚĂů
ƌĞŵĞĚŝĂƚŝŽŶĂĐƚŝǀŝƚŝĞƐ͕ŵĂǆŝŵŝǌŝŶŐƚŚĞŝƌĞĨĨĞĐƚŝǀĞŶĞƐƐĂŶĚŚĞůƉŝŶŐƚŽĐƌĞĂƚĞƐĂĨĞƌĞŶǀŝƌŽŶŵĞŶƚƐǁŝƚŚ
ĂůŽǁĞƌŝŶĨĞĐƚŝŽƵƐƌŝƐŬ͘

Z^h>d^͗ŶsZ'dDEdΎŽĨϴϲйǁĂƐǀĞƌŝĨŝĞĚŝŶƚŚĞǁĂƌĚ;ΎǀĂůƵĞƐƌĞĨĞƌƌŝŶŐƚŽƚŚĞƚŽƚĂů
ĂŝƌďŽƌŶĞďĂĐƚĞƌŝĂůůŽĂĚͿ͘dŚĞƵƐĞŽĨEdWƚĞĐŚŶŽůŽŐǇ͕ǁŝƚŚŝƚƐƉƌŽǀĞŶĂďŝůŝƚǇŝŶƚŚĞ ǁĂƌĚƐƚŽƌĞĚƵĐĞ
ĂŝƌďŽƌŶĞŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶŽǀĞƌƚŝŵĞĂŶĚĨĂĐŝůŝƚĂƚĞƚŚĞƐĂŶŝƚŝǌŝŶŐŽĨƐƵƌĨĂĐĞƐ͕ĐĂŶĐŽŶƚƌŝďƵƚĞƚŽ
ƚŚĞ ĂĐŚŝĞǀĞŵĞŶƚ ĂŶĚ ŵĂŝŶƚĞŶĂŶĐĞ ŽĨ ďĞƚƚĞƌ ŚǇŐŝĞŶŝĐͲƐĂŶŝƚĂƌǇ ĐŽŶĚŝƚŝŽŶƐ͕ ŚĞůƉŝŶŐ ƚŚĞ ŚŽƐƉŝƚĂů
ƉĞƌƐŽŶŶĞůŝŶŚĂŶĚůŝŶŐƚŚĞĐůŝŶŝĐĂůƌŝƐŬ͘
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dŚĞĚĞƚĂŝůƐŽĨƚŚĞƚƌŝĂůĂƌĞƌĞƉŽƌƚĞĚŝŶEEyϭϯ͘

ϭϬ͘KE>h^/KE^

/ŶĐŽŶĐůƵƐŝŽŶ͕ĂŶŽŶƚŚĞƌŵĂůƉůĂƐŵĂĐĂŶďĞƵƐĞĚƚŽŝŶĂĐƚŝǀĂƚĞĂǁŝĚĞƌĂŶŐĞŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐƐƵĐŚ
ĂƐďĂĐƚĞƌŝĂ͕ƐƉŽƌĞƐ͕ĨƵŶŐŝ͕ǀŝƌƵƐĞƐĂŶĚƉƌŝŽŶƐ͘
The mechanism of a plasma’s interaction with living systems is undoubtedly very complex and not
ǁĞůůͲƵŶĚĞƌƐƚŽŽĚ͕ďŽƚŚďĞĐĂƵƐĞŽĨƚŚĞĐŽŵƉůĞǆŝƚǇŽĨƚŚĞďŝŽůŽŐǇĂŶĚŽĨƉůĂƐŵĂ͘'ĞŶĞƌĂůůǇƐƉĞĂŬŝŶŐ͕
ĐŚĂƌŐĞĚƐƉĞĐŝĞƐ͕ŝŶƉĂƌƚŝĐƵůĂƌŝŽŶƐ͕ĂƌĞďĞůŝĞǀĞĚƚŽƉůĂǇĂŬĞǇƌŽůĞŝŶƚŚĞŝŶƚĞƌĂĐƚŝŽŶďĞƚǁĞĞŶůŝǀŝŶŐ
ĐĞůůƐ;ŽďƌǇŶŝŶ͕͘ϮϬϬϵͿ͕ŝŶƚĞƌĂĐƚŝŶŐĐŚĞŵŝĐĂůůǇ͕ĂŶĚŶŽƚƚŚƌŽƵŐŚƉŚǇƐŝĐĂůƉŚĞŶŽŵĞŶĂ͕ƐƵĐŚĂƐƐŚĞĂƌ
ƐƚƌĞƐƐ͕ ŝŽŶ ďŽŵďĂƌĚŵĞŶƚ ĚĂŵĂŐĞ͕ ƚŚĞƌŵĂů ĞĨĨĞĐƚƐ Žƌ hs ƌĂĚŝĂƚŝŽŶ͘ŚĂƌŐĞĚ ƉĂƌƚŝĐůĞƐ ĐŽƵůĚ ƉůĂǇ Ă
ƐŝŐŶŝĨŝĐĂŶƚƌŽůĞŝŶƚŚĞƌƵƉƚƵƌĞŽĨĞǆƚĞƌŶĂůĐĞůůŵĞŵďƌĂŶĞƐ͕ĞƐƉĞĐŝĂůůǇŝŶŐƌĂŵͲŶĞŐĂƚŝǀĞďĂĐƚĞƌŝĂƚŚĂƚ
ŚĂǀĞƚŚŝŶŶĞƌŽƵƚĞƌŵĞŵďƌĂŶĞƐ͘

dŚĞƐƉĞĐŝĨŝĐŵĞĐŚĂŶŝƐŵƐůĞĂĚŝŶŐƚŽƚŚĞŝŶĂĐƚŝǀĂƚŝŽŶŽĨĂǀŝƌƵƐďǇĂŶEdWĂƌĞĂƐǇĞƚƵŶĐůĞĂƌ͘^ƚƵĚŝĞƐ
ŚĂǀĞƐŚŽǁŶƚŚĂƚƚŚĞĞǆƉŽƐƵƌĞƚŽEdWĐĂƵƐĞƐĂŵŽĚŝĨŝĐĂƚŝŽŶĂŶĚͬŽƌĚĞŐƌĂĚĂƚŝŽŶŽĨǀŝƌĂůƉƌŽƚĞŝŶƐĂŶĚ
ŶƵĐůĞŝĐĂĐŝĚƐ͕ĂƐǁĞůůĂƐŽĨůŝƉŝĚƐŝŶĞŶǀĞůŽƉĞĚǀŝƌƵƐĞƐ;zĂƐƵĚĂ,͕͘ϮϬϭϬͿ͘/ŶĂĚĚŝƚŝŽŶ͕ƌĞĂĐƚŝǀĞƐƉĞĐŝĞƐ
ĐĂŶĚĂŵĂŐĞƚŚĞǀŝƌĂůZE͕ůĞĂĚŝŶŐƚŽĂƌĞĚƵĐƚŝŽŶŝŶŐĞŶĞĞǆƉƌĞƐƐŝŽŶĂŶĚƚŚĞĞůŝŵŝŶĂƚŝŽŶŽĨǀŝƌĂůZE͘

dŚĞƵƐĞŽĨEdWŝŶƐĂŶŝƚŝǌĂƚŝŽŶƉƌŽĐĞƐƐĞƐĂƉƉĞĂƌƐŝŶƚĞƌĞƐƚŝŶŐ͕ƌĞŐĂƌĚůĞƐƐŽĨƚŚĞŝŶƚĞƌƉƌĞƚĂƚŝŽŶŽĨƚŚĞ
ƉŚĞŶŽŵĞŶĂ͕ ĚƵĞ ƚŽ ŝƚƐ ďƌŽĂĚ ƐƉĞĐƚƌƵŵ ŽĨ ĂĐƚŝǀŝƚǇ͘ dŚĞ ƚĞĐŚŶŽůŽŐǇ ŝƐ ƚŚĞƌĞĨŽƌĞ ĨůĞǆŝďůĞ ĂŶĚ ĞĂƐŝůǇ
ĂƉƉůŝĐĂďůĞŝŶŵĂŶǇĐŽŶƚĞǆƚƐ͕ŝŶƉĂƌƚŝĐƵůĂƌŝŶƚŚĞƐĂŶŝƚŝǌĂƚŝŽŶŽĨŝŶĚŽŽƌĞŶǀŝƌŽŶŵĞŶƚƐĨƌŽŵĂŝƌďŽƌŶĞ
ƉĂƌƚŝĐůĞƐ͕ǁŚĞƌĞŽƚŚĞƌƚĞĐŚŶŽůŽŐŝĞƐŵĂǇďĞƵŶƐƵŝƚĂďůĞŽƌŝŶĞĨĨĞĐƚŝǀĞ͘
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ϳϬ

ϭϭ͘/>/K'ZW,z

ůĞǆ>ŝŶĚƐĂǇ͕͘͘;ϮϬϭϰͿ͘&ĞƌƚŝůŝǌĂƚŝŽŶŽĨZĂĚŝƐŚĞƐ͕dŽŵĂƚŽĞƐ͕ĂŶĚDĂƌŝŐŽůĚƐhƐŝŶŐĂ>ĂƌŐĞͲsŽůƵŵĞ
ƚŵŽƐƉŚĞƌŝĐ'ůŽǁŝƐĐŚĂƌŐĞ͘WůĂƐŵĂŚĞŵWůĂƐŵĂWƌŽĐĞƐƐ͕ϯϰϭϮϳϭͲϭϮϵϬ͘
Arijana Filipić, I. G.Ͳ͘;ϮϬϮϬͿ͘ŽůĚƉůĂƐŵĂ͕ĂŶĞǁŚŽƉĞŝŶƚŚĞĨŝĞůĚŽĨǀŝƌƵƐŝŶĂĐƚŝǀĂƚŝŽŶ͘ dƌĞŶĚƐŝŶ
ŝŽƚĞĐŚŶŽůŽŐǇ͘
ƌŶĞ D͘ sĂŶĚĞŶďƌŽƵĐŬĞ͕ Z͘ D͘ ;ϮϬϭϭͿ͘ EŽŶͲƚŚĞƌŵĂů ƉůĂƐŵĂƐ ĨŽƌ ŶŽŶͲĐĂƚĂůǇƚŝĐ ĂŶĚ ĐĂƚĂůǇƚŝĐ sK
ĂďĂƚĞŵĞŶƚ͘:ŽƵƌŶĂůŽĨ,ĂǌĂƌĚŽƵƐDĂƚĞƌŝĂůƐ͕ϭϵϱ͕ϯϬͲϱϰ͘
ƌĂŶĚĞŶďƵƌŐ͕ Z͘ ;ϮϬϭϳͿ͘ ŝĞůĞĐƚƌŝĐ ďĂƌƌŝĞƌ ĚŝƐĐŚĂƌŐĞƐ͗ ƉƌŽŐƌĞƐƐ ŽŶ ƉůĂƐŵĂ ƐŽƵƌĐĞƐ ĂŶĚ ŽŶ ƚŚĞ
ƵŶĚĞƌƐƚĂŶĚŝŶŐ ŽĨ ƌĞŐŝŵĞƐ ĂŶĚ ƐŝŶŐůĞ ĨŝůĂŵĞŶƚƐ͘ WůĂƐŵĂ ^ŽƵƌĐĞƐ ^Đŝ͘ dĞĐŚŶŽů͘ Ϯϲ͕ ϬϱϯϬϬϭ
;ϮϵƉƉͿ͘
ƌĂŶĚĞŶďƵƌŐ͕Z͘<͘Ͳ͘;ϮϬϭϰͿ͘WůĂƐŵĂďĂƐĞĚƉŽůůƵƚĂŶƚĚĞŐƌĂĚĂƚŝŽŶŝŶŐĂƐƐƚƌĞĂŵƐ͗ƐƚĂƚƵƐ͕ĞǆĂŵƉůĞƐ
ĂŶĚŽƵƚůŽŽŬ͘ŽŶƚƌŝď͘WůĂƐŵĂWŚǇƐ͘ϱϰ͕͕ϮϬϮͲϮϭϰ͘
Bratislav M. Obradović, G. B. (2011). ĚƵĂůͲƵƐĞŽĨƉůĂƐŵĂĨŽƌƐŝŵƵůƚĂŶĞŽƵƐEKǆĂŶĚ^KϮƌĞŵŽǀĂů
ĨƌŽŵĐŽĂůĐŽŵďƵƐƚŝŽŶĨůƵĞŐĂƐ͘:ŽƵƌŶĂůŽĨ,ĂǌĂƌĚŽƵƐDĂƚĞƌŝĂůƐǀŽůƵŵĞϭϴϱ͕/ƐƐƵĞƐϮ–ϯ͕ϭϮϴϬͲ
ϭϮϴϲ͘
ĂƌůŽƐD͘EƵŶĞǌ͕'͘,͘;ϮϬϭϮͿ͘ŽƌŽŶĂĞƐƚƌƵĐƚŝŽŶ͗Ŷ/ŶŶŽǀĂƚŝǀĞŽŶƚƌŽůdĞĐŚŶŽůŽŐǇĨŽƌsKƐĂŶĚ
ŝƌdŽǆŝĐƐ͘tĂƐƚĞ͕ϮϰϮͲϮϰϳ͘
ŚƵůŬǇŽŽŶ͕W͘W͘;ϮϬϭϲͿ͘EŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂƐ;EdWƐͿĨŽƌŝŶĂĐƚŝǀĂƚŝŽŶŽĨǀŝƌƵƐĞƐŝŶĂďŝŽƚŝĐĞŶǀŝƌŽŶŵĞŶƚ͘
ZĞƐĞĂƌĐŚ:ŽƵƌŶĂůŽĨŝŽƚĞĐŚŶŽůŽŐǇ͕sŽů͘ϭϭ;ϲͿ͘
ŚƵůŬǇŽŽŶ͕ W͘ W͘ ;ϮϬϭϲͿ͘ EŽŶͲƚŚĞƌŵĂů ƉůĂƐŵĂƐ ;EdWƐͿ ĨŽƌ ŝŶĂĐƚŝǀĂƚŝŽŶ ŽĨ ǀŝƌƵƐĞƐ ŝŶ ĂďŝŽƚŝĐ
ĞŶǀŝƌŽŶŵĞŶƚƐ͘ZĞƐĞĂƌĐŚ:ŽƵƌŶĂůŽĨŝŽƚĞĐŚŶŽůŽŐǇ͕sŽů͘ϭϭ;ϲͿ͘
> ŶůŽĞ͕ D͘ D͘ ;ϮϬϬϴͿ͘ dŝŵĞͲĐŽƌƌĞůĂƚĞĚ ĨŽƌĐĞ ƉƌŽĚƵĐƚŝŽŶ ŵĞĂƐƵƌĞŵĞŶƚƐ ŽĨ ƚŚĞ ĚŝĞůĞĐƚƌŝĐ ďĂƌƌŝĞƌ
ĚŝƐĐŚĂƌŐĞƉůĂƐŵĂĂĞƌŽĚǇŶĂŵŝĐĂĐƚƵĂƚŽƌ͘:ŽƵƌŶĂůŽĨĂƉƉůŝĞĚƉŚǇƐŝĐƐ͕ϭϬϯ;ϳͿ͕ϬϳϯϯϬϮͲϬϳϯϯϬϮ͘
ĂǇŽŶŶĂ W͘ WĂƌŬ͕ <͘ ͘Ͳ͘ ;ϮϬϭϯͿ͘ ZĞĂĐƚŝǀĞ ŶŝƚƌŽŐĞŶ ƐƉĞĐŝĞƐ ƉƌŽĚƵĐĞĚ ŝŶ ǁĂƚĞƌ ďǇ ŶŽŶͲĞƋƵŝůŝďƌŝƵŵ
ƉůĂƐŵĂŝŶĐƌĞĂƐĞƉůĂŶƚŐƌŽǁƚŚƌĂƚĞĂŶĚŶƵƚƌŝƚŝŽŶĂůǇŝĞůĚ͘ ƵƌƌĞŶƚƉƉůŝĞĚWŚǇƐŝĐƐ͕ϭϯ^ϭϵͲ
^Ϯϵ͘
ŽďƌǇŶŝŶ͕͘&͘'͘;ϮϬϬϵͿ͘WŚǇƐŝĐĂůĂŶĚďŝŽůŽŐŝĐĂůŵĞĐŚĂŶŝƐŵƐŽĨĚŝƌĞĐƚƉůĂƐŵĂŝŶƚĞƌĂĐƚŝŽŶǁŝƚŚůŝǀŝŶŐ
ƚŝƐƐƵĞ͘EĞǁ:͘WŚǇƐ͕͘ϭϭ͘
,ĂŽŚĂŶŐ͕͘D͘;ϮϬϭϳͿ͘EŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂƚĞĐŚŶŽůŽŐǇĨŽƌŽƌŐĂŶŝĐĐŽŶƚĂŵŝŶĂƚĞĚƐŽŝůƌĞŵĞĚŝĂƚŝŽŶ͗
ƌĞǀŝĞǁ͘ŚĞŵŝĐĂůŶŐŝŶĞĞƌŝŶŐ:ŽƵƌŶĂů;ϯϭϯͿ͕ϭϱϳͲϭϳϬ͘
,ĂƌƐƚĂĚ͕ :͘ ;ϭϵϲϵͿ͘ ǀĂůƵĂƚŝŽŶ ŽĨ Ăŝƌ ĨŝůƚĞƌƐ ǁŝƚŚ ƐƵďŵŝĐƌŽŶ ǀŝƌĂů ĂĞƌŽƐŽůƐ ĂŶĚ ďĂĐƚĞƌŝĂů ĂĞƌŽƐŽůƐ͘
ŵĞƌŝĐĂŶ/ŶĚƵƐƚƌŝĂů,ǇŐŝĞŶĞƐƐŽĐŝĂƚŝŽŶ:ŽƵƌŶĂů͘
,ĞƌƌŵĂŶŶ,͘t͕͘,͘/͘;ϭϵϵϵͿ͘ĞĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨĐŚĞŵŝĐĂůĂŶĚďŝŽůŽŐŝĐĂůǁĂƌĨĂƌĞ͕;tͿĂŐĞŶƚƐ
ƵƐŝŶŐĂŶĂƚŵŽƐƉŚĞƌŝĐƉƌĞƐƐƵƌĞƉůĂƐŵĂũĞƚ;WW:Ϳ͘WŚǇƐ͘WůĂƐŵĂƐ͕ϲ͕ϮϮϴϰͲϮϮϴϵ͘
:͘,ĂŶ͕͘W͘;:ƵůǇϱͲϭϬ͕ϮϬϭϱͿ͘EŽŶͲĞƋƵŝůŝďƌŝƵŵƉůĂƐŵĂƐŝŶĂŐƌŝĐƵůƚƵƌĞ͘ϮϮŶĚ/ŶƚĞƌŶĂƚŝŽŶĂů^ǇŵƉŽƐŝƵŵ
ŽŶWůĂƐŵĂŚĞŵŝƐƚƌǇ͘
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:͘<ĂƌƵƉƉŝĂŚĂ͕͘>͘;ϮϬϭϮͿ͘ďĂƚĞŵĞŶƚŽĨŵŝǆƚƵƌĞŽĨǀŽůĂƚŝůĞŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐ;sKƐͿŝŶĂĐĂƚĂůǇƚŝĐ
ŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂƌĞĂĐƚŽƌ͘:ŽƵƌŶĂůŽĨ,ĂǌĂƌĚŽƵƐDĂƚĞƌŝĂůƐ;ϮϬϭϮͿ͕Ϯϴϯ–Ϯϴϵ͘
<͘hƌĂƐŚŝŵĂ͕:͘͘;ϮϬϬϬͿ͘ZĞŵŽǀĂůŽĨǀŽůĂƚŝůĞŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐĨƌŽŵĂŝƌƐƚƌĞĂŵƐĂŶĚŝŶĚƵƐƚƌŝĂůĨůƵĞ
ŐĂƐĞƐ ďǇ ŶŽŶƚŚĞƌŵĂů ƉůĂƐŵĂ ƚĞĐŚŶŽůŽŐǇ͘ / dƌĂŶƐĂĐƚŝŽŶƐ ŽŶ ŝĞůĞĐƚƌŝĐƐ ĂŶĚ ůĞĐƚƌŝĐĂů
/ŶƐƵůĂƚŝŽŶ;sŽůƵŵĞ͗ϳ͕/ƐƐƵĞ͗ϱͿ͕ϲϬϮͲϲϭϰ͘
<ŝŵ͕,͘;ϮϬϬϰͿ͘EŽŶƚŚĞƌŵĂůƉůĂƐŵĂƉƌŽĐĞƐƐŝŶŐĨŽƌĂŝƌͲƉŽůůƵƚŝŽŶĐŽŶƚƌŽů͗ĂŚŝƐƚŽƌŝĐĂůƌĞǀŝĞǁ͕ĐƵƌƌĞŶƚ
ŝƐƐƵĞƐ͕ĂŶĚĨƵƚƵƌĞƉƌŽƐƉĞĐƚƐ͘WůĂƐŵĂWƌŽĐĞƐƐĞƐĂŶĚWŽůǇŵĞƌƐ͕ϵϭͲϭϭϬ͘
<ŽŶŐD͘'͕͘<͘'͘;ϮϬϬϵͿ͘WůĂƐŵĂŵĞĚŝĐŝŶĞ͗ĂŶŝŶƚƌŽĚƵĐƚŽƌǇƌĞǀŝĞǁ͘EĞǁ:͘WŚǇƐ͕͘ϭϭ͘
>ĂƌŽƵƐƐŝ͕ D͘ ;ϮϬϬϱͿ͘ >Žǁ ƚĞŵƉĞƌĂƚƵƌĞ ƉůĂƐŵĂͲďĂƐĞĚ ƐƚĞƌŝůŝǌĂƚŝŽŶ͗ KǀĞƌǀŝĞǁ ĂŶĚ ƐƚĂƚĞͲŽĨͲƚŚĞͲĂƌƚ͘
WůĂƐŵĂWƌŽĐĞƐƐWŽůǇŵ͕͘ϯϵϭͲϰϬϬ͘
>ĞŝƉŽůĚ͕D͘>͘;ϮϬϬϰͿ͘ǀĂůƵĂƚŝŽŶŽĨƚŚĞƌŽůĞƐŽĨƌĞĂĐƚŝǀĞƐƉĞĐŝĞƐ͕ŚĞĂƚ͕ĂŶĚhsƌĂĚŝĂƚŝŽŶŝŶƚŚĞ
ŝŶĂĐƚŝǀĂƚŝŽŶŽĨďĂĐƚĞƌŝĂůĐĞůůƐďǇĂŝƌƉůĂƐŵĂƐĂƚĂƚŵŽƐƉŚĞƌŝĐƉƌĞƐƐƵƌĞ͘ŶƚĞƌŶĂƚŝŽŶĂů:ŽƵƌŶĂůŽĨ
DĂƐƐ^ƉĞĐƚƌŽŵĞƚƌǇ͕Ϯϯϯ;ϭ–ϯͿ͕ϴϭͲϴϲ͘
D͘ >ĂƌŽƵƐƐŝ͕ &͘ ; ϮϬϬϰͿ͘  ǀĂůƵĂƚŝŽŶ ŽĨ ƚŚĞ ƌŽůĞƐ ŽĨ ƌĞĂĐƚŝǀĞ ƐƉĞĐŝĞƐ͕ ŚĞĂƚ͕ ĂŶĚ hs ƌĂĚŝĂƚŝŽŶ ŝŶ
ƚŚĞŝŶĂĐƚŝǀĂƚŝŽŶ ŽĨ ďĂĐƚĞƌŝĂů ĐĞůůƐ ďǇ Ăŝƌ ƉůĂƐŵĂƐ Ăƚ ĂƚŵŽƐƉŚĞƌŝĐ ƉƌĞƐƐƵƌĞ͘ /ŶƚĞƌŶĂƚŝŽŶĂů
:ŽƵƌŶĂůŽĨDĂƐƐ^ƉĞĐƚƌŽŵĞƚƌǇϮϯϯ͕ϴϭ–ϴϲ͘
DĂƌĐŽ^ĐŚŝĂǀŽŶ͕ D͘^͘;ϮϬϭϱͿ͘WŽƚĞŶƚŝĂůŽĨŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂƐĨŽƌŚĞůƉŝŶŐƚŚĞ ďŝŽĚĞŐƌĂĚĂƚŝŽŶŽĨ
ǀŽůĂƚŝůĞ ŽƌŐĂŶŝĐ ĐŽŵƉŽƵŶĚƐ ;sKƐͿ ƌĞůĞĂƐĞĚ ďǇ ǁĂƐƚĞ ŵĂŶĂŐĞŵĞŶƚ ƉůĂŶƚƐ͘ :ŽƵƌŶĂů ŽĨ
ůĞĂŶĞƌWƌŽĚƵĐƚŝŽŶϭϬϰ͕ϮϭϭͲϮϭϵ͘
DĂƌĐŽ ^ĐŚŝĂǀŽŶ͕ D͘ ^͘ ;ϮϬϭϳͿ͘ EŽŶͲƚŚĞƌŵĂů ƉůĂƐŵĂ ĂƐƐŝƐƚŝŶŐ ƚŚĞ ďŝŽĨŝůƚƌĂƚŝŽŶ ŽĨ ǀŽůĂƚŝůĞ ŽƌŐĂŶŝĐ
ĐŽŵƉŽƵŶĚƐ͘:ŽƵƌŶĂůŽĨůĞĂŶĞƌWƌŽĚƵĐƚŝŽŶϭϰϴ͕ϰϵϴͲϱϬϴ͘
DŝĐŚĂĞů :͘ 'ĂůůĂŐŚĞƌ͕ ͘ '͘ ;ϮϬϬϰͿ͘ EŽŶͲƚŚĞƌŵĂů ƉůĂƐŵĂ ĂƉƉůŝĐĂƚŝŽŶ ŝŶ Ăŝƌ ƐƚĞƌŝůŝǌĂƚŝŽŶ͘ ŽŶĨĞƌĞŶĐĞ
WĂƉĞƌŝŶ//ŶƚĞƌŶĂƚŝŽŶĂůŽŶĨĞƌĞŶĐĞŽŶWůĂƐŵĂ^ĐŝĞŶĐĞ͘
DƌĄǌ͕ W͘ ͘ ;ϮϬϭϰͿ͘ &&d K& >KtͲdDWZdhZ W>^D dZdDEd KE d, 'ZKtd, E
ZWZKhd/KEZdK&^KDW>EdWd,K'E/dZ/͘:ŽƵƌŶĂůŽĨWůĂŶƚWĂƚŚŽůŽŐǇ͕
ϵϲ;ϭͿ͕ϲϯͲϲϳ͘
KĚĂ͕d͘;ϮϬϬϯͿ͘EŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂƉƌŽĐĞƐƐŝŶŐĨŽƌĞŶǀŝƌŽŶŵĞŶƚĂůƉƌŽƚĞĐƚŝŽŶ͗ĚĞĐŽŵƉŽƐŝƚŝŽŶŽĨĚŝůƵƚĞ
sKƐŝŶĂŝƌ͘:͘ůĞĐƚƌŽƐƚĂƚϱϳ͕ϮϵϯͲϯϭϭ͘
KƐŵĂŶ<ĂƌĂƚƵŵ͕D͘͘;ϮϬϭϲͿ͘ĐŽŵƉĂƌĂƚŝǀĞƐƚƵĚǇŽĨĚŝůƵƚĞsKƐƚƌĞĂƚŵĞŶƚŝŶĂŶŽŶͲƚŚĞƌŵĂů͘
ŚĞŵŝĐĂůŶŐŝŶĞĞƌŝŶŐ:ŽƵƌŶĂůϮϵϰ͕ϯϬϴͲϯϭϱ͘
KƐŵĂŶ<ĂƌĂƚƵŵ͕D͘͘;ϮϬϭϲͿ͘ĐŽŵƉĂƌĂƚŝǀĞƐƚƵĚǇŽĨĚŝůƵƚĞsKƐƚƌĞĂƚŵĞŶƚŝŶĂŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂ
ƌĞĂĐƚŽƌ͘ŚĞŵŝĐĂůŶŐŝŶĞĞƌŝŶŐ:ŽƵƌŶĂůϮϵϰ͕ϯϬϴ–ϯϭϱ͘
WĞŶĞƚƌĂŶƚĞ͕ ͘ ^͘ ;ϮϬϭϭͿ͘ EŽŶͲƚŚĞƌŵĂů ƉůĂƐŵĂ ƚĞĐŚŶŝƋƵĞƐ ĨŽƌ ƉŽůůƵƚŝŽŶ ĐŽŶƚƌŽů͗ WĂƌƚ ͲŽǀĞƌǀŝĞǁ͕
ĨƵŶĚĂŵĞŶƚĂůƐ ĂŶĚ ƐƵƉƉŽƌƚŝŶŐ ƚĞĐŚŶŽůŽŐŝĞƐ ĂŶĚ ƉĂƌƚ ͲĞůĞĐƚƌŽŶ ďĞĂŵ ĂŶĚ ĞůĞĐƚƌŝĐĂů
ĚŝƐĐŚĂƌŐĞƉƌŽĐĞƐƐŝŶŐ͘EdK^/^Ğƌ^Ğƌ'ϴϰ͕ϭϮϵϲ–ϭϯϬϬ͘
^͘ ^ĐŚŵŝĚ͕ D͘ :͘ ;ϮϬϭϬͿ͘ ĞŐƌĂĚĂƚŝŽŶ ŽĨ ǀŽůĂƚŝůĞ ŽƌŐĂŶŝĐ ĐŽŵƉŽƵŶĚƐ ŝŶ Ă ŶŽŶͲƚŚĞƌŵĂů ƉůĂƐŵĂ Ăŝƌ
ƉƵƌŝĨŝĞƌ͘ŚĞŵŽƐƉŚĞƌĞ͕ϭϮϰͲϭϯϬ͘
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^ĂŶŐͲ,ǇĞ :ŝ͕ <͘Ͳ,͘ ͘Ͳ,͘ ;ϮϬϭϲͿ͘ ĨĨĞĐƚƐ ŽĨ ŚŝŐŚ ǀŽůƚĂŐĞ ŶĂŶŽƐĞĐŽŶĚ ƉƵůƐĞĚ ƉůĂƐŵĂ ĂŶĚ ŵŝĐƌŽ 
ƉůĂƐŵĂŽŶƐĞĞĚŐĞƌŵŝŶĂƚŝŽŶ͕ŐƌŽǁƚŚĚĞǀĞůŽƉŵĞŶƚĂŶĚƉŚǇƐŝŽůŽŐŝĐĂůĂĐƚŝǀŝƚŝĞƐ ŝŶƐƉŝŶĂĐŚ͘
ƌĐŚŝǀĞƐŽĨŝŽĐŚĞŵŝƐƚƌǇĂŶĚŝŽƉŚǇƐŝĐƐϲϬϱ͕ϭϭϳͲϭϮϴ͘
^ĐŚŝĂǀŽŶ͕D͘Z͘;ϮϬϭϲͿ͘ŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶĐŽŶǀĞŶƚŝŽŶĂůďŝŽĨŝůƚĞƌƐĂŶĚďŝŽƚƌŝĐŬůŝŶŐĨŝůƚĞƌƐĂƉƉůŝĞĚƚŽ
ǁĂƐƚĞďŝŽĚƌǇŝŶŐŝŶƚĞƌŵƐ͘ŶǀŝƌŽŶ͘dĞĐŚŶŽů͘ϯϳ͕ϵϳϱͲϵϴϮ͘
^ĐŚŝĂǀŽŶ͕D͘d͘;ϮϬϭϳͿ͘EŽŶͲƚŚĞƌŵĂůWůĂƐŵĂĂƐĂŶ/ŶŶŽǀĂƚŝǀĞKƉƚŝŽŶĨŽƌƚŚĞďĂƚĞŵĞŶƚŽĨsŽůĂƚŝůĞ
KƌŐĂŶŝĐŽŵƉŽƵŶĚƐ͗ĂZĞǀŝĞǁ͘tĂƚĞƌŝƌ^ŽŝůWŽůůƵƚ͕ϮϮϴ͕ϯϴϴ͘
^ĞŝŶĨĞůĚ͕:͕͘ΘWĂŶĚŝƐ͕^͘;ϭϵϵϴͿ͘ƚŵŽƐƉŚĞƌŝĐŚĞŵŝƐƚƌǇĂŶĚWŚǇƐŝĐƐ͘&ƌŽŵŝƌWŽůůƵƚŝŽŶƚŽ͘/Ŷ :ŽŚŶ
tŝůĞǇΘƐŽŶƐ͕ŝŶĐ͘
h͘ <ŽŐĞůƐĐŚĂƚǌ͕ ͘ ͘ ;ϭϵϵϳͿ͘ ŝĞůĞĐƚƌŝĐͲĂƌƌŝĞƌ ŝƐĐŚĂƌŐĞƐ͘ WƌŝŶĐŝƉůĞ ĂŶĚ ƉƉůŝĐĂƚŝŽŶƐ ͘ :ŽƵƌŶĂů ĚĞ
WŚǇƐŝƋƵĞ/sŽůůŽƋƵĞ͕Ϭϳ͕ϰͲϰϳͲϰͲϲϲ͘
tĞŶͲ:ƵŶ >ŝĂŶŐ͕ ,͘ͲW͘ &͘Ͳy͘ͲY͘ ;ϮϬϭϭͿ͘ WĞƌĨŽƌŵĂŶĐĞ ŽĨ ŶŽŶͲƚŚĞƌŵĂů  ƉůĂƐŵĂ ƌĞĂĐƚŽƌ ĚƵƌŝŶŐ ƚŚĞ
ƌĞŵŽǀĂůŽĨŚǇĚƌŽŐĞŶƐƵůĨŝĚĞ͘:ŽƵƌŶĂůŽĨůĞĐƚƌŽƐƚĂƚŝĐƐsŽůƵŵĞϲϵ͕/ƐƐƵĞϯ͕ϮϬϲͲϮϭϯ͘
tƵz͕͘>͘z͘;ϮϬϭϱͿ͘D^ϮǀŝƌƵƐŝŶĂĐƚŝǀĂƚŝŽŶďǇĂƚŵŽƐƉŚĞƌŝĐͲƉƌĞƐƐƵƌĞĐŽůĚƉůĂƐŵĂƵƐŝŶŐĚŝĨĨĞƌĞŶƚŐĂƐ
ĐĂƌƌŝĞƌƐĂŶĚƉŽǁĞƌůĞǀĞůƐ͘ƉƉů͘ŶǀŝƌŽŶ͘DŝĐƌŽďŝŽů͕͘ϴϭ͕ϵϵϲͲϭϬϬϮ͘
zĂƐƵĚĂ,͕͘D͘d͘;ϮϬϭϬͿ͕͘͘ŝŽůŽŐŝĐĂůĞǀĂůƵĂƚŝŽŶŽĨEĚĂŵĂŐĞ ŝŶďĂĐƚĞƌŝŽƉŚĂŐĞƐŝŶĂĐƚŝǀĂƚĞĚďǇ
ĂƚŵŽƐƉŚĞƌŝĐƉƌĞƐƐƵƌĞĐŽůĚƉůĂƐŵĂ͘WůĂƐŵĂWƌŽĐĞƐƐWŽůǇŵ͕͘ϳ͕ϯϬϭ–ϯϬϴ͘
ƵůĨĂŵĚŶĂŶĂ͕^͘D͘;ϮϬϭϳͿ͘ǆŚĂƵƐƚŐĂƐĞƐĚĞƉůĞƚŝŽŶƵƐŝŶŐŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂ;EdWͿ͘ƚŵŽƐƉŚĞƌŝĐ
WŽůůƵƚŝŽŶZĞƐĞĂƌĐŚ;ǀŽůƵŵĞϴŝƐƐƵĞϮͿ͕ϯϯϴͲϯϰϯ͘
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ϭϮ͘dd,DEd^


dd,DEdϭϮ͘ϬͲs/Zh/>&&d/sE^^ZWKZd͗YƵĂŶƚŝƚĂƚŝǀĞƚĞƐƚŝŶƐƵƐƉĞŶƐŝŽŶĨŽƌƚŚĞ
ĞǀĂůƵĂƚŝŽŶŽĨǀŝƌƵĐŝĚĂůĂĐƚŝǀŝƚǇĂŐĂŝŶƐƚƚŚĞ^Z^ͲŽsͲϮǀŝƌƵƐ

dd,DEdϭϮ͘ϭͲs/Zh/>&&d/sE^^ZWKZd͗YƵĂŶƚŝƚĂƚŝǀĞƚĞƐƚŝŶƐƵƐƉĞŶƐŝŽŶĨŽƌƚŚĞ
ĞǀĂůƵĂƚŝŽŶŽĨǀŝƌƵĐŝĚĂůĂĐƚŝǀŝƚǇĂŐĂŝŶƐƚƚŚĞ^Z^ͲŽsͲϮǀŝƌƵƐ

dd,DEdϭϮ͘ϮͲ>ĂďŽƌĂƚŽƌǇƐƚƵĚǇŽŶƚŚĞďŝŽĐŝĚĂůĂĐƚŝǀŝƚǇŽĨŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐŐĞŶĞƌĂƚĞĚǀŝĂ
EdW
dd,DEdϭϮ͘ϯ–>ĂďŽƌĂƚŽƌǇƐƚƵĚǇŽŶƚŚĞƐĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐƉƌŽĚƵĐĞĚďǇĂDd–:ŽŶŝǆ
dd,DEdϭϮ͘ϰ–hƐĞŽĨEdWƚĞĐŚŶŽůŽŐǇĂŐĂŝŶƐƚŽĚŽƌƐĂƐƐŽĐŝĂƚĞĚǁŝƚŚƚŚĞƵƐĞŽĨĨŽŽƚǁĞĂƌ
dd,DEdϭϮ͘ϱ–^ĂŶŝƚĂƚŝŽŶŽĨŶŽŶͲĐƌŝƚŝĐĂůƵůƚƌĂƐŽƵŶĚƉƌŽďĞƐ
dd,DEdϭϮ͘ϲ–>ĂďŽƌĂƚŽƌǇƐƚƵĚŝĞƐŽŶƚŚĞƵƐĞŽĨEdWĨŽƌsKĂďĂƚĞŵĞŶƚ͗ƌĞǀŝĞǁ
dd,DEd ϭϮ͘ϳ – dĞƐƚ ĞǀĂůƵĂƚŝŶŐ ƚŚĞ ĞĨĨĞĐƚŝǀĞŶĞƐƐ ŽĨ ŵŝĐƌŽͲŽƌŐĂŶŝƐŵ ƌĞĚƵĐƚŝŽŶ ƚŚĂƚ ŚĂǀĞ
ďĞĞŶ ŝŶƚĞŶƚŝŽŶĂůůǇ ŝŶŽĐƵůĂƚĞĚ ŝŶƚŽ ƉůĂƚĞƐ ďǇ ƵƐŝŶŐ ƚŚĞ :ŽŶŝǆ DĂƚĞ Ăŝƌ
ŝŽŶŝǌĂƚŝŽŶƐǇƐƚĞŵ
dd,DEdϭϮ͘ϴ–^ƚƵĚǇŽĨƚŚĞƐĂŶŝƚŝǌŝŶŐƉŽǁĞƌŽĨĂ:ŽŶŝǆĚĞǀŝĐĞŝŶƐƚĂůůĞĚŝŶƚŽĂĐŽŵŵĞƌĐŝĂů
ĨĂŶĐŽŝů
dd,DEdϭϮ͘ϵ–ǀĂůƵĂƚŝŽŶŽĨƚŚĞƐĂŶŝƚŝǌŝŶŐĐĂƉĂĐŝƚǇŽĨWŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞƐŝŶĐŽŵƉĂƌŝƐŽŶ
ǁŝƚŚ:ŽŶŝǆEdWƐǇƐƚĞŵƐ
dd,DEdϭϮ͘ϭϬ–ĂƐĞƐƚƵĚǇϭ͗ƌĞĚƵĐƚŝŽŶŽĨŽĚŽƌŝŵƉĂĐƚƐŽŶǁĂƐƚĞŵĂŶĂŐĞŵĞŶƚƉůĂŶƚ
dd,DEdϭϮ͘ϭϭ–ĂƐĞƐƚƵĚǇϮ͗^ƚƵĚǇŽĨĂŝƌƐĂŶŝƚĂƚŝŽŶŝŶĂǀĞƚĞƌŝŶĂƌǇĐůŝŶŝĐ
dd,DEdϭϮ͘ϭϮ–ĂƐĞƐƚƵĚǇϯ͗^ĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŽĨƚŚĞDdĚĞǀŝĐĞŝŶƚŚĞůĂƌŐĞͲƐĐĂůĞĨŽŽĚ
ĚŝƐƚƌŝďƵƚŝŽŶƐĞĐƚŽƌ
dd,DEdϭϮ͘ϭϯ–ĂƐĞƐƚƵĚǇϰ͗^ĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŽĨƚŚĞDdĚĞǀŝĐĞŝŶŚŽƐƉŝƚĂůŽƉĞƌĂƚŝŶŐ
ƌŽŽŵƐ
dd,DEdϭϮ͘ϭϰ–ĂƐĞƐƚƵĚǇϱ͗^ĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŽĨƚŚĞDdĚĞǀŝĐĞŝŶŚŽƐƉŝƚĂůǁĂƌĚƐ
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dd,DEdϭϮ͘Ϭ

dZ//>&&/zd^dZWKZd͗ YƵĂŶƚŝƚĂƚŝǀĞƐƵƐƉĞŶƐŝŽŶƚĞƐƚĨŽƌƚŚĞĞǀĂůƵĂƚŝŽŶŽĨ
ďĂĐƚĞƌŝĐŝĚĂůĂĐƚŝǀŝƚǇĂŐĂŝŶƐƚDZďĂĐƚĞƌŝĂ
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1. PURPOSE
The following report has the purpose of defining in a clear and detailed way the methods of
execution of the analysis in order to guarantee maximum precision and accuracy in compliance
with the European standard UNI EN 17272:2020. This standard, employed for the validation of
chemical disinfectants and antiseptics, was used for the verification of the bactericidal activity of
equipment that uses the Non-Thermal-Plasma technology, or cold plasma. The bactericidal activity
was performed using a control strain of Escherichia coli and in succession strains of MDR
microorganisms (MultiDrug Resistant).
2. TERMS AND DEFINITIONS
Bactericidal activity: the ability of a product to produce a reduction in the number of bacterial
colonies through experimental procedures that include precise and defined test conditions.
Colony Forming Units (CFU): number of colonies per mL.
Airborne disinfection contact (ADC) time: time from the first release of the product to the
point where the carriers are recovered.
Sensitive microorganism: microorganism in which desiccation causes a log reduction greater
than 1.5.
3. INTRODUCTION
The test method to verify the bactericidal activity of the Jonix Cube device (test product) against
MDR bacteria was conducted in compliance with the European standard UNI EN 17272:2020
chemical disinfectants and antiseptics- Method for airborne room disinfection using automatic
processes. Cold plasma emits light with wavelengths both in the visible and in the ultraviolet part
of the spectrum. In addition to the emission of UV radiation, an important property of lowtemperature plasma is the presence of highly reactive and high-energy electrons, which cause
numerous chemical and physical processes such as oxidation, excitation of atoms and molecules,
production of free radicals and other reactive particles.

DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ
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4. SAMPLE CHARACTERIZATION
Product: Jonix Cube Non-Thermal-Plasma Device (hereinafter referred to as Jonix Cube)
Product Description: Jonix CUBE is an air purification device; with a design that uses an
advanced technology called cold plasma to eliminate bacteria, moulds, viruses, pollutants and
odours
Storage conditions: room temperature
Equipment instructions: see attachment
5. EXPERIMENTAL CONDITIONS
Test temperature: 20 ± 2 ° C
Relative humidity (RH): 50-75%
Contact time: 12 h - 14 h - 16 h
Analysis period: test start date: 25-05-2020 to Test end date 28-05-2021
6. MATERIALS AND REAGENTS
Microorganisms used in the experimental phase:


Strain of Escherichia coli ATCC 10536: Escherichia coli is a Gram-negative

bacillus. It is an integral part of the normal intestinal flora of humans and other
animals. While most E. coli strains are harmless, some endanger human health.

Acinetobacter baumannii MDR strain: OXA-23 type carbapenemaseproducing strain. Acinetobacter baumanni is a ubiquitous Gram-negative bacillus. It is
able to survive about one month on dry surfaces.




Klebsiella pneumoniae MDR: KPC type carbapenemase-

producing strain. Klebsiella pneumoniae is a Gram-negative bacillus capable of causing
bacterial pneumonia, although it is more commonly associated with urinary tract
infections acquired from hospitals. Klebsiella pneumoniae has become a growing
nosocomial infection as antibiotic-resistant strains continue to appear.
DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ


80 | Scientific Dossier

sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ

ĞƉĂƌƚŵĞŶƚŽĨ
DŽůĞĐƵůĂƌDĞĚŝĐŝŶĞ


sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
dyKϴϬϬϬϲϰϴϬϮϴϭ–sdEKϬϬϳϰϮϰϯϬϮϴϯ





ϴϭ

Pseudomonas aeruginosa MDR: OXA-48 type carbapenemase-

producing strain. Pseudomonas aeruginosa is a ubiquitous Gram-negative bacillus. It
causes numerous types of infections.
* ATCC (American Type Culture Collections)

MEDIUMS OF CULTURE AND REAGENTS
The reagents used are pure for analysis and/or suitable for microbiological applications.
Culture medium for bacterial count
The culture medium used for cell counting is TSA (Tryptone Soya Agar).
Diluent for microbial suspensions
The diluent for microbial suspensions, prepared according to the UNI EN 17272:2020 standard,
was used to prepare the microbial suspension and to carry out the dilutions required by the
standard indicated above.
7. EQUIPMENT
▪Steel carriers
▪DensiCheck Plus Biomerieux
▪Stopwatch
▪Vortex stirrer
▪Incubator with a controlled temperature of 36°C ± 1°C.
▪“BioHazard” class II vertical laminar flow hood
▪pH meter
▪Refrigerator with a controlled temperature of 4°C
▪Graduated pipettes
▪Petri dishes
▪Scale
▪Beaker
▪Scrapers

8. EFFECTIVENESS TEST
DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ
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PREPARATION OF THE BACTERIAL SUSPENSION

Bacterial suspension
A TSA subculture was prepared from the mother culture and incubated at 37 ± 1 ° C for 18-24
hours. The step was repeated and incubated for another 24 hours. Finally, a third subculture was
generated from the second (subculture II and III are considered working cultures). A loop was
taken from the working cultures and transferred into a tube containing the diluent for the microbial
suspensions until 0.5 McF was obtained with DensiCheck Plus Biomerieux corresponding to
1x108 cfu/mL.

Interfering substance
The interfering substance (BSA 3g/l) was added to the suspension in order to obtain a 1/10
dilution, and then an adaptation was performed for sensitive microorganisms, adding skimmed
milk (100g/l) in concentration 1:20.
DETERMINATION OF THE TITLE
To determine the title of the stock solution, serial dilutions up to 10-8 were made.. 1 ml of
dilution 10-6, 10-7 and 10-8 was included in TSA agar. In addition, 1 ml of the dilution 10-6, 107
and 10-8 was filtered through the use of filter membranes.
All tests were conducted twice.
EVALUATION OF THE DISINFECTION PROCESS
Survival of the test organism in control carriers
The control carriers were placed inside uncovered Petri dishes and contaminated with 50 µl of
microbial suspension, which was then well distributed and dried. At the end of the drying period,
the lid of the corresponding plate was applied. Each plate, containing the control carrier, was left
in the laboratory for the duration of the exposure period. At the end of the exposure period, the
control carriers were transferred into a beaker containing 100 ml of diluent for microbial
suspensions. A first phase of scraping, lasting 1 minute, was followed by a second phase of
mechanical stirring to allow the detachment of any microorganisms remaining adhered to the
carrier. Serial dilutions up to 10-3 were carried out from the solution obtained. 1 ml of the 10DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ
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dilution and 1 ml of the 10-3 dilution were added in TSA medium with the inclusion

technique; the tests carried out were duplicate. The plates were placed in an incubator at 37 ± 1 °
C for 24 hours, for the first count and reincubated for another 24 hours for the second count.
Preparatory tests to evaluate the absence of residual effects
To evaluate the absence of residual effects, 50 µl of interfering substance were deposited in other
carriers. When completely dry, the carriers were placed in the display case to be exposed to the
action of the NTP. At the end of the exposure period, the carriers were transferred into a beaker
containing 100 ml of diluent for microbial suspensions. A first phase of scraping, lasting 1 minute,
was followed by a second phase of mechanical stirring to allow the detachment of any
microorganisms adhering to the carrier, thus obtaining a solution, defined as S.
A screening was then performed to evaluate any inhibitory effects in the agar; therefore, 1 ml of
solution S was included in the TSA agar together with 1 ml of the known bacterial suspension. The
plate was incubated at 37 ± 1 ° C for 24 hours for the first count and reincubated for another 24
hours for the second count. Further screening was performed to assess any inhibitory effects with
the filter membranes. To do this, 98 ml of solution S were filtered with 0.45 µm filter membranes,
followed by 3 washes with 50 ml of diluent for microbial suspensions. Subsequently, 1 ml of
dilution of the known microbial suspension was filtered. The membrane was transferred to a plate
containing TSA agar and incubated at 37 ± 1 ° C for 24 hours for the first count, and reincubated
for another 24 hours for the second count. Finally, to evaluate a possible carrier-related inhibitory
effect, 1 ml of the known microbial suspension was transferred together with the exposed carrier
in a Petri dish. Agar was added and the plate was incubated at 37 ± 1 °C for 24 hours for the first
count, and reincubated for another 24 hours for the second count.
Preliminary tests were conducted for each microorganism tested.
Effectiveness test
Exposure of carriers to the test product
The carriers were placed inside empty Petri dishes. 50 µl of microbial suspension (contaminated
carriers) were deposited, then well distributed on the carrier through the use of a loop, and kept
under a hood until the microbial suspension was completely dry.
DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ



sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ

Scientific Dossier | 83

ĞƉĂƌƚŵĞŶƚŽĨ
DŽůĞĐƵůĂƌDĞĚŝĐŝŶĞ


sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
dyKϴϬϬϬϲϰϴϬϮϴϭ–sdEKϬϬϳϰϮϰϯϬϮϴϯ

ϴϰ



When the microbial suspension was completely dry, the carriers to be exposed to the NTP were
placed in the case provided with the lid open, in the opposite position to the location of the test
device, to allow the carriers to be exposed to the test product. The duration of the exposure was
weighted according to the results obtained.
Recovery of carriers
The exposed carriers were deposited inside a beaker containing 100 ml of diluent for microbial
suspensions. A first phase of scraping, lasting 1 minute, was followed by a second phase of
mechanical stirring to allow the detachment of any microorganisms remaining adhered to the
carrier, thus obtaining a solution. 1 ml of solution was used to perform a direct seeding by inclusion
in TSA; subsequently, the plate was incubated at 37 ± 1 ° C for 24 hours, for the first count and
reincubated for another 24 hours for the second count. 10 ml of solution were filtered with 0.45
µm filter membranes, followed by 3 rinses with recovery liquid. The membrane was then
transferred to a TSA plate which was incubated at 37 ± 1 ° C for 24 hours for the first count, and
reincubated for another 24 hours for the second count. Finally, the carrier was transferred to a
TSA plate to which more TSA agar was then added to completely cover the carrier. The plate was
incubated at 37 ± 1 °C for 24 hours for the first count and reincubated for another 24 hours for
the second count.

9. RESULTS

Escherichia coli ATCC 10536
In the first experimental phase, the efficacy test was carried out on E. coli ATCC 10536 as required
by the UNI EN 17272:2020 standard to evaluate the efficacy of the test product on a known
microorganism.
Microorganism
test

Title of the
initial suspension
(cfu/mL)

Validation test

Title of the suspension
of the carrier of
control (cfu/mL)

Log
Reduction
(R)

E. coli ATCC 10536

4.55 108

Valid

1.46 106

6.2
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12 h
E. coli ATCC 10536
14 h

Valid

1.45 106

5.9

E. coli ATCC 10536
16 h

Valid

1.44 106

6.2

Table 1 - E. coli - NTP exposure for 12, 14 and 16 hours.

Having demonstrated that the requirements of the standard with E. coli ATCC 10536 are met, the
experimental phase continued by testing strains of multidrug-resistant Gram-Negative
microorganisms (MDR): K. pneumoniae KPC, A. baumannii OXA-23 and P. aeruginosa OXA- 48.

Klebsiella pneumoniae MDR
Title of the
initial suspension
(cfu/mL)

Microorganism
test
K. pneumoniae KPC
12 h
K. pneumoniae KPC
14 h

4.45 - 108

K. pneumoniae KPC
16 h

Validation test

Title of the suspension
of the carrier of
control (cfu/mL)

Log
Reduction
(R)

Valid

1.61 106

6.3

Valid

1.38 106

6.3

Valid

1.83 106

6.3

Table 2. - K. pneumoniae - NTP exposure for 12, 14 and 16 hours.

Acinetobacter baumanii MDR
Microorganism
test

Title of the
initial suspension
(cfu/mL)

Validation test

Title of the suspension
of the carrier of
control (cfu/mL)

Log
Reduction
(R)

A. baumanni OXA-23
12 h

4.93 - 108

Valid

3.93 106

3.1

DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ
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A. baumanni OXA-23
14 h

Valid

2.45 106

4.1

A. baumanni OXA-23
16 h

Valid

2.56 106

6.4

Validation test

Title of the suspension
of the carrier of
control (cfu/mL)

Log
Reduction
(R)

Valid

1.17 106

4.1

Valid

1.13 106

4.8

Valid

1.15 106

6.1

Table 3. A. baumannii - NTP exposure for 12, 14 and 16 hours.

Pseudomonas aeruginosa MDR
Microorganism
test

Title of the
initial suspension
(cfu/mL)

P. aeruginosa OXA-48
12 h
P. aeruginosa OXA-48
14 h

2.59 - 108

P. aeruginosa OXA-48
16 h
Table 4. P. aeruginosa - NTP exposure for 12, 14 and 16 hours.

10. BACTERICIDAL EFFECTIVENESS
The product in question is considered bactericidal when, after the contact time, there is
a reduction in the vitality of at least 105, corresponding to a reduction equal to 5 logarithms
concerning the bacterial strain test based on the method and the acceptability criteria of UNI EN
17272:2020.
To obtain the reduction of the bacterial load (R), the logarithm of the ratio between the
microorganisms presents on the control carrier and the microorganisms surviving in the carrier
after exposure to NTP was carried out.
DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ
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11. CONCLUSIONS
The results obtained showed that the device is effective from as quick as 12 hours, determining a
reduction of the total bacterial load both for the E. coli strain ATCC 10536 (R>5) and for the K.
pneumoniae KPC strain (R>5).
For the strains of A. baumannii OXA-23 and P. aeruginosa OXA-48, the reduction of the bacterial
load is not sufficient to demonstrate the efficacy of the device after 12 hours (respectively R=3.1
and R=4.1) and 14 hours (respectively R=4.1 and R=4.8) of exposure. However, after 16 hours of
exposure for both microorganisms, the reduction of the bacterial load is total, demonstrating the
effectiveness of the device, with R>5.
The results obtained show that the Jonix Cube device has an effective bacterial activity against
various multidrug-resistant microorganisms after a microorganism-related exposure phase.
12. REFERENCES
 EUROPEAN STANDARD UNI EN 17272:2020 Chemical disinfectants and
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the medical area
 ISO 15189: 2012 Medical laboratories - Requirements for quality and
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BACTERICIDAL
EFFICACY TEST
s/Zh/>&&d/sE^^ZWKZd

REPORT
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Quantitative suspension test
 for the evaluation of bactericidal
activity against
MDR bacteria

WZKhd͗


PRODUCT:

:KE/yh
ĂŝƌƉƵƌŝĨŝĐĂƚŝŽŶĚĞǀŝĐĞ
JONIX CUBE

an air purification device

>/Ed

:ŽŶŝǆ^͘ƌ͘ů͘͘ĚĚƌĞƐƐ͗sŝĂůĞ^ƉĂŐŶĂ͕ϯϭͬϯϯͲϯϱϬϮϬdƌŝďĂŶŽ;WͿ
sdĂŶĚdĂǆŽĚĞϬϰϳϱϰϬϴϬϮϴϯ
CLIENT

 Jonix S.r.l. Address: Viale Spagna, 31/33 - 35020 Tribano (PD)
 VAT number and TAX CODE 04754080283
^/Ed/&/Z^WKE^/>:
WƌŽĨ͘ŶĚƌĞĂƌŝƐĂŶƚŝ
ZĞƐĞĂƌĐŚĂƐƐŝƐƚĂŶƚƐ͗Žƚƚ͘ƐƐĂůĂƵĚŝĂĞůsĞĐĐŚŝŽ͕Žƚƚ͘ƐƐĂDĂŶƵĞůĂ^ĐŝƌŽ͕Žƚƚ͘ŝWŝĞƚƌĂ
SCIENTIFIC MANAGER
'ŝƵƐĞƉƉĞ

Prof. Andrea Crisanti



Collaborators: Dr. Claudia Del Vecchio, Dr. Manuela Sciro and Dr. Giuseppe


Di Pietra


ZĞƉŽƌƚĂƚĞ͗ϮϮͬϬϵͬϮϬϮϬ
Report Date: 28/05/2021
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ϳϳ

BACTERICIDAL EFFICACY TEST
REPORT
/Ey

Quantitative suspension test for the evaluation of bactericidal
activity against MDR bacteria
ϭ͘WhZWK^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘93
Ϯϵ
Ϯ͘dZD^E&/E/d/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘93
Ϯϵ
ϯ͘/EdZKhd/KE͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘93
Ϯϵ

PRODUCT:
ϰ͘,ZdZ/d/KEK&d,^DW>͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘93
Ϯϵ

ϱ͘yWZ/DEd>KE/d/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘94
ϯϬ

JONIX CUBE
94
ϲ͘DdZ/>^EZ'Ed^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
ϯϬ

an air purification device
95
ϳ͘Yh/WDEd͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
ϯϭ
ϴ͘WZ>/D/EZzd^d^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘95
ϯϭ
ϵ͘/Ed/sd/KEsZ/&/d/KE–d^dt/d,&KZD>,z͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘96
ϯϮ
ϭϬ͘sZ/&/d/KEK&d,s/Zh/>d/s/dzK&d,s/^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘96
ϯϮ
ϭϭ͘>h>d/KEK&d,yWZ^^/KEK&d,Z/^h>d^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘97
ϯϯ
97
ϭϮ͘s/Zh/>&&d/sE^^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
ϯϯ
CLIENT
98
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͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
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98
ϭϰ͘KE>h^/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
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VAT number and TAX CODE 04754080283
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dŚŝƐĚŽĐƵŵĞŶƚŝƐƚŚĞƉƌŽƉĞƌƚǇŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨWĂĚƵĂ
ĂŶĚĂŶǇĨŽƌŵŽĨƌĞƉƌŽĚƵĐƚŝŽŶĂŶĚͬŽƌĚŝƐĐůŽƐƵƌĞŶŽƚĞǆƉƌĞƐƐůǇĂƵƚŚŽƌŝǌĞĚŝƐƉƌŽŚŝďŝƚĞĚ͘

DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ

sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ





ϵϯ


ŝƉĂƌƚŝŵĞŶƚŽĚŝ

ĞƉĂƌƚŵĞŶƚŽĨ

DĞĚŝĐŝŶĂDŽůĞĐŽůĂƌĞ
DŽůĞĐƵůĂƌDĞĚŝĐŝŶĞ 
  




sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
͘&͘ϴϬϬϬϲϰϴϬϮϴϭͲW͘/sϬϬϳϰϮϰϯϬϮϴϯ
dyKϴϬϬϬϲϰϴϬϮϴϭ–sdEKϬϬϳϰϮϰϯϬϮϴϯ




ϳϳ



BACTERICIDAL EFFICACY TEST
WhZWK^
REPORT

ϭ͘

dŚĞ ƉƵƌƉŽƐĞ ŽĨ ƚŚĞ ĨŽůůŽǁŝŶŐ ƌĞƉŽƌƚ ŝƐ ƚŚĞ ĐůĞĂƌůǇ ĂŶĚ ŝŶ ĚĞƚĂŝů ĚĞĨŝŶŝƚŝŽŶ ŽĨ ƚŚĞ ƉĞƌĨŽƌŵŝŶŐ
ŵĞƚŚŽĚƐĂŶĚŽĨƚŚĞƌĞƐƵůƚƐŽĨĂƌĞƐĞĂƌĐŚĞǀĂůƵĂƚŝŶŐƚŚĞǀŝƌƵĐŝĚĂůĂĐƚŝǀŝƚǇŽŶƐƵƌĨĂĐĞƐŽĨĂĚĞǀŝĐĞƵƐŝŶŐ
Quantitative suspension test for the evaluation of bactericidal
ŽůĚWůĂƐŵĂ;EŽŶͲdŚĞƌŵĂůWůĂƐŵĂͿƚĞĐŚŶŽůŽŐǇďǇĞŵŝƚƚŝŶŐŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐ͘

activity against MDR bacteria

Ϯ͘ dZD^E&/E/d/KE^

sŝƌƵĐŝĚĂůŽƌĂŶƚŝǀŝƌĂůĂĐƚŝǀŝƚǇ͗ƚŚĞĂďŝůŝƚǇŽĨĂƉƌŽĚƵĐƚƚŽƉƌŽĚƵĐĞĂƌĞĚƵĐƚŝŽŶŝŶƚŚĞŶƵŵďĞƌŽĨ
ŝŶĨĞĐƚŝŶŐǀŝƌĂůƉĂƌƚŝĐůĞƐƚŚƌŽƵŐŚƚĞƐƚŝŶŐƉƌŽĐĞĚƵƌĞƐƚŚĂƚƌĞƋƵŝƌĞƉƌĞĐŝƐĞĂŶĚĚĞĨŝŶĞĚƚĞƐƚĐŽŶĚŝƚŝŽŶƐ͘
PRODUCT:

WůĂƚĞ&ŽƌŵŝŶŐhŶŝƚƐ;W&hƐͿ͗ŶƵŵďĞƌŽĨŝŶĨĞĐƚŝŶŐǀŝƌĂůƉĂƌƚŝĐůĞƐƉĞƌŵ>͘
JONIX CUBE

/ϱϬ͗ĚŽƐĞŝŶĨĞĐƚŝŶŐϱϬйŽĨƚŚĞǀŝƌĂůƐƵƐƉĞŶƐŝŽŶŽƌŽĨƚŚĞĚŝůƵƚŝŽŶŽĨƚŚĞǀŝƌĂůƐƵƐƉĞŶƐŝŽŶǁŚŝĐŚ
an air purification device
ŝŶĚƵĐĞƐϱϬйǀŝƌĂůĐǇƚŽƚŽǆŝĐĞĨĨĞĐƚ;WͿŝŶĐĞůůĐƵůƚƵƌĞƐ͘

sŝƌĂůĐǇƚŽƚŽǆŝĐĞĨĨĞĐƚ;W–ĐǇƚŽƉĂƚŚŽůŽŐŝĐĞĨĨĞĐƚͿ͗ŵŽƌƉŚŽůŽŐŝĐĂůĂůƚĞƌĂƚŝŽŶĂŶĚͬŽƌĚĞƐƚƌƵĐƚŝŽŶ
ŽĨĐĞůůƐĨŽůůŽǁŝŶŐƚŚĞŵƵůƚŝƉůŝĐĂƚŝŽŶŽĨƚŚĞǀŝƌƵƐ͘

/ŶĂĐƚŝǀĂƚŝŽŶŽĨǀŝƌƵƐĞƐ͗ƌĞĚƵĐƚŝŽŶŽĨƚŚĞŝŶĨĞĐƚŝǀŝƚǇŽĨĂǀŝƌƵƐƚŽǁĂƌĚƐƚŚĞƉƌŽĚƵĐƚĐŽŶĐĞƌŶĞĚ͘

CLIENT
ϯ͘ /EdZKhd/KE
Jonix S.r.l. Address: Viale Spagna, 31/33 - 35020 Tribano (PD)

VAT number and TAX CODE 04754080283
/ŶŽƌĚĞƌƚŽŐƵĂƌĂŶƚĞĞŵĂǆŝŵƵŵƉƌĞĐŝƐŝŽŶĂŶĚĂĐĐƵƌĂĐǇ͕ƚŚĞƚĞƐƚǁĂƐƉĞƌĨŽƌŵĞĚŝŶĐŽŵƉůŝĂŶĐĞ
ǁŝƚŚƚŚĞEϭϰϰϳϲ͗ϮϬϭϵƐƚĂŶĚĂƌĚΗŚĞŵŝĐĂůĚŝƐŝŶĨĞĐƚĂŶƚƐĂŶĚĂŶƚŝƐĞƉƚŝĐƐͲƋƵĂŶƚŝƚĂƚŝǀĞƐƵƐƉĞŶƐŝŽŶ
ƚĞƐƚĨŽƌƚŚĞĞǀĂůƵĂƚŝŽŶŽĨǀŝƌƵĐŝĚĂůĂĐƚŝǀŝƚǇŝŶƚŚĞŵĞĚŝĐĂůĂƌĞĂͲdĞƐƚŵĞƚŚŽĚĂŶĚƌĞƋƵŝƌĞŵĞŶƚƐ;WŚĂƐĞ
Ϯͬ^ƚĂŐĞϭͿΗĂŶĚƚŽƚŚĞEϭϳϮϳϮ͗ϮϬϮϬƐƚĂŶĚĂƌĚΗŚĞŵŝĐĂůĂŶĚĂŶƚŝƐĞƉƚŝĐĚŝƐŝŶĨĞĐƚĂŶƚƐ͗ŵĞƚŚŽĚƐŽĨ
SCIENTIFIC MANAGER
ŝŶĚŽŽƌ Ăŝƌ ĚŝƐŝŶĨĞĐƚŝŽŶ
ĂƵƚŽŵĂƚĞĚ ƉƌŽĐĞƐƐĞƐ Ͳ ĞƚĞƌŵŝŶĂƚŝŽŶ ŽĨ ďĂĐƚĞƌŝĐŝĚĂů͕
Prof. ƚŚƌŽƵŐŚ
Andrea Crisanti
ŵǇĐŽďĂĐƚĞƌŝĐŝĚĂů͕ƐƉŽƌŝĐŝĚĂů͕ĨƵŶŐŝĐŝĚĂů͕ǇĞĂƐƚŝĐŝĚĂů͕ǀŝƌƵĐŝĚĂůĂŶĚƉŚĂŐŽĐǇƚŝĐĂĐƚŝǀŝƚŝĞƐΗ;ůŝŵŝƚĞĚƚŽƚŚĞ
ƵƐĞŽĨƚŚĞĚĞƐĐƌŝďĞĚŵĞƚĂůƐƵƉƉŽƌƚƐͿ͘
Collaborators: Dr. Claudia Del Vecchio, Dr. Manuela Sciro and Dr. Giuseppe
dŚĞǀŝƌƵĐŝĚĂůĂĐƚŝǀŝƚǇǁĂƐƚĞƐƚĞĚƵƐŝŶŐƚŚĞ^Z^ͲŽsͲϮƐƚƌĂŝŶ͘ůůĞǆƉĞƌŝŵĞŶƚƐǁĞƌĞĐŽŶĚƵĐƚĞĚŝŶ
Di Pietra
ƚŚĞŝŽƐĂĨĞƚǇ>ĞǀĞůϯ>ĂďŽƌĂƚŽƌǇ;^>ϯͿ
4.  ,ZdZ/d/KEK&d,^DW>
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WƌŽĚƵĐƚ͗:ŽŶŝǆƵďĞEŽŶͲdŚĞƌŵĂůWůĂƐŵĂĞǀŝĐĞ;ŚĞƌĞŝŶĂĨƚĞƌƌĞĨĞƌƌĞĚƚŽĂƐ:ŽŶŝǆƵďĞͿ





dŚŝƐĚŽĐƵŵĞŶƚŝƐƚŚĞƉƌŽƉĞƌƚǇŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨWĂĚƵĂ
ĂŶĚĂŶǇĨŽƌŵŽĨƌĞƉƌŽĚƵĐƚŝŽŶĂŶĚͬŽƌĚŝƐĐůŽƐƵƌĞŶŽƚĞǆƉƌĞƐƐůǇĂƵƚŚŽƌŝǌĞĚŝƐƉƌŽŚŝďŝƚĞĚ͘
DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ
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ϵϰ


ŝƉĂƌƚŝŵĞŶƚŽĚŝ

ĞƉĂƌƚŵĞŶƚŽĨ

DĞĚŝĐŝŶĂDŽůĞĐŽůĂƌĞ


 DŽůĞĐƵůĂƌDĞĚŝĐŝŶĞ
 



sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
͘&͘ϴϬϬϬϲϰϴϬϮϴϭͲW͘/sϬϬϳϰϮϰϯϬϮϴϯ
dyKϴϬϬϬϲϰϴϬϮϴϭ–sdEKϬϬϳϰϮϰϯϬϮϴϯ


ϳϳ



WƌŽĚƵĐƚĚĞƐĐƌŝƉƚŝŽŶ͗:ŽŶŝǆhŝƐĂŶĂŝƌƉƵƌŝĨŝĐĂƚŝŽŶĚĞǀŝĐĞ͖ĂĚĞƐŝŐŶƉŝĞĐĞƚŚĂƚƵƐĞƐ ĂŶĂĚǀĂŶĐĞĚ
ƚĞĐŚŶŽůŽŐǇĐĂůůĞĚĐŽůĚƉůĂƐŵĂƚŽĞůŝŵŝŶĂƚĞďĂĐƚĞƌŝĂ͕ŵŽůĚƐ͕ǀŝƌƵƐĞƐ͕ƉŽůůƵƚĂŶƚƐĂŶĚŽĚŽƌƐ

^ƚŽƌĂŐĞĐŽŶĚŝƚŝŽŶƐ͗ƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞ

Quantitative suspension test for the evaluation of bactericidal
ĞǀŝĐĞŝŶƐƚƌƵĐƚŝŽŶƐ͗ƐĞĞĂƚƚĂĐŚŵĞŶƚ

BACTERICIDAL EFFICACY TEST
REPORT
activity against MDR bacteria

ϱ͘d^dKE/d/KE^

dĞƐƚƚĞŵƉĞƌĂƚƵƌĞ͗ŝƚǁĂƐƉĞƌĨŽƌŵĞĚĂƚнϮϬΣцϭΣ͘

PRODUCT:
ŽŶƚĂĐƚƚŝŵĞ͗ϯϬΖͲϲϬΖͲϭϮϬΖͲϮϰϬΖ

ŶĂůǇƐŝƐƉĞƌŝŽĚ͗ƚĞƐƚƐƚĂƌƚĚĂƚĞ͗ϬϭͲϬϴͲϮϬϮϬрdĞƐƚĞŶĚĚĂƚĞϬϭͲϬϵͲϮϬϮϬ
JONIX CUBE
ϲ͘ DdZ/>^EZ'Ed^an



air purification device


dĞƐƚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͗

^Z^ͲŽsͲϮ

ĞůůůŝŶĞ͗ CLIENT
sZKϲ;d>ͲϴϭͿΎ
Jonix S.r.l. Address: Viale Spagna, 31/33 - 35020 Tribano (PD)

VAT number and TAX CODE 04754080283
Ύd;ŵĞƌŝĐĂŶdǇƉĞƵůƚƵƌĞŽůůĞĐƚŝŽŶƐͿ

sŝƌĂůƐƚŽĐŬƐƵƐƉĞŶƐŝŽŶ
SCIENTIFIC MANAGER

ĂĐŚǀŝƌĂůƐƵƐƉĞŶƐŝŽŶǁĂƐƉƌĞƉĂƌĞĚĂŶĚĂŵƉůŝĨŝĞĚŽŶĂůĂƌŐĞƐĐĂůĞŝŶŵŽŶŽůĂǇĞƌĐĞůůĐƵůƚƵƌĞƐ͘ĨƚĞƌ
Prof. Andrea Crisanti
ƚŚĞ ŝŶĨĞĐƚŝŽŶ ĂŶĚ ŵƵůƚŝƉůŝĐĂƚŝŽŶ ŽĨ ƚŚĞ ǀŝƌƵƐ͕ ƚŚĞ ĐĞůůƵůĂƌ ĚĞďƌŝƐ ǁĂƐ ƌĞŵŽǀĞĚ ďǇ ĚŽƵďůĞ
ĐĞŶƚƌŝĨƵŐĂƚŝŽŶĂƚůŽǁƐƉĞĞĚ;ϮϱϬϬƌƉŵĨŽƌϭϬŵŝŶͿ͕ĂŶĚƚŚĞƐƵƉĞƌŶĂƚĂŶƚ͕ĐŽŶƚĂŝŶŝŶŐƚŚĞǀŝƌƵƐ͕ŝƐ
Collaborators: Dr. Claudia Del Vecchio, Dr. Manuela Sciro and Dr. Giuseppe
ƚĂŬĞŶƚŽĚĞƚĞƌŵŝŶĞƚŚĞǀŝƌĂůƚŝƚĞƌ͘/ƚǁĂƐĚŝǀŝĚĞĚŝŶƚŽĂůŝƋƵŽƚƐǁŝƚŚŬŶŽǁŶƚŝƚĞƌŽĨϮŵůǀŽůƵŵĞŝŶ
Di Pietra
ƉƉĞŶĚŽƌĨĂŶĚƐƚŽƌĞĚĂƚͲϴϬΣŝŶƚŚĞĨƌĞĞǌĞƌ͘

ĞůůĐƵůƚƵƌĞƐ
sZKϲĐĞůůƐ͕ĐĞůůƐŽĨĞƉŝƚŚĞůŝĂůŽƌŝŐŝŶƚĂŬĞŶĨƌŽŵŵŽŶŬĞǇŬŝĚŶĞǇ;ƐŽůŝĚůŝŶĞͿ͘

Report Date: 28/05/2021
^ƵƉƉŽƌƚƐ;ĐĂƌƌŝĞƌƐͿ
ϯϱŵŵĚŝĂŵĞƚĞƌ/^/ϯϭϲƐƚĂŝŶůĞƐƐƐƚĞĞůĚŝƐĐƐǁĞƌĞƵƐĞĚ͕ƉƌĞǀŝŽƵƐůǇƐƚĞƌŝůŝǌĞĚŝŶĂŶĂƵƚŽĐůĂǀĞ͘
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dŚŝƐĚŽĐƵŵĞŶƚŝƐƚŚĞƉƌŽƉĞƌƚǇŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨWĂĚƵĂ
ĂŶĚĂŶǇĨŽƌŵŽĨƌĞƉƌŽĚƵĐƚŝŽŶĂŶĚͬŽƌĚŝƐĐůŽƐƵƌĞŶŽƚĞǆƉƌĞƐƐůǇĂƵƚŚŽƌŝǌĞĚŝƐƉƌŽŚŝďŝƚĞĚ͘

DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ

sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ





ϵϱ


ŝƉĂƌƚŝŵĞŶƚŽĚŝ

ĞƉĂƌƚŵĞŶƚŽĨ

DĞĚŝĐŝŶĂDŽůĞĐŽůĂƌĞ
DŽůĞĐƵůĂƌDĞĚŝĐŝŶĞ
  




sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
͘&͘ϴϬϬϬϲϰϴϬϮϴϭͲW͘/sϬϬϳϰϮϰϯϬϮϴϯ
dyKϴϬϬϬϲϰϴϬϮϴϭ–sdEKϬϬϳϰϮϰϯϬϮϴϯ


ϳϳ
 

D/hD^K&h>dhZEZ'Ed^
ZĞĂŐĞŶƚƐŵƵƐƚďĞƉƵƌĞĨŽƌĂŶĂůǇƐŝƐĂŶĚͬŽƌƐƵŝƚĂďůĞĨŽƌŵŝĐƌŽďŝŽůŽŐŝĐĂůĂƉƉůŝĐĂƚŝŽŶƐ͘
ĞůůĐƵůƚƵƌĞŵĞĚŝƵŵ
ĂĐŚĐĞůůůŝŶĞŝƐŬĞƉƚŝŶĂƚŚĞƌŵŽƐƚĂƚĂƚϯϳΣǁŝƚŚϱй;ǀͬǀͿKϮŝŶDD;ƵůďĞĐĐŽΖƐDŽĚŝĨŝĞĚ
ĂŐůĞDĞĚŝƵŵͿŵĞĚŝƵŵƐƵƉƉůĞŵĞŶƚĞĚǁŝƚŚϭϬй;ǀͬǀͿŽĨĨĞƚĂůďŽǀŝŶĞƐĞƌƵŵ;&^ͿĂŶĚϭй;ǁͬǀͿ
Quantitative suspension test for the evaluation of bactericidal
ŽĨƉĞŶŝĐŝůůŝŶͲƐƚƌĞƉƚŽŵǇĐŝŶ;ƉĞŶͲƐƚƌĞƉͿ͘
activity against MDR bacteria

WŚŽƐƉŚĂƚĞƵĨĨĞƌĞĚ^ĂůŝŶĞ;W^Ϳ
^ŽůƵƚŝŽŶĐŽŶƚĂŝŶŝŶŐ͗ϴŐŽĨEĂů͕Ϭ͘ϮŐŽĨ<ů͕Ϯ͘ϴϵŐEĂ Ϯ,WKϰϭϮ,ϮK͕Ϭ͘ϮϬŐ<,ϮWKϰŝŶϭϬϬϬŵůŽĨ
ĚŝƐƚŝůůĞĚ,ϮK͘

BACTERICIDAL EFFICACY TEST
REPORT

PRODUCT:
ϳ͘Yh/WDEd

 ▪ Inverted microscope for the observation of cell cultures
JONIX CUBE
 ^ƚŽƉǁĂƚĐŚ
an air purification device
 ▪ sŽƌƚĞǆƐƚŝƌƌĞƌ
 ▪ Centrifuge
 ▪ CO2 incubator (5% v/v) capable of maintaining the temperature at 37 ° C ± 1 ° C.
 ▪ “BioHazard” class II vertical laminar flow hood
 ▪ Freezers
ϴ͘WZ>/D/EZzd^d^
CLIENT

Jonix S.r.l. Address: Viale Spagna, 31/33 - 35020 Tribano (PD)
WZWZd/KEK&s/Z>^h^WE^/KEͲs/Z>d/dZ

VAT number and TAX CODE 04754080283
Ϭ͘ϮŵůŽĨǀŝƌĂůƐƵƐƉĞŶƐŝŽŶ;ƐƚŽĐŬƐŽůƵƚŝŽŶͿнϭ͘ϴŵůŽĨƐĞƌƵŵͲĨƌĞĞDDǁĞƌĞŵŝǆĞĚĂŶĚƐĞƌŝĂů
ĚŝůƵƚŝŽŶƐĨƌŽŵϭϬͲϮƚŽϭϬͲϵ;ĚŝůƵƚŝŽŶƐϭ͗ϭϬͿǁĞƌĞƉƌĞƉĂƌĞĚ͘
ϮϱϬ ђů ŽĨ ĞĂĐŚ
ĚŝůƵƚŝŽŶ ǁĂƐ
ƚƌĂŶƐĨĞƌƌĞĚ ƚŽ Ϯϰ ǁĞůů ƉůĂƚĞƐ ĐŽŶƚĂŝŶŝŶŐ ƚŚĞ ĐĞůů ŵŽŶŽůĂǇĞƌ Ăƚ
SCIENTIFIC
MANAGER
ĐŽŶĨůƵĞŶĐĞ;хϵϬйͿĂĨƚĞƌĂƐƉŝƌĂƚŝŽŶŽĨƚŚĞŐƌŽǁƚŚŵĞĚŝƵŵ͘ĂĐŚĚŝůƵƚŝŽŶŽĨƚŚĞǀŝƌĂůƐƵƐƉĞŶƐŝŽŶǁĂƐ
Prof. Andrea Crisanti
ƉůĂƚĞĚŝŶƐĞǆƚƵƉůĞ͘ϭϮǁĞůůƐǁĞƌĞůĞĨƚƵŶŝŶŽĐƵůĂƚĞĚ͕;ĐĞůůůŝŶĞĐŽŶƚƌŽůͿ͘ĨƚĞƌϭŚŽƵƌŽĨŝŶĐƵďĂƚŝŽŶĂƚϯϳ
Σ;ǀŝƌĂůĂĚƐŽƌƉƚŝŽŶƚŝŵĞͿ͕ƚŚĞŝŶŽĐƵůƵŵǁĂƐƌĞŵŽǀĞĚ͕ǁĂƐŚĞĚǁŝƚŚW^ĂŶĚĂĚĚĞĚϱϬϬђůŽĨDD
Collaborators: Dr. Claudia Del Vecchio, Dr. Manuela Sciro and Dr. Giuseppe
ǁŝƚŚϮй;ǀͬǀͿ&^ĂŶĚϬ͘ϳϱй;ǀͬǀͿŽĨĐĂƌďŽǆǇŵĞƚŚǇůĐĞůůƵůŽƐĞ͘

Di Pietra


dŚĞƌŵŽƐƚĂƚŝŶĐƵďĂƚŝŽŶĐŽŶĚŝƚŝŽŶƐ

Report Date: 28/05/2021
/ŶĨĞĐƚŝŽŶƐǁĞƌĞŝŶĐƵďĂƚĞĚǁŝƚŚϱй;ǀͬǀͿK
ϮĂƚϯϳΣцϭΣĂŶĚŽďƐĞƌǀĞĚƵŶĚĞƌĂŶŝŶǀĞƌƚĞĚ
ŵŝĐƌŽƐĐŽƉĞ ƚŽ ĚĞƚĞĐƚ ůǇƐŝƐ ƉůĂƋƵĞ ĨŽƌŵĂƚŝŽŶ ĐĂƵƐĞĚ ďǇ ƚŚĞ ĐǇƚŽƉĂƚŚŝĐ ĞĨĨĞĐƚ ;WͿ ŽĨ ƚŚĞ ǀŝƌĂů
ƐƵƐƉĞŶƐŝŽŶ͘





dŚŝƐĚŽĐƵŵĞŶƚŝƐƚŚĞƉƌŽƉĞƌƚǇŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨWĂĚƵĂ
ĂŶĚĂŶǇĨŽƌŵŽĨƌĞƉƌŽĚƵĐƚŝŽŶĂŶĚͬŽƌĚŝƐĐůŽƐƵƌĞŶŽƚĞǆƉƌĞƐƐůǇĂƵƚŚŽƌŝǌĞĚŝƐƉƌŽŚŝďŝƚĞĚ͘
DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ
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ϵϲ


ŝƉĂƌƚŝŵĞŶƚŽĚŝ

ĞƉĂƌƚŵĞŶƚŽĨ

DĞĚŝĐŝŶĂDŽůĞĐŽůĂƌĞ


 DŽůĞĐƵůĂƌDĞĚŝĐŝŶĞ
 



sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
͘&͘ϴϬϬϬϲϰϴϬϮϴϭͲW͘/sϬϬϳϰϮϰϯϬϮϴϯ
dyKϴϬϬϬϲϰϴϬϮϴϭ–sdEKϬϬϳϰϮϰϯϬϮϴϯ


ϳϳ


dŚĞƉůĂƋƵĞƐƉƌĞƐĞŶƚŝŶƚŚĞǁĞůůƐĂƚĐŽƵŶƚĞĚĚŝůƵƚŝŽŶĂĨƚĞƌĨŝǆĂƚŝŽŶǁŝƚŚĨŽƌŵĂůĚĞŚǇĚĞĂŶĚƐƚĂŝŶŝŶŐ
ǁŝƚŚĂĐƌǇƐƚĂůǀŝŽůĞƚƐŽůƵƚŝŽŶǁĞƌĞĐŽƵŶƚĞĚƵŶĚĞƌĂŶŝŶǀĞƌƚĞĚŵŝĐƌŽƐĐŽƉĞ͘
dŚĞW;ƋƵĂŶƚŝƚĂƚŝǀĞƚĞƐƚͿƌĞƐƵůƚƐŽĨĞĂĐŚĚŝůƵƚŝŽŶĂƌĞĞǆƉƌĞƐƐĞĚǁŝƚŚƚŚĞƉĞƌĐĞŶƚĂŐĞŽĨƉŽƐŝƚŝǀĞ
ƌĞƐƵůƚƐƌĂŶŐŝŶŐĨƌŽŵϭϬϬйƚŽϬйĂŶĚƌĞĐŽƌĚĞĚĂƐΗϬΗĨŽƌŶŽWĂŶĚΗϭΗ;ϮϱйWͿƚŽΗϰΗ;ϭϬϬйWͿ
ĚĞƉĞŶĚŝŶŐŽŶƚŚĞĚĞŐƌĞĞŽĨĐĞůůĚĂŵĂŐĞ͘
sŝƌĂůƚŝƚĞƌǁĂƐĐĂůĐƵůĂƚĞĚƵƐŝŶŐƚŚĞ^ƉĂĞƌŵĂŶͲ<ĂƌďĞƌŵĞƚŚŽĚ;/ϱϬĂƐƐĞƐƐŵĞŶƚͿ͘

BACTERICIDAL EFFICACY TEST
REPORT

ϵ͘

Quantitative suspension test for the evaluation of bactericidal
activity against MDR bacteria
/Ed/sd/KE,<–d^dt/d,&KZD>,z


Ϯŵ>ŽĨǀŝƌĂůƐƵƐƉĞŶƐŝŽŶǁĂƐ ŵŝǆĞĚǁŝƚŚ ϴŵ>ŽĨW^ĂŶĚϭϬŵ> ŽĨ ϭ͘ϰй ;ǁͬǀͿĨŽƌŵĂůĚĞŚǇĚĞ
ƐŽůƵƚŝŽŶƚŽĐŚĞĐŬƚŚĞǀĂůŝĚŝƚǇŽĨƚŚĞƐǇƐƚĞŵ͘/ŵŵĞĚŝĂƚĞůǇĂĨƚĞƌĂĐŽŶƚĂĐƚŽĨϯϬŵŝŶƵƚĞƐĂŶĚϲϬŵŝŶƵƚĞƐ͕
Ϭ͘Ϯŵ>ŽĨƚŚŝƐƐŽůƵƚŝŽŶǁĂƐŵŝǆĞĚǁŝƚŚϭ͘ϴŵ>ŽĨDDнϮй&^ŝŶŝĐĞ͘^ĞƌŝĂůĚŝůƵƚŝŽŶƐĨƌŽŵϭϬͲϮƚŽ
PRODUCT:
ϭϬͲϲ;ϭ͗ϭϬĚŝůƵƚŝŽŶƐͿǁŝƚŚW^нϮй&^ǁĞƌĞƉĞƌĨŽƌŵĞĚ͘&ŽƌĞĂĐŚĚŝůƵƚŝŽŶϮϱϬђůǁĞƌĞĚŝƐƚƌŝďƵƚĞĚŝŶϲ
ǁĞůůƐŽĨƚŚĞϮϰͲǁĞůůŵŝĐƌŽƉůĂƚĞĂŶĚƉůĂĐĞĚŝŶƚŚĞŝŶĐƵďĂƚŽƌĂƚϯϳΣĨŽƌϭŚŽƵƌ͘ĨƚĞƌϭŚŽƵƌŝŶƚŚĞ
ŝŶĐƵďĂƚŽƌĂƚϯϳΣ;ǀŝƌĂůĂĚƐŽƌƉƚŝŽŶƚŝŵĞͿ͕ƚŚĞŝŶŽĐƵůƵŵǁĂƐƌĞŵŽǀĞĚ͕ǁĂƐŚĞĚǁŝƚŚW^ĂŶĚĂĚĚĞĚ
JONIX CUBE
ϱϬϬђůŽĨDDǁŝƚŚϮй;ǀͬǀͿ&^ĂŶĚϬ͘ϳϱй;ǀͬǀͿŽĨĐĂƌďŽǆǇŵĞƚŚǇůĐĞůůƵůŽƐĞǁĞƌĞĂĚĚĞĚ͘
an air purification device

dŚĞĐĞůůĐƵůƚƵƌĞǁĂƐƉůĂĐĞĚŝŶƚŚĞŝŶĐƵďĂƚŽƌĂƚϱй;ǀͬǀͿŽĨKϮĂƚϯϳΣцϭΣĂŶĚŽďƐĞƌǀĞĚƵŶĚĞƌ
ĂŶŝŶǀĞƌƚĞĚŵŝĐƌŽƐĐŽƉĞĨŽƌƚŚĞĚĞƚĞĐƚŝŽŶŽĨƚŚĞĐǇƚŽƉĂƚŚŝĐĞĨĨĞĐƚ;WͿŽĨƚŚĞǀŝƌĂůƐƵƐƉĞŶƐŝŽŶ͘
WůĂƋƵĞƐŝŶƚŚĞǁĞůůƐĂƚĐŽƵŶƚŝŶŐĚŝůƵƚŝŽŶĂĨƚĞƌĨŝǆĂƚŝŽŶĂŶĚƐƚĂŝŶŝŶŐǁŝƚŚĐƌǇƐƚĂůǀŝŽůĞƚͲŵĞƚŚĂŶŽů
ƐŽůƵƚŝŽŶǁĞƌĞĐŽƵŶƚĞĚ͘dŚĞ W;ƋƵĂŶƚŝƚĂƚŝǀĞ ƚĞƐƚͿƌĞƐƵůƚƐŽĨĞĂĐŚĚŝůƵƚŝŽŶĂƌĞĞǆƉƌĞƐƐĞĚǁŝƚŚƚŚĞ
ƉĞƌĐĞŶƚĂŐĞŽĨƉŽƐŝƚŝǀĞƌĞƐƵůƚƐƌĂŶŐŝŶŐĨƌŽŵϭϬϬйƚŽϬйĂŶĚƌĞĐŽƌĚĞĚĂƐΗϬΗĨŽƌŶŽWĂŶĚΗϭΗ;Ϯϱй
WͿƚŽΗϰΗ;ϭϬϬйWͿĚĞƉĞŶĚŝŶŐŽŶƚŚĞĚĞŐƌĞĞŽĨĐĞůůĚĂŵĂŐĞ͘
sŝƌĂůƚŝƚĞƌǁĂƐĐĂůĐƵůĂƚĞĚƵƐŝŶŐƚŚĞ^ƉĂĞƌŵĂŶͲ<ĂƌďĞƌŵĞƚŚŽĚ;/
CLIENT
ϱϬĂƐƐĞƐƐŵĞŶƚͿ͘

Jonix S.r.l. Address: Viale Spagna, 31/33 - 35020 Tribano (PD)
ǇƚŽƚŽǆŝĐŝƚǇŽĨƚŚĞĨŽƌŵĂůĚĞŚǇĚĞƚĞƐƚƐŽůƵƚŝŽŶ
VAT number and TAX CODE 04754080283

ϭŵůŽĨϭ͘ϰй;ǁͬǀͿĨŽƌŵĂůĚĞŚǇĚĞǁĂƐĂĚĚĞĚƚŽϭŵůŽĨW^͘&ƌŽŵƚŚŝƐĚŝůƵƚŝŽŶƚŚĞƐĞƌŝĂůĚŝůƵƚŝŽŶƐ
ĨƌŽŵϭϬͲϮƚŽϭϬͲϰ ;ĚŝůƵƚŝŽŶƐϭ͗ϭϬͿ ǁĞƌĞ ƉƌĞƉĂƌĞĚďǇƚĂŬŝŶŐϬ͘Ϯŵů ŽĨƚŚĞ ŽďƚĂŝŶĞĚŵŝǆƚƵƌĞнϭ͘ϴŵů
SCIENTIFIC MANAGER
DDƐĞƌƵŵͲĨƌĞĞ͘
Prof. Andrea Crisanti

Ϭ͘ϭŵůŽĨĞĂĐŚĚŝůƵƚŝŽŶǁĂƐƉůĂƚĞĚŝŶƐĞǆƚƵƉůĞŝŶƚŽŵŽŶŽůĂǇĞƌĐĞůůĐƵůƚƵƌĞƐĂƚĐŽŶĨůƵĞŶĐĞ;хϵϬйͿ͘
dŚĞŵŝǆƚƵƌĞǁĂƐŶŽƚĂĚĚĞĚƚŽϲǁĞůůƐ;ĐĞůůůŝŶĞĐŽŶƚƌŽůͿ͘ĨƚĞƌϭŚŽƵƌĂƚϯϳΣцϭΣ͕ϭϬϬђůŽĨDD
Collaborators: Dr. Claudia Del Vecchio, Dr. Manuela Sciro and Dr. Giuseppe
нϭϬй&^ǁĞƌĞĂĚĚĞĚĂŶĚƚŚĞĐĞůůĐƵůƚƵƌĞǁĂƐƉůĂĐĞĚŝŶĂŶŝŶĐƵďĂƚŽƌĂƚϯϳΣцϭΣ͕ĂƚϱйŽĨK
Ϯ
Di Pietra
ĂŶĚĐŽŶƐƚĂŶƚůǇŽďƐĞƌǀĞĚƵŶĚĞƌĂŶŝŶǀĞƌƚĞĚŵŝĐƌŽƐĐŽƉĞĨŽƌƚŚĞŶĞǆƚϵĚĂǇƐĨŽƌƚŚĞĚĞƚĞĐƚŝŽŶŽĨƚŚĞ
ĐǇƚŽƉĂƚŚŝĐĞĨĨĞĐƚ;WͿ͕ĐĂƵƐĞĚďǇƚŚĞĐǇƚŽƚŽǆŝĐĂĐƚŝŽŶŽĨƚŚĞĨŽƌŵĂůĚĞŚǇĚĞƐŽůƵƚŝŽŶ͘

ϭϬ͘sZ/&/d/KEK&d,s/Zh/>d/s/dzK&d,s/^
Report Date: 28/05/2021

dŚĞǀŝƌƵĐŝĚĂůƚĞƐƚǁĂƐƉĞƌĨŽƌŵĞĚĂƚϮϬΣ͘
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dŚŝƐĚŽĐƵŵĞŶƚŝƐƚŚĞƉƌŽƉĞƌƚǇŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨWĂĚƵĂ
ĂŶĚĂŶǇĨŽƌŵŽĨƌĞƉƌŽĚƵĐƚŝŽŶĂŶĚͬŽƌĚŝƐĐůŽƐƵƌĞŶŽƚĞǆƉƌĞƐƐůǇĂƵƚŚŽƌŝǌĞĚŝƐƉƌŽŚŝďŝƚĞĚ͘

DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ

sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ





ϵϳ


ŝƉĂƌƚŝŵĞŶƚŽĚŝ

ĞƉĂƌƚŵĞŶƚŽĨ

DĞĚŝĐŝŶĂDŽůĞĐŽůĂƌĞ
DŽůĞĐƵůĂƌDĞĚŝĐŝŶĞ 
  




sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
͘&͘ϴϬϬϬϲϰϴϬϮϴϭͲW͘/sϬϬϳϰϮϰϯϬϮϴϯ
dyKϴϬϬϬϲϰϴϬϮϴϭ–sdEKϬϬϳϰϮϰϯϬϮϴϯ


ϳϳ
 
ϱϬђůŽĨǀŝƌĂůƐƵƐƉĞŶƐŝŽŶǁĂƐŝŶŽĐƵůĂƚĞĚŽŶĞĂĐŚĐĂƌƌŝĞƌĂŶĚůĞĨƚƚŽĚƌǇƵŶĚĞƌĂůĂŵŝŶĂƌĨůŽǁŚŽŽĚ͘
dŚĞĚŝƐĐƐŝŶŽĐƵůĂƚĞĚǁĞƌĞƵƐĞĚƚŽǀĞƌŝĨǇǀŝƌƵĐŝĚĂůĂĐƚŝǀŝƚǇďǇĞǆƉŽƐŝŶŐƚŚĞŵƚŽƚŚĞĂĐƚŝŽŶŽĨƚŚĞ:ŽŶŝǆ
ƵďĞĚĞǀŝĐĞŽƌůĞĨƚŝŶƐŝĚĞƉĞƚƌŝĚŝƐŚĞƐƵƐŝŶŐƚŚĞŵĂƐĐŽŶƚƌŽůĚŝƐĐƐ͘dŚĞƚƌĞĂƚĞĚĚŝƐĐƐǁĞƌĞƉůĂĐĞĚŝŶƐŝĚĞ
ĂƐƉĞĐŝĂůďŽǆĐŽŶƚĂŝŶŝŶŐƚŚĞ:ŽŶŝǆĚĞǀŝĐĞĂŶĚĞǆƉŽƐĞĚƚŽŝƚƐĂĐƚŝŽŶĨŽƌĂƚŝŵĞĞƋƵĂůƚŽϯϬΖͲϲϬΖͲϭϮϬΖͲϮϰϬ
Ζ͘^ƵďƐĞƋƵĞŶƚůǇ͕ƚŚĞĚŝƐĐƐ;ďŽƚŚƚƌĞĂƚĞĚĂŶĚĐŽŶƚƌŽůŽŶĞƐͿǁĞƌĞĞůƵƚĞĚǁŝƚŚϭŵůŽĨĐƵůƚƵƌĞŵĞĚŝƵŵ
Ͳϵ
ĂŶĚ ƐĞƌŝĂů ĚŝůƵƚŝŽŶƐ
ŽĨ ϭϬͲϮ ƚŽ ϭϬsuspension
 ;ĚŝůƵƚŝŽŶƐ ϭ͗ϭϬͿ
ǁĞƌĞ
ƉƌĞƉĂƌĞĚ͘
ϮϱϬ of
ђů ŽĨ
ĞĂĐŚ ĚŝůƵƚŝŽŶ ǁĂƐ
Quantitative
test for
the
evaluation
bactericidal
ƚƌĂŶƐĨĞƌƌĞĚƚŽϮϰͲǁĞůůƉůĂƚĞƐĐŽŶƚĂŝŶŝŶŐƚŚĞĐĞůůŵŽŶŽůĂǇĞƌĂƚĐŽŶĨůƵĞŶĐĞ;хϵϬйͿĂĨƚĞƌĂƐƉŝƌĂƚŝŽŶŽĨ
activity against MDR bacteria
ƚŚĞĐƵůƚƵƌĞŵĞĚŝƵŵ͘ĂĐŚĚŝůƵƚŝŽŶŽĨƚŚĞǀŝƌĂůƐƵƐƉĞŶƐŝŽŶǁĂƐƉůĂƚĞĚŝŶƐĞǆƚƵƉůĞ͘ϭϮǁĞůůƐǁĞƌĞůĞĨƚ
ƵŶŝŶŽĐƵůĂƚĞĚ ;ĐĞůů ůŝŶĞ ĐŽŶƚƌŽůͿ͘ ĨƚĞƌ ϭ ŚŽƵƌ ŽĨ ŝŶĐƵďĂƚŝŽŶ Ăƚ ϯϳ Σ  ;ǀŝƌĂů ĂĚƐŽƌƉƚŝŽŶ ƚŝŵĞͿ͕ ƚŚĞ
ŝŶŽĐƵůƵŵǁĂƐƌĞŵŽǀĞĚ͕ǁĂƐŚĞĚǁŝƚŚW^ĂŶĚϱϬϬђůŽĨDDǁŝƚŚϮй;ǀͬǀͿ&^ĂŶĚϬ͘ϳϱй;ǀͬǀͿŽĨ
ĐĂƌďŽǆǇŵĞƚŚǇůĐĞůůƵůŽƐĞǁĞƌĞĂĚĚĞĚ͘

PRODUCT:


BACTERICIDAL EFFICACY TEST
REPORT

ϭϭ͘ >h>d/KEK&d,yWZ^^/KEK&d,Z^h>d^

JONIX CUBE


an air purification device
ĞƚĞƌŵŝŶĂƚŝŽŶŽĨƚŚĞŝŶĨĞĐƚŝǀŝƚǇƚŝƚĞƌ;/ϱϬͿ͘

dŚĞŝŶĨĞĐƚŝŶŐĂĐƚŝǀŝƚǇǁĂƐĚĞƚĞƌŵŝŶĞĚǁŝƚŚƚŚĞ^ƉĂĞƌŵĂŶͲ<ćƌďĞƌŵĞƚŚŽĚ͕ǁŚŝĐŚƵƐĞƐƚŚĞĨŽůůŽǁŝŶŐ
ĨŽƌŵƵůĂƚŽĐĂůĐƵůĂƚĞƚŚĞ/ϱϬǀĂůƵĞ͗


Ͳ>ŽŐϭϬ/ϱϬсͲ;ǆϬͿͲZͬϭϬϬͲϬ͕ϱǆůŽŐϭϬĚŝůƵŝƚŝŽŶĨĂĐƚŽƌ

tŚĞƌĞ͗
CLIENT

Jonix S.r.l. Address: Viale Spagna, 31/33 - 35020 Tribano (PD)
ǆϬсůŽŐϭϬŽĨƚŚĞůŽǁĞƐƚĚŝůƵƚŝŽŶǁŝƚŚϭϬϬйƉŽƐŝƚŝǀĞƌĞĂĐƚŝŽŶ
VAT number and TAX CODE 04754080283
;WͿZсƐƵŵŵĂƚŝŽŶ;йͿŽĨƚŚĞƉŽƐŝƚŝǀĞĐƵůƚƵƌĞƐ

dŚĞǀŝƌƵĐŝĚĂůĂĐƚŝǀŝƚǇƚĞƐƚŝƐǀĂůŝĚǁŚĞŶƚŚŝƐĐŽŶĚŝƚŝŽŶŽĐĐƵƌƐŝŶƚŚĞƉƌĞůŝŵŝŶĂƌǇƚĞƐƚƐ͗ƚŚĞǀŝƌĂůƚĞƐƚ
ƐƵƐƉĞŶƐŝŽŶŵƵƐƚŚĂǀĞĂǀŝƌĂůĐŽŶĐĞŶƚƌĂƚŝŽŶƚŽĚĞƚĞƌŵŝŶĞƚŚĞƌĞĚƵĐƚŝŽŶŽĨĂƚůĞĂƐƚϰůŐŽĨƚŚĞŝŶŝƚŝĂů
SCIENTIFIC MANAGER
ǀŝƌĂůƚŝƚĞƌ͗/ϱϬсϭϬϳͬŵ>͘
Prof. Andrea Crisanti


Collaborators: Dr. Claudia Del Vecchio, Dr. Manuela Sciro and Dr. Giuseppe


Di Pietra

ϭϮ͘ s/Zh/>&&d/sE^^

dŚĞƉƌŽĚƵĐƚƵŶĚĞƌĞǆĂŵŝŶĂƚŝŽŶŝƐĐŽŶƐŝĚĞƌĞĚs/Zh/ǁŚĞŶĂƚϮϬΣ͕ĂĨƚĞƌƚŚĞĐŽŶƚĂĐƚƚŝŵĞƵŶĚĞƌ
ϰ
ĐŽŶƐŝĚĞƌĂƚŝŽŶ͕ŝƚĚĞŵŽŶƐƚƌĂƚĞƐĂƌĞĚƵĐƚŝŽŶŝŶǀŝƚĂůŝƚǇŽĨĂƚůĞĂƐƚϭϬ
͕ĐŽƌƌĞƐƉŽŶĚŝŶŐƚŽĂƌĞĚƵĐƚŝŽŶŽĨ
Report Date: 28/05/2021
ϰůŽŐĂƌŝƚŚŵƐ;ϵϵ͘ϵϵйͿĐŽŵƉĂƌĞĚƚŽƚŚĞƚĞƐƚǀŝƌĂůƐƚƌĂŝŶ;Eϭϰϰϳϲ͗ϮϬϭϵĂŶĚEϭϳϮϳϮ͗ϮϬϮϬͿ͘







dŚŝƐĚŽĐƵŵĞŶƚŝƐƚŚĞƉƌŽƉĞƌƚǇŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨWĂĚƵĂ
ĂŶĚĂŶǇĨŽƌŵŽĨƌĞƉƌŽĚƵĐƚŝŽŶĂŶĚͬŽƌĚŝƐĐůŽƐƵƌĞŶŽƚĞǆƉƌĞƐƐůǇĂƵƚŚŽƌŝǌĞĚŝƐƉƌŽŚŝďŝƚĞĚ͘
DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ

Scientific Dossier | 97





ϵϴ


ŝƉĂƌƚŝŵĞŶƚŽĚŝ

ĞƉĂƌƚŵĞŶƚŽĨ

DĞĚŝĐŝŶĂDŽůĞĐŽůĂƌĞ


 DŽůĞĐƵůĂƌDĞĚŝĐŝŶĞ
 



sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ
͘&͘ϴϬϬϬϲϰϴϬϮϴϭͲW͘/sϬϬϳϰϮϰϯϬϮϴϯ
dyKϴϬϬϬϲϰϴϬϮϴϭ–sdEKϬϬϳϰϮϰϯϬϮϴϯ




ϭϯ͘ Z^h>d^Es/Zh/>d/s/d/^

BACTERICIDAL EFFICACY TEST
REPORT

ϳϳ


dŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚĂƌĞƐŚŽǁŶŝŶƚŚĞĨŽůůŽǁŝŶŐƚĂďůĞ

dĂďůĞϭͲĨĨĞĐƚƐŽĨƚƌĞĂƚŵĞŶƚǁŝƚŚ:ŽŶŝǆh͘dŚĞǀŝƌĂůůŽĂĚƌĞĚƵĐƚŝŽŶǀĂůƵĞƐĂƌĞĞǆƉƌĞƐƐĞĚďŽƚŚ
Quantitative suspension test for the evaluation of bactericidal
ŝŶƚĞƌŵƐŽĨůŽŐĂƌŝƚŚŵŝĐƵŶŝƚƐĂŶĚŝŶƉĞƌĐĞŶƚĂŐĞ͘

activity against MDR bacteria
ǆƉŽƐŝƚŝŽŶ
ŽŶƚƌŽů
dƌĞĂƚĞĚ
ZĞĚƵĐƚŝŽŶ
ƚŝŵĞ
;ŵŝŶƵƚĞƐͿ
W&hͬŵů
ůŽŐ;W&hͬŵůͿ
W&hͬŵů
ůŽŐ;W&hͬŵůͿ
hůŽŐĂƌŝƚŵŝĐŚĞ
й
Ϭ
ϭϬ͘ϬϬϬ͘ϬϬϬ
ϳ
ϭϬ͘ϬϬϬ͘ϬϬϬ
ϳ
Ϭ
Ϭ
ϯϬ
ϭϬ͘ϬϬϬ͘ϬϬϬ
ϳ PRODUCT:
ϭ͕Ϭϳ
Ϭ͕Ϭϯ
ϲ͕ϵϳ
ϵϵ͕ϵϵϵϵϵ
ϲϬ
ϭϬ͘ϬϬϬ͘ϬϬϬ
ϳ
ϭ͕ϬϮ
Ϭ͕Ϭϭ
ϲ͕ϵϵ
ϵϵ͕ϵϵϵϵϵ
ϭϮϬ
ϭϬ͘ϬϬϬ͘ϬϬϬ
ϳ
ϭ͕ϬϮ
Ϭ͕Ϭϭ
ϲ͕ϵϵ
ϵϵ͕ϵϵϵϵϵ
JONIX CUBE
ϮϰϬ
ϭϬ͘ϬϬϬ͘ϬϬϬ
ϳ
ϭ͕ϬϮ
Ϭ͕Ϭϭ
ϲ͕ϵϵ
ϵϵ͕ϵϵϵϵϵ
an
air
purification
device


ϭϰ͘ KE>h^/KE


dŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚƐŚŽǁƚŚĂƚƚŚĞ:ŽŶŝǆƵďĞĚĞǀŝĐĞ;EŽŶͲdŚĞƌŵĂůWůĂƐŵĂdĞĐŚŶŽůŽŐǇ;EdWͿͿŚĂƐ
CLIENT
ĂŶ ĞĨĨĞĐƚŝǀĞ ĂŶƚŝǀŝƌĂů ĂĐƚŝǀŝƚǇ ĂŐĂŝŶƐƚ ^Z^ͲŽsͲϮ ǁŝƚŚ Ă ƌĞĚƵĐƚŝŽŶ ŽĨ ƚŚĞ ǀŝƌĂů ůŽĂĚ ĞƋƵĂů ƚŽ
Jonix S.r.l. Address: Viale Spagna, 31/33 - 35020 Tribano (PD)
ϵϵ͘ϵϵϵϵϵй;ĂďŽƵƚϳůŽŐĂƌŝƚŚŵŝĐƵŶŝƚƐͿĂĨƚĞƌŽŶůǇϯϬŵŝŶƵƚĞƐŽĨĞǆƉŽƐƵƌĞ͖ƚŚŝƐƐƵŐŐĞƐƚƐƚŚĂƚƚŚĞ
VAT number and TAX CODE 04754080283
ĂĐŚŝĞǀĞŵĞŶƚŽĨƚŚĞƌĞĚƵĐƚŝŽŶůĞǀĞůƌĞƋƵŝƌĞĚďǇƚŚĞƚĞĐŚŶŝĐĂůƐƚĂŶĚĂƌĚƐ;ϰůŽŐĂƌŝƚŚŵŝĐƵŶŝƚƐͿŵĂǇ
ĂůƐŽŽĐĐƵƌĨŽƌĐŽŶƐŝĚĞƌĂďůǇƐŚŽƌƚĞƌƚŝŵĞƐ͘

SCIENTIFIC MANAGER


Prof. Andrea Crisanti
ϭϱ͘ Z&ZE^

Collaborators: Dr. Claudia Del Vecchio, Dr. Manuela Sciro and Dr. Giuseppe
Di Pietra


• EUROPEAN STANDARD EN 17272: 2020 Chemical disinfectants and antisĞƉƚŝĐƐ Ͳ DĞƚŚŽĚ ĨŽƌ
ĞŶǀŝƌŽŶŵĞŶƚĂůĚŝƐŝŶĨĞĐƚŝŽŶƵƐŝŶŐĂƵƚŽŵĂƚŝĐƉƌŽĐĞƐƐĞƐ
• EUROPEAN STANDARD EN 14476: 2019 Chemical disinfectants and antiseptics ͲYƵĂŶƚŝƚĂƚŝǀĞ
ƐƵƐƉĞŶƐŝŽŶƚĞƐƚĨŽƌƚŚĞĞǀĂůƵĂƚŝŽŶŽĨǀŝƌƵĐŝĚĂůĂĐƚŝǀŝƚǇŝŶƚŚĞŵĞĚŝĐĂůĂƌĞĂ
28/05/2021
• ISO / IEC Report
17025͗ Date:
ϮϬϭϳ 'ĞŶĞƌĂů
ƌĞƋƵŝƌĞŵĞŶƚƐ ĨŽƌ ƚŚĞ ĐŽŵƉĞƚĞŶĐĞ ŽĨ ƚĞƐƚŝŶŐ ĂŶĚ ĐĂůŝďƌĂƚŝŽŶ
ůĂďŽƌĂƚŽƌŝĞƐ
• ISO 15189: 2012 Medical laboratories ͲZĞƋƵŝƌĞŵĞŶƚƐĨŽƌƋƵĂůŝƚǇĂŶĚĐŽŵƉĞƚĞŶĐĞ
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dŚŝƐĚŽĐƵŵĞŶƚŝƐƚŚĞƉƌŽƉĞƌƚǇŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨWĂĚƵĂ
ĂŶĚĂŶǇĨŽƌŵŽĨƌĞƉƌŽĚƵĐƚŝŽŶĂŶĚͬŽƌĚŝƐĐůŽƐƵƌĞŶŽƚĞǆƉƌĞƐƐůǇĂƵƚŚŽƌŝǌĞĚŝƐƉƌŽŚŝďŝƚĞĚ͘

DŝĐƌŽďŝŽůŽŐǇĂŶĚsŝƌŽůŽŐǇ,ĞĂĚƋƵĂƌƚĞƌƐ

sŝĂ͘'ĂďĞůůŝϲϯͲϯϱϭϮϭWĂĚŽǀĂ͕/ƚĂůǇdĞů͘ϬϰϵϴϮϭϮϱϰϱͲ&ĂǆϬϰϵϴϮϳϮϯϱϱ






ϵϵ













SARS-CoV-2 virus
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ϭϬϭ

dd,DEdϭϮ͘Ϯ



>ĂďŽƌĂƚŽƌǇƐƚƵĚǇŽŶƚŚĞďŝŽĐŝĚĂůĂĐƚŝǀŝƚǇŽĨŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐŐĞŶĞƌĂƚĞĚǀŝĂEdW 
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ϭϬϮ

WhZWK^K&d,d^d

ƚƚĞƐƚŝŶŐďŝŽĐŝĚĂůĂĐƚŝǀŝƚǇŽĨEdWĂŝƌ;ŝŽŶŝǌĞĚĂŝƌǀŝĂEŽŶdŚĞƌŵĂůWůĂƐŵĂͿŽĨĚŝĨĨĞƌĞŶƚŵŝĐƌŽďŝĂůƐƚƌĂŝŶƐ


WZKhZ

WĞƚƌŝĚŝƐŚĞƐŚĂǀĞďĞĞŶĐŽŶƚĂŵŝŶĂƚĞĚǁŝƚŚ^ĂůŵŽŶĞůůĂƐƉƉ͕͘ƐĐŚĞƌŝĐŚŝĂĐŽůŝ͕>ŝƐƚĞƌŝĂŵŽŶŽĐǇƚŽŐĞŶĞƐ͕
^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐĂŶĚWƐĞƵĚŽŵŽŶĂƐĂĞƌƵŐŝŶŽƐĂĂŶĚƚŚĞŶĞǆƉŽƐĞĚĨŽƌĚŝĨĨĞƌĞŶƚƚŝŵĞĨƌĂŵĞƐ;Ϯ͘ϱ
ĂŶĚϭϬŵŝŶƵƚĞƐͿƚŽĂŵďŝĞŶƚĂŝƌĨůŽǁŽƌŝŽŶŝǌĞĚĂŝƌǀŝĂEdW͘/ŶƚŚŝƐǁĂǇŝƚŝƐƉŽƐƐŝďůĞƚŽŐĞƚĂĚŝƌĞĐƚ
ĐŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶƚŚĞWĞƚƌŝĚŝƐŚĞƐĂŶĚĞǀĂůƵĂƚĞƚŚĞƉƌŽůŝĨŝĐĂƚŝŽŶŽĨƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͘


Z^h>d^

dŚĞŝŵĂŐĞƐďĞůŽǁƐŚŽǁƚŚĞĐŽŵƉĂƌŝƐŽŶŽĨƚŚĞĚŝĨĨĞƌĞŶƚĐĂƐĞƐ͗
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ϭϬϯ
dŚĞĨŽůůŽǁŝŶŐƚĂďůĞƐƵŵŵĂƌŝƐĞƐƚŚĞĂǀĞƌĂŐĞƌĞƐƵůƚƐ͘

dĂďůĞϭ͘ZĞƐƵůƚƐŽĨƚƌĞĂƚŵĞŶƚƚĞƐƚƐ

dƌĞĂƚŵĞŶƚƚŝŵĞ;ŵŝŶƵƚĞƐͿ
^ƚƌĂŝŶͰƚƌĞĂƚŵĞŶƚ
Ϭ
ϭ
ϯ
ϱ
ϭϬ
ƐĐŚĞƌŝĐŚŝĂĐŽůŝͰĂŝƌ
ΕϱϬϬ
ΕϱϬϬ
ΕϱϬϬ
ΕϱϬϬ
ΕϱϬϬ
ƐĐŚĞƌŝĐŚŝĂĐŽůŝͰEdW
ΕϱϬϬ
Ϭ
Ϭ
Ϭ
Ϭ
ĂŶĚŝĚĂůďŝĐĂŶƐͰĂŝƌ
ΕϲϬϬ
ΕϲϬϬ
ΕϲϬϬ
ΕϲϬϬ
ΕϲϬϬ
ĂŶĚŝĚĂůďŝĐĂŶƐͰEdW
ΕϲϬϬ
ϯϴ
ϮϬ
Ϭ
Ϭ
^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐͰĂŝƌ
ΕϯϬϬ
ΕϯϬϬ
ΕϯϬϬ
ΕϯϬϬ
ΕϯϬϬ
^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐͰEdW ΕϯϬϬ
ϳϴ
ϭ
Ϭ
Ϭ

dŚĞĂďŽǀĞƌĞƐƵůƚƐŝŶŐƌĂƉŚŝĐĨŽƌŵĂƚ͗

ϭϱ
ΕϱϬϬ
Ϭ
ΕϲϬϬ
Ϭ
ΕϯϬϬ
Ϭ

ϯϬ
ΕϱϬϬ
Ϭ
ΕϲϬϬ
Ϭ
ΕϯϬϬ
Ϭ




&ƌŽŵƚŚĞƉŚŽƚŽƐ͕ŝƚŝƐĞǀŝĚĞŶƚƚŚĂƚĞǀĞŶǁŝƚŚƐŚŽƌƚĐŽŶƚĂĐƚƚŝŵĞƐ;ϮŵŝŶƵƚĞƐͿ͕ƚŚĞďŝŽĐŝĚĂůĂĐƚŝǀŝƚǇŽĨ
EdWĂŝƌŝƐƚŽƚĂů͗ƚŚĞƉůĂƚĞƐĞǆƉŽƐĞĚƚŽEdWĂŝƌƐŚŽǁŶŽĚĞǀĞůŽƉŵĞŶƚŽĨŵŝĐƌŽďŝĂůƐƚƌĂŝŶƐƚĞƐƚĞĚ͕ǁŚŝĐŚ͕
ŝŶƐƚĞĂĚ͕ĂƌĞŶŽƌŵĂůůǇĚĞǀĞůŽƉĞĚŽŶƉůĂƚĞƐũƵƐƚĞǆƉŽƐĞĚƚŽĂŝƌ

ƐƐŚŽǁŶŝŶƚŚĞƉŚŽƚŽ͕ƚŚĞEdWƚƌĞĂƚŵĞŶƚŝƐĞĨĨĞĐƚŝǀĞĨƌŽŵƚŚĞĨŝƌƐƚĨĞǁŵŝŶƵƚĞƐŽĨƵƐĞ͘/ŶĨĂĐƚ͕ĂĨƚĞƌ
ũƵƐƚ ϱ ŵŝŶƵƚĞƐ͕ Ăůů ƐƉĞĐŝĞƐ ƚĞƐƚĞĚ ǁĞƌĞ ĐŽŵƉůĞƚĞůǇ ĞƌĂĚŝĐĂƚĞĚ ĨƌŽŵ ƚŚĞ ƐƵƌĨĂĐĞ ŽĨ ƚŚĞ ƉůĂƚĞƐ͘ Ŷ
ĂĚĚŝƚŝŽŶĂůĞůĞŵĞŶƚƚŚĂƚƉŽƐŝƚŝǀĞůǇĐŚĂƌĂĐƚĞƌŝƐĞƐƚŚĞƐƵĐĐĞƐƐŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚĐŽŶƐŝƐƚƐŝŶƚŚĞĨĂĐƚƚŚĂƚ͕
ĐŽŶƚƌĂƌǇƚŽǁŚĂƚŝƐĨŽƌĞƐĞĞŶďǇĐĞƌƚĂŝŶŵĞƚŚŽĚƐƚŚĂƚƌĞƋƵŝƌĞƚŚĞĞǆĞĐƵƚŝŽŶŽĨĞǆƉĞƌŝŵĞŶƚƐŽŶƐƚĂŝŶůĞƐƐ
ϭϬϰ
ƐƚĞĞůƐƵƌĨĂĐĞƐ͕ƚŚĞĚĞƐĐƌŝďĞĚĂďŽǀĞƚĞƐƚƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚŝŶƉĞƌĨĞĐƚĐŽŶĚŝƚŝŽŶƐĨŽƌŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕
ďŽƚŚǁŝƚŚƌĞŐĂƌĚƚŽƚŚĞĞĐŽůŽŐŝĐĂůƉŽŝŶƚŽĨǀŝĞǁ;ŚƵŵŝĚŝƚǇ͕ƉĞƌĨĞĐƚƉ,͕ƉƌĞƐĞŶĐĞŽĨŶƵƚƌŝĞŶƚƐ͕ĞƚĐ͘ͿĂŶĚ
ĨŽƌƚŚĞƉƌĞƐĞŶĐĞŽĨŐƌĞĂƚƋƵĂŶƚŝƚǇŽĨŽƌŐĂŶŝĐƐƵďƐƚĂŶĐĞ͕ǁŚŝĐŚŝƐŬŶŽǁŶƚŽŝŶƚĞƌĨĞƌĞǁŝƚŚƚŚĞĐůĂƐƐŝĐĂů
ďŝŽĐŝĚĞƐ͘

 
104 | Scientific Dossier

ϭϬϱ

dd,DEdϭϮ͘ϯ




>ĂďŽƌĂƚŽƌǇƐƚƵĚǇŽŶƚŚĞƐĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐƉƌŽĚƵĐĞĚďǇĂDd–:ŽŶŝǆ
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ϭϬϲ
ŶǀŝƌŽŶŵĞŶƚĂů^ĂŶŝƚŝƐĂƚŝŽŶǁŝƚŚ:KE/y™Dd
DdĚĞǀŝĐĞďǇ:KE/y™ŝƐĂƐĂŶŝƚŝǌŝŶŐĐĂďŝŶĞƚƐǇƐƚĞŵƚŚĂƚƵƐĞƐEdWĐŽůĚƉůĂƐŵĂƚĞĐŚŶŽůŽŐǇƚŽŝŽŶŝǌĞ
ƚŚĞ Ăŝƌ͘ /ƚƐ ƵƐĞ ŝƐ ĨŽĐƵƐĞĚ ŽŶ ƐĂŶŝƚŝǌŝŶŐ ŝŶĚƵƐƚƌŝĂů͕ ŵĞĚŝĐĂů ĂŶĚ ĂŵďƵůĂƚŽƌǇ ĞŶǀŝƌŽŶŵĞŶƚƐ ĂŶĚ ŝƚ ŝƐ
ƐƵŝƚĂďůĞ ĨŽƌ ŵĂŶǇ ŽƚŚĞƌ ĂƉƉůŝĐĂƚŝŽŶƐ͕ ĂŵŽŶŐƐƚ ǁŚŝĐŚ ƚŚĞ ĂŐƌŝͲĨŽŽĚ ŝŶĚƵƐƚƌǇ ;ĐƵůƚŝǀĂƚŝŽŶ ĂŶĚ ĨŽŽĚ
ƉƌĞƐĞƌǀĂƚŝŽŶͿ͘












Z, Ɛƌů ůĂďŽƌĂƚŽƌŝĞƐ ŚĂǀĞ ĐŽŵƉĂƌĞĚ ƚŚĞ ƐƉŽŶƚĂŶĞŽƵƐ
ƌĞĚƵĐƚŝŽŶ ŽĨ ŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶŝŶ ĂǁŽƌŬƉůĂĐĞ ǁŝƚŚ
ĂŶĚ ǁŝƚŚŽƵƚ EdW ƚƌĞĂƚŵĞŶƚ ;ƌĞƐƉĞĐƚŝǀĞůǇ ǁŝƚŚ Dd ŝŶ
ŽƉĞƌĂƚŝŽŶĂŶĚǁŝƚŚŶŽŶͲŽƉĞƌĂƚŝŶŐƵŶŝƚͿ͘

dŚĞƌĞƐƵůƚƐĂƌĞƐŚŽǁŶŝŶƚŚĞŐƌĂƉŚďĞůŽǁ͘




&ƌŽŵƚŚĞŐƌĂƉŚ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽŽďƐĞƌǀĞŚŽǁ͕ũƵƐƚĂĨƚĞƌϯϬŵŝŶƵƚĞƐŽĨƚƌĞĂƚŵĞŶƚǁŝƚŚƚŚĞĚĞǀŝĐĞ͕ƚŚĞ
ŵŝĐƌŽďŝĂůƌĞĚƵĐƚŝŽŶƉĞƌĐĞŶƚĂŐĞŝƐƌĞĂůůǇĐůŽƐĞƚŽϭϬϬй͘dŚŝƐĐŽŶĨŝƌŵƐƚŚĞĞĨĨŝĐŝĞŶĐǇŽĨƚŚĞ:KE/y™Dd
ƚŽƐĂŶŝƚŝǌĞůŝǀŝŶŐĂŶĚǁŽƌŬŝŶŐĞŶǀŝƌŽŶŵĞŶƚƐ
͘
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ϭϬϳ

dd,DEdϭϮ͘ϰ




hƐĞŽĨEdWƚĞĐŚŶŽůŽŐǇĂŐĂŝŶƐƚŽĚŽƌƐĂƐƐŽĐŝĂƚĞĚǁŝƚŚƚŚĞƵƐĞŽĨĨŽŽƚǁĞĂƌ
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ϭϬϴ

/ŶƚƌŽĚƵĐƚŝŽŶ


dŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨEdWĂŝƌǁĂƐƚĞƐƚĞĚĂƐĨŽƌƚŚĞĂďĂƚĞŵĞŶƚŽĨĐŚĞŵŝĐĂůŵŽůĞĐƵůĞƐĂŶĚĂƐ
ĨŽƌƚŚĞŵŝĐƌŽďŝŽůŽŐŝĐĂůƐĂŶŝƚŝǌĂƚŝŽŶƚŽĞůŝŵŝŶĂƚĞďĂĚŽĚŽƵƌƐƚŚĂƚĂƌĞĂƐƐŽĐŝĂƚĞĚǁŝƚŚƵƐĞŽĨ
ĨŽŽƚǁĞĂƌ͘

/ŶƉĂƌƚŝĐƵůĂƌ͕EdWĂŝƌƌĞƐƵůƚĞĚĞĨĨĞĐƚŝǀĞŝŶĞůŝŵŝŶĂƚŝŶŐƚŚĞĨŽůůŽǁŝŶŐƐƉĞĐŝĞƐ͗

ŚĞŵŝĐĂůŵŽůĞĐƵůĞƐƌĞƐƉŽŶƐŝďůĞĨŽƌŽĚŽƵƌƐ͘

DŝƌĐŽŽƌŐĂŶŝƐŵƐƌĞƐƉŽŶƐŝďůĞĨŽƌƉƌŽĚƵĐŝŶŐŽĚŽƵƌƐ͘


tŝƚŚƌĞŐĂƌĚƚŽƚŚĞĞůŝŵŝŶĂƚŝŽŶŽĨĐŚĞŵŝĐĂůŵŽůĞĐƵůĞƐ͕ƚŚĞĞǆƉĞƌŝŵĞŶƚůĞĚƚŽƚŚĞĐŽŶĐůƵƐŝŽŶ
ƚŚĂƚƚŚĞĂŝƌƚƌĞĂƚŵĞŶƚƵƐŝŶŐEdWĨŽƌƐƵĨĨŝĐŝĞŶƚůǇůŽŶŐƚŝŵĞĨƌĂŵĞƐ;ĨƌŽŵϲŚŽƵƌƐŽŶǁĂƌĚƐͿ͕ŝƐ
&&d/sĂŶĚĂďůĞƚŽĞůŝŵŝŶĂƚĞĂŶĚĚĞƐƚƌŽǇĐŽŵƉůĞƚĞůǇƚŚĞŵŽůĞĐƵůĞƐŝŶŽďũĞĐƚ͕ĂƐƐŚŽǁŶŝŶ
ƚŚĞĨŽůůŽǁŝŶŐƚĂďůĞ

ůŝŵŝŶĂƚŝŽŶ й ŽĨ ŵŽůĞĐƵůĞƐ
ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ŝŶŝƚŝĂů ĐŽŶĐĞŶƚƌĂƚŝŽŶ͕
ĐŚĞŵŝĐĂůŵŽůĞĐƵůĞƐ
ǀŝĂEdWĂŝƌ
ϲϬŵŝŶ
ϲŚ
ϭϳŚ
ĐĞƚŝĐĂĐŝĚ
ϲϵй
ϭϬϬй
ϭϬϬй
WƌŽƉŝŽŶŝĐĂĐŝĚ
ϰϱй
ϭϬϬй
ϭϬϬй
/ƐŽďƵƚǇƌŝĐĂĐŝĚ
ϯϭй
ϭϬϬй
ϭϬϬй
ƵƚǇƌŝĐĂĐŝĚ
Ϯϭй
ϭϬϬй
ϭϬϬй
/ƐŽǀĂůĞƌŝĐĂĐŝĚ
Ϭй
ϭϬϬй
ϭϬϬй
sĂůĞƌŝĐĐŝĚ
ϭϬй
ϭϬϬй
ϭϬϬй
ĂƉƌŽŝĐĐŝĚ
ϲй
ϭϬϬй
ϭϬϬй
ĂƉƌǇůŝĐĐŝĚ
ϲй
ϵϵй
ϵϵй
ĂƉƌǇůŝĐĐŝĚ
ϲй
ϴϴй
ϵϱй
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ϭϬϵ

dd,DEdϭϮ͘ϱ





^ĂŶŝƚĂƚŝŽŶŽĨŶŽŶͲĐƌŝƚŝĐĂůƵůƚƌĂƐŽƵŶĚƉƌŽďĞƐ
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ϭϭϬ

WƵƌƉŽƐĞŽĨƚŚĞƚĞƐƚ


dĞƐƚƐŽĨƐĂŶŝƚĂƚŝŽŶǁĞƌĞĐĂƌƌŝĞĚŽƵƚŽŶ “NonͲcritical” ultrasound probeƐďǇƵƐŝŶŐEdW/Z͕ĂŶĚƚŚĞ
ƌĞƐƵůƚƐǁĞƌĞĐŽŵƉĂƌĞĚƚŽƚŚĞƐĂŶŝƚŝƐĂƚŝŽŶĐĂƌƌŝĞĚŽƵƚďǇƵƐƵĂůĐŽŵŵĞƌĐŝĂůĚĞǀŝĐĞƐ͘

dŚĞ ƚĞƐƚƐ ŚĂǀĞ ƐŚŽǁŶ ĂŶ ĞĨĨŝĐŝĞŶĐǇ ŽĨ EdW ƚŚĂƚ ŝƐ ĂďƐŽůƵƚĞůǇ ĐŽŵƉĂƌĂďůĞ ƚŽ ƚŚĂƚ ŽĨ ƚŚĞ ĚĞǀŝĐĞƐ
ĐŽŵŵŽŶƚůǇĨŽƵŶĚŝŶƚŚĞŵĂƌŬĞƚĨŽƌƚŚĞƉƵƌƉŽƐĞ͘



ZĞƐƵůƚƐ


dŚĞĨŝŐƵƌĞƐďĞůŽǁƐŚŽǁƚŚĞĂďĂƚĞŵĞŶƚŽĨŵŝĐƌŽďŝĂůƐƉĞĐŝĞƐƉƌŽǀŝĚĞĚďǇEdWĂŝƌĂŶĚďǇĐŽŵŵĞƌĐŝĂů
ĚĞǀŝĐĞƐĂĨƚĞƌƚŚĞƐĂŵĞĚŝƐŝŶĨĞĐƚŝŽŶƉƌŽĐĞĚƵƌĞ͘
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ϭϭϭ

dd,DEdϭϮ͘ϲ




>ĂďŽƌĂƚŽƌǇƐƚƵĚŝĞƐŽŶƚŚĞƵƐĞŽĨEdWĨŽƌsKĂďĂƚĞŵĞŶƚ͗ƌĞǀŝĞǁ
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ϭϭϮ

>ĂďŽƌĂƚŽƌǇƐƚƵĚŝĞƐŽŶƚŚĞƵƐĞŽĨEdWĨŽƌsKĂďĂƚĞŵĞŶƚ͗ƌĞǀŝĞǁ

KŶĞŽĨƚŚĞŵŽƐƚŝŶǀĞƐƚŝŐĂƚĞĚĨŝĞůĚƐŝƐƚŚĞĂďĂƚĞŵĞŶƚŽĨsKƐ;sŽůĂƚŝůĞKƌŐĂŶŝĐŽŵƉŽƵŶĚƐ–
ĂǁŝĚĞƌĂŶŐĞŽĨŐĂƐͲƉŚĂƐĞƉŽůůƵƚĂŶƚƐͿĂƐŝŶƚŚĞƐĞƉůĂƐŵĂƐƚŚĞǇĐĂŶďĞŽǆŝĚŝǌĞĚƚŽKϮĂůƌĞĂĚǇ
ĂƚƌŽŽŵƚĞŵƉĞƌĂƚƵƌĞƐ͘dŚĞĞĨĨŝĐĂĐǇŽĨƚŚŝƐƉƌŽĐĞƐƐĚĞƉĞŶĚƐŽŶƚŚĞsKƚǇƉĞĂŶĚƚŚĞĚƵƌĂƚŝŽŶ
ŽĨƚŚĞĐŽŶƚĂĐƚ͘/ƚŝƐǁŽƌƚŚŶŽƚŝŶŐƚŚĂƚƚŚĞƐĞƉůĂƐŵĂƐĂƌĞĂďůĞƚŽƚƌĞĂƚĞǀĞŶƚŚĞĞǆƚƌĞŵĞůǇ
ƵŶƌĞĂĐƚŝǀĞ,ĂůŽŶ;ĂŚĂůŽĂůŬĂŶĞͿ͘
/Ŷ ĂĚĚŝƚŝŽŶ ƚŽ ŽƌŐĂŶŝĐ ŵŽůĞĐƵůĞƐ͕ EdW ŝƐ ĂůƐŽ ĂďůĞ ƚŽ ĂĐƚ ŽŶ ŝŶŽƌŐĂŶŝĐ ƉŽůůƵƚĂŶƚƐ͕ ƐƵĐŚ ĂƐ
ŶŝƚƌŽŐĞŶŽǆŝĚĞƐ;EKǆͿ͕ƐƵůƉŚƵƌĚŝŽǆŝĚĞ;^KϮͿ͕ŚǇĚƌŽŐĞŶƐƵůƉŚŝĚĞ;,Ϯ^ͿĞƚĐ͕͘͘͘ĨŽƌĞǆĂŵƉůĞ͕ƐƵĐŚ
ĂƐƚŚŽƐĞŝŶƚŚĞĞǆŚĂƵƐƚŐĂƐĞƐŽĨŵŽƚŽƌǀĞŚŝĐůĞƐ͘
The NTP technology’s broad effectiveness spectrum means it can be applied in many ĨŝĞůĚƐ͕
ďĞŝŶŐĞĂƐŝůǇƐĐĂůĂďůĞĨŽƌďŽƚŚƐŵĂůůĂŶĚůĂƌŐĞĂƉƉůŝĐĂƚŝŽŶƐ͘
/ŶƌĞĂůŝƚǇ͕ƚŚĞƌĞĂƌĞŵĂŶǇĨĂĐƚŽƌƐƚŚĂƚŝŵƉĂĐƚƚŚĞĞĨĨŝĐĂĐǇŽĨƉŽůůƵƚĂŶƚĂďĂƚĞŵĞŶƚǁŝƚŚEdW
ƐǇƐƚĞŵƐ͘&ƌŽŵƚŚĞŐĞŽŵĞƚƌǇŽĨƉůĂƐŵĂƉƌŽĚƵĐƚŝŽŶƐǇƐƚĞŵƐƚŽƚŚĞƉŽǁĞƌƐƵƉƉůǇƐǇƐƚĞŵƐ͕ĨƌŽŵ
ƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨƉŽůůƵƚĂŶƚƐƚŽĂŝƌŚƵŵŝĚŝƚǇ͕ĂŶĚƐŽŽŶ͘
dŚĞĐĂƐĞƐƚƵĚŝĞƐƉĞƌĨŽƌŵĞĚďǇZ,ϮůĂďŽƌĂƚŽƌŝĞƐƌĞƉƌĞƐĞŶƚƚŚĞĂƉƉůŝĐĂƚŝŽŶĂƌĞĂƐŝŶǁŚŝĐŚ
ƚŚĞ:ŽŶŝǆĐŽůĚƉůĂƐŵĂƉƌŽĚƵĐƚŝŽŶƐǇƐƚĞŵŚĂƐďĞĞŶƚĞƐƚĞĚ͘dŚĞŝƌƐĐŽƉĞǁĂƐƚŽǁŽƌŬŽƵƚƚŚĞ
ďĞƐƚƚƌĞĂƚŵĞŶƚĐŽŶĚŝƚŝŽŶƐĂƐǁĞůůĂƐƚŽŝĚĞŶƚŝĨǇĂŶĚ͕ƵƐŝŶŐƚŚĞĂƉƉƌŽƉƌŝĂƚĞĂŶĂůǇƚŝĐĂůŵĞƚŚŽĚƐ͕
ƚŽŵĞĂƐƵƌĞƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨƚŚĞĂďĂƚĞŵĞŶƚŽĨƚŚĞĐŽŶƚĂŵŝŶĂŶƚŵŽůĞĐƵůĞƐ͘dŚĞƐĞĐĂƐĞƐ
ĂƌĞƚŚĞƌĞĨŽƌĞũƵƐƚĂŶĞǆĂŵƉůĞĂŶĚĂŶŝŶƚƌŽĚƵĐƚŝŽŶƚŽƚŚĞĂƉƉůŝĐĂƚŝŽŶƉŽƐƐŝďŝůŝƚŝĞƐŽĨƚŚĞEdW
ƚĞĐŚŶŽůŽŐǇ͕ ƉƌŽǀŝĚŝŶŐ Ă ƌŽďƵƐƚ ĂŶĚ ƌĞůŝĂďůĞ ƐĞƚ ŽĨ ĚĂƚĂ ŝŶĚŝĐĂƚŝŶŐ ƚŚĞ ƉŽƚĞŶƚŝĂů ŽĨ ƚŚŝƐ
ƚĞĐŚŶŽůŽŐǇ͘
dŚĞƚĂďůĞďĞůŽǁƐŚŽǁƐƚŚĞŽƌŐĂŶŝĐĂŶĚŝŶŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐƚŚĂƚŚĂǀĞďĞĞŶƚƌĞĂƚĞĚĚƵƌŝŶŐ
ƚŚĞǀĂƌŝŽƵƐĐĂƐĞƐƚƵĚŝĞƐĂŶĚƚŚĞĂďĂƚĞŵĞŶƚĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨƚŚĞEdW:ŽŶŝǆƚƌĞĂƚŵĞŶƚ͘

dŚĞĂďĂƚĞŵĞŶƚƌĂƚĞƌĞĨĞƌƐƚŽƚŚĞŝŶĚŝǀŝĚƵĂůĐĂƐĞƐƚƵĚŝĞƐ͕ǇĞƚŝƚŝƐŝŶĚŝĐĂƚŝǀĞŽĨƚŚĞƐǇƐƚĞŵΖƐ
ĂďŝůŝƚǇƚŽĂĐƚŽŶƚŚĞƉĂƌƚŝĐƵůĂƌĐŽŵƉŽƵŶĚ͘

sK – sŽůĂƚŝůĞ KƌŐĂŶŝĐ ďĂƚĞŵĞŶƚ й  sŽůĂƚŝůĞͬ'ĂƐƐǇ ďĂƚĞŵĞŶƚ
й
ŽŵƉŽƵŶĚƐ
ĨŽůůŽǁŝŶŐ:ŽŶŝǆ
/ŶŽƌŐĂŶŝĐ
ĨŽůůŽǁŝŶŐ
:ŽŶŝǆ
EdWƚƌĞĂƚŵĞŶƚ
ŽŵƉŽƵŶĚƐ
EdWdƌĞĂƚŵĞŶƚ
dŽůƵĞŶĞ
хϵϱ
 EKǆ
хϵϱ
d;dƌŝďƌŽŵŽĂŶŝƐŽůĞͿ
хϵϱ
 ^Žǆ
хϵϱ
ƚŚǇůĂĐĞƚĂƚĞ
хϵϱ
 ,Ϯ^
хϵϱ
ƵƚǇůĂĐĞƚĂƚĞ
хϵϱ
 K
хϵϱ
ĐĞƚĂůĚĞŚǇĚĞ
хϵϱ
 
хϵϱ
ƵƚĂŶĂů
хϵϱ
 E,ϯ
хϵϱ
ŝĐŚůŽƌŽĞƚŚǇůĞŶĞ
хϵϱ
 

d
хϵϱ
 

ϭ͕ϮͲW
хϵϱ
 

DĞƚŚǇůĐǇĐůŽŚĞǆĂŶĞ
хϵϱ
 

Ϯ


Z,͕ĂĐƌŽŶǇŵŽĨŶĂůŝƐŝĞZŝĐĞƌĐŚĞĚŝ,ŝŵŝĐĂƉƉůŝĐĂƚĂ;ƉƉůŝĞĚŚĞŵŝƐƚƌǇŶĂůǇƐŝƐĂŶĚZĞƐĞĂƌĐŚͿ͕ĨŽƵŶĚĞĚ

ŝŶ ϭϵϴϵ ŝŶ WŝƐĂ͕ ŽŶ ƚŚĞ ŝŶŝƚŝĂƚŝǀĞ ŽĨ Ă ŐƌŽƵƉ ŽĨ ƉƌŽĨĞƐƐŝŽŶĂůƐ ŝŶ ƚŚĞ ĨŝĞůĚ ŽĨ ĐŚĞŵŝƐƚƌǇ͘ /ƚ ŝƐ Ă ƐƚĂƚĞͲŽĨͲƚŚĞͲĂƌƚ
ĐŚĞŵŝĐĂůůĂďŽƌĂƚŽƌǇ͕ĨƵůůǇĞƋƵŝƉƉĞĚĂŶĚǁŝƚŚƋƵĂůŝĨŝĞĚƐƚĂĨĨ͘
KǀĞƌ ƚŚĞ ǇĞĂƌƐ͕ ƚŚĞ ĐŽŵƉĂŶǇ ŚĂƐ ŐƌŽǁŶ ŝŶ ĞǀĞƌǇ ƌĞƐƉĞĐƚ͗ ƐĐŝĞŶƚŝĨŝĐ ĞǆƉĞƌƚŝƐĞ͕ ƐĞƌǀŝĐĞ ĞĨĨŝĐŝĞŶĐǇ ĂŶĚ ŵĂƌŬĞƚ
ƌĞƐƵůƚƐ͘
dŽĚĂǇ͕ƚŚĞĚŝĨĨĞƌĞŶƚĂƌĞĂƐŽĨĞǆƉĞƌƚŝƐĞĂŶĚͬŽƌƚŚĞĚŝĨĨĞƌĞŶƚĐŽŵƉĂŶŝĞƐǁŝƚŚŝŶƚŚĞZ,ŐƌŽƵƉĂƌĞŽƌŐĂŶŝƐĞĚ
ŝŶƚŽƚŚƌĞĞƐĞĐƚŽƌƐ;dĞĐŚŶŝĐĂů–/dͲ/ŶĚƵƐƚƌŝĂůŝǌĂƚŝŽŶͿ͘
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ϭϭϯ

KĐƚĂŶĞ
W
yǇůĞŶĞƐ
ϵƌŽŵĂƚŝĐƐ
ĐĞƚŝĂĐŝĚ
WƌŽƉŝŽŶŝĐĂĐŝĚ
/ƐŽďƵƚǇƌŝĐĂĐŝĚ
ƵƚǇƌŝĐĂĐŝĚ
/ƐŽǀĂůĞƌŝĐĂĐŝĚ
sĂůĞƌŝĐĂĐŝĚ
,ĞǆĂŶŽŝĐĂĐŝĚ
ĂƉƌǇůŝĐĂĐŝĚ
ůŝƉŚĂƚŝĐĐŽŵƉŽƵŶĚƐ;ϱͲϭϮͿ
ƌŽŵĂƚŝĐĐŽŵƉŽƵŶĚƐ;ϳͲϭϬͿ
sŽůĂƚŝůĞŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐ

хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ
хϵϱ


















































dŚĞĚĞĨŝŶŝƚŝŽŶŽĨsKƐŝƐďƌŽĂĚĂŶĚŝŶĐůƵĚĞƐŽĚŽƌŽƵƐĐŽŵƉŽƵŶĚƐĂŶĚ͕ŝŵƉƌŽƉĞƌůǇ͕ŽĨƚĞŶĂůƐŽ
ŝŶŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐ͘
dŚĞĂƉƉůŝĐĂƚŝŽŶĐŽŶƚĞǆƚƐŝŶǁŚŝĐŚdŚĞ:ŽŶŝǆEdWƚĞĐŚŶŽůŽŐǇŚĂƐďĞĞŶƚĞƐƚĞĚĂŶĚǁŚĞƌĞƚŚĞ
sKĂďĂƚĞŵĞŶƚĞĨĨĞĐƚŝǀĞŶĞƐƐŝŶƚŚĞƉƌĞǀŝŽƵƐƚĂďůĞƐǁĂƐĂƐƐĞƐƐĞĚĂƌĞĂƐĨŽůůŽǁƐ͗
EdWƉŝůŽƚƉůĂŶƚƐĨŽƌƚŚĞĂďĂƚĞŵĞŶƚŽĨŽĚŽƌŽƵƐĞŵŝƐƐŝŽŶƐŽĨŚĂǌĂƌĚŽƵƐƐŽůŝĚǁĂƐƚĞ;sKƐĂŶĚ
ŝŶŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐͲ,Ϯ^͕EKǆ͕E,ϯ͘͘͘Ϳ
EdWƉŝůŽƚƉůĂŶƚƐĨŽƌƚŚĞĂďĂƚĞŵĞŶƚŽĨŽĚŽƌŽƵƐĞŵŝƐƐŝŽŶƐŝŶĐŝǀŝůĂŶĚŝŶĚƵƐƚƌŝĂůǁĂƐƚĞǁĂƚĞƌ
ƚƌĞĂƚŵĞŶƚƉůĂŶƚƐ;ǀĂƌŝŽƵƐsKƐĂŶĚŝŶŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐͲ,Ϯ^͕EKǆ͕E,ϯ͘͘͘Ϳ
EdW ƚƌĞĂƚŵĞŶƚ ƐǇƐƚĞŵƐ ĨŽƌ ŚŝŐŚůǇ ŽĚŽƌŽƵƐͬŝƌƌŝƚĂƚŝŶŐ ŽƌŐĂŶŝĐ ƐƵďƐƚĂŶĐĞƐ ;ĐĂƌďŽǆǇůŝĐ ĂĐŝĚƐ͗
ĂĐĞƚŝĐĂĐŝĚ͕ƉƌŽƉŝŽŶŝĐĂĐŝĚ͕ďƵƚǇƌŝĐĂĐŝĚ͘͘͘͘Ϳ
EdWƉŝůŽƚƉůĂŶƚƐĨŽƌsKĂďĂƚĞŵĞŶƚŝŶŝŶĚƵƐƚƌŝĂůƉĂŝŶƚŝŶŐĂŶĚǀĂƌŶŝƐŚŝŶŐƐǇƐƚĞŵƐ;ƚŽůƵĞŶĞ͕
ĞƚŚǇůĂĐĞƚĂƚĞ͕ďƵƚǇůĂĐĞƚĂƚĞ͘͘͘Ϳ
EdWƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵƐŽĨƉŽƐƚͲĐŽŵďƵƐƚŝŽŶĞǆŚĂƵƐƚŐĂƐĞƐ;ĚŝĞƐĞůĐŽŵďƵƐƚŝŽŶĞŶŐŝŶĞĞǆŚĂƵƐƚ
ŐĂƐͿ͗^Kǆ͕EKǆ͕O…
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ϭϭϰ



dd,DEdϭϮ͘ϳ




dĞƐƚĞǀĂůƵĂƚŝŶŐƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨŵŝĐƌŽͲŽƌŐĂŶŝƐŵƌĞĚƵĐƚŝŽŶƚŚĂƚŚĂǀĞďĞĞŶŝŶƚĞŶƚŝŽŶĂůůǇ
ŝŶŽĐƵůĂƚĞĚŝŶƚŽƉůĂƚĞƐďǇƵƐŝŶŐƚŚĞ:ŽŶŝǆDĂƚĞĂŝƌŝŽŶŝǌĂƚŝŽŶƐǇƐƚĞŵ
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ϭϭϱ





dĞĐŚŶŝĐĂůƌĞƉŽƌƚ




dĞƐƚƉƌŽƚŽĐŽůĨŽƌĂƐƐĞƐƐŝŶŐƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨƚŚĞ
ƌĞĚƵĐƚŝŽŶŽĨŵŝĐƌŽͲŽƌŐĂŶŝƐŵƐŝŶƚĞŶƚŝŽŶĂůůǇŝŶŽĐƵůĂƚĞĚ
ŝŶƉůĂƚĞƐƵƐŝŶŐƚŚĞ:ŽŶŝǆDĂƚĞĂŝƌŝŽŶŝƐĂƚŝŽŶƐǇƐƚĞŵ͘





WƌŽĨ͘'ŝƵƐĞƉƉĞŽŵŝ
ĞƉĂƌƚŵĞŶƚŽĨŐƌŝͲ&ŽŽĚ͕ŶǀŝƌŽŶŵĞŶƚĂůĂŶĚ
ŶŝŵĂů,ƵƐďĂŶĚƌǇ^ĐŝĞŶĐĞƐ͕hŶŝǀĞƌƐŝƚǇŽĨhĚŝŶĞ͕ǀŝĂ
^ŽŶĚƌŝŽϮͬĂ͕ϯϯϭϬϬhĚŝŶĞ͘




Ϯϴ&ĞďƌƵĂƌǇϮϬϭϲ
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ϭϭϳ

/ŶƚƌŽĚƵĐƚŝŽŶ
dŚŝƐ ƉƌŽƚŽĐŽů ŚĂƐ ďĞĞŶ ŝŵƉůĞŵĞŶƚĞĚ ƚŽ ǀĞƌŝĨǇ ƌĞĚƵĐƚŝŽŶ ŽĨ ŵŝĐƌŽͲŽƌŐĂŶŝƐŵƐ ŝŶƚĞŶƚŝŽŶĂůůǇ
ŝŶŽĐƵůĂƚĞĚŝŶĐƵůƚƵƌĞŵĞĚŝĂĂŶĚĞǆƉŽƐĞĚĨŽƌƉƌĞĚĞƚĞƌŵŝŶĞĚƉĞƌŝŽĚƐŽĨƚŝŵĞƚŽƚŚĞĞĨĨĞĐƚŽĨŝŽŶŝǌĞĚ
Ăŝƌ͘ĐŽŶƚƌŽůƚĞƐƚŚĂƐďĞĞŶĞĨĨĞĐƚĞĚĨŽƌĞĂĐŚƚƌŝĂůƵƐŝŶŐƚŚĞƐĂŵĞŝŶŽĐƵůĂƚĞĚŵĞĚŝĂŶŽƚƐƵďũĞĐƚƚŽ
ƚƌĞĂƚŵĞŶƚ͘

/ŶŽĐƵůĂƚĞĚƐƚƌĂŝŶƐ
dŚĞĨŽůůŽǁŝŶŐŵŝĐƌŽͲŽƌŐĂŶŝƐŵƐǁĞƌĞƚĞƐƚĞĚ͗

^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ;'ƌĂŵн͕ĂƐƉŽƌŽŐĞŶŽƵƐ͕ĂĞƌŽďĞͲĨĂĐƵůƚĂƚŝǀĞĂŶĂĞƌŽďĞͿ

>ŝƐƚĞƌŝĂŵŽŶŽĐǇƚŽŐĞŶĞƐ;'ƌĂŵн͕ĂƐƉŽƌŽŐĞŶŽƵƐ͕ĂĞƌŽďĞͲĨĂĐƵůƚĂƚŝǀĞĂŶĂĞƌŽďĞͿ

ƐƉĞƌŐŝůůƵƐŶŝŐĞƌ;ĨƵŶŐƵƐͲDŽƵůĚͿ

<ůƵǇǀĞƌŽŵǇĐĞƐŵĂƌǆŝĂŶƵƐ;ƉĞƌĨĞĐƚĨŽƌŵŽĨĂŶĚŝĚĂƉƐĞƵĚŽƚƌŽƉŝĐĂůŝƐͿ

sĂƌŝŽƵƐŵŝĐƌŽͲŽƌŐĂŶŝƐŵƐŝŶĂƐƐŽĐŝĂƚŝŽŶ;ŶƚĞƌŽďĂĐƚĞƌŝĂĐĞĂĞ–dŽƚĂůďĂĐƚĞƌŝĂůĐŽƵŶƚͿ

DĂƚĞƌŝĂůƐĂŶĚŵĞƚŚŽĚƐ
sĂƌŝŽƵƐŵŝĐƌŽͲŽƌŐĂŶŝƐŵƐǁĞƌĞĚŝƌĞĐƚůǇŝŶŽĐƵůĂƚĞĚŝŶWůĂƚĞŽƵŶƚĂŐĂƌ;KǆŽŝĚ͕/ƚĂůǇͿĂŶĚDĂůƚŐĂƌ
;ǇĞĂƐƚƐĂŶĚŵŽƵůĚƐͿ;KǆŽŝĚ͕/ƚĂůǇͿ͕ƚƌĞĂƚĞĚĨŽƌǀĂƌŝŽƵƐƚŝŵĞƐϬ;ĐŽŶƚƌŽůͿ͕ϯϬ͕ϲϬ͕ϵϬ͕ϭϮϬŵŝŶĂŶĚϭϮĂŶĚ
ϮϰŚǁŝƚŚƚŚĞŝŽŶŝƐĞƌ͘ĨƚĞƌƚƌĞĂƚŵĞŶƚƚŚĞƉůĂƚĞƐǁĞƌĞŝŶĐƵďĂƚĞĚĂƚϮϱΣĨŽƌϮͲϱĚĂǇƐ͘ĨƚĞƌƚŚĂƚƚŚĞ
ĐŽůŽŶŝĞƐ ƚŚĂƚ ƐƵƌǀŝǀĞĚ ƚƌĞĂƚŵĞŶƚ ǁĞƌĞ ĐŽƵŶƚĞĚ͘ dŚĞ ƌĞƐƵůƚƐ ǁĞƌĞ ĞǆƉƌĞƐƐĞĚ ŝŶ й ŽĨ
ŝŶĂĐƚŝǀĂƚŝŽŶͬĚĞĐĂǇ͘ϭϬϬ–;/ŶŝƚŝĂůŶƵŵďĞƌͬ&ŝŶĂůŶƵŵďĞƌйͿ

WƌĞƉĂƌĂƚŝŽŶŽĨƚŚĞŵŝĐƌŽďŝĂůƐƵƐƉĞŶƐŝŽŶĂŶĚŝŶŽĐƵůĂƚŝŽŶ

^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ
/ŶŽĐƵůĂƚŝŽŶĐŽŶƐŝƐƚĞĚŽĨϮƐƚƌĂŝŶƐŽĨ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐĨƌŽŵŝŶƚĞƌŶĂƚŝŽŶĂůĐŽůůĞĐƚŝŽŶƐ;^D
ϰϵϭϬͿĂŶĚŽůůĞĐƚŝŽŶŽĨƚŚĞĞƉĂƌƚŵĞŶƚŽĨŐƌŝͲ&ŽŽĚ͕ŶǀŝƌŽŶŵĞŶƚĂůĂŶĚŶŝŵĂů,ƵƐďĂŶĚƌǇ^ĐŝĞŶĐĞƐ
ŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨhĚŝŶĞ;/>Ϳ͘/ŶĚŝǀŝĚƵĂůƐƵƐƉĞŶƐŝŽŶƐǁĞƌĞƉƌĞƉĂƌĞĚǁŝƚŚŽŶĞůŽŽƉŽĨ^ƚ͘ĂƵƌĞƵƐ
ĂĚĚĞĚƚŽƐƚĞƌŝůĞƉĞƉƚŽŶĞǁĂƚĞƌ;Ϭ͘ϴйEĂůͿ͘dŚĞƐƉĞĐƚƌŽƉŚŽƚŽŵĞƚĞƌĞǀĂůƵĂƚĞĚŽƉƚŝĐĂůĚĞŶƐŝƚǇĞƋƵĂů
ƚŽϬ͘ϭĂƚϲϬϬŶŵ͘/ŶŽƌĚĞƌƚŽĞǀĂůƵĂƚĞƚŚĞůŽĂĚŽĨĞĂĐŚƐƵƐƉĞŶƐŝŽŶ͕ƚŚĞƐĂŵĞǁĞƌĞĚŝůƵƚĞĚŝŶƐƚĞƌŝůĞ
ƉĞƉƚŽŶĞǁĂƚĞƌ͘ĨƚĞƌƚŚĂƚϬ͘ϭŵůŽĨĞĂĐŚĚŝůƵƚŝŽŶǁĂƐŝŶŽĐƵůĂƚĞĚŝŶWůĂƚĞŽƵŶƚŐĂƌ;KǆŽŝĚ͕/ƚĂůǇͿ͘dŚĞ
ƉůĂƚĞƐǁĞƌĞŝŶĐƵďĂƚĞĚĂƚϯϳΣĨŽƌϰϴŚŽƵƌƐĂŶĚƚŚĞŐƌŽǁŶĐŽůŽŶŝĞƐǁĞƌĞĐŽƵŶƚĞĚ͘ĂĐŚƐƵƐƉĞŶƐŝŽŶ
ĐŽŶƚĂŝŶĞĚŽŶĂǀĞƌĂŐĞĂƉƉƌŽǆŝŵĂƚĞůǇϭϬϳ&hͬŵů͘ĞĐŝŵĂůĚŝůƵƚŝŽŶƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚĂŶĚϬ͘ϭŵůŽĨ
ĚŝůƵƚŝŽŶϭϬͲϯ&hͬŵůǁĂƐƐƉƌĞĂĚŝŶWůĂƚĞŽƵŶƚŐĂƌ͘dŚĞŽƉĞŶƉůĂƚĞƐǁĞƌĞƉůĂĐĞĚŝŶƚŚĞĐŚĂŵďĞƌǁŝƚŚ
ŝŽŶŝƐĞƌƚƵƌŶĞĚŽŶϮϰŚŽƵƌƐďĞĨŽƌĞ͘ƚƚŚĞĂďŽǀĞƚŝŵĞĨƌĂŵĞƐƚŚĞƉůĂƚĞƐǁĞƌĞƌĞĐŽǀĞƌĞĚĂŶĚƉůĂĐĞĚƚŽ
ŝŶĐƵďĂƚĞĂƚϯϳΣĨŽƌϰϴŚŽƵƌƐ͘ϱƌĞƉůŝĐĂƐ;ƐĂŵƉůĞƐͿǁĞƌĞĂŶĂůǇƐĞĚĂƚĞĂĐŚŝŶƚĞƌǀĂů͘

>ŝƐƚĞƌŝĂŵŽŶŽĐǇƚŽŐĞŶĞƐ
/ŶŽĐƵůĂƚŝŽŶ ĐŽŶƐŝƐƚĞĚ ŽĨ Ϯ ƐƚƌĂŝŶƐ ŽĨ >ŝƐƚĞƌŝĂ ŵŽŶŽĐǇƚŽŐĞŶĞƐ͗ >͘ ŵŽŶŽĐǇƚŽŐĞŶĞƐ ͕ >͘
ŵŽŶŽĐǇƚŽŐĞŶĞƐ ĨƌŽŵ /ŶƚĞƌŶĂƚŝŽŶĂů ŽůůĞĐƚŝŽŶƐ ĂŶĚ ƉůĂŶƚƐ ĂŶĚ ƐƚŽƌĞĚ ŝŶ ƚŚĞ ŽůůĞĐƚŝŽŶ ŽĨ ƚŚĞ
ĞƉĂƌƚŵĞŶƚ ŽĨ &ŽŽĚƐƚƵĨĨ ^ĐŝĞŶĐĞƐ ŽĨ ƚŚĞ &ĂĐƵůƚǇ ŽĨ ŐƌŝĐƵůƚƵƌĞ ŽĨ ƚŚĞ hŶŝǀĞƌƐŝƚǇ ŽĨ hĚŝŶĞ ;/>Ϳ͘
/ŶĚŝǀŝĚƵĂůƐƵƐƉĞŶƐŝŽŶƐǁĞƌĞƉƌĞƉĂƌĞĚǁŝƚŚŽŶĞůŽŽƉŽĨ>͘ŵŽŶŽĐǇƚŽŐĞŶĞƐĂĚĚĞĚƚŽƐƚĞƌŝůĞƉĞƉƚŽŶĞ
ǁĂƚĞƌ;Ϭ͘ϴйEĂůͿ͘dŚĞƐƉĞĐƚƌŽƉŚŽƚŽŵĞƚĞƌĞǀĂůƵĂƚĞĚŽƉƚŝĐĂůĚĞŶƐŝƚǇĞƋƵĂůƚŽϬ͘ϭĂƚϲϬϬŶŵ͘/ŶŽƌĚĞƌ
ƚŽĞǀĂůƵĂƚĞƚŚĞůŽĂĚŽĨĞĂĐŚƐƵƐƉĞŶƐŝŽŶ͕ƚŚĞƐĂŵĞǁĞƌĞĚŝůƵƚĞĚŝŶƐƚĞƌŝůĞƉĞƉƚŽŶĞǁĂƚĞƌ͘ĨƚĞƌƚŚĂƚ
Ϭ͘ϭŵůŽĨĞĂĐŚĚŝůƵƚŝŽŶǁĂƐŝŶŽĐƵůĂƚĞĚŝŶWůĂƚĞŽƵŶƚŐĂƌ;KǆŽŝĚ͕/ƚĂůǇͿ͘dŚĞƉůĂƚĞƐǁĞƌĞŝŶĐƵďĂƚĞĚĂƚ
ϯϳ Σ ĨŽƌ ϰϴ ŚŽƵƌƐ ĂŶĚ ƚŚĞ ŐƌŽǁŶ ĐŽůŽŶŝĞƐ ǁĞƌĞ ĐŽƵŶƚĞĚ͘ ĂĐŚ ƐƵƐƉĞŶƐŝŽŶ ĐŽŶƚĂŝŶĞĚ ŽŶ ĂǀĞƌĂŐĞ
ĂƉƉƌŽǆŝŵĂƚĞůǇϭϬϳ&hͬŵů͘&ŝǀĞ ŵůŽĨĞĂĐŚƐƵƐƉĞŶƐŝŽŶǁĞƌĞŵŝǆĞĚĂŶĚĚŝůƵƚĞĚŝŶƐƚĞƌŝůĞ ƉĞƉƚŽŶĞ
ǁĂƚĞƌĂŶĚϬ͘ϭŵůŽĨĚŝůƵƚŝŽŶϭϬͲϯ&hͬŵůǁĂƐƐƉƌĞĂĚŝŶWůĂƚĞŽƵŶƚŐĂƌ͘dŚĞŽƉĞŶƉůĂƚĞƐǁĞƌĞƉůĂĐĞĚ
ŝŶƚŚĞĐŚĂŵďĞƌǁŝƚŚŝŽŶŝƐĞƌƚƵƌŶĞĚŽŶϮϰŚŽƵƌƐďĞĨŽƌĞ͘ƚƚŚĞĂďŽǀĞƚŝŵĞĨƌĂŵĞƐƚŚĞƉůĂƚĞƐǁĞƌĞ
ƌĞĐŽǀĞƌĞĚĂŶĚƉůĂĐĞĚƚŽŝŶĐƵďĂƚĞĂƚϯϳΣĨŽƌϰϴŚŽƵƌƐ͘ϱƌĞƉůŝĐĂƐ;ƐĂŵƉůĞƐͿǁĞƌĞĂŶĂůǇƐĞĚĂƚĞĂĐŚ
ŝŶƚĞƌǀĂů͘
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ϭϭϴ


<ůƵǇǀĞƌŽŵǇĐĞƐŵĂƌǆŝĂŶƵƐ
<ůƵǇǀĞƌŽŵǇĐĞƐŵĂƌǆŝĂŶƵƐǁĂƐƐĞĞĚĞĚŝŶŵĂůƚĂŐĂƌ;KǆŽŝĚ͕/ƚĂůǇͿ͕ŝŶĐƵďĂƚĞĚĂƚϮϱΣĨŽƌϯĚĂǇƐ͕
ƚŚĞŶŽŶĞĐŽůŽŶǇǁĂƐĚŝůƵƚĞĚŝŶƐƚĞƌŝůĞƉĞƉƚŽŶĞǁĂƚĞƌ;EĂůϬ͘ϭй͕WĞƉƚŽŶĞϬ͘ϴй͕tĂƚĞƌϭϬϬϬŵůͿ͘dŚĞ
ƐƉĞĐƚƌŽƉŚŽƚŽŵĞƚĞƌĞǀĂůƵĂƚĞĚŽƉƚŝĐĂůĚĞŶƐŝƚǇĞƋƵĂůƚŽϬ͘ϭĂƚϲϬϬŶŵ͘/ŶŽƌĚĞƌƚŽĞǀĂůƵĂƚĞƚŚĞůŽĂĚŽĨ
ƚŚĞƐƵƐƉĞŶƐŝŽŶ͕ƚŚĞƐĂŵĞǁĞƌĞĚŝůƵƚĞĚŝŶƐƚĞƌŝůĞƉĞƉƚŽŶĞǁĂƚĞƌ͘ĨƚĞƌƚŚĂƚϬ͘ϭŵůŽĨĞĂĐŚĚŝůƵƚŝŽŶǁĂƐ
ŝŶŽĐƵůĂƚĞĚŝŶƉůĂƚĞƐĐŽŶƚĂŝŶŝŶŐDĂůƚŐĂƌ;KǆŽŝĚ͕/ƚĂůǇͿ͘dŚĞƉůĂƚĞƐǁĞƌĞŝŶĐƵďĂƚĞĚĂƚϮϱΣĨŽƌϯͲϱ
ĚĂǇƐĂŶĚƚŚĞŐƌŽǁŶĐŽůŽŶŝĞƐǁĞƌĞĐŽƵŶƚĞĚ͘dŚĞƐƵƐƉĞŶƐŝŽŶĐŽŶƚĂŝŶĞĚŽŶĂǀĞƌĂŐĞĂƉƉƌŽǆŝŵĂƚĞůǇϭϬϳ
&hͬŵů͘ĞĐŝŵĂůĚŝůƵƚŝŽŶƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚĂŶĚϬ͘ϭŵůŽĨĚŝůƵƚŝŽŶϭϬͲϰ&hͬŵůǁĂƐƐƉƌĞĂĚŝŶDĂůƚŐĂƌ͘
dŚĞŽƉĞŶƉůĂƚĞƐǁĞƌĞƉůĂĐĞĚŝŶƚŚĞĐŚĂŵďĞƌǁŝƚŚŝŽŶŝƐĞƌƚƵƌŶĞĚŽŶϮϰŚŽƵƌƐďĞĨŽƌĞ͘ƚƚŚĞĂďŽǀĞ
ƚŝŵĞ ĨƌĂŵĞƐ ƚŚĞ ƉůĂƚĞƐ ǁĞƌĞ ƌĞĐŽǀĞƌĞĚ ĂŶĚ ƉůĂĐĞĚ ƚŽ ŝŶĐƵďĂƚĞ Ăƚ Ϯϱ Σ ĨŽƌ ϯͲϱ ĚĂǇƐ͘ ϱ ƌĞƉůŝĐĂƐ
;ƐĂŵƉůĞƐͿǁĞƌĞĂŶĂůǇƐĞĚĂƚĞĂĐŚŝŶƚĞƌǀĂů͘
ŽůŝĨŽƌŵƐĂŶĚƐĐŚĞƌŝĐŚŝĂĐŽůŝ;ĞŶǀŝƌŽŶŵĞŶƚĂůͬĨĂĞĐĂůĐŽŶƚĂŵŝŶĂƚŝŽŶͿ
dŚĞŝŶŽĐƵůĂƚŝŽŶĐŽŶƐŝƐƚĞĚŽĨϮƐƚƌĂŝŶƐŽĨ͘ĐŽůŝŝƐŽůĂƚĞĚĨƌŽŵĨůŽƵƌƐĂŶĚƐƚŽƌĞĚŝŶƚŚĞŽůůĞĐƚŝŽŶŽĨ
ƚŚĞĞƉĂƌƚŵĞŶƚŽĨ&ŽŽĚƐƚƵĨĨ^ĐŝĞŶĐĞƐŽĨƚŚĞ&ĂĐƵůƚǇŽĨŐƌŝĐƵůƚƵƌĞŽĨƚŚĞhŶŝǀĞƌƐŝƚǇŽĨhĚŝŶĞ;/>Ϳ͕
ŽŶĞ ƐƚƌĂŝŶ ŽĨ WĂŶƚŽĞĂ ;ŶƚĞƌŽďĂĐƚĞƌͿ ĂŐŐůŽŵĞƌĂŶƐ ŽĨ ĞŶǀŝƌŽŶŵĞŶƚĂů ŽƌŝŐŝŶ͘/ŶĚŝǀŝĚƵĂů ƐƵƐƉĞŶƐŝŽŶƐ
ǁĞƌĞƉƌĞƉĂƌĞĚǁŝƚŚŽŶĞůŽŽƉŽĨĞĂĐŚŵŝĐƌŽͲŽƌŐĂŶŝƐŵĂĚĚĞĚƚŽƐƚĞƌŝůĞƉĞƉƚŽŶĞǁĂƚĞƌ;Ϭ͘ϴйEĂůͿ͘
dŚĞƐƉĞĐƚƌŽƉŚŽƚŽŵĞƚĞƌĞǀĂůƵĂƚĞĚŽƉƚŝĐĂůĚĞŶƐŝƚǇĞƋƵĂůƚŽϬ͘ϭĂƚϲϬϬŶŵ͘/ŶŽƌĚĞƌƚŽĞǀĂůƵĂƚĞƚŚĞ
ůŽĂĚŽĨĞĂĐŚƐƵƐƉĞŶƐŝŽŶ͕ƚŚĞƐĂŵĞǁĞƌĞĚŝůƵƚĞĚŝŶƐƚĞƌŝůĞƉĞƉƚŽŶĞǁĂƚĞƌ͘ĨƚĞƌƚŚĂƚϬ͘ϭŵůŽĨĞĂĐŚ
ĚŝůƵƚŝŽŶǁĂƐŝŶŽĐƵůĂƚĞĚŝŶWůĂƚĞŽƵŶƚŐĂƌ;KǆŽŝĚ͕/ƚĂůǇͿ͘dŚĞƉůĂƚĞƐǁĞƌĞŝŶĐƵďĂƚĞĚĂƚϯϳΣĨŽƌϰϴ
ŚŽƵƌƐĂŶĚƚŚĞŐƌŽǁŶĐŽůŽŶŝĞƐǁĞƌĞĐŽƵŶƚĞĚ͘ĂĐŚƐƵƐƉĞŶƐŝŽŶĐŽŶƚĂŝŶĞĚŽŶĂǀĞƌĂŐĞĂƉƉƌŽǆŝŵĂƚĞůǇ
ϭϬϳ&hͬŵů͘&ŝǀĞŵůŽĨĞĂĐŚƐƵƐƉĞŶƐŝŽŶǁĞƌĞŵŝǆĞĚĂŶĚĚŝůƵƚĞĚŝŶƐƚĞƌŝůĞƉĞƉƚŽŶĞǁĂƚĞƌĂŶĚϬ͘ϭŵů
ŽĨĚŝůƵƚŝŽŶϭϬͲϯ&hͬŵůǁĂƐƐƉƌĞĂĚŝŶWůĂƚĞŽƵŶƚŐĂƌ͘dŚĞŽƉĞŶƉůĂƚĞƐǁĞƌĞƉůĂĐĞĚŝŶƚŚĞĐŚĂŵďĞƌ
ǁŝƚŚŝŽŶŝƐĞƌ ƚƵƌŶĞĚŽŶ ϮϰŚŽƵƌƐďĞĨŽƌĞ͘ƚ ƚŚĞ ĂďŽǀĞ ƚŝŵĞ ĨƌĂŵĞƐƚŚĞ ƉůĂƚĞƐ ǁĞƌĞƌĞĐŽǀĞƌĞĚĂŶĚ
ƉůĂĐĞĚƚŽŝŶĐƵďĂƚĞ͘ϱƌĞƉůŝĐĂƐ;ƐĂŵƉůĞƐͿǁĞƌĞĂŶĂůǇƐĞĚĂƚĞĂĐŚŝŶƚĞƌǀĂů͘

ƐƉĞƌŐŝůůƵƐŶŝŐĞƌ
^ƉŽƌĞƐ͕ƉƌŽĚƵĐĞĚĨƌŽŵĐŽůŽŶŝĞƐŽĨƐƉĞƌŐŝůůƵƐŶŝŐĞƌ͕ƐĞĞĚĞĚŝŶDĂůƚĂŐĂƌ;KǆŽŝĚ͕/ƚĂůǇͿŝŶĐƵďĂƚĞĚ
ĂƚϮϱΣĨŽƌϱĚĂǇƐ͕ǁĞƌĞĚŝůƵƚĞĚŝŶƉĞƉƚŽŶĞǁĂƚĞƌ;EĂůϬ͘ϭй͕WĞƉƚŽŶĞϬ͘ϴй͕tĂƚĞƌϭϬϬϬŵůͿ͘ĨƚĞƌ
ŚŽŵŽŐĞŶŝƐĂƚŝŽŶƚŚĞƐƉŽƌĞƐ͕ĨŽůůŽǁŝŶŐĚŝůƵƚŝŽŶ͕ǁĞƌĞĐŽƵŶƚĞĚŝŶDĂůƚĂŐĂƌƉůĂƚĞƐ;KǆŽŝĚ͕/ƚĂůǇͿĂŶĚϬ͘ϭ
ŵůŽĨĚŝůƵƚŝŽŶϭϬͲϯǁĞƌĞƐƉƌĞĂĚŝŶDĂůƚŐĂƌƉůĂƚĞƐ͘dŚĞŽƉĞŶƉůĂƚĞƐǁĞƌĞƉůĂĐĞĚŝŶƚŚĞĐŚĂŵďĞƌǁŝƚŚ
ŝŽŶŝƐĞƌƚƵƌŶĞĚŽŶϮϰŚŽƵƌƐďĞĨŽƌĞ͘ƚƚŚĞĂďŽǀĞƚŝŵĞĨƌĂŵĞƐƚŚĞƉůĂƚĞƐǁĞƌĞƌĞĐŽǀĞƌĞĚĂŶĚƉůĂĐĞĚƚŽ
ŝŶĐƵďĂƚĞĂƚϮϱΣĨŽƌϯͲϱĚĂǇƐ͘ϱƌĞƉůŝĐĂƐ;ƐĂŵƉůĞƐͿǁĞƌĞĂŶĂůǇƐĞĚĂƚĞĂĐŚŝŶƚĞƌǀĂů͘
KǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶǁĂƐĂůƐŽŵĞĂƐƵƌĞĚĚƵƌŝŶŐƚƌĞĂƚŵĞŶƚŝŶŽƌĚĞƌƚŽĞǀĂůƵĂƚĞƚŚĞŚĞĂůƚŚŝŶĞƐƐŽĨ
ƚŚĞŵĞƚŚŽĚ͘

/ŽŶŝƐĞƌŵŽĚĞůƵƐĞĚ
:ŽŶŝǆDĂƚĞŝŽŶŝƐĞƌŵŽĚĞůďǇƚŚĞĐŽŵƉĂŶǇ:ŽŶŝǆƐƌůǁĂƐƵƐĞĚ͘sŝĂůĞ^ƉĂŐŶĂϯϭͲϯϯ͕ϯϭϬϮϬdƌŝďĂŶŽ
;WͿ͘dŚĞŝŽŶŝƐĞƌ͕ƉůĂĐĞĚŝŶĂĨŽŽĚŐƌĂĚĞĐŽůĚƐƚŽƌĞƌŽŽŵŽĨĂƉƉƌŽǆŝŵĂƚĞůǇϲϬŵ ϯ;ϲǆϯ͘ϲǆϮ͘ϳϬŵͿŬĞƉƚ
Ăƚ ĂǀĞƌĂŐĞ ƚĞŵƉĞƌĂƚƵƌĞ ŽĨ ϭϱ Σ͕͘ ŚĂĚ ďĞĞŶ ƐǁŝƚĐŚĞĚ ŽŶ Ϯ ĚĂǇƐ ƉƌŝŽƌ ƚŽ ƚŚĞ ƐƚĂƌƚ ŽĨ ƚŚĞ
ĞǆƉĞƌŝŵĞŶƚĂƚŝŽŶŝŶŽƌĚĞƌƚŽĞůŝŵŝŶĂƚĞŝŶƚĞƌĨĞƌĞŶĐĞĚƵĞƚŽĂŝƌĐŽŶƚĂŵŝŶĂƚŝŽŶŝŶƚŚĞĐŽůĚƐƚŽƌĞƌŽŽŵ͘
dŚĞŽƉĞŶƉůĂƚĞƐǁĞƌĞƉŽƐŝƚŝŽŶĞĚŽŶŵĞƚĂůƐŚĞůǀĞƐĂŶĚƐƵďũĞĐƚƚŽƚƌĞĂƚŵĞŶƚůĞĂǀŝŶŐƚŚĞŝŽŶŝƐĞƌŽŶ
ƚŚƌŽƵŐŚŽƵƚƚŚĞƚĞƐƚƐ͘
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ϭϭϵ



DK/>D/>s/&KZ/EKKZ/ZWhZ/&/d/KEEKEdD/Ed/KE





ZĞƐƵůƚƐ
dŚĞŽƵƚĐŽŵĞŽĨƚŚĞƚĞƐƚƐĂƌĞŽƵƚůŝŶĞĚďĞůŽǁ͘dŚĞĨŝŐƵƌĞƐĂƌĞƚŚĞĂƉƉƌŽǆŝŵĂƚĞĂǀĞƌĂŐĞƌĞƐƵůƚŽĨ
ĨŝǀĞƉůĂƚĞƐ͘dŚĞĚĂƚĂĂƌĞĞǆƉƌĞƐƐĞĚŝŶh&ͬŵůŝŶϵϬŵŵƉůĂƚĞ͘


dĂďůĞϭ͗ŚĂŶŐĞŝŶƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨ^ƚĂƉŚǇůŽĐŽĐĐƵƐ͘ĂƵƌĞƵƐ
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ϭϮϬ







dŝŵĞŵŝŶͬŚ

ǀĞƌĂŐĞ
Ɛƚ͘ĚĞǀ͘
йĚĞĐƌĞĂƐĞ
h&ͬŵů

Ϭ
ϱϴϰϬϬϬϬϬ
ϭϬϴϮϮϭϵϵ͘ϰϭ
ϯϬ
ϯϭϯϮϬϬϬϬ
ϳϭϮϭϮϯϱ͘ϴϰ
ϯϳ͘ϭ
ϲϬ
ϯϰϭϬϬϬϬϬ
ϯϬϵϬϯϬϳ͘ϰϮ
ϯϭ͘ϱ
ϵϬ
ϮϭϲϰϬϬϬϬ
ϯϳϭϬϱϮϱ͘ϱϲ
ϱϲ͘ϱ
ϭϮϬ
ϰϲϬϬϬϬϬ
ϴϱϰϰϬϬ͘ϯϳ
ϵϬ͘ϴ
ϭϮŚ
ϰϬϬϬϬ
ϴϵϰϰϮ͘ϳϭ
ϵϵ͘ϵ
ϮϰŚ
Ϭ
Ϭ
ϭϬϬ͘Ϭ
<ĞǇ͗Ɛƚ͘ĚĞǀ͗͘ƐƚĂŶĚĂƌĚĚĞǀŝĂƚŝŽŶ

dĂďůĞϮ͗ŚĂŶŐĞŝŶƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨ>ŝƐƚĞƌŝĂŵŽŶŽĐǇƚŽŐĞŶĞƐ
dŝŵĞŵŝŶͬŚ
ǀĞƌĂŐĞ
Ɛƚ͘ĚĞǀ͘
йĚĞĐƌĞĂƐĞ
h&ͬŵů

Ϭ
ϲϱϮϴϬϬϬϬ
ϭϳϱϮϳϭϮ͘ϭϴ
ϯϬ
ϲϱϬϴϬϬϬϬ
ϳϭϱϬϯϭϰ͘ϲϳ
Ϭ͘ϯ
ϲϬ
ϱϭϯϲϬϬϬϬ
ϮϱϲϳϳϳϳϮ͘ϰϵ
Ϯϭ͘ϯ
ϵϬ
ϯϱϮϬϬϬϬ
ϭϲϬϱϯϬϯ͘ϳϭ
ϵϰ͘ϲ
ϭϮϬ
ϮϬϬϲϬϬϬ
ϭϬϴϬϴϮϯ͘ϳϲ
ϵϲ͘ϵ
ϭϮŚ
ϵϴϬϬϬϬ
ϳϱϮϵϵϰ͘ϬϮ
ϵϴ͘ϱ
ϮϰŚ
ϵϲϬϬϬϬ
ϰϬϵϴϳϴ͘Ϭϯ
ϵϴ͘ϱ
<ĞǇ͗Ɛƚ͘ĚĞǀ͗͘ƐƚĂŶĚĂƌĚĚĞǀŝĂƚŝŽŶ

dĂďůĞϯ͗ŚĂŶŐĞŝŶƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨ<ůƵǇǀĞƌŽŵǇĐĞƐŵĂƌǆŝĂŶƵƐ
dŝŵĞŵŝŶͬŚ
ǀĞƌĂŐĞ
Ɛƚ͘ĚĞǀ͘
йĚĞĐƌĞĂƐĞ
h&ͬŵů

Ϭ
ϮϭϴϰϰϴϬ
ϱϬϱϮϲϴ͘ϭϵ
ϯϬ
ϮϮϵϮϰϬϬ
ϲϮϮϳϵϭ͘ϭϯ
ϰ͘ϵ
ϲϬ
ϮϯϯϲϬϬϬ
ϳϴϮϲϰϮ͘ϵϱ
ϲ͘ϵ
ϵϬ
ϮϮϲϲϬϬϬ
ϵϳϵϵϯϴ͘ϳϳ
ϯ͘ϳ
ϭϮϬ
ϮϭϱϴϬϬϬ
ϴϲϰϴϮϯ͘ϲϴ
ϭ͘Ϯ
ϭϮŚ
Ϭ
Ϭ
ϭϬϬ͘Ϭ
ϮϰŚ
Ϭ
Ϭ
ϭϬϬ͘Ϭ
<ĞǇ͗Ɛƚ͘ĚĞǀ͗͘ƐƚĂŶĚĂƌĚĚĞǀŝĂƚŝŽŶ
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ϭϮϭ





dĂďůĞϰ͗ŚĂŶŐĞŝŶƚŚĞƚŽƚĂůďĂĐƚĞƌŝĂůĐŽƵŶƚ
dŝŵĞŵŝŶͬŚ
ǀĞƌĂŐĞ
Ɛƚ͘ĚĞǀ͘
йĚĞĐƌĞĂƐĞ
h&ͬŵů

Ϭ
ϳϬϮϰϬϬϬϬ
ϳϬϮϵϬϴϮ͘ϰϰ
ϯϬ
ϲϯϰϮϬϬϬϬ
ϯϲϵϮϭϱϯ͘ϴϰ
ϵ͘ϳ
ϲϬ
ϴϮϰϴϬϬϬϬ
ϭϲϴϭϴϳϵϵ͘Ϭϭ
ϭϳ͘ϰ
ϵϬ
ϱϰϴϬϬϬϬϬ
ϭϬϰϳϭϴϲϳ͘Ϭϳ
Ϯϭ͘ϵ
ϭϮϬ
ϱϳϵϲϬϬϬϬ
ϭϲϮϴϴϮϳϳ͘ϵϵ
ϭϳ͘ϱ
ϭϮŚ
Ϭ
Ϭ
ϭϬϬ͘Ϭ
ϮϰŚ
Ϭ
Ϭ
ϭϬϬ͘Ϭ
<ĞǇ͗Ɛƚ͘ĚĞǀ͗͘ƐƚĂŶĚĂƌĚĚĞǀŝĂƚŝŽŶ
dĂďůĞϱ͗ŚĂŶŐĞŝŶƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨƐƉĞƌŐŝůůƵƐŶŝŐĞƌ
dŝŵĞŵŝŶͬŚ
ǀĞƌĂŐĞ
Ɛƚ͘ĚĞǀ͘
йĚĞĐƌĞĂƐĞ
h&ͬŵů

Ϭ
ϭϯϬϬϬϬϬ
ϮϬϬϬϬϬ
ϯϬ
ϳϰϬϬϬϬ
ϱϰϳϳϮ͘Ϯϱ
ϰϯ͘ϭ
ϲϬ
ϭϬϬϬϬϬϬ
ϱϭϵϲϭϱ͘Ϯϰ
Ϯϯ͘ϭ
ϵϬ
ϭϬϬϬϬϬϬ
ϯϱϯϱϱϯ͘ϯϵ
Ϯϯ͘ϭ
ϭϮϬ
ϭϮϲϬϬϬϬ
ϰϮϭϵϬϬ͘ϰϲ
ϯϬ͘ϴ
ϭϮŚ
ϯϲϬϬϬϬ
ϮϬϳϯϲϰ͘ϰϭ
ϳϮ͘ϯ
ϮϰŚ
ϭϴϬϬϬϬ
ϭϯϬϯϴϰ͘Ϭϰ
ϴϮ͘ϳ
<ĞǇ͗Ɛƚ͘ĚĞǀ͗͘ƐƚĂŶĚĂƌĚĚĞǀŝĂƚŝŽŶ


ŽŵŵĞŶƚŽŶƌĞƐƵůƚƐ
Ɛ ŵĂǇ ďĞ ŝŶĨĞƌƌĞĚ ĨƌŽŵ ƚŚĞ ƌĞƐƵůƚƐ ŽĨ ƚŚĞ ĂďŽǀĞ ŵĞŶƚŝŽŶĞĚ ƚĞƐƚƐ͕ ƚŚĞ ŵŝĐƌŽďŝĂů ƌĞĚƵĐƚŝŽŶ
ŽďƚĂŝŶĞĚǁŝƚŚƚŚĞ:ŽŶŝǆDĂƚĞĂŝƌŝŽŶŝƐĂƚŝŽŶƐǇƐƚĞŵŽŶƐƵƌĨĂĐĞƐƐŝŵƵůĂƚŝŶŐŽƌŐĂŶŝĐŵĂƚĞƌŝĂůŝŶŽĐƵůĂƚĞĚ
ǁŝƚŚǀĂƌŝŽƵƐŵŝĐƌŽďŝĂůƐƚƌĂŝŶƐŝƐŚŝŐŚĂŶĚĂůůŽǁƐŵŽƐƚŝŶŽĐƵůĂƚĞĚƐƚƌĂŝŶƐƚŽďĞĐŽŵƉůĞƚĞůǇŝŶŚŝďŝƚĞĚ
ǁŝƚŚŝŶϭϮͲϮϰŚŽƵƌƐ͘/ŶĨĂĐƚŝŶŵĂŶǇĐĂƐĞƐƚŚĞƌĞĚƵĐƚŝŽŶŽďƚĂŝŶĞĚŝƐŚŝŐŚĞƌƚŚĂŶϵϱй͘dŚĞŵŝĐƌŽďŝĂů
ƌĞĚƵĐƚŝŽŶĞĨĨĞĐƚŽĨŝŽŶŝƐĞĚĂŝƌŝƐƐŝŵŝůĂƌďŽƚŚŽŶ'ƌĂŵƉŽƐŝƚŝǀĞƐ ĂŶĚ'ƌĂŵ ŶĞŐĂƚŝǀĞƐ ĂƐǁĞůůĂƐŽŶ
ǇĞĂƐƚƐĂŶĚŵŽƵůĚƐ͕ĂůƚŚŽƵŐŚƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨƚĞŶĂƉƉĞĂƌƐƚŽĚĞƉĞŶĚŽŶƚŚĞƐƉĞĐŝĞƐĐŽŶƐŝĚĞƌĞĚ͕
ƐƉĞĐŝĨŝĐĂůůǇ͗
ϭͿ ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ;dĂďůĞϭͿ͘dŚŝƐŵŝĐƌŽͲŽƌŐĂŶŝƐŵŝƐƚǇƉŝĐĂůŽĨŚƵŵĂŶĂŶĚĂŶŝŵĂůŵƵĐŽƐĂ͘
/ƚŝƐĂƉŽƚĞŶƚŝĂůƉĂƚŚŽŐĞŶ͕ƐŝŶĐĞƚŚĞƐƉĞĐŝĞƐŝŶĐůƵĚĞƐĞŶƚĞƌŽƚŽǆŝŶͲƉƌŽĚƵĐŝŶŐƐƚƌĂŝŶƐ;͕͕͕͕
͕&Ϳ͘ŶƚĞƌŽƚŽǆŝŶƐĞĞŵƐƚŚĞŵŽƐƚǁŝĚĞƐƉƌĞĂĚŽŶĞĂƚĨŽŽĚůĞǀĞů͘/ŶĨĂĐƚŝƚŚĂƐďĞĞŶƚŚĞĐƵůƉƌŝƚ
ŝŶĂŶƵŵďĞƌŽĨƉŽŝƐŽŶŝŶŐĐĂƐĞƐƐŝŶĐĞŝƚŝƐƉƌŽĚƵĐĞĚ ͲͲůŝŬĞƚŚĞŽƚŚĞƌĞŶƚĞƌŽƚŽǆŝŶƐͲͲŝŶĨŽŽĚ
ƐƚŽƌĞĚŝŶƚŚĞƌŵĂůĂďƵƐĞ͘&ŽŽĚƐƚƵĨĨŵĂǇďĞŶĂƚƵƌĂůůǇĐŽŶƚĂŵŝŶĂƚĞĚďǇ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐ
ŽƌĐŽŵĞŝŶƚŽĐŽŶƚĂĐƚǁŝƚŚŝƚĚƵĞƚŽŚƵŵĂŶŵĂŶŝƉƵůĂƚŝŽŶĂŶĚĐŽŶƚĂŵŝŶĂƚĞĚĞŶǀŝƌŽŶŵĞŶƚƐĂŶĚ
ĞƋƵŝƉŵĞŶƚ͘/ŶƚŚĞĞǀĞŶƚŽĨĚĞǀĞůŽƉŵĞŶƚƚŚĞƚŽǆŝŶƉĞƌƐŝƐƚƐƐŝŶĐĞŝƚŝƐƚŚĞƌŵŽƐƚĂďůĞŚĞŶĐĞŝƚŝƐ
ŶŽƚ ĞůŝŵŝŶĂƚĞĚ ďǇ ƉĂƐƚĞƵƌŝƐĂƚŝŽŶ ĂŶĚͬŽƌ ĐŽŽŬŝŶŐ͘ hƐŝŶŐ ƚŚĞ ŝŽŶŝƐŝŶŐ ƚƌĞĂƚŵĞŶƚ ĂƐƐƵƌĞƐ
ĐŽŵƉůĞƚĞ ŝŶŚŝďŝƚŝŽŶ ŽĨ ƐĂŝĚ ŵŝĐƌŽͲŽƌŐĂŶŝƐŵ͘ /Ŷ ĨĂĐƚ͕ ĐŽŶƚŝŶƵŽƵƐ ŝŶĂĐƚŝǀĂƚŝŽŶ ŽǀĞƌ ƚŝŵĞ ŝƐ
ŽďƐĞƌǀĞĚ;dĂďůĞϭͿ͘/ŶĨĂĐƚĂĨƚĞƌϮŚŽƵƌƐƌĞĚƵĐƚŝŽŶŝƐϵϬйĂŶĚϵϵ͘ϵͲϭϬϬйĂƚϭϮĂŶĚϮϰŚŽƵƌƐ͘
ϮͿ >ŝƐƚĞƌŝĂ ŵŽŶŽĐǇƚŽŐĞŶĞƐ ;dĂďůĞ ϮͿ͘ dŚŝƐ ŝƐ ĂŶ ĞŶǀŝƌŽŶŵĞŶƚĂů ŽƌŝŐŝŶ ƉƐǇĐŚƌŽƚƌŽƉŚŝĐ ŵŝĐƌŽͲ
ŽƌŐĂŶŝƐŵ͘/ƚĐŽŶƚĂŵŝŶĂƚĞƐĂŶǇĞŶǀŝƌŽŶŵĞŶƚĂŶĚĐŽŶƐĞƋƵĞŶƚůǇĂŶǇĨŽŽĚĞŝƚŚĞƌĂƐŝŶŐƌĞĚŝĞŶƚ
ŽƌĨŝŶŝƐŚĞĚƉƌŽĚƵĐƚ;ŽĐŽůŝŶĞƚĂů͕͘ϮϬϬϱͿ͘/ƚƐƉƌĞƐĞŶĐĞŝŶĨŽŽĚƐƚƵĨĨ;ƌĞĂĚǇƚŽĞĂƚͿŝƐƌĞŐƵůĂƚĞĚ
ďǇŵŝĐƌŽďŝŽůŽŐǇĐƌŝƚĞƌŝĂƐĞƚŽƵƚŝŶZĞŐ͘ϮϬϳϯͬϬϱĂŶĚϭϰϭϰͬϬϴ͕ƐŝŶĐĞŝƚŝƐĂƉĂƚŚŽŐĞŶĂŶĚ
ŚŝŐŚůǇǀŝƌƵůĞŶƚ͘ǀĞƌǇǇĞĂƌ͕ŝŶĨĂĐƚ͕ĂŶƵŵďĞƌŽĨůŝƐƚĞƌŝŽƐŝƐĐĂƐĞƐ ĂƌĞƌĞƉŽƌƚĞĚ;Ϭ͘ϰͬϭϬϬ͕ϬϬϬ
ŝŶŚĂďŝƚĂŶƚƐͿĨŽůůŽǁŝŶŐĐŽŶƐƵŵƉƚŝŽŶŽĨĨŽŽĚƉƌŽĚƵĐƚƐ͘ŽŶƐĞƋƵĞŶƚůǇ͕ƚŚĞĨŽŽĚŝŶĚƵƐƚƌǇƵƐĞƐĂ
ŶƵŵďĞƌŽĨƚĞĐŚŶŽůŽŐŝĞƐƚŽĞƌĂĚŝĐĂƚĞŽƌƉƌĞǀĞŶƚŝƚƐƉƌĞƐĞŶĐĞŝŶĨŽŽĚ͕ĂƐǁĞůůĂƐƚŽƉƌĞǀĞŶƚŝƚƐ
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ϭϮϮ

ŐƌŽǁƚŚ͘dŚĞ:ŽŶŝǆƐǇƐƚĞŵĂƐƐƵƌĞƐƌĞĚƵĐƚŝŽŶĂůƌĞĂĚǇĂĨƚĞƌϵϬŵŝŶŽĨϵϰйŽĨ>͘ŵŽŶŽĐǇƚŽŐĞŶĞƐ
ƉƌĞƐĞŶƚ͕ĂŶĚĂƚϭϮͲϮϰŚŽƵƌƐƌĞĚƵĐƚŝŽŶŝƐŐƌĞĂƚĞƌƚŚĂŶϵϴй͘dŽĂĐŚŝĞǀĞƚŽƚĂůĞƌĂĚŝĐĂƚŝŽŶ;ϭϬϬйͿ
ƉƌŽůŽŶŐĞĚƚƌĞĂƚŵĞŶƚŝƐƌĞƋƵŝƌĞĚ;ϯϲŚŽƵƌƐͿ͘
ϯͿ <ůƵǇǀĞƌŽŵǇĐĞƐ ŵĂƌǆŝĂŶƵƐ ;dĂďůĞ ϯͿ͘ <͘ŵĂƌǆŝĂŶƵƐŝƐĂŶŝŶŶŽĐƵŽƵƐǇĞĂƐƚ͕ĐŽŶƐŝĚĞƌĞĚĂƐƚŚĞ
ƉĞƌĨĞĐƚĨŽƌŵŽĨĂŶĚŝĚĂƉƐĞƵĚŽƚƌŽƉŝĐĂůŝƐ͖ǁŚŝĐŚ͕ŚŽǁĞǀĞƌ͕ŝƐĂƌĞĐŽŐŶŝƐĞĚƉĂƚŚŽŐĞŶ͕ĂůƚŚŽƵŐŚ
ůĞƐƐ ǀŝƌƵůĞŶƚƚŚĂŶ ĂŶĚŝĚĂĂůďŝĐĂŶƐ͕ĂƚǇƉŝĐĂůƉĂƚŚŽŐĞŶŽĨŚƵŵĂŶĂŶĚĂŶŝŵĂůŵƵĐŽƐĂ͘/ƚŝƐ
ǁŝĚĞƐƉƌĞĂĚ ŝŶ ŶĂƚƵƌĞ͕ ƉĂƌƚŝĐƵůĂƌůǇ ŝŶ ŵŝůŬ ĂŶĚ ĨĞƌŵĞŶƚĞĚ ŵŝůŬ ;ŝ͘Ğ͘ <ĞĨŝƌͿ͘ /ƚ ŝƐ ƵƐĞĚ ŝŶ ƚŚĞ
ƉƌŽĚƵĐƚŝŽŶŽĨďŝŽͲĞƚŚĂŶŽů͘dŚŝƐǇĞĂƐƚŝƐƉĂƌƚŝĐƵůĂƌůǇƌĞƐŝƐƚĂŶƚƚŽƐŚŽƌƚŝŽŶŝƐŝŶŐƚƌĞĂƚŵĞŶƚ;фϭϮϬ
ŵŝŶͿ͘,ŽǁĞǀĞƌ͕ŝƚƐƉƌĞƐĞŶĐĞŵĂǇďĞĞƌĂĚŝĐĂƚĞĚĨƌŽŵŽƌŐĂŶŝĐƐƵďƐƚƌĂƚĞƐĂĨƚĞƌϭϮͬϮϰŚŽƵƌƐŽĨ
ƚƌĞĂƚŵĞŶƚ͕ĂƐĞĨĨĞĐƚŝǀĞůǇƌĞƉŽƌƚĞĚŝŶƚĂďůĞϯ͘
ϰͿ dŽƚĂůďĂĐƚĞƌŝĂůĐŽƵŶƚ;dĂďůĞϰͿ͘&ŽƌĂŶĂƐƐĞƐƐŵĞŶƚŽĨƚŚĞĞĨĨĞĐƚŽĨƚŚĞŝŽŶŝƐŝŶŐƚƌĞĂƚŵĞŶƚŽŶ
ƚŚĞ ƚŽƚĂů ďĂĐƚĞƌŝĂů ĐŽƵŶƚ ǀĂƌŝŽƵƐ ŵŝĐƌŽͲŽƌŐĂŶŝƐŵƐ ƚǇƉŝĐĂů ŽĨ ĨĂĞĐĂů ;ƐĐŚĞƌŝĐŚŝĂ ĐŽůŝͿ ĂŶĚ
ĞŶǀŝƌŽŶŵĞŶƚĂů;WĂŶƚŽĞĂĂŐŐůŽŵĞƌĂŶƐͿĐŽŶƚĂŵŝŶĂƚŝŽŶǁĞƌĞƵƐĞĚ͘ůƐŽŝŶƚŚŝƐĐĂƐĞƚƌĞĂƚŵĞŶƚ
ƐŚŽƌƚĞƌƚŚĂŶϭϮϬŵŝŶƵƚĞƐĚŽŶŽƚůĞĂĚƚŽƐŝŐŶŝĨŝĐĂŶƚƌĞĚƵĐƚŝŽŶƐ͕ǁŚŝůĞƚƌĞĂƚŵĞŶƚŽĨϭϮĂŶĚϮϰ
ŚŽƵƌƐůĞĂĚƚŽĐŽŵƉůĞƚĞĞƌĂĚŝĐĂƚŝŽŶŽĨƚŚĞϮƐƉĞĐŝĞƐĐŽŶƐŝĚĞƌĞĚ͘
ϱͿ ƐƉĞƌŐŝůůƵƐŶŝŐĞƌ;dĂďůĞϱͿ͘DŽƵůĚ;ĨƵŶŐƵƐͿŽĨĞŶǀŝƌŽŶŵĞŶƚĂůŽƌŝŐŝŶĂŶĚƚǇƉŝĐĂůŽĨǀĞŐĞƚĂďůĞƐ͕
ĞǀĞŶŝĨŝƚŚĂƐŽĨƚĞŶďĞĞŶŝƐŽůĂƚĞĚŽŶƚŚĞƐƵƌĨĂĐĞŽĨĐƵƌĞĚŵĞĂƚƐ͘/ƚĨĞĂƚƵƌĞƐŵǇĐŽƚŽǆŝŐĞŶŝĐ
ƐƚƌĂŝŶƐ͘/ŶĨĂĐƚďůĂĐŬĂƐƉĞƌŐŝůůŝŵĂǇƉƌŽĚƵĐĞKĐŚƌĂƚŽǆŝŶĂŶĚ͖KĐŚƌĂƚŽǆŝŶŝƐƵŶĚĞƐŝƌĂďůĞ
ŝŶĨŽŽĚƐƚƵĨĨĂƐŝƚŚĂƐďĞĞŶĐůĂƐƐŝĨŝĞĚďǇ/Z;/ŶƚĞƌŶĂƚŝŽŶĂůŐĞŶĐǇĨŽƌZĞƐĞĂƌĐŚŽĨĂŶĐĞƌͿŝŶ
group “2B” as a ƉŽƐƐŝďůĞĐĂƌĐŝŶŽŐĞŶ͘ŶƵŵďĞƌŽĨƐƚƵĚŝĞƐ͕ŝŶĨĂĐƚ͕ŚĂǀĞƉƌŽǀĞĚŝƚƐƚĞƌĂƚŽŐĞŶŝĐ͕
ŶĞƵƌŽƚŽǆŝĐ͕ŐĞŶŽƚŽǆŝĐ͕ŝŵŵƵŶŽƚŽǆŝĐĂŶĚŶĞƉŚƌŽƚŝĐƉƌŽƉĞƌƚŝĞƐ;/Z͕ϭϵϵϯ͖:&͕ϮϬϬϭͿ͘ƐĂ
ŵĂƚƚĞƌŽĨĨĂĐƚŝŶ/ƚĂůǇƚŚĞůŝŵŝƚŽĨϭђŐͬ<ŐŚĂƐďĞĞŶƐƵŐŐĞƐƚĞĚĨŽƌŝƚƐƉƌĞƐĞŶĐĞŝŶ ŵĞĂƚĂŶĚ
ŵĞĂƚͲďĂƐĞĚ ƉƌŽĚƵĐƚƐ ;ŝƌĐƵůĂƌ ŽĨ ƚŚĞ DŝŶŝƐƚƌǇ ŽĨ ,ĞĂůƚŚ ŶŽ͘ ϭϬͲϬϵͬϬϲͬϭϵϵϵͿ͘ /ŽŶŝƐĂƚŝŽŶ ŝƐ
ĐŽŶĚƵĐŝǀĞƚŽǀĂƌŝĂďůĞƌĞĚƵĐƚŝŽŶŽĨƐĂŝĚŵŝĐƌŽͲŽƌŐĂŶŝƐŵ͕ůŝŶŬĞĚƚŽƚŚĞƚƌĞĂƚŵĞŶƚƚŝŵĞ͘/ŶĨĂĐƚ
ϭϮŽƌϮϰŚŽƵƌƐĂƌĞƌĞƋƵŝƌĞĚƚŽƌĞĚƵĐĞϳϮĂŶĚϴϮйŽĨƚŚĞ͘ŶŝŐĞƌůŽĂĚŝŶŽĐƵůĂƚĞĚŝŶŽƌŐĂŶŝĐ
ŵĞĚŝĂ͘ dŽ ĂĐŚŝĞǀĞ ĐŽŵƉůĞƚĞ ŝŶĂĐƚŝǀĂƚŝŽŶ ŽĨ ŝŶŽĐƵůĂƚĞĚ ƐƉŽƌĞƐ Ă ϯϲͲϰϴ ŚŽƵƌ ƚƌĞĂƚŵĞŶƚ ŝƐ
ƌĞƋƵŝƌĞĚ͘

ŽŶĐůƵƐŝŽŶ
dŚĞ:ŽŶŝǆDĂƚĞƐǇƐƚĞŵďĂƐĞĚŽŶĂŝƌŝŽŶŝƐĂƚŝŽŶŵĂŬĞƐŝƚƉŽƐƐŝďůĞƚŽŝŶĂĐƚŝǀĂƚĞŵŝĐƌŽďŝĂůƐƚƌĂŝŶƐ
ŝŶƚĞŶƚŝŽŶĂůůǇŝŶŽĐƵůĂƚĞĚŝŶŽƌŐĂŶŝĐĐƵůƚƵƌĞŵĞĚŝĂ͘dŚĞƌĞĚƵĐƚŝŽŶƉĞƌĐĞŶƚĂŐĞŝƐƐƚƌŝĐƚůǇůŝŶŬĞĚƚŽƚŚĞ
ŵŝĐƌŽďŝĂůƐƉĞĐŝĞƐĐŽŶƐŝĚĞƌĞĚĂŶĚƚŚĞƚƌĞĂƚŵĞŶƚƚŝŵĞ͘

ŝďůŝŽŐƌĂƉŚǇ
ďĂƌĐĂ͕D͘>͕͘ƌĂŐƵůĂƚ͕D͘Z͕͘ĂƐƚĞůůă͕'͕͘ĂďĂŶĞƐ͕&͘:͘;ϭϵϵϰͿKĐŚƌĂƚŽǆŝŶƉƌŽĚƵĐƚŝŽŶďǇƐƚƌĂŝŶ
ŽĨƐƉĞƌŐŝůůƵƐŶŝŐĞƌǀĂƌ͘ŶŝŐĞƌ͘ƉƉů͘ŶŝǀŝƌŽŶ͘DŝĐƌŽďŝŽů͕͘ϲϬ;ϳͿ͕ϮϲϱϬͲϮϲϱϮ͘
ŽĐŽůŝŶ͕>͕͘^ƚĞůůĂ͕^͕͘EĂƉƉŝ͕Z͕͘ŽǌǌĞƚƚĂ͕͕͘ĂŶƚŽŶŝ͕͕͘Žŵŝ͕'͘;ϮϬϬϱͿ ŶĂůǇƐŝƐŽĨWZͲďĂƐĞĚ
ŵĞƚŚŽĚƐĨŽƌĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶŽĨ>ŝƐƚĞƌŝĂŵŽŶŽĐǇƚŽŐĞŶĞƐƐƚƌĂŝŶƐŝƐŽůĂƚĞĚĨƌŽŵĚŝĨĨĞƌĞŶƚƐŽƵƌĐĞƐ͘/Ŷƚ͘:͘
&ŽŽĚDŝĐƌŽďŝŽů͕͘ϭϬϯ͕ϭϲϳͲϭϳϴ͘
Žŵŝ͕'͕͘/ĂĐƵŵŝŶ͕>͘;ϮϬϭϯͿĐŽůŽŐǇŽĨŵŽƵůĚƐĚƵƌŝŶŐƚŚĞƉƌĞͲƌŝƉĞŶŝŶŐĂŶĚƌŝƉĞŶŝŶŐŽĨ^ĂŶĂŶŝĞůĞ
ĚƌǇĐƵƌĞĚŚĂŵ͘&ŽŽĚZĞƐĞĂƌĐŚ/Ŷƚ͘ϱϰ͕ϭϭϭϯͲϭϭϭϵ͘
Žŵŝ͕ '͕͘ >ŽǀŽ͕ ͕͘ ŽƌƚŽůƵƐƐŝ͕ E͕͘ WĂŝĂŶŝ͕ D͕͘ ĞƌƚŽŶ͕ ͕͘  ƵƐƚƌĞŽ͕ '͘ ;ϮϬϬϱͿ /ŽŶŝƐĞƌƐ ƚŽ
ĚĞĐŽŶƚĂŵŝŶĂƚĞĂŝƌŝŶƚŚĞƉƌŽĚƵĐƚŝŽŶƉƌĞŵŝƐĞƐŽĨ^ĂŶĂŶŝĞůĞŚĂŵ͘/ŶĚ͘ůŝŵ͕͘y>/s͕KĐƚŽďĞƌ͕ϭͲϵ͘
Žŵŝ͕ '͕͘ KƐƵĂůĚŝŶŝ͕ D͕͘ DĂŶǌĂŶŽ͕ D͕͘ >ŽǀŽ͕ ͕͘ ŽƌƚŽůƵƐƐŝ͕ E͕͘ ĞƌƚŽŶ͕ ͕͘ ƵƐƚƌĞŽ͕ '͘ ;ϮϬϬϲͿ
ĞĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞ ƐƵƌĨĂĐĞƐ ŽĨĨĂĐŝůŝƚŝĞƐ ĂŶĚĞƋƵŝƉŵĞŶƚƵƐĞĚŝŶĨŽŽĚƐƚƵĨĨĐŽŵƉĂŶŝĞƐ ďǇƵƐŝŶŐ
ŝŽŶŝƐĞƌƐ͘/ŶĚ͘ůŝŵ͕͘y>s͕:ƵŶĞ͕ϲϲϭͲϲϲϵ͘
:&͕ϮϬϬϭ͘KĐŚƌĂƚŽǆŝŶ͘&ŝƌƐƚƌĂĨƚϰϳƐĞƌŝĞƐ͘
ϭϮϯ
/ĂĐƵŵŝŶ͕>͕͘DĂŶǌĂŶŽ͕D͕͘Žŵŝ͕'͘;ϮϬϭϮͿWƌĞǀĞŶƚŝŽŶŽĨ
ƐƉĞƌŐŝůůƵƐ ŽĐŚƌĂĐĞƵƐŐƌŽǁƚŚŽŶ ĂŶĚ

KĐŚƌĂƚŽǆŝŶĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨ^ĂƵƐĂŐĞƐƵƐŝŶŐŽǌŽŶĂƚĞĚĂŝƌ͘&ŽŽĚDŝĐƌŽďŝŽů͕͘Ϯϵ;ϮͿ͕ϮϮϵͲϮϯϮ͘
/͘͘Z͕͘͘ϭϵϵϯ͘KĐŚƌĂƚŽǆŝŶ͘/Ŷ^ŽŵĞŶĂƚƵƌĂůůǇŽĐĐƵƌƌŝŶŐƐƵďƐƚĂŶĐĞƐ͗&ŽŽĚŝƚĞŵƐĂŶĚĐŽŶƐƚŝƚƵĞŶƚƐ͕
ŚĞƚĞƌŽĐǇĐůŝĐĂƌŽŵĂƚŝĐĂŵŝŶĞƐĂŶĚŵǇĐŽƚŽǆŝŶƐ͘/ZDŽŶŽŐƌĂƉŚŽŶƚŚĞĞǀŽůƵƚŝŽŶŽĨĐĂƌĐŝŶŽŐĞŶŝĐƌŝƐŬƐ

ƚŽŚƵŵĂŶƐ͕ǀŽů͘ϱϲ͕ƉƉ͘ϰϴϵͲϱϮϭ͘'ĞŶĞǀĂ͗/ŶƚĞƌŶĂƚŝŽŶĂůŐĞŶĐǇĨŽƌZĞƐĞĂƌĐŚŽŶĂŶĐĞƌ͘





130 | Scientific Dossier

ϭϮϱ



dd,DEdϭϮ͘ϴ




^ƚƵĚǇŽĨƚŚĞƐĂŶŝƚŝƐŝŶŐƉŽǁĞƌŽĨĂ:ŽŶŝǆĚĞǀŝĐĞĂƉƉůŝĞĚƚŽĂĐŽŵŵĞƌĐŝĂůĨĂŶĐŽŝů
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ϭϮϲ



^ƚƵĚǇŽĨƚŚĞƐĂŶŝƚŝƐŝŶŐƉŽǁĞƌŽĨĂ
:ŽŶŝǆĚĞǀŝĐĞĂƉƉůŝĞĚƚŽĂĐŽŵŵĞƌĐŝĂů
ĨĂŶĐŽŝů












WŝƐĂ͕&ĞďƌƵĂƌǇϮϬϭϳ
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ϭϮϳ



ϭ͘ /ŶƚƌŽĚƵĐƚŝŽŶ
dŚĞĞǆƉĞƌŝŵĞŶƚĚĞƐĐƌŝďĞĚďĞůŽǁŝŶǀŽůǀĞĚƚŚĞƉĞƌĨŽƌŵĂŶĐĞŽĨĂƐĞƌŝĞƐŽĨƚĞƐƚƐĂŝŵŝŶŐƚŽǀĞƌŝĨǇƚŚĞ
ƐĂŶŝƚŝƐŝŶŐĞĨĨĞĐƚŝǀĞŶĞƐƐĂƚďŝŽůŽŐŝĐĂůůĞǀĞůŽĨĂŶEdW:ŽŶŝǆĚĞǀŝĐĞŝŶƐƚĂůůĞĚŝŶƐŝĚĞĂǁĂůůͲŵŽƵŶƚĞĚĨĂŶ
ĐŽŝůƵŶŝƚ͘
dŚĞƉƵƌƉŽƐĞŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚŝƐƚŽƚĞƐƚǁŚĞƚŚĞƌŽƌŶŽƚƚŚĞƉƌŽĚƵĐƚŝŽŶŽĨŽǆŝĚŝƐŝŶŐƐƉĞĐŝĞƐŝƐĂďůĞ
ƚŽƐŽůǀĞƚŚĞŝƐƐƵĞŽĨƉŽůůƵƚŝŽŶŽĨĐĞƌƚĂŝŶƉĂƌƚƐŽĨƚŚĞĞƋƵŝƉŵĞŶƚĨƌŽŵŵŽƵůĚƐ͕ĂŶĚƚŽƐĂŶŝƚŝƐĞƚŚĞĂŝƌ
ŽĨƚŚĞƉƌĞŵŝƐĞƐŝŶǁŚŝĐŚŝƚŝƐŝŶƐƚĂůůĞĚ͘

ϭ͘ϭ ^ĞƚƵƉŽĨƚŚĞĨŝƌƐƚƚĞƐƚ
dŚĞƚĞƐƚǁĂƐƉĞƌĨŽƌŵĞĚǁŝƚŚƚŚĞƵƐĞŽĨƚǁŽƚǁŝŶĚĞǀŝĐĞƐƉůĂĐĞĚŝŶƚǁŽƌŽŽŵƐŽĨƚŚĞƐĂŵĞƐŝǌĞ͘
ĨĂŶĐŽŝůĞƋƵŝƉƉĞĚǁŝƚŚƚŚĞEdWƐǇƐƚĞŵǁĂƐƉůĂĐĞĚŝŶƚŚĞĨŝƌƐƚƌŽŽŵ͖ĂŶŝĚĞŶƚŝĐĂůĨĂŶĐŽŝůǁŝƚŚŽƵƚĂŶǇ
ƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞ ǁĂƐ ƉůĂĐĞĚŝŶƚŚĞ ƐĞĐŽŶĚƌŽŽŵ͘ŽƚŚĚĞǀŝĐĞƐ ǁĞƌĞƐǁŝƚĐŚĞĚŽŶĂƚ ƚŚĞ ŵŝŶŝŵƵŵ
ƉŽƐƐŝďůĞĨůŽǁĂŶĚǁĞƌĞĂƌƚŝĨŝĐŝĂůůǇƉŽůůƵƚĞĚǁŝƚŚŵŽƵůĚƐ͕ĂĨƚĞƌǁŚŝĐŚƚŚĞǇǁĞƌĞĂĐƚŝǀĂƚĞĚĂŶĚůĞĨƚƚŽ
ǁŽƌŬĨŽƌĂƚŝŵĞƉĞƌŝŽĚŽĨϳĚĂǇƐ͘
dŚĞƉŽůůƵƚŝŽŶǁĂƐĂƉƉůŝĞĚƚŽƚŚĞŝŵƉĞůůĞƌ͕ďĞĨŽƌĞƚŚĞEdWĂĐƚƵĂƚŽƌ͘/ŶĨĂĐƚ͕ƚŚĞŝŵƉĞůůĞƌŝƐŽŶĞŽĨ
ƚŚĞĐŽŵƉŽŶĞŶƚƐǁŚĞƌĞ͕ŝŶƐŝŵŝůĂƌƐǇƐƚĞŵƐ͕ŝƚŚĂƐďĞĞŶŽďƐĞƌǀĞĚƚŚĂƚŵŽƵůĚƐĨŽƌŵĂŶĚĚŝƌƚŝŶŐĞŶĞƌĂů
ŝƐĚĞƉŽƐŝƚĞĚ͘
^ĂŵƉůĞƐǁĞƌĞƚĂŬĞŶĂƚƚŚĞĞŶĚŽĨƚŚĞƚĞƐƚƉĞƌŝŽĚĂŶĚƚŚĞĚĞĐƌĞĂƐĞǁĂƐŵĞĂƐƵƌĞĚĂƚƚǁŽƉŽŝŶƚƐ͗
ϭͿ ŝƌĞĐƚůǇŽŶƚŚĞĨŝŶƐŽĨƚŚĞŝŵƉĞůůĞƌ͕ďŽƚŚďĞĐĂƵƐĞŝƚŝƐƚŚĞŵŽƐƚĐƌŝƚŝĐĂůƉŽŝŶƚĂŶĚƚŽĐŚĞĐŬ
ƚŚĞĞĨĨĞĐƚŽĨƚŚĞƌĞůĞĂƐĞŝŶƚŚĞĞŶǀŝƌŽŶŵĞŶƚŽĨƐĂŶŝƚŝƐŝŶŐŵŽůĞĐƵůĞƐǁŚŝĐŚĂƌĞƚŚĞŶĐŽŶǀĞǇĞĚ
ĂŐĂŝŶŝŶƚŽƚŚĞĚĞǀŝĐĞ͕ĂůƐŽƐĂŶŝƚŝƐŝŶŐƚŚĞƉĂƌƚƐďĞĨŽƌĞƚŚĞEdWŐĞŶĞƌĂƚŽƌ͖
ϮͿ ƚƚŚĞŽƵƚůĞƚ͕ƚŽĐŚĞĐŬ͕ƚĂŬŝŶŐŝŶƚŽĂĐĐŽƵŶƚĚŝĨĨĞƌĞŶĐĞƐǁŝƚŚƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨŝŶĐŽŵŝŶŐ
ƉŽůůƵƚĂŶƚƐ͕ǁŚĞƚŚĞƌƚŚĞƌĞǁĂƐĂĚŝƌĞĐƚĚĞĐƌĞĂƐĞ͗
WĂƌĂŵĞƚĞƌƐŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͗
 ZŽŽŵƐŝǌĞ͗Ϯϱŵϯ;Ϯ͘ϳǆϯ͘ϴǆϮ͘ϱͿ
 &ĂŶĐŽŝůŵŽĚĞů͗^dZKͺ'd&>ϳ–'ĂůůĞƚƚŝďƌĂŶĚ
 Sanitising device: Jonix Model “C/2”
 ZĞĐŝƌĐƵůĂƚŝŶŐĂŝƌĨůŽǁ͗ϯϮϬŵϯͬŚ


ϭ͘Ϯ ^ĞƚƵƉŽĨƚŚĞƐĞĐŽŶĚƚĞƐƚ
dŚĞƚĞƐƚǁĂƐƉĞƌĨŽƌŵĞĚǁŝƚŚƚŚĞƵƐĞŽĨƚǁŽƚǁŝŶĚĞǀŝĐĞƐƉůĂĐĞĚĂƚϮƉŽŝŶƚƐŽĨĂƐŝŶŐůĞůĂƌŐĞƌŽŽŵ͘
ŽƚŚĨĂŶĐŽŝůƐǁĞƌĞĞƋƵŝƉƉĞĚǁŝƚŚƚŚĞEdWƐǇƐƚĞŵ͕ǁŝƚŚǀĞŶƚŝůĂƚŝŽŶƐĞƚĂƚƚŚĞŚŝŐŚĞƐƚƉŽƐƐŝďůĞĨůŽǁ͘
dŚĞ ƚǁŽ ĨĂŶ ĐŽŝůƐ ǁĞƌĞ ĂƌƚŝĨŝĐŝĂůůǇ ƉŽůůƵƚĞĚ ǁŝƚŚ ŵŽƵůĚƐ͕ ĂĨƚĞƌ ǁŚŝĐŚ ƚŚĞǇ ǁĞƌĞ ĂĐƚŝǀĂƚĞĚ ĂŶĚ
ĂůůŽǁĞĚƚŽǁŽƌŬĨŽƌĂƚŝŵĞƉĞƌŝŽĚŽĨϭϱĚĂǇƐ͘
dŚĞƉŽůůƵƚĂŶƚƐǁĞƌĞĂƉƉůŝĞĚƚŽƚŚĞĂƌĞĂĚŽǁŶƐƚƌĞĂŵŽĨƚŚĞĐŽŽůŝŶŐďůŽĐŬ͕ĚŽǁŶƐƚƌĞĂŵŽĨƚŚĞEdW
ĂĐƚƵĂƚŽƌ͕ƚŽŵĂŬĞ ŝƚƉŽƐƐŝďůĞ ƚŽĞǀĂůƵĂƚĞ ƚŚĞ ƐĞůĨͲƐĂŶŝƚŝƐŝŶŐĂďŝůŝƚǇŝŶĂŶŽƚŚĞƌĐŽŵƉŽŶĞŶƚĂƚƌŝƐŬ ŽĨ
ŵŝĐƌŽďŝĂůƉŽůůƵƚŝŽŶ͘
^ĂŵƉůĞƐǁĞƌĞƚĂŬĞŶĂƚƚŚĞĞŶĚŽĨƚŚĞƚĞƐƚƉĞƌŝŽĚĂŶĚƚŚĞĚĞĐƌĞĂƐĞǁĂƐŵĞĂƐƵƌĞĚĂƚƚǁŽƉŽŝŶƚƐ͗
ϯͿ ŝƌĞĐƚůǇŽŶƚŚĞĂƌĞĂĐŽŶƚĂŵŝŶĂƚĞĚǁŝƚŚŵŽƵůĚƐ͕ƚŽĞǀĂůƵĂƚĞƚŚĞƐĂŶŝƚŝƐĂƚŝŽŶŽĨƚŚĞƉĂƌƚ
ĚŽǁŶƐƚƌĞĂŵŽĨƚŚĞEdWŐĞŶĞƌĂƚŽƌ͖
ϰͿ ƚƚŚĞĐĞŶƚƌĞŽĨƚŚĞƌŽŽŵ͕ƚŽĞǀĂůƵĂƚĞƚŚĞĚĞŐƌĞĞŽĨĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶƚĂŵŝŶĂƚŝŽŶ͘
WĂƌĂŵĞƚĞƌƐŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͗
 ZŽŽŵƐŝǌĞ͗ĂƉƉƌŽǆŝŵĂƚĞůǇϮϱϬŵϯ;Ϯ͘ϳǆϯ͘ϴǆϮ͘ϱͿ
 &ĂŶĐŽŝůŵŽĚĞů͗^dZKͺ'd&>ϳ–'ĂůůĞƚƚŝďƌĂŶĚ
 ^ĂŶŝƚŝƐŝŶŐdevice: Jonix Model “C/2”
 ZĞĐŝƌĐƵůĂƚŝŶŐĂŝƌĨůŽǁ͗ϲϰϬŵϯͬŚĨŽƌĞĂĐŚĚĞǀŝĐĞ
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ϭϮϴ



Ϯ͘ DĂƚĞƌŝĂůƐĂŶĚŵĞƚŚŽĚƐ
Ϯ͘ϭDŝĐƌŽŽƌŐĂŶŝƐŵƐƵƐĞĚ

dŽ ĞŶƐƵƌĞ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ĐŽŶƚĂŵŝŶĂƚŝŶŐ ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ ŝŶƐŝĚĞ ƚŚĞ ĚĞǀŝĐĞƐ͕ ƐŝŶĐĞ ƚŚĞ ƚǁŽ
ŵĂĐŚŝŶĞƐ ƵƐĞĚ ĨŽƌ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚ ǁĞƌĞ ďƌĂŶĚ ŶĞǁ͕ ƚŚĞǇ ǁĞƌĞ ĐŽŶƚĂŵŝŶĂƚĞĚ ǁŝƚŚ Ă ƐŽůƵƚŝŽŶ
ĐŽŶƚĂŝŶŝŶŐϭϬϲ&hͬŵůŽĨƐƉĞƌŐŝůůƵƐďƌĂƐŝůŝĞŶƐŝƐƐƉŽƌĞƐ͕ĂƉƉůŝĞĚǁŝƚŚĂĐŽƚƚŽŶƐǁĂď͘
dŚĞ ŵŝĐƌŽŽƌŐĂŶŝƐŵ ƐĞůĞĐƚĞĚ͕ ƐƉĞƌŐŝůůƵƐ ďƌĂƐŝůŝĞŶƐŝƐ ;Ğǆ ŶŝŐĞƌͿ͕ ŝƐ Ă ŵŽƵůĚ ƚŚĂƚ ŝƐ ƚǇƉŝĐĂů ŽĨ
ĚŽŵĞƐƚŝĐĞŶǀŝƌŽŶŵĞŶƚƐ͕ĞƐƉĞĐŝĂůůǇŝŶŵŽƌĞŚƵŵŝĚůŽĐĂƚŝŽŶƐ͕ĂŶĚŝƐŽŶĞŽĨƚŚĞŵĂŝŶĐƵůƉƌŝƚƐďĞŚŝŶĚƚŚĞ
ĨŽƌŵĂƚŝŽŶŽĨďůĂĐŬƐƚĂŝŶƐŽŶƚŚĞǁĂůůƐŽĨĐĞƌƚĂŝŶƌŽŽŵƐ͘ƵƌŝŶŐƉƌĞǀŝŽƵƐĞǆƉĞƌŝŵĞŶƚƐƚŚŝƐŵŽƵůĚǁĂƐ
ĨŽƵŶĚŝŶůĂƌŐĞĂŵŽƵŶƚƐŝŶƐŝĚĞƚŚĞǀĞŶƚŝůĂƚŝŽŶƌŽƚŽƌƐŽĨĨĂŶĐŽŝůƐƵƐĞĚĨŽƌŵĂŶǇŚŽƵƌƐĞǀĞƌǇĚĂǇ͘
&ƵŶŐĂůƐƉŽƌĞƐĂƌĞƌĞƐŝƐƚĂŶƚƐƚƌƵĐƚƵƌĞƐƚŚĂƚƉĞƌƐŝƐƚŝŶƚŚĞĞŶǀŝƌŽŶŵĞŶƚĨŽƌůŽŶŐƉĞƌŝŽĚƐŽĨƚŝŵĞ͕
ĞǀĞŶƵŶĚĞƌĂĚǀĞƌƐĞĐŝƌĐƵŵƐƚĂŶĐĞƐ͕ƐƵĐŚĂƐƚŚĞůĂĐŬŽĨǁĂƚĞƌ͘dŚĞƵƐĞŽĨƐƉŽƌĞƐŐƵĂƌĂŶƚĞĞĚƚŚĞŶĞĂƌͲ
ĐŽŶƐƚĂŶƚƉƌĞƐĞŶĐĞŽĨĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůƐƚŚƌŽƵŐŚŽƵƚƚŚĞĞǆƉĞƌŝŵĞŶƚ͖ŝƚĂůƐŽŵĂĚĞŝƚƉŽƐƐŝďůĞƚŽ
ĞǀĂůƵĂƚĞƚŚĞƐĂŶŝƚŝƐŝŶŐĞĨĨĞĐƚƐŽŶŚĂƌĚͲƚŽͲĞƌĂĚŝĐĂƚĞŵŝĐƌŽďŝĂůĨŽƌŵƐ͘


Ϯ͘Ϯ^ĂŵƉůŝŶŐĂŶĚŵŝĐƌŽďŝŽůŽŐŝĐĂůĂŶĂůǇƐĞƐ
Ϯ͘Ϯ͘ϭ͘ ^ĂŵƉůŝŶŐŵĞƚŚŽĚƐ

dŚĞĨŽůůŽǁŝŶŐƐĂŵƉůŝŶŐŵĞƚŚŽĚƐǁĞƌĞĂƉƉůŝĞĚŝŶŽƌĚĞƌƚŽĚĞƚĞƌŵŝŶĞƚŚĞŵŝĐƌŽďŝĂůůŽĂĚƐ͗
ϭͿ ^^ ;^ƵƌĨĂĐĞ ŝƌ ^ǇƐƚĞŵͿ ^ƵƉĞƌ ϭϬϬ ;/ŶƚĞƌŶĂƚŝŽŶĂů W/Ϳ͗ ƚŚĞ ŵĞƚŚŽĚ ŵĂŬĞƐ ŝƚ ƉŽƐƐŝďůĞ ƚŽ
ĚĞƚĞƌŵŝŶĞ ƚŚĞ ƋƵĂŶƚŝƚǇ ŽĨ ĂŝƌďŽƌŶĞ ŵŝĐƌŽŽƌŐĂŶŝƐŵƐĂŶĚ ƚŽ ĞǀĂůƵĂƚĞ ĂŶǇ ĚĞĐƌĞĂƐĞ ŬŝŶĞƚŝĐƐ
ŽǀĞƌ ƚŝŵĞ͘ &ŝŐƵƌĞ ϭ ƐŚŽǁƐ Ă ƐĂŵƉůŝŶŐ ƐƚĂŐĞ ƉĞƌĨŽƌŵĞĚ ĚƵƌŝŶŐ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚ͘ dŚĞ ^^
ŝŶƐƚƌƵŵĞŶƚǁĂƐƉůĂĐĞĚŝŶĨƌŽŶƚŽĨƚŚĞĨĂŶĐŽŝů͕ĂƚĂĚŝƐƚĂŶĐĞŽĨϱϬĐŵĨƌŽŵƚŚĞǀĞŶƚƐ͘



&ŝŐƵƌĞϭͲŚĂƌǀĞƐƚŝŶŐŽĨĂĞƌŽƐŽůǁŝƚŚƚŚĞƵƐĞŽĨ^^^ƵƉĞƌϭϬϬ


ϮͿ ^ƵƌĨĂĐĞƐǁĂď͗ŝƚŵĂŬĞƐŝƚƉŽƐƐŝďůĞƚŽĞǀĂůƵĂƚĞƚŚĞĚĞŐƌĞĞŽĨƐƵƌĨĂĐĞĐŽŶƚĂŵŝŶĂƚŝŽŶ;ŝŶƚŚĞĨŝƌƐƚ
experiment, the fins of the fan coils’ ventilation system): samples were harvested (figure 2)
ĨƌŽŵďŽƚŚƐŝĚĞƐŽĨĂƐŝŶŐůĞĨŝŶ͕ƐƵďƐĞƋƵĞŶƚůǇŵĂƌŬĞĚƐŽĂƐŶŽƚƚŽŚĂƌǀĞƐƚĨƌŽŵƚŚĞƐĂŵĞĨŝŶŝŶ
ƐƵďƐĞƋƵĞŶƚƐĞƐƐŝŽŶƐ͘
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ϭϮϵ



&ŝŐƵƌĞϮͲŚĂƌǀĞƐƚŝŶŐŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁŝƚŚƚŚĞƵƐĞŽĨĂƐƵƌĨĂĐĞƐǁĂď






Ϯ͘Ϯ͘Ϯ͘ ŶĂůǇƚŝĐĂůŵĞƚŚŽĚƐ
dŚĞĨŽůůŽǁŝŶŐŽĨĨŝĐŝĂůĂŶĂůǇƚŝĐĂůŵĞƚŚŽĚƐǁĞƌĞƵƐĞĚƚŽĚĞƚĞƌŵŝŶĞƚŚĞŵŝĐƌŽďŝĂůƐƉĞĐŝĞƐ͗

ĞƌŽƐŽů͗
Ͳ
Ͳ

dŽƚĂůďĂĐƚĞƌŝĂůůŽĂĚ͗DĞƚŚŽĚhŶŝĐŚŝŵϭϵϲϮͲϮ͗ϮϬϬϲ
DŽƵůĚƐĂŶĚzĞĂƐƚƐ͗DĞƚŚŽĚhŶŝĐŚŝŵϭϵϲϮͲϮ͗ϮϬϬϲ

^ƵƌĨĂĐĞƐ͗
Ͳ DŽƵůĚƐĂŶĚzĞĂƐƚƐ͗/^Kϭϴϱϵϯ͗ϮϬϬϰн/^KϮϭϱϮϳͲϭ͗ϮϬϬϴ


Ϯ͘ϯDĞĂƐƵƌĞŵĞŶƚŽĨŽǌŽŶĞůĞǀĞůƐ

dŚĞůĞǀĞůƐŽĨŽǌŽŶĞƉƌŽĚƵĐĞĚŝŶƐŝĚĞƚŚĞƌŽŽŵǁŚĞƌĞƚŚĞ:ŽŶŝǆĚĞǀŝĐĞǁĂƐŝŶƐƚĂůůĞĚǁĞƌĞŵĞĂƐƵƌĞĚ
ĂƚƚŚĞƐĂŵĞƚŝŵĞĂƐƚŚĞƚĞƐƚ͘
dŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶǀĂůƵĞƐǁĞƌĞŵĞĂƐƵƌĞĚǁŝƚŚĂ,ŽƌŝďĂͲŵŽĚĞůWKϯϳϬŵĞĂƐƵƌŝŶŐĚĞǀŝĐĞ͘dŚĞ
instrument’s reading range varies from 10 ppb to 3 ppm. 
dŚĞŵĞĂƐƵƌĞŵĞŶƚǁĂƐůĂƵŶĐŚĞĚĂƚƚŝŵĞǌĞƌŽĂŶĚĐŽŶƚŝŶƵĞĚĨŽƌϮϰŚŽƵƌƐƚŚĞƌĞĂĨƚĞƌ͕ŝŶŽƌĚĞƌƚŽ
ĞǀĂůƵĂƚĞƚŚĞĂĐĐƵŵƵůĂƚŝŽŶŬŝŶĞƚŝĐƐĂŶĚƚŚĞŽǌŽŶĞƐĂƚƵƌĂƚŝŽŶůĞǀĞůƐ͘
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ϭϯϬ



ϯ͘ ZĞƐƵůƚƐĂŶĚĚŝƐĐƵƐƐŝŽŶ
ϯ͘ϭ &ŝƌƐƚĞǆƉĞƌŝŵĞŶƚ
ϯ͘ϭ͘ϭ͘ǆƉĞƌŝŵĞŶƚƌŽŽŵƐ

dŚĞƚǁŝŶƌŽŽŵƐŝŶǁŚŝĐŚƚŚĞĞǆƉĞƌŝŵĞŶƚƚŽŽŬƉůĂĐĞǁĞƌĞƚǁŽŽĨĨŝĐĞƐŝŶƐŝĚĞĂƐŚĞĚǁŚĞƌĞƉŝůŽƚ
ƚĞƐƚƐ ŽĨ ǀĂƌŝŽƵƐ ƚǇƉĞƐ ĂƌĞ ƉĞƌĨŽƌŵĞĚ͕ ŝŶĐůƵĚŝŶŐ ƚĞƐƚƐ ŽŶ ŶĂƚƵƌĂůůǇ ĐŽŶƚĂŵŝŶĂƚĞĚ ŵĂƚƌŝĐĞƐ͕ ƐƵĐŚ ĂƐ
ĐŽŵƉŽƐƚ ĂŶĚ ǁĂƐƚĞ ǁĂƚĞƌ͕ ǁŚŝĐŚ ŝƐ ǁŚǇ ƐŝŐŶŝĨŝĐĂŶƚ ĞŶǀŝƌŽŶŵĞŶƚĂů ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ǁĂƐ
ĂŶƚŝĐŝƉĂƚĞĚ͕ĐŽŶĨŝƌŵĞĚďǇƚŚĞƐĂŵƉůĞƐŚĂƌǀĞƐƚĞĚĂƚƚŚĞƐƚĂƌƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘
/ŶŽƌĚĞƌƚŽƉƌĞǀĞŶƚŝŶƚĞƌĨĞƌĞŶĐĞĚƵĞƚŽƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞĞǆƚĞƌŶĂůĞŶǀŝƌŽŶŵĞŶƚ͕ƚŚĞƌŽŽŵƐ
ǁĞƌĞ ŬĞƉƚ ĐůŽƐĞĚ ĨŽƌ ƚŚĞ ĞŶƚŝƌĞ ĚƵƌĂƚŝŽŶ ŽĨ ƚŚĞ ƚĞƐƚƐ͘ dŽ ƚĂŬĞ ƚŚĞ ƉĞƌŝŽĚŝĐ ƐĂŵƉůĞƐ͕ ƚŚĞ ŽƉĞƌĂƚŽƌ
ĞŶƚĞƌĞĚƚŚĞƌŽŽŵƋƵŝĐŬůǇ͕ĂŶĚŝŵŵĞĚŝĂƚĞůǇĐůŽƐĞĚƚŚĞĚŽŽƌ͘ƵƌŝŶŐƚŚĞŚĂƌǀĞƐƚŝŶŐŽƉĞƌĂƚŝŽŶƐ͕ƚŚĞ
ŽƉĞƌĂƚŽƌǁŽƌĞ ĂĐŽĂƚ͕ŐůŽǀĞƐ ĂŶĚĂƌĞƐƉŝƌĂƚŽƌǇ ŵĂƐŬ͕ƐŽĂƐƚŽŵŝŶŝŵŝƐĞƚŚĞ ŵŝĐƌŽďŝĂůĐŽŶƚƌŝďƵƚŝŽŶ
ůŝŶŬĞĚƚŽƚŚĞŝƌƉƌĞƐĞŶĐĞŝŶƚŚĞƌŽŽŵ͘

ϯ͘ϭ͘Ϯ͘ŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞĚĞǀŝĐĞƐ

ϯͿ͘

The first experiment entailed contamination with moulds of the ventilation rotors’ blades ;ĨŝŐƵƌĞ



&ŝŐƵƌĞϯͲĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞǀĞŶƚŝůĂƚŝŽŶĨŝŶƐǁŝƚŚĨƵŶŐĂůƐƉŽƌĞƐ



ůů ǀĞŶƚŝůĂƚŝŽŶ ďůĂĚĞƐ ǁĞƌĞ ĐŽŶƚĂŵŝŶĂƚĞĚ ŽŶ ďŽƚŚ ƐŝĚĞƐ͕ ǁŚŝĐŚ ĞŶƚĂŝůĞĚ ƚŚĞ ĐŽŶƐƵŵƉƚŝŽŶ ŽĨ
ĂƉƉƌŽǆŝŵĂƚĞůǇϯŵůŽĨƐƉŽƌĞƐŽůƵƚŝŽŶĨŽƌĞĂĐŚĚĞǀŝĐĞ͕ĨŽƌĂƚŽƚĂůŽĨĂƉƉƌŽǆŝŵĂƚĞůǇ ϯŵŝůůŝŽŶĨƵŶŐĂů
ƐƉŽƌĞƐƉĞƌĨĂŶĐŽŝů͘


ϯ͘ϭ͘ϯ͘ŶĂůǇƐŝƐŽĨƚŚĞĂĞƌŽƐŽůƐ

dĂďůĞ ϭ ďĞůŽǁ ƐŚŽǁƐ ƚŚĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ŽĨ ƚŚĞ ďĂĐƚĞƌŝĂů ůŽĂĚƐ ;d>Ϳ ĨŽƵŶĚ ŝŶ ƚŚĞ ĂĞƌŽƐŽůƐ
harvested at various time intervals from the two experiment rooms. The “control” room contained
the fan coil without a sanitising device; the “device” room contained the device equipped with the
:ŽŶŝǆƐĂŶŝƚŝƐŝŶŐƐǇƐƚĞŵ͘
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ϭϯϭ





dĂďůĞϭͲdŽƚĂůĂŝƌďŽƌŶĞďĂĐƚĞƌŝĂůůŽĂĚĂƚǀĂƌŝŽƵƐƚŝŵĞƐ

dŽƚĂůŵŝĐƌŽďŝĂůůŽĂĚĂƚϯϬΣ
;&hͬŵϯͿ




dŝŵĞ
;ŚŽƵƌƐͿ
Ϭ
ϯ
ϲ
Ϯϰ
ϰϴ
ϳϮ
ϭϮϬ
ϭϰϰ
ϭϲϴ

ŽŶƚƌŽů

EdWĚĞǀŝĐĞ

ϱϮϬ
ϱϰϬ
ϰϳϬ
ϰϱϬ
ϰϬϬ
ϯϴϬ
ϮϲϬ
ϮϲϬ
ϮϰϬ

ϲϮϬ
ϲϬϬ
ϱϰϬ
ϭϵϬ
ϯϬ
ϮϬ
ϱϬ
ϮϬ
ϱϬ


dŚĞŐƌĂƉŚďĞůŽǁ;ĨŝŐƵƌĞϰͿƐŚŽǁƐƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͘
dŽƚĂůďĂĐƚĞƌŝĂůůŽĂĚ;&hͬŵϯͿ

ϳϬϬ
ϲϬϬ

ϱϬϬ
ϰϬϬ
ŽŶƚƌŽůůŽ

ϯϬϬ

ŝƐƉŽƐŝƚŝǀŽEdW

ϮϬϬ
ϭϬϬ
Ϭ

Ϭ

ϯ

ϲ

Ϯϰ

ϰϴ

ϳϮ ϭϮϬ ϭϰϰ ϭϲϴ

dŝŵĞ;ŚŽƵƌƐͿ
&ŝŐƵƌĞϰͲDĞĂƐƵƌĞŵĞŶƚƐŽĨƚŚĞĂŝƌďŽƌŶĞd>ŝŶƚŚĞƚǁŽƚĞƐƚƌŽŽŵƐ



/ƚŝƐƉŽƐƐŝďůĞƚŽŽďƐĞƌǀĞĨƌŽŵƚŚĞŐƌĂƉŚƚŚĂƚƚŚĞƚŽƚĂůĂŝƌďŽƌŶĞďĂĐƚĞƌŝĂůůŽĂĚƚĞŶĚƐƚŽĚĞĐƌĞĂƐĞ
ŝŶƐŝĚĞƚŚĞƌŽŽŵƚŚĂƚĐŽŶƚĂŝŶƐƚŚĞĨĂŶĐŽŝůĞƋƵŝƉƉĞĚǁŝƚŚƚŚĞ:ŽŶŝǆĚĞǀŝĐĞ͘dŚĞƐůŝŐŚƚĚĞĐƌĞĂƐĞĚĞƚĞĐƚĞĚ
ŝŶƚŚĞĐŽŶƚƌŽůƌŽŽŵŝƐĂƚƚƌŝďƵƚĂďůĞƚŽƚŚĞĨĂĐƚƚŚĂƚƚŚĞƌŽŽŵǁĂƐŬĞƉƚĐůŽƐĞĚ͕ŚĞŶĐĞŝƐŽůĂƚĞĚĨƌŽŵƚŚĞ
ĞǆƚĞƌŶĂůĞŶǀŝƌŽŶŵĞŶƚ͕ƐŽƵƌĐĞŽĨĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶƚĂŵŝŶĂƚŝŽŶ͘ŝƌďŽƌŶĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ĞƐƉĞĐŝĂůůǇ
ďĂĐƚĞƌŝĂ͕ƚĞŶĚƚŽůŽƐĞǀŝĂďŝůŝƚǇĚƵĞƚŽƉŚĞŶŽŵĞŶĂƐƵĐŚĂƐĚĞŚǇĚƌĂƚŝŽŶŽƌƚŽĨŽƌŵƐĞĚŝŵĞŶƚƐƚŽŐĞƚŚĞƌ
ǁŝƚŚƚŚĞƉĂƌƚŝĐƵůĂƚĞŵĂƚƚĞƌďǇǁŚŝĐŚƚŚĞǇĂƌĞŽĨƚĞŶǀĞŚŝĐƵůĂƚĞĚ͖ƚŚĂƚŝƐǁŚǇ͕ŝŶƚŚĞĂďƐĞŶĐĞŽĨŶĞǁ
ĐŽŶƚĂŵŝŶĂƚŝŽŶƐŽƵƌĐĞƐ͕ƚŚĞŝƌĐŽŶĐĞŶƚƌĂƚŝŽŶƚĞŶĚƐƚŽĚĞĐƌĞĂƐĞ͘
dĂďůĞ Ϯ ďĞůŽǁ ƐƵŵŵĂƌŝƐĞƐ ƚŚĞ ĚĂƚĂ ƉĞƌƚĂŝŶŝŶŐ ƚŽ ĨƵŶŐĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ;ŵŽƵůĚƐ ĂŶĚ ǇĞĂƐƚƐͿ
ĚĞƚĞĐƚĞĚĂƚǀĂƌŝŽƵƐŚĂƌǀĞƐƚƚŝŵĞƐ͘



dĂďůĞϮͲDŽƵůĚƐĨŽƵŶĚŝŶƚŚĞĂŝƌĂƚǀĂƌŝŽƵƐƉŽŝŶƚƐŝŶƚŝŵĞ
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ϭϯϮ



DŽƵůĚƐ
;&hͬŵϯͿ




dŝŵĞ
;ŚŽƵƌƐͿ
Ϭ
ϯ
ϲ
Ϯϰ
ϰϴ
ϳϮ
ϭϮϬ
ϭϰϰ
ϭϲϴ

ŽŶƚƌŽů

EdWĚĞǀŝĐĞ

ϮϱϬ
ϮϲϬ
ϮϯϬ
ϭϵϬ
ϮϬϬ
ϭϳϬ
ϭϲϬ
ϭϰϬ
ϭϲϬ

ϮϴϬ
ϮϱϬ
ϮϲϬ
ϭϴϬ
ϰϬ
ϮϬ
ϱϬ
ϯϬ
ϱϬ


dŚĞŐƌĂƉŚďĞůŽǁ;ĨŝŐƵƌĞϱͿƐŚŽǁƐƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͘

DŽƵůĚƐĂŶĚǇĞĂƐƚƐ;&hͬŵϯͿ

ϯϬϬ
ϮϱϬ
ϮϬϬ
ϭϱϬ

ŽŶƚƌŽůůŽ

ϭϬϬ

ŝƐƉŽƐŝƚŝǀŽEdW

ϱϬ
Ϭ

Ϭ

ϯ

ϲ

Ϯϰ ϰϴ ϳϮ ϭϮϬ ϭϰϰ ϭϲϴ
dŝŵĞ;ŚŽƵƌƐͿ

&ŝŐƵƌĞϱͲŝƌďŽƌŶĞŵŽƵůĚƐĂŶĚǇĞĂƐƚƐŝŶƚŚĞƚǁŽƚĞƐƚƌŽŽŵƐ



&ƌŽŵ ƚŚĞ ŐƌĂƉŚ ŝƚ ŝƐ ƉŽƐƐŝďůĞ ƚŽ ŽďƐĞƌǀĞ ƚŚĂƚ ŵŽƵůĚƐ ƚĞŶĚ ƚŽ ĚĞĐƌĞĂƐĞ ŝŶ ƚŚĞ Ăŝƌ ŽĨ ƚŚĞ ƌŽŽŵ
ĐŽŶƚĂŝŶŝŶŐƚŚĞĨĂŶĐŽŝůĞƋƵŝƉƉĞĚǁŝƚŚƚŚĞ:ŽŶŝǆĚĞǀŝĐĞ͕ǁŝƚŚĚŝĨĨĞƌĞŶƚŬŝŶĞƚŝĐƐĨƌŽŵƚŚŽƐĞĨŽƵŶĚĨŽƌ
ďĂĐƚĞƌŝĂ͘
/ŶĨĂĐƚ͕ŝŶƚŚĞĐĂƐĞŽĨŵŽƵůĚƐ͕ƚŚĞƚŝŵĞƌĞƋƵŝƌĞĚƚŽĚĞƚĞĐƚĂƐŝŐŶŝĨŝĐĂŶƚĚĞĐƌĞĂƐĞŝƐůŽŶŐĞƌ͕ƉƌŽďĂďůǇ
ĚƵĞƚŽƚŚĞŐƌĞĂƚĞƌƌĞƐŝƐƚĂŶĐĞŽĨƚŚĞĨƵŶŐĂůƐƉŽƌĞƐĐŽŵƉĂƌĞĚƚŽďĂĐƚĞƌŝĂůĐĞůůƐ͘
dŚĞƐůŝŐŚƚĚĞĐƌĞĂƐĞŽďƐĞƌǀĞĚŝŶƚŚĞĐŽŶƚƌŽůƌŽŽŵŝƐĂƚƚƌŝďƵƚĂďůĞƚŽƚŚĞĨĂĐƚƚŚĂƚƚŚĞƌŽŽŵǁĂƐŬĞƉƚ
ĐůŽƐĞĚ͕ŚĞŶĐĞŝƐŽůĂƚĞĚĨƌŽŵƚŚĞĞǆƚĞƌŶĂůĞŶǀŝƌŽŶŵĞŶƚ͕ƐŽƵƌĐĞŽĨĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶƚĂŵŝŶĂƚŝŽŶ͘dŚĂƚ
is why over time one sees a “sedimentation” of airborne contaminants or a loss of their viability͕Ă
ƉŚĞŶŽŵĞŶŽŶǁŚŝĐŚ͕ŝŶƚŚĞĐĂƐĞŽĨŵŽƵůĚƐ͕ŝƐĚĞĐŝĚĞĚůǇůĞƐƐŽďǀŝŽƵƐƚŚĂŶŝŶƚŚĞĐĂƐĞŽĨďĂĐƚĞƌŝĂ͘
/ƚ ƐŚŽƵůĚ ďĞ ŶŽƚĞĚ ƚŚĂƚ ƚŚĞ ŵŽƵůĚƐ ƵƐĞĚ ƚŽ ĐŽŶƚĂŵŝŶĂƚĞ ƚŚĞ ĨŝŶƐ͕ ĂůƚŚŽƵŐŚ ĚĞƚĞĐƚĂďůĞ ŽŶ ƚŚĞ
rotor’s surface even days from the start of the tests (see paragraph 3.1.4), represent a very small
ƉĞƌĐĞŶƚĂŐĞŽĨƚŚŽƐĞĨŽƵŶĚŝŶƚŚĞĂŵďŝĞŶƚĂŝƌ͘
dŚĞƉŚŽƚŽƐďĞůŽǁƐŚŽǁƚŚĞůĞǀĞůƐŽĨŵŽƵůĚĐŽŶƚĂŵŝŶĂƚŝŽŶĚĞƚĞĐƚĞĚĂĨƚĞƌϰϴŚŽƵƌƐŝŶƚŚĞĐŽŶƚƌŽů
ƌŽŽŵ ĂŶĚ ŝŶ ƚŚĂƚ ĐŽŶƚĂŝŶŝŶŐ ƚŚĞ :ŽŶŝǆ ĚĞǀŝĐĞ͘ dŚĞ ƉŚŽƚŽƐ ƐŚŽǁ͕ ĞǀĞŶ ŵŽƌĞ ƚŚĂŶ ƚŚĞ ĨŝŐƵƌĞƐ͕ ƚŚĞ
ŵĂƌŬĞĚĚŝĨĨĞƌĞŶĐĞŝŶĐŽŶƚĂŵŝŶĂƚŝŽŶďĞƚǁĞĞŶƚŚĞƚǁŽƌŽŽŵƐ͖ŽŶƚŚĞƐƵƌĨĂĐĞŽĨƚŚĞƐůŝĚĞƐǁĞĐĂŶƐĞĞ
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ϭϯϯ



ƚŚĞŶƵŵďĞƌŽĨĨƵŶŐŝĨŽƵŶĚŝŶϭϬϬůŝƚƌĞƐŽĨĂŝƌ͕ƉƌĂĐƚŝĐĂůůǇƚŚĞƋƵĂŶƚŝƚǇŽĨĂŝƌŝŶŚĂůĞĚďǇĂŶĂĚƵůƚĂƚƌĞƐƚ
ŝŶĂƉƉƌŽǆŝŵĂƚĞůǇϭϱŵŝŶƵƚĞƐ͘


&ŝŐƵƌĞϲͲŝƌďŽƌŶĞŵŽƵůĚƐĂŶĚǇĞĂƐƚƐŝŶƚŚĞƚǁŽƚĞƐƚƌŽŽŵƐ;ĐŽŶƚƌŽůƌŽŽŵŽŶƚŚĞůĞĨƚͿ






ϯ͘ϭ͘ϰ͘DĞĂƐƵƌĞŵĞŶƚŽĨƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůƐŽĨƚŚĞŝŵƉĞůůĞƌĨŝŶƐ

dŚĞƚĂďůĞďĞůŽǁƐŚŽǁƐƚŚĞĨƵŶŐĂůĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůƐŽĨĂƐŝŶŐůĞĨŝŶŝŶƚŚĞĐŽŶƚƌŽůĨĂŶĐŽŝůĂŶĚŝŶ
ƚŚĞŽŶĞĞƋƵŝƉƉĞĚǁŝƚŚĂŶEdWŐĞŶĞƌĂƚŽƌ͘dŚĞƚŚĞŽƌĞƚŝĐĂůĐŽŶƚĂŵŝŶĂƚŝŽŶŝŶƚƌŽĚƵĐĞĚĂƚƚŚĞƚŝŵĞŽĨ
ĐŽŶƚĂŵŝŶĂƚŝŽŶǁĂƐĂƉƉƌŽǆŝŵĂƚĞůǇϯϴ͕ϬϬϬƐƉŽƌĞƐƉĞƌĨŝŶ͖ŚŽǁĞǀĞƌ͕ĂƐŝƚǁĂƐĚŽŶĞďǇŚĂŶĚ͕ƚŚĞǀĂůƵĞ
ŵĂǇ ǀĂƌǇ ĚƵĞ ƚŽ ƚŚĞ ŵĂŶƵĂů ŶĂƚƵƌĞ ŽĨ ƚŚĞ ŽƉĞƌĂƚŝŽŶ ĂŶĚ ƚŚĞ ƋƵĂŶƚŝƚǇ ŽĨ ůŝƋƵŝĚ ĚĞƉŽƐŝƚĞĚ ŽŶ ƚŚĞ
ŝŶĚŝǀŝĚƵĂůĨŝŶ͘dŚĞŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůƐŝŶƚƌŽĚƵĐĞĚŽŶƚŚĞĨŝŶƐǁĞƌĞƉƵƌƉŽƐĞůǇǀĞƌǇŚŝŐŚ͕ƐŽ
ĂƐƚŽĞǀĂůƵĂƚĞƚŚĞĞĨĨĞĐƚƐŽĨƚŚĞƐĂŶŝƚŝƐŝŶŐƐǇƐƚĞŵŝŶĞǆƚƌĞŵĞĐŽŶĚŝƚŝŽŶƐ͘

dĂďůĞϯͲDŽƵůĚƐĨŽƵŶĚŽŶŽŶĞĨŝŶĂƚŝŶĚŝǀŝĚƵĂůŚĂƌǀĞƐƚŝŶŐƚŝŵĞƐ




dŝŵĞ
;ĚĂǇƐͿ
Ϭ
ϯ
ϱ
ϳ

DŽƵůĚƐ
;&hͬĨŝŶͿ
ŽŶƚƌŽů

EdWĚĞǀŝĐĞ

ϯϱϬϬϬ
ϯϰϬϬϬ
ϯϬϬϬϬ
ϮϳϬϬϬ

ϰϬϬϬϬ
ϯϮϬϬϬ
ϮϭϬϬϬ
ϭϭϬϬϬ



dŚĞŐƌĂƉŚďĞůŽǁ;ĨŝŐƵƌĞϳͿƐŚŽǁƐƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͘
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ϭϯϰ



ϰϬϬϬϬ

DŽƵůĚƐ;&hͬĨŝŶͿ

ϯϱϬϬϬ
ϯϬϬϬϬ
ϮϱϬϬϬ
ϮϬϬϬϬ

ŽŶƚƌŽůůŽ

ϭϱϬϬϬ

ŝƐƉŽƐŝƚŝǀŽEdW

ϭϬϬϬϬ
ϱϬϬϬ
Ϭ

Ϭ

ϯ

ϱ

ϳ

dŝŵĞ;ĚĂǇƐͿ
&ŝŐƵƌĞϳͲDŽƵůĚƐĨŽƵŶĚŽŶĂƐŝŶŐůĞĨŝŶĂƚƚŚĞǀĂƌŝŽƵƐŚĂƌǀĞƐƚŝŶŐƚŝŵĞƐ



dŚĞůĞǀĞůƐŽĨŵŽƵůĚĨŽƵŶĚŽŶƚŚĞĨŝŶƐŽĨƚŚĞĐŽŶƚƌŽůĚĞǀŝĐĞƚĞŶĚƚŽĚĞĐƌĞĂƐĞĚƵĞƚŽƚŚĞŵĞĐŚĂŶŝĐĂů
ĂĐƚŝŽŶ ŽĨ ƚŚĞ ǁŚŝƌůŝŶŐ ŵŽƚŝŽŶ ŽĨ ƚŚĞ ǀĞŶƚŝůĂƚŝŽŶ ƌŽƚŽƌ͕ ďƵƚ͕ ĂĨƚĞƌ ϳ ĚĂǇƐ͕ ƚŚĞ ŶƵŵďĞƌ ŽĨ ƐƉŽƌĞƐ
ĚĞĐƌĞĂƐĞƐ ďǇ ũƵƐƚ ϮϬй ĂƉƉƌŽǆŝŵĂƚĞůǇ͕ ǁŚŝůĞ ŝŶ ƚŚĞ ĚĞǀŝĐĞ ĞƋƵŝƉƉĞĚ ǁŝƚŚ ĂŶ EdW ŐĞŶĞƌĂƚŽƌ͕ ƚŚĞ
ŽďƐĞƌǀĞĚĚĞĐƌĞĂƐĞǁĂƐŽǀĞƌϳϬй͘&ƌŽŵƚŚĞƐĞĚĂƚĂ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽĚĞĚƵĐĞƚŚĂƚĂƉƉƌŽǆŝŵĂƚĞůǇϱϬйŽĨ
ƚŚĞĨƵŶŐĂůƐƉŽƌĞƐǁĂƐŬŝůůĞĚďǇƚŚĞŽǆŝĚŝƐŝŶŐƐƉĞĐŝĞƐƉƌŽĚƵĐĞĚďǇƚŚĞEdWŐĞŶĞƌĂƚŽƌ͘
dŚĞ ŝŶƚĞƌƉƌĞƚĂƚŝŽŶ ŽĨ ƚŚĞ ƌĞƐƵůƚƐ ƐŚŽƵůĚ ƚĂŬĞ ŝŶƚŽ ĂĐĐŽƵŶƚ ƚŚĞ ĨĂĐƚ ƚŚĂƚ ƚŚĞ ƌŽƚŽƌ ŝƐ ƉůĂĐĞĚ
ƵƉƐƚƌĞĂŵĨƌŽŵƚŚĞEdWŐĞŶĞƌĂƚŽƌ͕ǁŚŝĐŚŝƐǁŚǇ͕ĚƵĞ ƚŽƚŚĞ ĂŝƌĨůŽǁ ŐĞŶĞƌĂƚĞĚďǇƐĂŝĚƌŽƚŽƌ͕ƚŚĞ
ƐĂŶŝƚŝƐŝŶŐĞĨĨĞĐƚŝƐĚƵĞŵĂŝŶůǇƚŽƚŚĞŽǆŝĚŝƐŝŶŐƐƉĞĐŝĞƐƚŚĂƚƌĞƚƵƌŶƚŽƚŚĞĚĞǀŝĐĞĂĨƚĞƌďĞŝŶŐƌĞůĞĂƐĞĚ
ŝŶƚŽƚŚĞĞŶǀŝƌŽŶŵĞŶƚ͖ŚĞŶĐĞƚŚĞƌĞƐƵůƚŽďƚĂŝŶĞĚŝŶĂƐŝŶŐůĞǁĞĞŬŝƐĐĞƌƚĂŝŶůǇĞŶĐŽƵƌĂŐŝŶŐ͘


ϯ͘Ϯ ^ĞĐŽŶĚĞǆƉĞƌŝŵĞŶƚ
ϯ͘Ϯ͘ϭ͘ǆƉĞƌŝŵĞŶƚƌŽŽŵ

dŚĞůĂƌŐĞƌŽŽŵŝŶǁŚŝĐŚƚŚĞĞǆƉĞƌŝŵĞŶƚƚŽŽŬƉůĂĐĞŝƐĂƐĞƌǀŝĐĞĂƌĞĂŶĞǆƚƚŽŽĨĨŝĐĞƐ͕ǁŚŝĐŚŝƐǁŚǇ
ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ƌĂƚŚĞƌ ůŽǁ ůĞǀĞůƐ ŽĨ ĞŶǀŝƌŽŶŵĞŶƚĂů ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ǁĂƐ ĞǆƉĞĐƚĞĚ͕ ĂŶ
ĂƐƐƵŵƉƚŝŽŶƚŚĂƚǁĂƐĐŽŶĨŝƌŵĞĚďǇƚŚĞƐĂŵƉůĞƐŚĂƌǀĞƐƚĞĚĂƚƚŚĞƐƚĂƌƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘
ƐƚŚŝƐǁĂƐĂůĂƌŐĞĂƌĞĂ͕ŝŶŽƌĚĞƌƚŽŐƵĂƌĂŶƚĞĞĂƐƵĨĨŝĐŝĞŶƚŶƵŵďĞƌŽĨĐŚĂŶŐĞƐͬŚŽƵƌƐ;ĂƚůĞĂƐƚϱͿ͕Ϯ
ĨĂŶĐŽŝůƐǁĞƌĞƵƐĞĚ͕ĞƋƵŝƉƉĞĚǁŝƚŚĂŶEdWĚĞǀŝĐĞƐĞƚƚŽĂĨůŽǁŽĨϲϰϬŵϯͬŚŽƵƌ͘dŚĞƚǁŽĚĞǀŝĐĞƐǁĞƌĞ
ƉůĂĐĞĚĂƚϮĚŝĨĨĞƌĞŶƚĂƌĞĂƐŽĨƚŚĞƌŽŽŵ͕ƐŽĂƐƚŽŐƵĂƌĂŶƚĞĞŽƉƚŝŵĂůƚƌĞĂƚŵĞŶƚŽĨƚŚĞĂŵďŝĞŶƚĂŝƌ͘
/ŶŽƌĚĞƌƚŽƉƌĞǀĞŶƚŝŶƚĞƌĨĞƌĞŶĐĞĚƵĞƚŽĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞĞǆƚĞƌŶĂůĞŶǀŝƌŽŶŵĞŶƚ͕ƚŚĞƌŽŽŵǁĂƐ
ŬĞƉƚĐůŽƐĞĚĨŽƌƚŚĞĞŶƚŝƌĞĚƵƌĂƚŝŽŶŽĨƚŚĞƚĞƐƚƐ͘dŽƚĂŬĞƚŚĞƉĞƌŝŽĚŝĐƐĂŵƉůĞƐ͕ƚŚĞŽƉĞƌĂƚŽƌĞŶƚĞƌĞĚ
ƚŚĞƌŽŽŵƋƵŝĐŬůǇ͕ĂŶĚŝŵŵĞĚŝĂƚĞůǇĐůŽƐĞĚƚŚĞĚŽŽƌ͘ƵƌŝŶŐƚŚĞŚĂƌǀĞƐƚŝŶŐŽƉĞƌĂƚŝŽŶƐ͕ƚŚĞŽƉĞƌĂƚŽƌ
ǁŽƌĞĂĐŽĂƚ͕ŐůŽǀĞƐĂŶĚĂƌĞƐƉŝƌĂƚŽƌǇŵĂƐŬ͕ƐŽĂƐƚŽŵŝŶŝŵŝƐĞƚŚĞŵŝĐƌŽďŝĂůĐŽŶƚƌŝďƵƚŝŽŶůŝŶŬĞĚƚŽƚŚĞŝƌ
ƉƌĞƐĞŶĐĞŝŶƚŚĞƌŽŽŵ͘
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ϭϯϱ





ϯ͘Ϯ͘Ϯ͘ŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞĚĞǀŝĐĞƐ

/ŶƚŚŝƐĐĂƐĞ͕ĂĨůĂƚƐƵƌĨĂĐĞĚŽǁŶƐƚƌĞĂŵĨƌŽŵƚŚĞEdWŐĞŶĞƌĂƚŽƌǁĂƐĐŽŶƚĂŵŝŶĂƚĞĚ;ĨŝŐƵƌĞϴͿ͘



&ŝŐƵƌĞϴͲĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞĚĞǀŝĐĞǁŝƚŚĨƵŶŐĂůƐƉŽƌĞƐ



dŚĞĂƌĞĂǁĂƐĐŽŶƚĂŵŝŶĂƚĞĚǁŝƚŚĂƉƉƌŽǆŝŵĂƚĞůǇϯϬ͕ϬϬϬƐƉĞƌŐŝůůƵƐďƌĂƐŝůŝĞŶƐŝƐƐƉŽƌĞƐƉĞƌƐƵƌĨĂĐĞ
ƐƋƵĂƌĞĐĞŶƚŝŵĞƚƌĞ͘


ϯ͘Ϯ͘ϯ͘ŶĂůǇƐŝƐŽĨƚŚĞĂĞƌŽƐŽůƐ

dĂďůĞ ϰďĞůŽǁ ƐŚŽǁƐƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐŽĨ ƚŚĞ ďĂĐƚĞƌŝĂůůŽĂĚƐ;d>ͿĂŶĚDŽƵůĚƐĨŽƵŶĚŝŶƚŚĞ
ĂĞƌŽƐŽůƐŚĂƌǀĞƐƚĞĚĂƚǀĂƌŝŽƵƐŝŶƚĞƌǀĂůƐĨƌŽŵƚŚĞĞǆƉĞƌŝŵĞŶƚƌŽŽŵ͘


dĂďůĞϰͲŝƌďŽƌŶĞŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶĨŽƵŶĚĂƚǀĂƌŝŽƵƐƚŝŵĞƐ




dŝŵĞ
;ĚĂǇƐͿ
Ϭ
ϭ
ϰ
ϱ
ϲ
ϳ
ϴ
ϭϬ
ϭϭ
ϭϮ

d>ϯϬΣ
;&hͬŵϯͿ
ϭϬϬ
ϰϬ
ϭϬ
ϰϬ
ϮϬ
ϰϬ
ϮϬ
ϮϬ
ϮϬ
ϮϬ


dŚĞŐƌĂƉŚƐďĞůŽǁ;ĨŝŐƵƌĞƐϵĂŶĚϭϬͿŝůůƵƐƚƌĂƚĞƚŚĞƌĞƐƵůƚƐ͘

DŽƵůĚƐ
;&hͬŵϯͿ
ϱϬ
ϯϬ
ϮϬ
ϭϬ
ϮϬ
ϯϬ
ϮϬ
ϯϬ
ϯϬ
ϯϬ
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ϭϯϲ

dŽƚĂůďĂĐƚĞƌŝĂůůŽĂĚ;&hͬŵϯͿ



ϭϬϬ
ϵϬ
ϴϬ
ϳϬ
ϲϬ
ϱϬ
ϰϬ
ϯϬ
ϮϬ
ϭϬ
Ϭ

Ϭ

ϭ

ϰ

ϱ

ϲ

ϳ

ϴ

ϭϬ

ϭϭ

ϭϮ

dŝŵĞ;ĚĂǇƐͿ

&ŝŐƵƌĞϵͲŝƌďŽƌŶĞd>ŝŶƚŚĞƚĞƐƚƌŽŽŵ

DŽƵůĚƐ;&hͬŵϯͿ


ϱϬ
ϰϱ
ϰϬ
ϯϱ
ϯϬ
Ϯϱ
ϮϬ
ϭϱ
ϭϬ
ϱ
Ϭ

Ϭ

ϭ

ϰ

ϱ

ϲ

ϳ

ϴ

ϭϬ

ϭϭ

ϭϮ

dŝŵĞ;ĚĂǇƐͿ
&ŝŐƵƌĞϭϬͲŝƌďŽƌŶĞŵŽƵůĚƐŝŶƚŚĞƚĞƐƚƌŽŽŵ



ŽŶƚƌĂƌǇƚŽǁŚĂƚǁĂƐĨŽƵŶĚĚƵƌŝŶŐƚŚĞĨŝƌƐƚƚĞƐƚ͕ƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶƚĂŵŝŶĂƚŝŽŶǀĂůƵĞƐǁĞƌĞ
ǀĞƌǇůŽǁĂůƌĞĂĚǇĂƚƚŚĞƐƚĂƌƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘ŽƚŚd>ĂŶĚDŽƵůĚƐĚĞĐƌĞĂƐĞŽǀĞƌƚŝŵĞƚŽƐƚĂďŝůŝƐĞ
at a “background noise” level, below which it iƐ ǀŝƌƚƵĂůůǇ ŝŵƉŽƐƐŝďůĞ ƚŽ ŐŽ͕ ƐŝŶĐĞ Ă ƚŽƚĂůůǇ ƐƚĞƌŝůĞ
ĐŽŶĚŝƚŝŽŶƐĐĂŶŶŽƚďĞƌĞĂĐŚĞĚ͘







3.2.4. Measurement of the contamination levels of the device’s interior

dŚĞdĂďůĞďĞůŽǁĐŽŶƚĂŝŶƐƚŚĞĂǀĞƌĂŐĞǀĂůƵĞƐŽĨƚŚĞƐĂŵƉůĞƐŚĂƌǀĞƐƚĞĚĨƌŽŵϮĚŝĨĨĞƌĞŶƚĂƌĞĂƐŽĨ
ƚŚĞŝŶƚĞƌŝŽƌƐƵƌĨĂĐĞŽĨƚŚĞĚĞǀŝĐĞƚŚĂƚǁĂƐĂƌƚŝĨŝĐŝĂůůǇĐŽŶƚĂŵŝŶĂƚĞĚǁŝƚŚĨƵŶŐĂůƐƉŽƌĞƐ͘


dĂďůĞϱͲDŽƵůĚƐĨŽƵŶĚŝŶƚŚĞĚĞǀŝĐĞĂƚŝŶĚŝǀŝĚƵĂůŚĂƌǀĞƐƚŝŶŐƚŝŵĞƐ
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ϭϯϳ






DŽƵůĚƐŝŶƐŝĚĞ
ƚŚĞĚĞǀŝĐĞ
;&hͬĐŵϮͿ

dŝŵĞ
;ĚĂǇƐͿ
Ϭ
ϭ

ϮϴϴϬϬ
ϮϲϬϬϬ

ϰ

ϭϱϬϬϬ

ϱ
ϲ
ϳ
ϴ
ϭϬ
ϭϭ
ϭϮ

ϵϵϬϬ
ϲϵϬϬ
ϱϵϬϬ
ϱϮϬϬ
ϰϲϬϬ
ϰϬϬϬ
ϯϱϬϬ


&ŝŐƵƌĞϭϭďĞůŽǁƐŚŽǁƐƚŚĞĚĂƚĂŝŶŐƌĂƉŚŝĐĨŽƌŵ͘
ϯϱϬϬϬ

DŽƵůĚƐ;&hͬĐŵϮͿ

ϯϬϬϬϬ
ϮϱϬϬϬ
ϮϬϬϬϬ
ϭϱϬϬϬ
ϭϬϬϬϬ
ϱϬϬϬ
Ϭ

Ϭ

ϭ

ϰ

ϱ

ϲ

ϳ

ϴ

ϭϬ

ϭϭ

ϭϮ

dŝŵĞ;ĚĂǇƐͿ
&ŝŐƵƌĞϭϭͲͲDŽƵůĚƐĨŽƵŶĚŝŶƐŝĚĞƚŚĞĚĞǀŝĐĞ



dŚĞ ĨƵŶŐĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ĚĞĐƌĞĂƐĞƐ ĐŽŶƐŝƐƚĞŶƚůǇ͕ ďƵƚ ƚŚĞ ĚĞĐƌĞĂƐĞ ĐƵƌǀĞ ;ƌĞĚ ůŝŶĞͿ ƐŚŽǁƐ Ă
ƚĞŶĚĞŶĐǇƚŽĚĞĐƌĞĂƐĞŝƚƐŐƌĂĚŝĞŶƚŽǀĞƌƚŝŵĞ͘dŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶǀĂůƵĞƐĂƚϭϮĚĂǇƐĨƌŽŵƚŚĞƐƚĂƌƚŽĨƚŚĞ
ƚĞƐƚĂƌĞ͕ŝŶĂŶǇĐĂƐĞ͕ŽŶĞͲƚĞŶƚŚŽĨƚŚĞŝŶŝƚŝĂůǀĂůƵĞƐ͘



ϯ͘ϯ ƌŝĞĨĞǆƉĞƌŝŵĞŶƚĂŝŵŝŶŐƚŽŽƉƚŝŵŝƐĞƚŚĞƐĞůĨͲƐĂŶŝƚŝƐĂƚŝŽŶƉƌŽĐĞƐƐ
dŚĞƐĞĐŽŶĚĞǆƉĞƌŝŵĞŶƚǁĂƐĞǆƚĞŶĚĞĚďǇĂŶĂĚĚŝƚŝŽŶĂůϮĚĂǇƐ;ĨƌŽŵĚĂǇϭϮƚŽĚĂǇϭϰͿ͕ŝŶŽƌĚĞƌƚŽ
ŝĚĞŶƚŝĨǇ Ă ƉŽƚĞŶƚŝĂů ƚĞĐŚŶŝĐĂůͬƐǇƐƚĞŵͲĞŶŐŝŶĞĞƌŝŶŐ ŝŵƉƌŽǀĞŵĞŶƚ ƚŚĂƚ ǁŽƵůĚ ŵĂŬĞ ŝƚ ƉŽƐƐŝďůĞ ƚŽ
ŽƉƚŝŵŝƐĞƚŚĞƐĞůĨͲƐĂŶŝƚŝƐĂƚŝŽŶƉƌŽĐĞƐƐŽĨƚŚĞĚĞǀŝĐĞĐŽŶƚĂŝŶŝŶŐƚŚĞ:ŽŶŝǆƉƌŽďĞ͘
/ŶƉƌĂĐƚŝĐĞ͕ƚŚĞƐƚŝůůĐŽŶƚĂŵŝŶĂƚĞĚĨĂŶĐŽŝůƐǁĞƌĞůĞĨƚƌƵŶŶŝŶŐĨŽƌĂŶŽƚŚĞƌϮĚĂǇƐǁŝƚŚƚŚĞƐĂŵĞ
ŵĞƚŚŽĚƐ ĞŶǀŝƐĂŐĞĚ ďǇ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚ ĚĞƐĐƌŝďĞĚ ƵŶĚĞƌ ƉŽŝŶƚ ϯ͘Ϯ͕ ǁŝƚŚ ũƵƐƚ ŽŶĞ ǀĂƌŝĂƚŝŽŶ ŝŶ ƚŚĞ
ĞǆƉĞƌŝŵĞŶƚ͗
Ͳ ƚŚĞǀĞŶƚŝůĂƚŝŽŶĚĞǀŝĐĞŽĨŽŶĞŽĨƚŚĞĨĂŶĐŽŝůƐǁĂƐƐǁŝƚĐŚĞĚŽĨĨϯƚŝŵĞƐĂĚĂǇĨŽƌϮŵŝŶƵƚĞƐ͕
ůĞĂǀŝŶŐƚŚĞEdWŐĞŶĞƌĂƚŽƌƐǁŝƚĐŚĞĚŽŶ͖
Ͳ ĚƵƌŝŶŐƚŚĞϮŵŝŶƵƚĞƐƚŚĂƚƚŚĞĨĂŶǁĂƐƐǁŝƚĐŚĞĚŽĨĨ͕ƚŚĞǀĞŶƚŝůĂƚŝŽŶƌŽƚŽƌǁĂƐƐǁŝƚĐŚĞĚŽŶĂŶĚ
ŽĨĨĞǀĞƌǇϮϬƐĞĐŽŶĚƐ;ĂƚŽƚĂůŽĨϲƚŝŵĞƐͿ͘
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ϭϯϴ



/ŶƚŚŝƐǁĂǇ͕ĚƵƌŝŶŐƚŚĞϮϬŵŝŶƵƚĞƐŽĨǀĞŶƚŝůĂƚŝŽŶĚŽǁŶƚŝŵĞ͕ƚŚĞŽǆŝĚŝƐŝŶŐƐƵďƐƚĂŶĐĞƐĂĐĐƵŵƵůĂƚĞĚ
ŝŶƚŚĞŝŵŵĞĚŝĂƚĞǀŝĐŝŶŝƚǇŽĨƚŚĞŐĞŶĞƌĂƚŽƌƚŽƚŚĞŶďĞĐŽŶǀĞǇĞĚŝŶƚŚĞĂĚũĂĐĞŶƚĂƌĞĂƐ͕ƚŚĂŶŬƐƚŽƚŚĞ
ƌŽƚŽƌƐǁŝƚĐŚͲŽŶŝŵƉƵůƐĞ͖ŝŵŵĞĚŝĂƚĞůǇƐǁŝƚĐŚŝŶŐŽĨĨƐĂŝĚƌŽƚŽƌƉƌĞǀĞŶƚĞĚƚŚĞŵĂũŽƌŝƚǇŽĨƚŚĞŽǆŝĚŝƐŝŶŐ
ƐƉĞĐŝĞƐĨƌŽŵĞǆŝƚŝŶŐƚŚĞĨĂŶĐŽŝůĂŶĚĂůůŽǁĞĚƚŚĞŵƚŽĂĐƚŽŶƚŚĞŵŽƵůĚƐƚŚĂƚǁĞƌĞƐƚŝůůƉƌĞƐĞŶƚŝŶƚŚĞ
ĂƌƚŝĨŝĐŝĂůůǇĐŽŶƚĂŵŝŶĂƚĞĚĂƌĞĂ͘
dŚŝƐƐƚƌĂƚĞŐǇŵĂĚĞŝƚƉŽƐƐŝďůĞƚŽĂĐĐĞůĞƌĂƚĞƚŚĞĚĞĐƌĞĂƐĞƉƌŽĐĞƐƐŽĨƚŚĞƌĞƐŝĚƵĂůŵŽƵůĚƐ͕ǁŚŝĐŚ͕
ĂƐǇŽƵŵĂǇƌĞŵĞŵďĞƌ͕ŽŶĚĂǇϭϮƐƚŝůůĂŵŽƵŶƚĞĚƚŽϯϱϬϬ&hͬĐŵϮ͘
dŚĞ ĚŝĂŐƌĂŵ ďĞůŽǁ ƐŚŽǁƐ ƚŚĞ ůĞǀĞůƐ ŽĨ ĨƵŶŐĂů ůŽĂĚƐ ŝŶƐŝĚĞ ƚŚĞ ĚĞǀŝĐĞ ŝŶ ƚŚĞ ϯ ĚĂǇƐ ŽĨ ƚŚĞ
ĞǆƉĞƌŝŵĞŶƚ͘

DŽƵůĚƐ;&hͬĐŵϮͿ

ϰϬϬϬ

ϯϬϬϬ
ϮϬϬϬ
ϭϬϬϬ
Ϭ

ϭϮ

ϭϯ

ϭϰ

dŝŵĞ;ĚĂǇƐͿ
&ŝŐƵƌĞϭϮͲͲDŽƵůĚƐĨŽƵŶĚŝŶƐŝĚĞƚŚĞĚĞǀŝĐĞ



dŚĞĚŝĂŐƌĂŵŵĂŬĞƐŝƚĐůĞĂƌƚŚĂƚ͕ŝŶũƵƐƚϮĚĂǇƐ͕ƚŚĞĐŽŶƚĂŵŝŶĂƚŝŶŐŵŽƵůĚƐĚĞĐƌĞĂƐĞĚĨƌŽŵϯϱϬϬƚŽ
ϱϬϬ&hͬĐŵϮ͘
The figure below shows the results obtained as a “coda” to the graph relating to the contaminating
ŵŽƵůĚƐĚĞƚĞĐƚĞĚĚƵƌŝŶŐƚŚĞĞǆƉĞƌŝŵĞŶƚĚĞƐĐƌŝďĞĚƵŶĚĞƌƉŽŝŶƚϯ͘Ϯ͘
ϯϱϬϬϬ

DŽƵůĚƐ;&hͬĐŵϮͿ

ϯϬϬϬϬ
ϮϱϬϬϬ
ϮϬϬϬϬ

ϭϱϬϬϬ
ϭϬϬϬϬ
ϱϬϬϬ
Ϭ

Ϭ

ϭ

ϰ

ϱ

ϲ

ϳ

ϴ

ϭϬ ϭϭ ϭϮ ϭϯ ϭϰ

dŝŵĞ;ĚĂǇƐͿ
&ŝŐƵƌĞϭϯͲͲDŽƵůĚƐĨŽƵŶĚŝŶƐŝĚĞƚŚĞĚĞǀŝĐĞ



dŚĞĚĂƚĂƵƉƚŽĚĂǇϭϮƌĞůĂƚĞƚŽƚŚĞƚĞƐƚĚĞƐĐƌŝďĞĚŝŶƉĂƌĂŐƌĂƉŚϯ͘Ϯ͕ǁŚŝůĞƚŚĞůĂƐƚϮĚĂƚĂ;ĚĂǇƐϭϯ
ĂŶĚϭϰͿƌĞůĂƚĞƚŽƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚĨƌŽŵƚŚĞƚĞƐƚĚĞƐĐƌŝďĞĚŝŶƚŚŝƐƉĂƌĂŐƌĂƉŚ͘/ƚŝƐŝŶƚĞƌĞƐƚŝŶŐƚŽ
ŽďƐĞƌǀĞ ƚŚĂƚ ƚŚĞ ƚƌĞŶĚ ůŝŶĞ ĐůĞĂƌůǇ ĐŚĂŶŐĞƐ ŝƚƐ ŐƌĂĚŝĞŶƚ͕ ƐŚŽǁŝŶŐ Ă ƐŝŐŶŝĨŝĐĂŶƚ ĂĐĐĞůĞƌĂƚŝŽŶ ŽĨ ƚŚĞ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƌĞĚƵĐƚŝŽŶƉƌŽĐĞƐƐ͘
This simple strategy was proven able to accelerate and optimise the instrument’s selfͲƐĂŶŝƚŝƐĂƚŝŽŶ
ƉƌŽĐĞƐƐ͗ŵĞĂƐƵƌĞŵĞŶƚƐŵĂĚĞ ǁŝƚŚĂ,ŽƌŝďĂŵĞĂƐƵƌŝŶŐŝŶƐƚƌƵŵĞŶƚƐŚŽǁĞĚ ƚŚĂƚ͕ŝŶ ƚŚĞ ϮŵŝŶƵƚĞƐ
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ϭϯϵ



ǁŚŝůĞƚŚĞƌŽƚŽƌǁĂƐƐǁŝƚĐŚĞĚŽĨĨ͕ŽǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶƐŝŶƐŝĚĞƚŚĞŝŶƐƚƌƵŵĞŶƚ;ĂŶĚũƵƐƚŝŶƚŚĂƚŵŝĐƌŽͲ
ĞŶǀŝƌŽŶŵĞŶƚͿ ƌĞĂĐŚĞĚĂƉƉƌŽǆŝŵĂƚĞůǇϮϬϬƉƉď͕ŝ͘Ğ͘ϭϬƚŝŵĞƐ ŚŝŐŚĞƌƚŚĂŶ ƚŚŽƐĞ ĚĞƚĞĐƚĞĚŝŶŶŽƌŵĂů
ŽƉĞƌĂƚŝŶŐĐŽŶĚŝƚŝŽŶƐ͘


ϯ͘ϰ ͘DĞĂsurement of ozone levels in the environment and at the air conditioning unit’s
ŽƵƚůĞƚ
ϯ͘ϰ͘ϭ͘DĞĂƐƵƌĞŵĞŶƚŽĨƚŚĞĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨĂŵďŝĞŶƚŽǌŽŶĞ

KϯƉƉŵ

dŚĞůĞǀĞůƐŽĨŽǌŽŶĞƉƌŽĚƵĐĞĚŝŶƐŝĚĞƚŚĞƌŽŽŵǁŚĞƌĞƚŚĞ:ŽŶŝǆĚĞǀŝĐĞǁĂƐŝŶƐƚĂůůĞĚǁĞƌĞŵĞĂƐƵƌĞĚ
ĂƚƚŚĞƐĂŵĞƚŝŵĞĂƐƚŚĞƚĞƐƚ͘
dŚĞ,ŽƌŝďĂĂŶĂůǇƐĞƌǁĂƐƉůĂĐĞĚĂƚƚŚĞĐĞŶƚƌĞŽĨƚŚĞƚĞƐƚĂƌĞĂƚŽĂĐƋƵŝƌĞƚŚĞǀĂůƵĞŽĨŽǌŽŶĞůĞǀĞůƐ
ĚƵƌŝŶŐƚŚĞƚĞƐƚ͘&ŝŐƵƌĞϭϰƐŚŽǁƐƚŚĞŐƌĂƉŚŽĨƚŚĞǀĂůƵĞƐĂĐƋƵŝƌĞĚ͖ĞĂĐŚƉŽŝŶƚƌĞƉƌĞƐĞŶƚƐƚŚĞĂǀĞƌĂŐĞ
ŽĨϯϬŵŝŶƵƚĞƐŽĨĂĐƋƵŝƐŝƚŝŽŶ͘


Ϭ͘ϭϬϬ
Ϭ͘ϬϵϬ
Ϭ͘ϬϴϬ
Ϭ͘ϬϳϬ
Ϭ͘ϬϲϬ
Ϭ͘ϬϱϬ
Ϭ͘ϬϰϬ
Ϭ͘ϬϯϬ
Ϭ͘ϬϮϬ
Ϭ͘ϬϭϬ
Ϭ͘ϬϬϬ

Ϭ

ϭϬϬϬ

ϮϬϬϬ

ϯϬϬϬ

ϰϬϬϬ

ϱϬϬϬ

ϲϬϬϬ

ƚŝŵĞ;ŵŝŶƵƚĞƐͿ
&ŝŐƵƌĞϭϰͲŽǌŽŶĞĐŽŶĐĞŶƚƌĂƚŝŽŶĐƵƌǀĞ



&ƌŽŵƚŚĞŐƌĂƉŚŝƚŝƐƉŽƐƐŝďůĞƚŽŽďƐĞƌǀĞƚŚĂƚƚŚĞƌĞĂƌĞŶŽƐŝŐŶŝĨŝĐĂŶƚĐŚĂŶŐĞƐŝŶŽǌŽŶĞůĞǀĞůƐ͕ǁŚŝĐŚ
ƌĞŵĂŝŶĐŽŶƐƚĂŶƚůǇƵŶĚĞƌϯϬƉƉďĂŶĚ͕ŝŶĂŶǇĐĂƐĞ͕ĐůŽƐĞƚŽƚŚĞŵŝŶŝŵƵŵĚĞƚĞĐƚĂďůĞůĞǀĞůƐ͘
dŚĞƐůŝŐŚƚŽƐĐŝůůĂƚŝŽŶƐƚŚĂƚĐĂŶďĞƐĞĞŶŵĂǇďĞĂƚƚƌŝďƵƚĞĚƚŽĞŶǀŝƌŽŶŵĞŶƚĂůĨĂĐƚŽƌƐ;ƚĞŵƉĞƌĂƚƵƌĞ͕
ĞƚĐ͘Ϳ͘


3.4.2. Measurement of ozone levels at the fan coil’s outlet

dŚĞƚĞƐƚǁĂƐĐĂƌƌŝĞĚŽƵƚƚŽĂƐƐĞƐƐƚŚĞƵŶŝĨŽƌŵŝƚǇŝŶŽǌŽŶĞĚŝƐƚƌŝďƵƚŝŽŶǁŝƚŚŝŶƚŚĞĨĂŶĐŽŝů͖ĂƐƚŚĞ
ƉŝƉĞ ǁĂƐ ƉůĂĐĞĚ ůĂƚĞƌĂůůǇ ƚŽ ƚŚĞ Ăŝƌ ĨůŽǁ ƚŚĂƚ ƌĞĂĐŚĞƐ ŝƚ͕ ŶĞ ŵŝŐŚƚ ƌĞĂƐŽŶĂďůǇ ĂŶƚŝĐŝƉĂƚĞ Ă ůĂĐŬ ŽĨ
ĞǀĞŶŶĞƐƐĂƐŝůůƵƐƚƌĂƚĞĚ͘





146 | Scientific Dossier

ϭϰϬ





&ŝŐƵƌĞϭϱͲŚǇƉŽƚŚĞƐŝƐƌĞŐĂƌĚŝŶŐŽǌŽŶĞĚŝĨĨƵƐŝŽŶŝŶƐŝĚĞƚŚĞĨĂŶĐŽŝů

dŚĞŽƵƚůĞƚǁĂƐ͕ƚŚĞƌĞĨŽƌĞ͕ĚŝǀŝĚĞĚŝŶƚŽƚŚƌĞĞĂƌĞĂƐ͕ĂƐƐŚŽǁŶŝŶƚŚĞĨŝŐƵƌĞ͖ƚŚĞůĞǀĞůƐŽĨŽǌŽŶĞ
ǁĞƌĞŵĞĂƐƵƌĞĚŝŶĞĂĐŚĂƌĞĂĨŽƌĂƉƉƌŽǆŝŵĂƚĞůǇϰϬŵŝŶƵƚĞƐ͘dŚĞƌĞƐƵůƚƐĂƌĞƐŚŽǁŶŝŶ&ŝŐƵƌĞϭϲ͖ĞĂĐŚ
ƉŽŝŶƚƌĞĨĞƌƐƚŽĂŶĂǀĞƌĂŐĞĂƚƚŚƌĞĞŵŝŶƵƚĞƐŽĨĂĐƋƵŝƐŝƚŝŽŶ͘
ϱϬ
ϰϱ
ϰϬ

KϯƉƉď

ϯϱ
ϯϬ
Ϯϱ

ǌŽŶĂϭ

ϮϬ

ǌŽŶĂϮ

ϭϱ

ǌŽŶĂϯ

ϭϬ
ϱ
Ϭ

Ϭ

ϱ

ϭϬ

ϭϱ

ϮϬ

Ϯϱ

ϯϬ

ϯϱ

ϰϬ

ϰϱ

ƚŝŵĞ;ŵŝŶƵƚĞƐͿ



&ŝŐƵƌĞϭϲͲozone levels at the fan coil’s outlet

dŚĞŐƌĂƉŚƐƐŚŽǁĐůĞĂƌůǇƚŚĂƚƚŚĞƌĞŝƐĂŵĂƌŬĞĚĐŽŶĐĞŶƚƌĂƚŝŽŶŽĨŽǌŽŶĞŝŶƌĞĂϯ͘


ϰ͘ ŽŶĐůƵƐŝŽŶƐ
dŚĞ ƐƉĂĐĞ ƵƐĞĚ ĨŽƌ ƚŚĞ ĨŝƌƐƚ ĞǆƉĞƌŝŵĞŶƚ ǁĂƐ ƐĞůĞĐƚĞĚ ďĞĐĂƵƐĞ ŝƚ ĨĞĂƚƵƌĞĚ Ă ŵŝĐƌŽďŝĂů
ĐŽŶƚĂŵŝŶĂƚŝŽŶƚŚĂƚŵĂǇďĞĚĞĨŝŶĞĚĂƐŵĞĚŝƵŵ͕ĐĞƌƚĂŝŶůǇŚŝŐŚĞƌƚŚĂŶƚŚĞŽŶĞƚŽďĞĨŽƵŶĚŝŶĂƌĞŐƵůĂƌůǇ
ĐůĞĂŶĞĚand ventilated domestic environment or office. In fact, in planning the experiments’ tests,
one first aimed at assessing the effectiveness of the device in “unfavourable” conditions and, for this
reason, the situation was further “aggravated” by artificiaůůǇĐŽŶƚĂŵŝŶĂƚŝŶŐƚŚĞǀĞŶƚŝůĂƚŝŽŶŝŵƉĞůůĞƌƐ
ŝŶƚŚĞĚĞǀŝĐĞƐǁŝƚŚŵŽƵůĚƐƚŚĂƚĂƌĞƚǇƉŝĐĂůůǇĨŽƵŶĚŝŶŚƵŵŝĚĂŶĚƵŶŚǇŐŝĞŶŝĐĞŶǀŝƌŽŶŵĞŶƚƐ͘
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ϭϰϭ

dŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚƐŚŽǁƚŚĂƚƚŚĞĂĚŽƉƚŝŽŶŽĨĂ:ŽŶŝǆƐĂŶŝƚŝƐĂƚŝŽŶĚĞǀŝĐĞŵĂŬĞƐŝƚƉŽƐƐŝďůĞƚŽ
ŽďƚĂŝŶ͕ŽǀĞƌƚŝŵĞ͕ĂŵĂƌŬĞĚƌĞĚƵĐƚŝŽŶŽĨƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶĨƌŽŵďĂĐƚĞƌŝĂ͕
ĂƐǁĞůůĂƐŵŽƵůĚƐĂŶĚǇĞĂƐƚƐ͘
dŚĞ ŬŝŶĞƚŝĐƐ ŽĨ ƚŚĞ ĚĞĐƌĞĂƐĞ ŝŶ ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂŶƚƐ͕ ďĞ ƚŚĞǇ ďĂĐƚĞƌŝĂ͕ ŵŽƵůĚƐ͕ Žƌ ǇĞĂƐƚƐ͕
ƌĞƋƵŝƌĞĂƚůĞĂƐƚϰϴŚŽƵƌƐŽĨĐŽŶƚŝŶƵŽƵƐƵƐĞŽĨƚŚĞĚĞǀŝĐĞ͕ŬĞĞƉŝŶŐƚŚĞƌŽŽŵŝŶǁŚŝĐŚŝƚŝƐĂĐƚŝǀĞĐůŽƐĞĚ͖
ŝƚŝƐ͕ƚŚĞƌĞĨŽƌĞ͕ƚŽďĞĞǆƉĞĐƚĞĚƚŚĂƚ͕ŝĨƚŚĞĚĞǀŝĐĞŝƐƵƐĞĚĨŽƌĂĨĞǁŚŽƵƌƐƉĞƌĚĂǇ͕ŵŽƌĞƚŝŵĞǁŝůůďĞ
ƌĞƋƵŝƌĞĚ ƚŽ ƌĞĂĐŚ ůŽǁ ůĞǀĞůƐ ŽĨ ĞŶǀŝƌŽŶŵĞŶƚĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ͘ KŶ ƚŚĞ ŽƚŚĞƌ ŚĂŶĚ ĂŶĚ ĂƐ ƉĂƌƚŝĂů
ŵŝƚŝŐĂƚŝŽŶŽĨƚŚŝƐůĂƐƚƐƚĂƚĞŵĞŶƚ͕ŽŶĞƐŚŽƵůĚĂůƐŽƚĂŬĞŝŶƚŽĂĐĐŽƵŶƚƚŚĂƚƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶĚŝƚŝŽŶƐ
ŝŶ ǁŚŝĐŚ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚ ǁĂƐ ĐĂƌƌŝĞĚ ŽƵƚ ǁĞƌĞ ƉƵƌƉŽƐĞůǇ ǁŽƌƐĞ ƚŚĂŶ ƚŚŽƐĞ ŶŽƌŵĂůůǇ ĨŽƵŶĚ ŝŶ Ă
“domestic” environment.
/ĨƚŚĞĚĞǀŝĐĞŝƐŝŶƚƌŽĚƵĐĞĚŝŶĂƐƉĂĐĞǁŝƚŚůŽǁůĞǀĞůƐŽĨĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶƚĂŵŝŶĂƚŝŽŶ͕ƐƵĐŚĂƐĂŶ
ŽĨĨŝĐĞ͕ ƚŚĞ ĐŽŶƚĂŵŝŶĂƚŝŽŶ ůĞǀĞůƐ ĂƌĞ ƋƵŝĐŬůǇ ƌĞĚƵĐĞĚ ƚŽ ǀĞƌǇ ůŽǁ ǀĂůƵĞƐ ǁŚŝĐŚ ǁĞ ŚĂǀĞ ĐĂůůĞĚ
“background noise”, below which they may be reduced solely through the adoption of systemͲƌĞůĂƚĞĚ
ƐƚƌĂƚĞŐŝĞƐ ŽŶůǇƌĞƋƵŝƌĞĚĨŽƌƐƉĞĐŝĨŝĐƐƉĂĐĞƐ͕ƐƵĐŚĂƐ ƚŚĞ ĚƌƵŐƉĂĐŬĂŐŝŶŐǁŚŝƚĞ ƌŽŽŵƐ;,WĨŝůƚĞƌƐ͕
ƉŽƐŝƚŝǀĞƉƌĞƐƐƵƌĞƐƉĂĐĞĞƋƵŝƉƉĞĚǁŝƚŚĂŶĂŶƚĞͲĐŚĂŵďĞƌ͕ĞƚĐ͘Ϳ͘
With regard to the device’s selfͲƐĂŶŝƚŝƐŝŶŐĂďŝůŝƚǇ͕ƚŚĞĂƌƚŝĨŝĐŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶǁŝƚŚŵŽƵůĚƐĂĚŽƉƚĞĚ
ŝŶďŽƚŚĞǆƉĞƌŝŵĞŶƚƐǁĂƐƉƵƌƉŽƐĞůǇŚŝŐŚ͕ƐŽĂƐƚŽĞǀĂůƵĂƚĞ ƚŚĞ ƉŽƚĞŶƚŝĂůŽĨƚŚĞ ĚĞǀŝĐĞ ĂůƐŽŝŶǀĞƌǇ
ƵŶĨĂǀŽƵƌĂďůĞĐŽŶĚŝƚŝŽŶƐ͘
dŚĞƐĞĐŽŶĚŝƚŝŽŶƐŵŝŐŚƚŽĐĐƵƌĂĨƚĞƌĂĨĂŶĐŽŝůǁŝƚŚŽƵƚĂŶEdWŐĞŶĞƌĂƚŽƌŚĂƐďĞĞŶŽƉĞƌĂƚŝŶŐĨŽƌĂ
ůŽŶŐƚŝŵĞ͕ǁŚŝůĞƚŚĞǇĂƌĞĞǆƚƌĞŵĞůǇƵŶůŝŬĞůǇƚŽŽĐĐƵƌŝĨĂďƌĂŶĚŶĞǁĚĞǀŝĐĞŝƐĞƋƵŝƉƉĞĚǁŝƚŚĂŶEdW
ŐĞŶĞƌĂƚŽƌǁŚŝĐŚŵĂŬĞƐŝƚƉŽƐƐŝďůĞƚŽƉƌĞǀĞŶƚƚŚĞĞƐƚĂďůŝƐŚŵĞŶƚĂŶĚƉƌŽůŝĨĞƌĂƚŝŽŶŽĨƐƵĐŚŚŝŐŚůĞǀĞůƐ
ŽĨŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶ͘
dŚĞĂĚŽƉƚŝŽŶŽĨĂƐŝŵƉůĞƐǇƐƚĞŵͲƌĞůĂƚĞĚƐƚƌĂƚĞŐǇ͕ƐƵĐŚĂƐƚŚĞŽŶĞĚĞƐĐƌŝďĞĚƵŶĚĞƌƉŽŝŶƚϯ͘ϯ͕ŵŝŐŚƚ
decidedly improve the instrument’s selfͲƐĂŶŝƚŝƐĂƚŝŽŶƉƌŽĐĞƐƐ͕ǁŝƚŚŽƵƚƚŚĞ ŶĞĞĚĨŽƌĐŽƐƚůǇƚĞĐŚŶŝĐĂů
ŵŽĚŝĨŝĐĂƚŝŽŶƐ͘
dŚĞĚĂƚĂƐŚŽǁŶŝŶƉĂƌĂŐƌĂƉŚϯ͘ϰ͕ƌĞůĂƚŝŶŐƚŽƚŚĞĚŝƐƚƌŝďƵƚŝŽŶŽĨŽǌŽŶĞůĞǀĞůƐŝŶƐŝĚĞƚŚĞĨĂŶĐŽŝů͕
ŝŵƉůǇƚŚĂƚŝƚǁŽƵůĚďĞǁŽƌƚŚĐŽŶƐŝĚĞƌŝŶŐƉůĂĐŝŶŐƚŚĞEdWŐĞŶĞƌĂƚŽƌĂƚĂĚŝĨĨĞƌĞŶƚůŽĐĂƚŝŽŶŝŶƐŝĚĞƚŚĞ
ĂŝƌĐŽŶĚŝƚŝŽŶŝŶŐƐǇƐƚĞŵ͕ƐŽĂƐƚŽĞŶĐŽƵƌĂŐĞĂŵŽƌĞŚŽŵŽŐĞŶĞŽƵƐĚŝĨĨƵƐŝŽŶŽĨƚŚĞŽǆŝĚŝƐŝŶŐƐƉĞĐŝĞƐŝƚ
ĐŽŶƚĂŝŶƐĂŶĚƌĞůĞĂƐĞƐ͘
/ŶĐŽŶĐůƵƐŝŽŶĂŶĚďĂƐĞĚŽŶƚŚĞŽďƐĞƌǀĂƚŝŽŶƐŵĂĚĞĚƵƌŝŶŐƚŚĞĞǆƉĞƌŝŵĞŶƚ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽƐƚĂƚĞ
ƚŚĂƚƚŚĞĂĚŽƉƚŝŽŶŽĨĂŶEdWŐĞŶĞƌĂƚŽƌŝŶƐŝĚĞĂĨĂŶĐŽŝůĚĞǀŝĐĞŵĂǇƉƌŽǀŝĚĞƚŚĞĚŽƵďůĞĂĚǀĂŶƚĂŐĞŽĨ
ŵĂŝŶƚĂŝŶŝŶŐƚŚĞƋƵĂŶƚŝƚǇŽĨĂŝƌďŽƌŶĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐĂƚůŽǁůĞǀĞůƐ–ĞǀĞŶŝŶĂƌĞĂƐĐŚĂƌĂĐƚĞƌŝƐĞĚďǇ
ƐƵďƐƚĂŶƚŝĂů ĞŶǀŝƌŽŶŵĞŶƚĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ – ĂŶĚ ŽĨ ƉƌĞǀĞŶƚŝŶŐ ƚŚĞ ŝŶƐƚƌƵŵĞŶƚ ĨƌŽŵ ďĞŝŶŐ
ĐŽŶƚĂŵŝŶĂƚĞĚďǇƵŶĚĞƐŝƌĂďůĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ĞƐƉĞĐŝĂůůǇŵŽƵůĚƐ͘
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ϭϰϯ



dd,DEdϭϮ͘ϵ




ǀĂůƵĂƚŝŽŶŽĨƚŚĞƐĂŶŝƚŝǌŝŶŐĐĂƉĂĐŝƚǇŽĨWŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞƐŝŶĐŽŵƉĂƌŝƐŽŶǁŝƚŚ:ŽŶŝǆ
EdWƐǇƐƚĞŵƐ
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ϭϰϰ

























ǆƉĞƌŝŵĞŶƚƚŽĂƐƐĞƐƐƚŚĞ
^E/d/^/E'/>/dz
ŽĨ
WŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞƐǀƐ:ŽŶŝǆEdWŽŶĚĞŶƐĞƌƐ
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ϭϰϱ





dĂďůĞŽĨĐŽŶƚĞŶƚƐ



&ŽƌĞǁŽƌĚ ϭϰϲ
KǌŽŶĞŵĞĂƐƵƌĞŵĞŶƚƐĂŶĚŶƵŵďĞƌŽĨŝŽŶƐ ϭϰϳ
dĞƐƚƚŽĂƐĐĞƌƚĂŝŶƚŚĞƐĂŶŝƚŝƐŝŶŐĞĨĨĞĐƚŽĨƚŚĞĚĞǀŝĐĞƐϭϰϵ
dĞƐƚƐŽŶĞǆƉŽƐĞĚƉůĂƚĞ
ϭϱϭ
dĞƐƚǁŝƚŚŵŝĐƌŽďŝĂůďŝŽͲĂĞƌŽƐŽů
ϭϱϳ
dĞƐƚƚŽĂƐĐĞƌƚĂŝŶƚŚĞƐĂŶŝƚŝƐŝŶŐĞĨĨĞĐƚŽĨƚŚĞĚĞǀŝĐĞƐŽŶŐƌŽǁŶŵŽƵůĚƐ



ϭϲϭ
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ϭϰϲ

&ŽƌĞǁŽƌĚ

Z,>ĂďŽƌĂƚŽƌŝĞƐŚĂƐƐĞƚƵƉĂŶĞǆƉĞƌŝŵĞŶƚĂůƐƚƵĚǇǁŝƚŚƚŚĞĂŝŵŽĨĂƐƐĞƐƐŝŶŐĂŶĚƋƵĂŶƚŝĨǇŝŶŐ
ƚŚĞ ƉŽƐƐŝďůĞ ƐĂŶŝƚŝƐŝŶŐ ĞĨĨĞĐƚ ƉĞƌĨŽƌŵĞĚ ďǇ ƚǁŽ ƚǇƉĞƐ ŽĨ ĐŽŵŵĞƌĐŝĂů ĚĞǀŝĐĞƐ ;EdWͲ:ŽŶŝǆ ĂŶĚ Ă
WŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞ^,hϵϬϬyͿ͕ǁŝƚŚŝŶĂϭϮŵͲůŽŶŐƐƚĞĞůĚƵĐƚŽĨϯϬĐŵŝŶĚŝĂŵĞƚĞƌ͕ƚŚƌŽƵŐŚǁŚŝĐŚĂŝƌ
ĨůŽǁƐ͕ǀŝĂĂĨĂŶ͕ĂƚǀĂƌŝŽƵƐƐƉĞĞĚƐͬĨůŽǁƌĂƚĞƐ͘
dŚĞĂŝŵǁĂƐƚŽƐŝŵƵůĂƚĞǁŚĂƚŚĂƉƉĞŶƐŝŶƐŝĚĞĂǀĞŶƚŝůĂƚŝŽŶĚƵĐƚŝŶƚŚĞĞǀĞŶƚŽĨŵŝĐƌŽďŝŽůŽŐŝĐĂů
contamination and depending on whether “sanitising” dĞǀŝĐĞƐůŝŬĞƚŚĞƚĞƐƚĞĚŽŶĞƐǁŚĞƌĞŝŶƐƚĂůůĞĚŽƌ
ŶŽƚ͘
dŽƚŚŝƐĞŶĚ͕Z,ŚĂƐĚĞƐŝŐŶĞĚĂŶĚĐŽŶĚƵĐƚĞĚĂƐĞƌŝĞƐŽĨĞǆƉĞƌŝŵĞŶƚƐŝŶǁŚŝĐŚǀĂƌŝŽƵƐƚǇƉĞƐ
ĂŶĚƋƵĂŶƚŝƚŝĞƐŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁĞƌĞĞǆƉŽƐĞĚŝŶĂĐŽŶƚƌŽůůĞĚŵĂŶŶĞƌƚŽĂŝƌĨůŽǁƐŝŶƐŝĚĞƚŚĞƉŝƉĞ
ǁŝƚŚĚŝĨĨĞƌĞŶƚƚǇƉĞƐŽĨĂĐƚŝǀĂƚĞĚƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐ͘
tŝƚŚƌĞŐĂƌĚƚŽƚŚŝƐƚǇƉĞŽĨƚĞƐƚ͕ƐŝŶĐĞƚŚĞƌĞĂƌĞŶŽƚĞĐŚŶŝĐĂůƐƚĂŶĚĂƌĚƐŽĨƌĞĨĞƌĞŶĐĞ͕Z,ŚĂĚ
ƚŽƐĞƚƵƉĂƉƉƌŽƉƌŝĂƚĞƚĞƐƚƉƌŽĐĞĚƵƌĞƐ͕ĂŶĚĞǆƉĞƌŝŵĞŶƚĂůůǇĞǀĂůƵĂƚĞƚŚĞŵŽƐƚĂƉƉƌŽƉƌŝĂƚĞͬĨƵŶĐƚŝŽŶĂů
ŽƉĞƌĂƚŝǀĞĐŽŶĚŝƚŝŽŶƐƚŽƐƚƵĚǇƚŚĞƉŚĞŶŽŵĞŶĂĂŶĚŝĚĞŶƚŝĨǇƚŚĞƐĞƚƵƉƐƚŽďĞŝŵƉůĞŵĞŶƚĞĚŝŶƚĞƌŵƐŽĨ͗
Ͳ &ĂŶĂŝƌĨůŽǁƌĂƚĞƐ
Ͳ dǇƉĞƐĂŶĚĐŽŶĐĞŶƚƌĂƚŝŽŶƐŽĨƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐƚŽďĞƚĞƐƚĞĚ
Ͳ dŝŵĞĨƌĂŵĞƐĂŶĚŵĞƚŚŽĚƐŽĨĐŽŶƚĂĐƚǁŝƚŚƚŚĞƐĂŶŝƚŝƐŝŶŐƐǇƐƚĞŵƐ
/ŶƚĞƌŵƐŽĨƚŚĞ ĂŝƌĨůŽǁ ƌĂƚĞŝŶƐŝĚĞ ƚŚĞ ƚĞƐƚƉŝƉĞ͕ƉƌĞůŝŵŝŶĂƌǇ ƚĞƐƚƐǁĞƌĞĐŽŶĚƵĐƚĞĚĂŶĚŝƚǁĂƐ
ĂƐĐĞƌƚĂŝŶĞĚ ƚŚĂƚ ŝƚ ǁĂƐ ŶŽƚ ƉŽƐƐŝďůĞ ƚŽ ĂĐƚ ŝŶ Ă ĐŽŶƚƌŽůůĞĚ ĂŶĚ ƌĞƉƌŽĚƵĐŝďůĞ ŵĂŶŶĞƌ ǁŝƚŚ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ ĂŶĚ ĐƵůƚƵƌĞ ƉůĂƚĞƐ ƵŶĚĞƌ ŚŝŐŚ Ăŝƌ ĨůŽǁƐ ůŝŬĞ ƚŚĞ ŽŶĞƐ ƚǇƉŝĐĂůůǇ ƌĞƉŽƌƚĞĚ ďǇ
ƌ͘DĂƌĂŶŐŽŶ;Ϯ͕ϬϬϬŵϯͬŚͿ͘
&ŽƌƚŚŝƐƌĞĂƐŽŶƚŚĞƚĞƐƚƐǁĞƌĞƐĞƚƵƉĂŶĚĐŽŶĚƵĐƚĞĚǁŝƚŚůŽǁĞƌĂŝƌĨůŽǁƐ;ϭϯϬŵ ϯͬŚĂŶĚϴϬϬŵϯͬŚͿ
and all the tests were conducted in a COMPARATIVE manner “NTPͲJonix vs. Photocatalytic” in order
ƚŽŽďƚĂŝŶĂƌĞůĂƚŝǀĞƌĞĂĚŝŶŐŽĨƚŚĞƉŚĞŶŽŵĞŶĂ;ŝ͘Ğ͘ǁŚŝĐŚŽĨƚŚĞϮĚĞǀŝĐĞƐǁŽƌŬƐďĞƐƚ͕ƚŚĞŽƉĞƌĂƚŝǀĞ
conditions being equal?) and thus being able to free oneself from the “realistic” nature of the
ŽƉĞƌĂƚŝŶŐĐŽŶĚŝƚŝŽŶƐĂĚŽƉƚĞĚ͘
dŚĞƚĞƐƚŝŶƐƚĂůůĂƚŝŽŶŽŶǁŚŝĐŚƚŚĞƚĞƐƚƐǁĞƌĞĐŽŶĚƵĐƚĞĚĐŽŶƐŝƐƚƐŽĨĂƐƋƵĂƌĞƉůĞŶƵŵǁŝƚŚŝŶǁŚŝĐŚ
ĂŶĂĚũƵƐƚĂďůĞĨůŽǁĨĂŶŝƐŝŶƐƚĂůůĞĚ͕ƚŚĞƌĂŶŐĞŽĨǁŚŝĐŚĐĂŶďĞĂĚũƵƐƚĞĚĨƌŽŵϭϬϬƚŽϮϬϬϬŵ ϯͬŚ͘dŚĞĂŝƌ
ŝƐĐŽŶǀĞǇĞĚĨƌŽŵƚŚĞĨĂŶŝŶƚŽĂƌŽƵŶĚĚƵĐƚƚŚĞĚŝĂŵĞƚĞƌŽĨǁŚŝĐŚŝƐϯϬĐŵ͘/ŶŽƌĚĞƌƚŽĞŶƐƵƌĞƚŚĞ
ĚĞǀŝĐĞƐǁŽƌŬŝŶůŝŶĞĂƌĨůŽǁ͕ƚŚĞƐĂŶŝƚŝƐĂƚŝŽŶƐǇƐƚĞŵƐǁĞƌĞŝŶƐƚĂůůĞĚŝŵŵĞĚŝĂƚĞůǇĚŽǁŶƐƚƌĞĂŵŽĨĂƚǁŽͲ
ŵĞƚƌĞ ůŝŶĞĂƌ ƐĞĐƚŝŽŶ͕ ǁŚŝĐŚ ǁĂƐ ĚĞĞŵĞĚ ƐƵĨĨŝĐŝĞŶƚ ƚŽ ĂƐƐƵƌĞ ĨůŽǁ ƐƚĂďŝůŝƐĂƚŝŽŶ͕ ĞůŝŵŝŶĂƚŝŶŐ ĂŶǇ
ƚƵƌďƵůĞŶĐĞĚƵĞƚŽĂŝƌĚƌĂĨƚ͘dŚĞƐĞĐƚŝŽŶŽĨƚŚĞƐǇƐƚĞŵǁŚĞƌĞƚŚĞƚĞƐƚƐǁĞƌĞĐŽŶĚƵĐƚĞĚ͕ďĞŚŝŶĚƚŚĞ
ĚĞǀŝĐĞƐ͕ĐŽŶƐŝƐƚƐŽĨĂϭϬŵĚƵĐƚ͘dŚĞŐĞŶĞƌĂůĚŝĂŐƌĂŵŽĨƚŚĞŝŶƐƚĂůůĂƚŝŽŶŝƐƐŚŽǁŶŝŶ








͘
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ϭϰϳ




dŚĞĨŽůůŽǁŝŶŐƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐǁĞƌĞƚĞƐƚĞĚŝŶƚŚĞĞǆƉĞƌŝŵĞŶƚƐĐŽŶĚƵĐƚĞĚďǇZ,͗
 :KE/y–EdW͕ƐĞƚƵƉǁŝƚŚϮƉŝƉĞƐDŽĚĞů͖
 ^,hͲDŽĚĞůϵϬϬy͖



WŝĐƚƵƌĞϭͲ:KE/yͲEdW;ůĞĨƚͿ͕^,hϵϬϬy;ƌŝŐŚƚͿ




dŚĞ:KE/yEdWƐǇƐƚĞŵŝƐďĂƐĞĚŽŶƵƐĞŽĨĂďĂƌƌŝĞƌĚŝƐĐŚĂƌŐĞƐǇƐƚĞŵĨŽƌŐĞŶĞƌĂƚŝŽŶŽĨŶŽŶƚŚĞƌŵĂů
ƉůĂƐŵĂ;EdWͿǁŚŝĐŚŝŶŝƚƐƚƵƌŶŝƐĂďůĞƚŽƉƌŽĚƵĐĞƚŚĞĂĐƚŝǀĞƐƉĞĐŝĞƐ;WŝĐƚƵƌĞϭ–ůĞĨƚͿ͘

dŚĞ^,hƐǇƐƚĞŵŝƐďĂƐĞĚŽŶĂĐĂƚĂůǇƚŝĐŽǆŝĚĂƚŝŽŶƐǇƐƚĞŵƉƌŽŵŽƚĞĚŽŶĂƐƵƌĨĂĐĞĚŽƉĞĚǁŝƚŚĂ
ŶĂŶŽͲEŝĐŬĞůĐĂƚĂůǇƐƚĂŶĚĂĐƚŝǀĂƚĞĚďǇĂůŝŐŚƚƐŽƵƌĐĞĐŽŶƐŝƐƚŝŶŐŽĨĂhsůĂŵƉ;WŝĐƚƵƌĞϭ–ƌŝŐŚƚͿ͘


KǌŽŶĞŵĞĂƐƵƌĞŵĞŶƚƐĂŶĚŶƵŵďĞƌŽĨŝŽŶƐ

DĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞĐŽŶĚƵĐƚĞĚƚŽƋƵĂŶƚŝĨǇƚŚĞŽǌŽŶĞĂŶĚŝŽŶĐŽŶĐĞŶƚƌĂƚŝŽŶŝŶƚŚĞĂŝƌǁŚĞŶƚŚĞ
ƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐĐŽǀĞƌĞĚďǇƚŚŝƐƐƚƵĚǇĂƌĞĂĐƚŝǀĂƚĞĚ͘
dŚĞŵĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞƉĞƌĨŽƌŵĞĚĂƚƚŚĞĞŶĚŽĨƚŚĞϭϮŵƉŝƉĞ͕ĂƐƉŝĐƚƵƌĞĚďĞůŽǁ͗












dŚĞ ŽǌŽŶĞ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ǁĂƐ ŵĞĂƐƵƌĞĚ ďǇ ŵĞĂŶƐ ŽĨ Ă ĐŽŶƚŝŶƵŽƵƐ ,KZ/ – WK – ϯϳϬ
ĂŶĂůǇƐĞƌ͕ĨŝƚƚĞĚǁŝƚŚĂƐƵĐƚŝŽŶƉƌŽďĞƉůĂĐĞĚĂƚƚŚĞĂŝƌŽƵƚůĞƚƉŽŝŶƚĂŶĚŝŶƚŚĞŵŝĚĚůĞŽĨƚŚĞƉŝƉĞ͘dŚĞ
instrument’s reading range varies from 0,0001 ppm to 3 ppm. 
dŚĞŵĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞƉĞƌĨŽƌŵĞĚďǇƐĞƚƚŝŶŐƵƉĂϭϯϬŵ ϯͬŚĨůŽǁƌĂƚĞ;ŚŝŐŚĞƌĨůŽǁƌĂƚĞƐĞŶƚĂŝů
ĞǆĐĞƐƐŝǀĞĚŝůƵƚŝŽŶͿ͘/ŶǀŝĞǁĨƚŚĞƵŶƐƚĂďůĞŶĂƚƵƌĞŽĨŽǌŽŶĞ͕ĂƐǁĞůůĂƐƚŚĞůŽǁĐŽŶĐĞŶƚƌĂƚŝŽŶƐĐůŽƐĞƚŽ
the instrument’s reading limit, the measurements were repeated five times and then averaged.
dŚĞƚĞƐƚĞĚƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐǁĞƌĞƐĞƚƵƉĂƐĨŽůůŽǁƐ;ƌĞĨĞƌƚŽƚŚĞƉŝĐƚƵƌĞĂďŽǀĞͿ͗
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ϭϰϴ



Ͳ
Ͳ
Ͳ
Ͳ

:ŽŶŝǆEdWĚĞǀŝĐĞ͕ƉŽƐŝƚŝŽŶĞĚĂƚƉŽŝŶƚ͖
WŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞ͕ƉŽƐŝƚŝŽŶĞĚĂƚƉŽŝŶƚ͖
Photocatalytic + NTP JONIX device “close”, both at point A;
Photocatalytic + NTP JONIX device “distant”, the NTP device is at point A, while thĞ
WŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵŝƐĂƚƉŽŝŶƚ͘
dĂďůĞϭƐŚŽǁƐƚŚĞŶƵŵĞƌŝĐƌĞƐƵůƚƐǁŚŝůĞƚŚĞŐƌĂƉŚŝŶWŝĐƚƵƌĞϮŝůůƵƐƚƌĂƚĞƐƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚ͘

dĂďůĞϭͲĂƌŝƚŚŵĞƚŝĐĂǀĞƌĂŐĞŽĨŽǌŽŶĞŵĞĂƐƵƌĞŵĞŶƚƐ

















ǀĞƌĂŐĞ;ƉƉďͿ

:ŽŶŝǆ
ϰϯ
WŚŽƚŽĐĂƚĂůǇƚŝĐ
ϴ
:ŽŶŝǆͲƉŚŽƚŽ;ĐůŽƐĞͿ
ϱϰ
:ŽŶŝǆ
Ͳ
ƉŚŽƚŽ
;ĚŝƐƚĂŶƚͿ
ϲϴ

^ƚĂŶĚ͘ĚĞǀ͘
цϭϮ
цϮ
цϳ
цϯ

WŝĐƚƵƌĞϮ–ŽǌŽŶĞŵĞĂƐƵƌĞŵĞŶƚƐ


dŚĞŵĞĂƐƵƌĞŵĞŶƚŽĨƚŚĞŶƵŵďĞƌŽĨŝŽŶƐŝŶƚŚĞĂŝƌĨůŽǁǁĂƐĐŽŶĚƵĐƚĞĚǁŝƚŚĂŶůƉŚĂ>Ăď/ŶĐ͘ŝŽŶ
ĐŽƵŶƚĞƌDŽĚ͘/͕ǁŚŝĐŚŝƐĂďůĞƚŽŵĞĂƐƵƌĞƚŚĞĚĞŶƐŝƚǇŽĨŝŽŶƐŝŶƚŚĞĂŝƌǁŝƚŚĂƌĞĂĚŝŶŐƌĂŶŐĞĨƌŽŵϭϬ
ŝŽŶƐͬĐŵϯ;ŶĂƚƵƌĂůďĂĐŬŐƌŽƵŶĚĐŽŶĐĞŶƚƌĂƚŝŽŶͿƵƉƚŽϮǆϭϬϲŝŽŶƐͬĐŵϯ͘dŚĞŵĞĂƐƵƌĞŵĞŶƚǁĂƐƉĞƌĨŽƌŵĞĚ
ŝŶƚŚĞƐĂŵĞƐĂŵƉůŝŶŐƉŽŝŶƚƵƐĞĚĨŽƌƚŚĞŽǌŽŶĞŵĞĂƐƵƌĞŵĞŶƚƐ͘/ƚƐŚŽƵůĚďĞƐƉĞĐŝĨŝĞĚƚŚĂƚƚŚĞŶĂƚƵƌĂů
ŝŶƐƚĂďŝůŝƚǇ ŽĨ ŝŽŶƐ ŵĞĂŶƐ ƚŚĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ĂƌĞ ĂĨĨĞĐƚĞĚ ďǇ ĐŽŶƐŝĚĞƌĂďůĞ ƵŶĐĞƌƚĂŝŶƚǇ͘ dŚĞ
ŵĂŶƵĨĂĐƚƵƌĞƌŝŶĚŝĐĂƚĞƐĂϮϱйĂĐĐƵƌĂĐǇŽŶƚŚĞƌĞĂĚŝŶŐ͘


:ŽŶŝǆ

WŚŽƚŽ

:ŽŶŝǆнWŚŽƚŽ

WŽƐŝƚŝǀĞŝŽŶƐ
ϭϱ͕ϬϬϬ
ϰϬϬ
ϭϱ͕ϬϬϬ
цϯϳϱϬ
цϭϬϬ
цϯϳϱϬ
EĞŐĂƚŝǀĞŝŽŶƐ
ϭϬ͕ϬϬϬ
ϭϬ͕ϬϬϬ
Ϯϯ͕ϬϬϬ
цϮϱϬϬ
цϮϱϬϬ
цϱϳϱϬ
dŽƚĂůŝŽŶƐ
ϱϬϬ
цϭϮϱ
ϲϬϬ
цϭϱϬ
ϯϬϬ
цϳϱ
WŝĐƚƵƌĞϯͲŝŽŶŝĐĐŽŶĐĞŶƚƌĂƚŝŽŶ;/ŽŶƐͬĐŵϯͿŽŶŽƵƚůĞƚ


dŚĞ ŝŽŶ ŵĞĂƐƵƌĞŵĞŶƚƐ ĂƌĞ ĐŽŶƐŝƐƚĞŶƚ ǁŝƚŚ ƚŚĞ ƌĞĂƐŽŶĂďůǇ ĞǆƉĞĐƚĞĚ ǀĂůƵĞƐ ĨŽƌ ƚŚĞ ĞůĞĐƚƌŝĐĂů
ĚĞǀŝĐĞƐƵƐĞĚ͘
dŚĞĨŽůůŽǁŝŶŐƌĞŵĂƌŬƐĐĂŶďĞŵĂĚĞƌĞŐĂƌĚŝŶŐƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐ͗
dŚĞƉŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵƉƌŽĚƵĐĞƐůŽǁƋƵĂŶƚŝƚŝĞƐŽĨŽǌŽŶĞ;фϭϬƉƉďͿ
dŚĞƉŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵƉƌŽĚƵĐĞƐƐůŝŐŚƚůǇŵŽƌĞŽǌŽŶĞǁŝƚŚŽƵƚƉŚŽƚŽĐĂƚĂůǇƐƚ;hsůĂŵƉŽŶůǇͿ
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ϭϰϵ



dŚĞ:ŽŶŝǆĚĞǀŝĐĞǁŝƚŚϮƉŝƉĞƐƉƌŽĚƵĐĞƐϰƚŝŵĞƐŵŽƌĞŽǌŽŶĞƚŚĂŶƚŚĞWŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵ
;хϰϬƉƉďͿ
/ĨƚŚĞƚǁŽƐǇƐƚĞŵƐĂƌĞƉůĂĐĞĚŝŶƐĞƌŝĞƐ;:ŽŶŝǆнWŚŽƚŽŽƌWŚŽƚŽн:ŽŶŝǆͿ͕ĞŝƚŚĞƌĐůŽƐĞŽƌĚŝƐƚĂŶƚ͕
ƚŚĞǌŽŶĞƚŚĂƚĨŽƌŵƐŝƐƚŚĞƐƵŵŽĨƚŚĞŽǌŽŶĞƉƌŽĚƵĐĞĚďǇƚŚĞƚǁŽĚĞǀŝĐĞƐ͗ƚŚĞWŚŽƚŽŝƐƵŶĂďůĞ
ƚŽƌĞĚƵĐĞƚŚĞŽǌŽŶĞƉƌŽĚƵĐĞĚďǇ:ŽŶŝǆ͕ŽŶƚŚĞĐŽŶƚƌĂƌǇŝƚƉƌŽĚƵĐĞƐŽǌŽŶĞƚŽŽ͘
ƚ ƚŚĞ Ăŝƌ ĨůŽǁ ƌĂƚĞ ŶŽƌŵĂůůǇ ƵƐĞĚ ŽŶ ƌĞĂů ŝŶƐƚĂůůĂƚŝŽŶƐ ;ϱϬϬͲϮ͘ϬϬϬ ŵϯͬŚͿ ƚŚĞ ŽǌŽŶĞ
ĐŽŶĐĞŶƚƌĂƚŝŽŶŝƐǁŝĚĞůǇďĞůŽǁƚŚĞůŝŵŝƚƐ;ϱϬƉƉďͿĞǀĞŶǁŝƚŚƚŚĞ:ŽŶŝǆƐǇƐƚĞŵ
dŚĞWŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵƉƌŽĚƵĐĞƐŵƵĐŚĨĞǁĞƌŝŽŶƐ;нͿƚŚĂŶƚŚĞ:ŽŶŝǆƐǇƐƚĞŵ͘
dŚĞ WŚŽƚŽĐĂƚĂůǇƚŝĐ ƐǇƐƚĞŵ ƉƌŽĚƵĐĞƐ ƚŚĞ ƐĂŵĞ ŶƵŵďĞƌ ŽĨ ŝŽŶƐ͕ ĞǀĞŶ ŝĨ ͨŶĂŬĞĚͩ ;ǁŝƚŚŽƵƚ
ƉŚŽƚŽĐĂƚĂůǇƐƚͿ
dŚĞĐŽŵďŝŶĂƚŝŽŶŽĨƚŚĞϮƐǇƐƚĞŵƐ;:ŽŶŝǆнWŚŽƚŽͿƉƌŽĚƵĐĞƐĂŶƵŵďĞƌŽĨŝŽŶƐƚŚĂƚŝƐƚŚĞƐƵŵ
ŽĨƚŚĞŝŽŶƐƉƌŽĚƵĐĞĚďǇƚŚĞŝŶĚŝǀŝĚƵĂůƐǇƐƚĞŵƐ;/d/sĞĨĨĞĐƚ͕ĂƐĨŽƌƚŚĞKKEͿ
Both the Jonix and the photocatalytic system produce «few» ions if compared with a “typical”
ŝŽŶŐĞŶĞƌĂƚŽƌ;ƐĞĞƚŚĞƉŝĐƚƵƌĞďĞůŽǁͿ͗



dǇƉŝĐĂůŝŽŶŐĞŶĞƌĂƚŽƌďĂƐĞĚŽŶthe “point” effect and its characteristic performance


DĞĂƐƵƌĞŵĞŶƚƐ ŚĂǀĞ ĂůƐŽ ďĞĞŶ ƚĂŬĞŶ ƚŽ ƋƵĂŶƚŝĨǇ ĞůĞĐƚƌŝĐĂů ĐŽŶƐƵŵƉƚŝŽŶ ŽĨ ƚŚĞ ƚǁŽ ƐĂŶŝƚŝƐŝŶŐ
ĚĞǀŝĐĞƐ͗ƚŚĞƚĂďůĞďĞůŽǁƐĞƚƐŽƵƚƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐ͘

:ŽŶŝǆ
WŚŽƚŽ
WŽǁĞƌĐŽŶƐƵŵƉƚŝŽŶ
ϭϯ
ϭϭ
;tĂƚƚͿ

dŚĞĞůĞĐƚƌŝĐĂůĐŽŶƐƵŵƉƚŝŽŶŽĨƚŚĞϮĚĞǀŝĐĞƐĂƌĞǁŚŽůůǇĐŽŵƉĂƌĂďůĞ͘



dĞƐƚƚŽĂƐĐĞƌƚĂŝŶƚŚĞƐĂŶŝƚŝƐŝŶŐĞĨĨĞĐƚŽĨƚŚĞĚĞǀŝĐĞƐ

Z,>ĂďŽƌĂƚŽƌŝĞƐŚĂƐƐĞƚƵƉĂŶĞǆƉĞƌŝŵĞŶƚĂůƐƚƵĚǇǁŝƚŚƚŚĞĂŝŵŽĨĂƐƐĞƐƐŝŶŐĂŶĚƋƵĂŶƚŝĨǇŝŶŐ
ƚŚĞ ƉŽƐƐŝďůĞ ƐĂŶŝƚŝƐŝŶŐ ĞĨĨĞĐƚ ƉĞƌĨŽƌŵĞĚ ďǇ ƚǁŽ ƚǇƉĞƐ ŽĨ ĐŽŵŵĞƌĐŝĂů ĚĞǀŝĐĞƐ ;EdWͲ:ŽŶŝǆ ĂŶĚ Ă
WŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞ^,hϵϬϬyͿ͕ǁŝƚŚŝŶĂϭϮŵͲůŽŶŐƐƚĞĞůĚƵĐƚŽĨϯϬĐŵŝŶĚŝĂŵĞƚĞƌ͕ƚŚƌŽƵŐŚǁŚŝĐŚĂŝƌ
ĨůŽǁƐ͕ǀŝĂĂĨĂŶ͕ĂƚǀĂƌŝŽƵƐƐƉĞĞĚƐͬĨůŽǁƌĂƚĞƐ͘
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ϭϱϬ

dŚĞĂŝŵǁĂƐƚŽƐŝŵƵůĂƚĞǁŚĂƚŚĂƉƉĞŶƐŝŶƐŝĚĞĂǀĞŶƚŝůĂƚŝŽŶĚƵĐƚŝŶƚŚĞĞǀĞŶƚŽĨŵŝĐƌŽďŝŽůŽŐŝĐĂů
contamination and depending on whether “sanitising” devices like the tested ones where installed or
ŶŽƚ͘
dŽƚŚŝƐĞŶĚ͕Z,ŚĂƐĚĞƐŝŐŶĞĚĂŶĚĐŽŶĚƵĐƚĞĚĂƐĞƌŝĞƐŽĨĞǆƉĞƌŝŵĞŶƚƐŝŶǁŚŝĐŚǀĂƌŝŽƵƐƚǇƉĞƐ
ĂŶĚƋƵĂŶƚŝƚŝĞƐŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁĞƌĞĞǆƉŽƐĞĚŝŶĂĐŽŶƚƌŽůůĞĚŵĂŶŶĞƌƚŽĂŝƌĨůŽǁƐŝŶƐŝĚĞƚŚĞƉŝƉĞ
ǁŝƚŚĚŝĨĨĞƌĞŶƚƚǇƉĞƐŽĨĂĐƚŝǀĂƚĞĚƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐ͘
^ƉĞĐŝĨŝĐĂůůǇ͕ƚŚĞƉŝƉĞƐŝŵƵůĂƚŝŶŐƚŚĞĂĞƌĂƚŝŽŶĚƵĐƚǁŚĞƌĞƚŚĞƚĞƐƚƐŚĂǀĞďĞĞŶĐŽŶĚƵĐƚĞĚŝƐƉŝĐƚƵƌĞĚ
ďĞůŽǁ͗











ĨĂŶ;ͿŝƐĂďůĞƚŽŐĞŶĞƌĂƚĞĂŝƌĨůŽǁƐŽĨĚŝĨĨĞƌĞŶƚĨůŽǁƌĂƚĞ͕ŚĞŶĐĞĚŝĨĨĞƌĞŶƚƐƉĞĞĚ͕ŝŶƐŝĚĞƚŚĞƉŝƉĞ͘
ĨƚĞƌĂϮŵƐĞĐƚŝŽŶ;ͿƌĞƋƵŝƌĞĚƚŽƐƚĂďŝůŝƐĞƚŚĞĂŝƌĨůŽǁ͕ƚŚĞƚĞƐƚĞĚƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐŚĂǀĞďĞĞŶ
ŚŽƵƐĞĚ;Ϳ͘
dŚĞĐŚĞĐŬƐŽŶŵŝĐƌŽďŝŽůŽŐŝĐĂůĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞĂŝƌǁĞƌĞĐŽŶĚƵĐƚĞĚĂƚĚŝĨĨĞƌĞŶƚƉŽŝŶƚƐĂůŽŶŐ
ƚŚĞƉŝƉĞ͗ĂƚWŽŝŶƚϭ;ϰŵĂĨƚĞƌƚŚĞƐĂŶŝƚŝƐĂƚŝŽŶĚĞǀŝĐĞƐ–ƐĞĐƚŝŽŶͿ͕ĂƚWŽŝŶƚϮ;ϴŵĂĨƚĞƌƚŚĞƐĂŶŝƚŝƐĂƚŝŽŶ
ĚĞǀŝĐĞƐ–ƐĞĐƚŝŽŶͿ͕ĂŶĚĂƚƚŚĞƉŝƉĞŽƵƚůĞƚ;&Ϳ͘
/ŶƚŚĞƚĞƐƚƐĐŽŶĚƵĐƚĞĚ͕ƚǁŽƚǇƉĞƐŽĨŵŝĐƌŽďŝŽůŽŐŝĐĂůĞǆƉĞƌŝŵĞŶƚƐǁĞƌĞƉĞƌĨŽƌŵĞĚ͗
Ͳ dĞƐƚŽŶĐŽŶƚĂŵŝŶĂƚĞĚWĞƚƌŝƉůĂƚĞƐ͕ĞǆƉŽƐĞĚƚŽĂŝƌĨůŽǁƐŝŶƐŝĚĞƚŚĞƉŝƉĞ͖
Ͳ dĞƐƚǁŝƚŚďŝŽͲĂĞƌŽƐŽů͕ĐŽŶƚŝŶƵŽƵƐůǇƐƉƌĂǇĞĚŝŶƐŝĚĞƚŚĞƉŝƉĞ͘
dŚĞƐĞƚǇƉĞƐŽĨƚĞƐƚĚŝĨĨĞƌƐƚƌƵĐƚƵƌĂůůǇĂŶĚŵĂŬĞŝƚƉŽƐƐŝďůĞƚŽƉƌŽǀŝĚĞĚŝĨĨĞƌĞŶƚŝŶĨŽƌŵĂƚŝŽŶŽŶƚŚĞ
ƉŚĞŶŽŵĞŶĂĂƚƉůĂǇ͗

Ͳ dĞƐƚŽŶĐŽŶƚĂŵŝŶĂƚĞĚWĞƚƌŝƉůĂƚĞƐ͕ĞǆƉŽƐĞĚƚŽĂŝƌĨůŽǁƐŝŶƐŝĚĞƚŚĞƉŝƉĞ;d^d^KEyWK^
W>dͿ͗ ŝŶ ƚŚŝƐ ĐĂƐĞ͕ ŵŝĐƌŽďŝŽůŽŐŝĐĂů ĐƵůƚƵƌĞ ƉůĂƚĞƐ͕ ĐŽŶƚĂŵŝŶĂƚĞĚ ďǇ ĚŝĨĨĞƌĞŶƚ ƚǇƉĞƐ ŽĨ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ ǁŝƚŚ ŬŶŽǁŶ ĐŽŶĐĞŶƚƌĂƚŝŽŶ͕ ǁĞƌĞ ĞǆƉŽƐĞĚ ƚŽ Ă ĚĞĨŝŶŝƚĞ Ăŝƌ ĨůŽǁ ŝŶƐŝĚĞ ƚŚĞ
ƉŝƉĞ͕ĞŝƚŚĞƌĂĐƚŝǀĂƚŝŶŐƚŚĞǀĂƌŝŽƵƐƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐŽƌŶŽƚ͘/ŶƚŚŝƐƚǇƉĞŽĨĞǆƉĞƌŝŵĞŶƚ͕ƚŚĞ
ĨŽůůŽǁŝŶŐǀĂƌŝĂďůĞƐǁĞƌĞŝŶǀĞƐƚŝŐĂƚĞĚ͗
o dŚĞĚŝƐƚĂŶĐĞŽĨƚŚĞƉůĂƚĞƐĨƌŽŵƚŚĞƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞ;ŵŝĐƌŽďŝŽůŽŐŝĐĂůƐĂŵƉůŝŶŐǁĂƐ
ĐŽŶĚƵĐƚĞĚĂƚƚŚĞĨŽůůŽǁŝŶŐƉŽŝŶƚƐ͗WŽŝŶƚϭĂŶĚWŽŝŶƚϮͿ
o dŚĞƚŝŵĞŽĨĞǆƉŽƐƵƌĞƚŽĂŝƌĂŶĚƚŽƚŚĞƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞ;ŝ͘Ğ͘ƉƌŽƚƌĂĐƚĞĚŵĞĂƐƵƌĞŵĞŶƚƐ
ĨŽƌĚŝĨĨĞƌĞŶƚĞǆƉŽƐƵƌĞƚŝŵĞƐͿ͗ƚŚĞůŽŶŐĞƌƚŚĞWĞƚƌŝĚŝƐŚĞƐƌĞŵĂŝŶĞǆƉŽƐĞĚƚŽƚŚĞĂĐƚŝŽŶ
ŽĨĂŝƌ͕ƚŚĞďĞƚƚĞƌͬŐƌĞĂƚĞƌƚŚĞĞĨĨĞĐƚ/ƐŚŽƵůĚĞǆƉĞĐƚĨƌŽŵĂŶǇƐĂŶŝƚŝƐĂƚŝŽŶ
With this type of test, the microorganisms are in an extremely “favourable” environment, with
ůĂƌŐĞ ĂŵŽƵŶƚƐŽĨĂǀĂŝůĂďůĞ ŶƵƚƌŝĞŶƚƐ;ŝ͘Ğ͘ĐƵůƚƵƌĞŵĞĚŝĂͿ͕ŝŶƚŚĞ ŽƉƚŝŵĂůƉ,ĐŽŶĚŝƚŝŽŶƐ͕ŝŶĂƐŽƌƚŽĨ
“cradle” that promotes their survival and growth, consisting of huge amounts of organic matter that
might be an “interference”/”competitor” for the microorganisms in reactions with the “active” species
ŐĞŶĞƌĂƚĞĚďǇƚŚĞƚĞƐƚĞĚƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐ͘dŚŝƐƚĞƐƚŵƵƐƚƚŚĞƌĞĨŽƌĞĐŽŶƐŝĚĞƌĞĚĂǁŽƌƐƚĐĂƐĞƐĐĞŶĂƌŝŽ
ǁŚĞŶŝƚĐŽŵĞƐƚŽĂƐƐĞƐƐŝŶŐƚŚĞĞĨĨĞĐƚƐŽĨƚŚĞĚĞǀŝĐĞƐďĞŝŶŐƐƚƵĚŝĞĚ͘
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ϭϱϭ



Ͳ

dĞƐƚǀŝĂďŝŽͲĂĞƌŽƐŽů͕ƐƉƌĂǇĞĚĐŽŶƚŝŶƵŽƵƐůǇŝŶƐŝĚĞƚŚĞƉŝƉĞ͗ŝŶƚŚŝƐĐĂƐĞ͕ĂŶĂĞƌŽƐŽůŽĨĚŝĨĨĞƌĞŶƚ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ĂƚŬŶŽǁŶĐŽŶĐĞŶƚƌĂƚŝŽŶ͕ŝƐƐƉƌĂǇĞĚĐŽŶƚŝŶƵŽƵƐůǇŝŶƐŝĚĞƚŚĞƉŝƉĞ͕ĂƚƚŚĞƉŽŝŶƚ
ƐŚŽǁŶŝŶƚŚĞƉŝĐƚƵƌĞďĞůŽǁ͕ĂƚƚŚĞƐĂŵĞƚŝŵĞĂƐƚŚĞĂŝƌĨůŽǁŝƐĂĐƚŝǀĂƚĞĚ͘













/ŶƚŚŝƐĐĂƐĞ͕ƚŚĞĚǁĞůůƚŝŵĞŽĨƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐŝŶƐŝĚĞƚŚĞƉŝƉĞŝƐĂĨƵŶĐƚŝŽŶŽĨƚŚĞĂŝƌĨůŽǁƐƉĞĞĚ
ĂŶĚƉŝƉĞůĞŶŐƚŚ͘dŚĞŵŝĐƌŽďŝŽůŽŐŝĐĂůƐĂŵƉůŝŶŐƚŽĞǀĂůƵĂƚĞƚŚĞŵŝĐƌŽďŝŽůŽŐŝĐĂůĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨƚŚĞ
Ăŝƌ͕ŝŶƚŚŝƐƚǇƉĞŽĨƐĞƚƵƉ͕ǁĂƐĐŽŶĚƵĐƚĞĚĂƚƚŚĞĞŶĚŽĨƚŚĞƉŝƉĞ͕ĂƚƉŽŝŶƚ&͘
/ŶƚŚŝƐĐĂƐĞ͕ĨƌŽŵƚŚĞƚĞŵƉŽƌĂůƐƚĂƌƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͕ƚŚĞƐĂŵƉůŝŶŐƚŝŵĞŝƐŶŽƚĂǀĂƌŝĂďůĞŽĨƚŚĞ
ƐǇƐƚĞŵ͗ƚŚĞƚŝŵĞƚĂŬĞŶďǇƚŚĞďŝŽͲĂĞƌŽƐŽůƚŽƌĞĂĐŚƚŚĞĞŶĚŽĨƚŚĞƉŝƉĞŝƐŽŶůǇĂĨƵŶĐƚŝŽŶŽĨƚŚĞĂŝƌ
ƐƉĞĞĚ͕ĂƐƚŚĞĂŝƌƐƉĞĞĚĐŚĂŶŐĞƐƐŽĚŽĞƐƚŚĞĐŽŶƚĂĐƚƚŝŵĞŽĨƚŚĞďŝŽͲĂĞƌŽƐŽůǁŝƚŚƚŚĞƐƉĞĐŝĞƐŐĞŶĞƌĂƚĞĚ
ďǇƚŚĞƐĂŶŝƚŝƐŝŶŐƐǇƐƚĞŵ͘
dŚĞ ĨŽůůŽǁŝŶŐ ƉĂƌĂŐƌĂƉŚƐ ŝůůƵƐƚƌĂƚĞ ƚŚĞ ƌĞƐƵůƚƐ ŽďƚĂŝŶĞĚ ŝŶ ƚŚĞ ǀĂƌŝŽƵƐ ƚǇƉĞƐ ŽĨ ĞǆƉĞƌŝŵĞŶƚ
ĐŽŶĚƵĐƚĞĚ͘



dĞƐƚƐŽŶĞǆƉŽƐĞĚƉůĂƚĞ

dŚĞ ƚĞƐƚƐŽŶĐŽŶƚĂŵŝŶĂƚĞĚWĞƚƌŝĚŝƐŚĞƐ͕ĞǆƉŽƐĞĚƚŽ ĂŝƌĨůŽǁƐ ǁŝƚŚŝŶƚŚĞ ƉŝƉĞ͕ǁĞƌĞĐŽŶĚƵĐƚĞĚ
ĂĐĐŽƌĚŝŶŐƚŽƚŚĞĚŝĂŐƌĂŵƉŝĐƚƵƌĞĚ͗















dŚĞĞǆƉĞƌŝŵĞŶƚƐǁĞƌĞĐŽŶĚƵĐƚĞĚŝŶƚŚĞĨŽůůŽǁŝŶŐĞǆƉĞƌŝŵĞŶƚĂůĐŽŶĚŝƚŝŽŶƐ͗
Ͳ ĂŝƌĨůŽǁƌĂƚĞсϭϯϬŵϯͬŚ;ƐƉĞĞĚсϬ͘ϱŵͬƐĞĐͿ
Ͳ ŵŝĐƌŽďŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶŽŶƚŚĞWĞƚƌŝĚŝƐŚĞƐ͗ϱϬϬh&ͬƉůĂƚĞ
Ͳ exposure time of the Petri dishes: 30’, 1h, 90’, 4h 
dŚĞĨŽůůŽǁŝŶŐŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁĞƌĞƚĞƐƚĞĚ͗
Ͳ ďĂĐƚĞƌŝĂŽĨϮĚŝĨĨĞƌĞŶƚƚǇƉĞƐ͗ƐĐŚĞƌŝĐŚŝĂĐŽůŝŐƌĂŵ;ͲͿĂŶĚ^ƚĂƉŚǇůŽĐŽĐĐƵƐĂƵƌĞƵƐŐƌĂŵ;нͿ
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ϭϱϮ



Ͳ ŵŽƵůĚƐ͗ƐƉĞƌŐŝůůƵƐďƌĂƐŝůŝĞŶƐŝƐ
Ͳ ǇĞĂƐƚƐ͗^ĂĐĐŚĂƌŽŵǇĐĞƐĐĞƌĞǀŝƐŝĂĞ
dŚĞĨŽůůŽǁŝŶŐƐĞƚƵƉƐǁĞƌĞƚĞƐƚĞĚŝŶƚŚĞĞǆƉĞƌŝŵĞŶƚƐĨŽƌƚŚĞƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐŝŶƋƵĞƐƚŝŽŶ͗
Ͳ no sanitising device on (control test, “Ctrl”);
Ͳ ƉŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞŽŶ͖
Ͳ “naked” photocatalytic device: UV lamp on without nanoͲĐĂƚĂůǇƐƚƐƵƉƉŽƌƚ͖
Ͳ EdWĚĞǀŝĐĞŽŶ
Ͳ ďŽƚŚƐǇƐƚĞŵƐ;WŚŽƚŽĐĂƚĂůǇƚŝĐĂŶĚEdWͿŽŶ
dŚĞĨŽůůŽǁŝŶŐƚĂďůĞƐƐŚŽǁƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚǁŝƚŚƚŚĞƚĞƐƚƐĐŽŶĚƵĐƚĞĚƵƐŝŶŐϰŚĞǆƉŽƐƵƌĞƚŝŵĞ͗
the tests conducted with shorter contact times (30’, 1h, 90’) did not produce significant measurable
ƌĞƐƵůƚƐǁŝƚŚŶĞŝƚŚĞƌƚĞƐƚĞĚĚĞǀŝĐĞ͘
ĂĐŚƚĞƐƚǁĂƐĐŽŶĚƵĐƚĞĚŝŶƚƌŝƉůŝĐĂƚĞ͘dŚĞĂŶĂůǇƚŝĐĂůƌĞƐƵůƚƐƐŚŽǁŶĂƌĞƚŚĞƌĞĨŽƌĞƚŚĞĂǀĞƌĂŐĞŽĨ
ƚŚĞϯĚŝĨĨĞƌĞŶƚŵŝĐƌŽďŝŽůŽŐŝĐĂůŵĞĂƐƵƌĞŵĞŶƚƐ͘


ƚĞƐƚƐŽŶdZ/͗

ĨĨĞĐƚĂĨƚĞƌϰŚŽƵƌƐ
hƐĞĚŵŝĐƌŽďŝĐ

ĞǆƉŽƐŝƚŝŽŶǁŝƚŚĂŶĂŝƌĨůŽǁŽĨ
ĐŽŶĐĞŶƚƌĂƚŝŽŶ͗

ϭϯϬŵϯͬŚ
ϱϬϬh&ͬƉůĂƚĞ
ZĞĚƵĐƚŝŽŶйŽĨƚŚĞŵŝĐƌŽďŝĐŐƌŽǁƚŚ
ƐĂŶŝƚŝǌŝŶŐƚƌĞĂƚŵĞŶƚĚĞǀŝĐĞ
EŽŶĞ;ƚƌůͿ
WŚŽƚŽĐĂƚĂůǇƚŝĐ
WŚŽƚŽĐĂƚĂůǇƚŝĐΗŶĂŬĞĚΗ
EdW
WŚŽƚŽĐĂƚĂůǇƚŝĐнEdW

ŝƐƚĂŶĐĞĨƌŽŵƐĂŶŝƚŝǌŝŶŐ
ĚĞǀŝĐĞ;ŵͿ
ϰ
ϴ
ϰ
ϴ
ϰ
ϴ
ϰ
ϴ
ϰ
ϴ

ŐƌĂŵ;ͲͿ
ďĂĐƚĞƌŝƵŵ
͘ĐŽůŝ
Ϭ
Ϭ
ϱϲ
Ϭ
ϲϮ
ϴ
Ϭ
Ϭ
Ϭ
Ϭ

ŐƌĂŵ;нͿ
ďĂĐƚĞƌŝƵŵ
^͘ĂƵƌĞƵƐ
Ϭ
Ϭ
ϭϱ
Ϭ
ϳϰ
ϱϮ
ϳϭ
ϳϱ
ϳϴ
ϳϵ



dŚĞWŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞ͗
- ,ĂƐŵĞĚŝƵŵĂĐƚŝǀŝƚǇŽŶďĂĐƚĞƌŝĂŽŶůǇͨĐůŽƐĞͩƚŽƚŚĞĚĞǀŝĐĞ͗ƚŚĞĞĨĨĞĐƚƐĂƌĞůŽƐƚǁŚĞŶŵŽǀŝŶŐ
ĂǁĂǇĨƌŽŵŝƚ͘
- /ƚŝƐŵŽƌĞĂĐƚŝǀĞŽŶŐƌĂŵ;ͲͿŵŝĐƌŽŽƌŐĂŶŝƐŵƐĐŽŵƉĂƌĞĚƚŽƚŚĞ:ŽŶŝǆĚĞǀŝĐĞ
- /ĨƚŚĞƉŚŽƚŽĐĂƚĂůǇƐƚŝƐƌĞŵŽǀĞĚ;hsůĂŵƉŽŶůǇͿ͕ƚŚĞďŝŽĐŝĚĂůĂĐƚŝǀŝƚǇŝŶĐƌĞĂƐĞƐ͕ĞƐƉĞĐŝĂůůǇŝŶƚŚĞ
ĐĂƐĞŽĨŐƌĂŵ;нͿ

dŚĞ:KE/yĚĞǀŝĐĞ͗
- /ƐŶŽƚĂĐƚŝǀĞŽŶŐƌĂŵ;ͲͿŵŝĐƌŽŽƌŐĂŶŝƐŵƐ
- /ƚŝƐĂĐƚŝǀĞŽŶŐƌĂŵ;нͿŵŝĐƌŽŽƌŐĂŶŝƐŵƐƌĞŐĂƌĚůĞƐƐŽĨƚŚĞĚŝƐƚĂŶĐĞĨƌŽŵƚŚĞĚĞǀŝĐĞ

dŚĞƌĞƐĞĞŵƐƚŽďĞŶŽƐǇŶĞƌŐǇďĞƚǁĞĞŶƚŚĞƚǁŽƐǇƐƚĞŵƐ;EdWнWŚŽƚŽĐĂƚĂůǇƚŝĐͿ
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ϭϱϰ



ƚĞƐƚƐŽŶDKh>^ĂŶĚz^d^͗

ĨĨĞĐƚĂĨƚĞƌϰŚŽƵƌƐĞǆƉŽƐŝƚŝŽŶ
ǁŝƚŚĂŶĂŝƌĨůŽǁŽĨϭϯϬŵϯͬŚ
ƐĂŶŝƚŝǌŝŶŐƚƌĞĂƚŵĞŶƚĚĞǀŝĐĞ
EŽŶĞ;ƚƌůͿ
WŚŽƚŽĐĂƚĂůǇƚŝĐ
WŚŽƚŽĐĂƚĂůǇƚŝĐΗŶĂŬĞĚΗ
EdW
WŚŽƚŽĐĂƚĂůǇƚŝĐнEdW



hƐĞĚŵŝĐƌŽďŝĐĐŽŶĐĞŶƚƌĂƚŝŽŶ͗
ϱϬϬh&ͬƉůĂƚĞ
ŝƐƚĂŶĐĞĨƌŽŵƐĂŶŝƚŝǌŝŶŐĚĞǀŝĐĞ
;ŵͿ
ϰ
ϴ
ϰ
ϴ
ϰ
ϴ
ϰ
ϴ
ϰ
ϴ

ZĞĚƵĐƚŝŽŶйŽĨƚŚĞŵŝĐƌŽďŝĐ
ŐƌŽǁƚŚ
ǇĞĂƐƚ
^͘ĐĞƌĞǀŝƐŝĂĞ
Ϭ
Ϭ
Ϭ
Ϭ
Ͳ
Ͳ
ϭϴ
ϭϳ
Ϭ
Ϭ

ŵŽƵůĚ
͘ďƌĂƐŝůŝĞŶƐŝƐ
Ϭ
Ϭ
ϱϵ
ϱϳ
ϱϲ
ϰϴ
ϯϱ
ϰϳ
ϰϮ
ϱϭ


dŚĞWŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞ͗
- /ƐŶŽƚĂĐƚŝǀĞŽŶǇĞĂƐƚƐ
- ŝƐĂĐƚŝǀĞŽŶŵŽƵůĚƐ
- /ĨƚŚĞƉŚŽƚŽĐĂƚĂůǇƐƚŝƐƌĞŵŽǀĞĚĂŶĚŽŶůǇƚŚĞhsůĂŵƉŝƐƵƐĞĚ͕ƚŚĞĞĨĨĞĐƚŝƐĞƐƐĞŶƚŝĂůůǇƚŚĞƐĂŵĞ
ĂƐǁŝƚŚƚŚĞŝŶƚĂĐƚƉŚŽƚŽĐĂƚĂůǇƐƚ

dŚĞ:KE/yĚĞǀŝĐĞ͗
- ,ĂƐǁĞĂŬĂĐƚŝǀŝƚǇŽŶǇĞĂƐƚƐ͕ƌĞŐĂƌĚůĞƐƐŽĨƚŚĞĚŝƐƚĂŶĐĞĨƌŽŵƚŚĞĚĞǀŝĐĞ
- ,ĂƐŵĞĚŝƵŵĂĐƚŝǀŝƚǇŽŶŵŽƵůĚƐ͕ƌĞŐĂƌĚůĞƐƐŽĨƚŚĞĚŝƐƚĂŶĐĞĨƌŽŵƚŚĞĚĞǀŝĐĞ

dŚĞƌĞƐĞĞŵƐƚŽďĞŶŽƐǇŶĞƌŐǇďĞƚǁĞĞŶƚŚĞƚǁŽƐǇƐƚĞŵƐ;EdWнWŚŽƚŽĐĂƚĂůǇƚŝĐͿ
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ϭϱϱ

ZDZ<^ŽŶW>dd^d^͗

tŚŝůĞ ĐŽŶĚƵĐƚŝŶŐƚŚĞ ĞǆƉĞƌŝŵĞŶƚƐŽŶW>d͕ŝƚǁĂƐŽďƐĞƌǀĞĚƚŚĂƚƚŚĞ ĞĚŐĞ ŽĨƚŚĞ ƉůĂƚĞ ŚĂƐĂ
ƉƌŽƚĞĐƚŝǀĞĞĨĨĞĐƚŽŶƚŚĞďĂĐƚĞƌŝĂůĐŽůŽŶŝĞƐĨƌŽŵƚŚĞĨůŽǁŽĨƐĂŶŝƚŝƐŝŶŐĂŝƌ͕ĂĐĐŽƌĚŝŶŐƚŽƚŚĞĚŝĂŐƌĂŵ
ŝůůƵƐƚƌĂƚĞĚŝŶƚŚĞĨŽůůŽǁŝŶŐƉŝĐƚƵƌĞ͗

















dŚĞƉŚŽƚŽŐƌĂƉŚƐďĞůŽǁŝůůƵƐƚƌĂƚĞƚŚŝƐĞĨĨĞĐƚŝŶƚŚĞƚĞƐƚƐ͕ƚŚĞƌĞƐƵůƚƐŽĨǁŚŝĐŚĂƌĞƐĞƚŽƵƚĂďŽǀĞ͘
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ϭϱϲ

/EWd,E>z^/^ŽĨW>dd^d^͗ƚĞƐƚƐŽŶƉůĂƚĞƐƚŝůƚĞĚďǇϯϬΣ

&ŽůůŽǁŝŶŐŽďƐĞƌǀĂƚŝŽŶŽĨƚŚĞƐŽͲcalled “edge effect” caused by the plates on the bacterial ĐŽůŽŶŝĞƐ
ĞǆƉŽƐĞĚƚŽƚŚĞĨůŽǁƐ ŽĨƐĂŶŝƚŝƐŝŶŐĂŝƌ͕ƚŚĞ W>dĞǆƉŽƐƵƌĞ ƚĞƐƚƐǁĞƌĞƌĞƉůŝĐĂƚĞĚǁŝƚŚƚŚĞ ĞǆƉŽƐĞĚ
ƉůĂƚĞƐƚŝůƚĞĚďǇϯϬΣ͘
dŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚĂƌĞŝůůƵƐƚƌĂƚĞĚŝŶƚŚĞĨŽůůŽǁŝŶŐƚĂďůĞ͘ĂĐŚƚĞƐƚǁĂƐĐŽŶĚƵĐƚĞĚŝŶƚƌŝƉůŝĐĂƚĞ͘
dŚĞĂŶĂůǇƚŝĐĂůƌĞƐƵůƚƐƐŚŽǁŶĂƌĞƚŚĞƌĞĨŽƌĞƚŚĞĂǀĞƌĂŐĞŽĨϯĚŝĨĨĞƌĞŶƚŵŝĐƌŽďŝŽůŽŐŝĐĂůŵĞĂƐƵƌĞŵĞŶƚƐ͘












dŚĞ ƌĞƐƵůƚƐ ŽďƚĂŝŶĞĚ ƐŚŽǁ ƚŚĂƚ Ă ƐůŝŐŚƚ ƚŝůƚ ŽĨ ƚŚĞ ƉůĂƚĞƐ ;ϯϬΣͿ ĞŶƚĂŝůƐ͕ ŝŶ ƐŽŵĞ ĐĂƐĞƐ͕ Ă ǁĞĂŬ
ŝŶĐƌĞĂƐĞŝŶƚŚĞƐĂŶŝƚŝƐŝŶŐĂďŝůŝƚǇŽĨƚŚĞĂŝƌĨůŽǁ͕ďƵƚƚŚĞĚŝĨĨĞƌĞŶĐĞƐĂƌĞŶŽƚůĂƌŐĞ͘
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ϭϱϳ

dĞƐƚǁŝƚŚŵŝĐƌŽďŝĂůďŝŽͲĂĞƌŽƐŽů

dŚĞƚĞƐƚƐǁŝƚŚŵŝĐƌŽďŝĂůďŝŽͲĂĞƌŽƐŽů͕ŐĞŶĞƌĂƚĞĚĐŽŶƚŝŶƵŽƵƐůǇƚŚƌŽƵŐŚďŝŽŵĞĚŝĐĂůĞƋƵŝƉŵĞŶƚĂŶĚ
ŝŶƚƌŽĚƵĐĞĚŝŶƚŽƚŚĞƉŝƉĞŝŵŵĞĚŝĂƚĞůǇĚŽǁŶƐƚƌĞĂŵĨƌŽŵƚŚĞĨĂŶ͕ǁĞƌĞĐŽŶĚƵĐƚĞĚĂĐĐŽƌĚŝŶŐƚŽƚŚĞ
ĚŝĂŐƌĂŵƉŝĐƚƵƌĞĚ͗

















dŚĞĨŽůůŽǁŝŶŐĞǆƉĞƌŝŵĞŶƚƐǁĞƌĞĐŽŶĚƵĐƚĞĚ͗
d^dϭ͗
Ͳ ĂŝƌĨůŽǁƌĂƚĞсϭϯϬŵϯͬŚ;ƐƉĞĞĚсϬ͘ϱŵͬƐĞĐͿ
Ͳ ďŝŽͲĂĞƌŽƐŽů͗
o ďĂĐƚĞƌŝĂсϳϬ͕ϬϬϬh&ͬŵŝŶсϯϬh&ͬ>Ăŝƌ
o ŵŽƵůĚƐĂŶĚǇĞĂƐƚƐ͗ϳ͕ϬϬϬh&ͬŵŝŶсϯh&ͬ>Ăŝƌ
Ͳ sampling time: 30’, 60’, 90’ 
d^dϮ͗
Ͳ ĂŝƌĨůŽǁƌĂƚĞсϭϯϬŵϯͬŚ;ƐƉĞĞĚсϬ͘ϱŵͬƐĞĐͿ
Ͳ ďŝŽͲĂĞƌŽƐŽů͗
o ďĂĐƚĞƌŝĂсϳϬϬ͕ϬϬϬh&ͬŵŝŶсϯϬϬh&ͬ>Ăŝƌ
o ŵŽƵůĚƐĂŶĚǇĞĂƐƚƐ͗ϳϬ͕ϬϬϬh&ͬŵŝŶсϯϬh&ͬ>Ăŝƌ
Ͳ sampling time: 30’, 60’, 90’ 
d^dϯ͗
Ͳ ĂŝƌĨůŽǁƌĂƚĞсϴϬϬŵϯͬŚ;ƐƉĞĞĚсϯŵͬƐĞĐͿ
Ͳ ďŝŽͲĂĞƌŽƐŽů͗
o ďĂĐƚĞƌŝĂсϳϬϬ͕ϬϬϬh&ͬŵŝŶсϯϬϬh&ͬ>Ăŝƌ
o ŵŽƵůĚƐĂŶĚǇĞĂƐƚƐ͗ϳϬ͕ϬϬϬh&ͬŵŝŶсϯϬh&ͬ>Ăŝƌ
Ͳ sampling time: 30’, 60’, 90’ 


dŚĞĨŽůůŽǁŝŶŐƐĞƚƵƉƐǁĞƌĞƚĞƐƚĞĚŝŶƚŚĞĞǆƉĞƌŝŵĞŶƚƐĨŽƌƚŚĞƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐŝŶƋƵĞƐƚŝŽŶ͗
Ͳ no sanitising device on (control test, “Ctrl”);
Ͳ ƉŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞŽŶ͖
Ͳ EdWĚĞǀŝĐĞŽŶ
Ͳ ďŽƚŚƐǇƐƚĞŵƐ;WŚŽƚŽĐĂƚĂůǇƚŝĐĂŶĚEdWͿŽŶ
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ϭϱϴ



ZDZ<͗ ŝŶ ĐŽŶĚƵĐƚŝŶŐ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚƐ ĚĞƐĐƌŝďĞĚ ĂďŽǀĞ͕ Ă ƌĞĐŽǀĞƌǇ ŽĨ ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ ǁĂƐ
ŽďƐĞƌǀĞĚ;ƚŚƌŽƵŐŚ^^ƐĂŵƉůĞƌͿĂƚƚŚĞďŽƚƚŽŵŽĨƚŚĞϭϮŵƉŝƉĞ͕ǀĞƌǇůŽǁŝŶĚĞĞĚ͗ŵŝĐƌŽďŝĂůƌĞĐŽǀĞƌŝĞƐ
ĂƌĞůĞƐƐƚŚĂŶϭϬйŽĨƚŚĞƐƉƌĂǇĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͘
,ĞŶĐĞƚŚĞĂŶĂůǇƚŝĐĂůƌĞƐƵůƚƐŽĨƚĞƐƚƐϮĂŶĚϯ͕ĐŽŶĚƵĐƚĞĚǁŝƚŚŚŝŐŚĞƌŵŝĐƌŽďŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶƐƚŚĂŶ
test 1, should be considered more “reliable” than those obtained with Test 1 itself.
dŚĞ ƚĂďůĞƐ ďĞůŽǁ ƐĞƚ ŽƵƚ ƚŚĞ ƌĞƐƵůƚƐ ŽĨ ƚŚĞ ƚĞƐƚƐ ĐŽŶĚƵĐƚĞĚ ǁŝƚŚ ƚŚĞ ĨŽůůŽǁŝŶŐ ŵŝĐƌŽďŝĂů
ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ;dĞƐƚƐϮĂŶĚϯͿ͗
o ďĂĐƚĞƌŝĂсϳϬϬ͕ϬϬϬh&ͬŵŝŶсϯϬϬh&ͬ>Ăŝƌ
o ŵŽƵůĚƐĂŶĚǇĞĂƐƚƐ͗ϳϬ͕ϬϬϬh&ͬŵŝŶсϯϬh&ͬ>Ăŝƌ
ĂĐŚƚĞƐƚǁĂƐĐŽŶĚƵĐƚĞĚŝŶƚƌŝƉůŝĐĂƚĞ͘dŚĞĂŶĂůǇƚŝĐĂůƌĞƐƵůƚƐƐŚŽǁŶĂƌĞƚŚĞƌĞĨŽƌĞƚŚĞĂǀĞƌĂŐĞŽĨ
ƚŚĞϯĚŝĨĨĞƌĞŶƚŵŝĐƌŽďŝŽůŽŐŝĐĂůŵĞĂƐƵƌĞŵĞŶƚƐ͘
/ƚƐŚŽƵůĚďĞŽďƐĞƌǀĞĚƚŚĂƚǁŝƚŚƚŚĞ^^ƐĂŵƉůĞƌ͕ŝƚŝƐŶŽƚƉŽƐƐŝďůĞƚŽĚŝƐƚŝŶŐƵŝƐŚŐƌĂŵ;нͿĨƌŽŵ
ŐƌĂŵ;ͲͿďĂĐƚĞƌŝĂ͗ŐƌŽǁƚŚƚĂŬĞƐƉůĂĐĞŝŶĂŶƵŶĚŝƐƚŝŶŐƵŝƐŚĂďůĞŵĂŶŶĞƌŽŶƚŚĞƐĂŵĞWĞƚƌŝĚŝƐŚ͘dŚĞƚĞƐƚ
result is therefore expressed as total result “gram;нͿнŐƌĂŵ;Ͳ)”.
/ƚƐŚŽƵůĚďĞŽďƐĞƌǀĞĚƚŚĂƚŽǁŝŶŐƚŽƚŚĞƐƚƌƵĐƚƵƌĞŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͕ŝŶƚŚŝƐĐĂƐĞ͕ƚŚĞƚŝŵĞĂƚ
ǁŚŝĐŚŵŝĐƌŽďŝŽůŽŐŝĐĂůŵŽŶŝƚŽƌŝŶŐŝƐĐŽŶĚƵĐƚĞĚŝƐŶŽƚĂǀĂƌŝĂďůĞŽĨƚŚĞƐǇƐƚĞŵ͗ƚŚĞĚǁĞůůƚŝŵĞŽĨƚŚĞ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐŝŶƐŝĚĞƚŚĞƉŝƉĞŝƐŽŶůǇĂĨƵŶĐƚŝŽŶŽĨƚŚĞĂŝƌĨůŽǁƐƉĞĞĚĂŶĚƉŝƉĞůĞŶŐƚŚ͘,ĞŶĐĞƐĂŵƉůŝŶŐ
ĂƚĚŝĨĨĞƌĞŶƚƚŝŵĞƐďǇ^^ƐŚŽƵůĚŽŶůǇďĞĐŽŶƐŝĚĞƌĞĚĂƐƌĞƉĞƚŝƚŝŽŶƐŽĨŵĞĂƐƵƌĞŵĞŶƚƐĐŽŶĚƵĐƚĞĚƵŶĚĞƌ
ƚŚĞƐĂŵĞĞǆƉĞƌŝŵĞŶƚĂůƚĞƐƚĐŽŶĚŝƚŝŽŶƐ͘


d^dϮͲƚĞƐƚŽŶdZ/͗
dĞƐƚϮ
ZĞĚƵĐƚŝŽŶйŽĨƚŚĞŵŝĐƌŽͲŽƌŐĂŶŝƐŵŶƵŵďĞƌ
ϭϯϬŵϯͬŚ
^ĂŶŝƚŝǌŝŶŐĚĞǀŝĐĞ


^ĂŵƉůŝŶŐ
ƚŝŵĞ;ŵŝŶ͘Ϳ

^ŝŶŐůĞ
ŵĞĂƐƵƌĞŵĞŶƚ

sZ'

^ƚĂŶĚĂƌĚ
ĚĞǀŝĂƚŝŽŶ

ϯϬ
ϲϬ
ϵϬ

ϱϬ
ϴϮ
ϳϮ

ϲϴ

ϭϲ

WŚŽƚŽĐĂƚĂůǇƚŝĐ




WŚŽƚŽĐ͘нEdW


ϯϬ
ϲϬ
ϵϬ

EdW


dKd>dZ/
;ŐƌĂŵнĂŶĚŐƌĂŵͲͿ




ϭϬϬ
ϵϳ
ϵϲ


ϯϬ
ϲϬ
ϵϬ


ϵϴ


ϴϰ
ϵϱ
ϵϮ

Ϯ


ϵϬ

ϲ


dŚĞ:ŽŶŝǆEdWƐǇƐƚĞŵŝƐŵŽƌĞĞĨĨŝĐŝĞŶƚ;нϯϬͲϰϬйͿƚŚĂŶƚŚĞWŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵŝŶƚŚĞƐĂŶŝƚŝƐŝŶŐ
ĞĨĨĞĐƚŽŶdKddZ/ŐƌĂŵ;нͿнŐƌĂŵ;ͲͿ
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ϭϱϵ





dŚĞĨŽůůŽǁŝŶŐĚŝĂŐƌĂŵƐŚŽǁƐƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚǁŝƚŚƚŚĞĚŝĨĨĞƌĞŶƚƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞƐƚĞƐƚĞĚ͘






















dŚĞƌĞŝƐŶŽƐǇŶĞƌŐǇ ďĞƚǁĞĞŶƚŚĞ:ŽŶŝǆ ƐǇƐƚĞŵĂŶĚƚŚĞ WŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵŝŶ ƚŚĞ ƐĂŶŝƚŝƐŝŶŐ
ĞĨĨĞĐƚŽŶdKddZ/͘


d^dϮͲƚĞƐƚŽŶz^d^͗
dĞƐƚϮ
ZĞĚƵĐƚŝŽŶйŽĨƚŚĞŵŝĐƌŽͲŽƌŐĂŶŝƐŵŶƵŵďĞƌ
ϭϯϬŵϯͬŚ

^͘ĐĞƌĞǀŝƐŝĂĞ
^ŝŶŐůĞ
^ĂŶŝƚŝǌŝŶŐĚĞǀŝĐĞ ^ĂŵƉůŝŶŐƚŝŵĞ;ŵŝŶ͘Ϳ
ŵĞĂƐƵƌĞŵĞŶƚ
ϯϬ
ϲϬ
ϵϬ

WŚŽƚŽĐĂƚĂůǇƚŝĐ




WŚŽƚŽĐ͘нEdW


ϯϬ
ϲϬ
ϵϬ

EdW


ϭϬϬ
ϭϬϬ
ϭϬϬ



ϭϬϬ
ϭϬϬ
ϭϬϬ


ϯϬ

ϭϬϬ

ϲϬ

ϭϬϬ

ϵϬ
ϭϬϬ

ŽƚŚ ƚŚĞ :ŽŶŝǆ EdW ĂŶĚ ƚŚĞ WŚŽƚŽĐĂƚĂůǇƚŝĐ ƐǇƐƚĞŵ ƉƌŽǀĞ ƚŽ ďĞ ĞĨĨĞĐƚŝǀĞ ŝŶ ƚŽƚĂů ƌĞĚƵĐƚŝŽŶ ŽĨ
ǇĞĂƐƚƐ͘
zĞĂƐƚƐĂƌĞŶŽƚĚŝƐĐƌŝŵŝŶĂƚŝŶŐŵŝĐƌŽŽƌŐĂŶŝƐŵƐƚŽƵŶĚĞƌƐƚĂŶĚǁŚŝĐŚŽĨƚŚĞϮƐĂŶŝƚŝƐŝŶŐƐǇƐƚĞŵƐŝƐ
ŵŽƌĞĞĨĨĞĐƚŝǀĞ͘
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ϭϲϬ



d^dϮͲƚĞƐƚŽŶDKh>^͗
dĞƐƚϮ
ϭϯϬŵϯͬŚ

ZĞĚƵĐƚŝŽŶйŽĨƚŚĞŵŝĐƌŽͲ
ŽƌŐĂŶŝƐŵŶƵŵďĞƌ
͘ďƌĂƐŝůŝĞŶƐŝƐ

^ĂŶŝƚŝǌŝŶŐĚĞǀŝĐĞ

^ŝŶŐůĞŵĞĂƐƵƌĞŵĞŶƚ
ϱϬ
ϱϬ

WŚŽƚŽĐĂƚĂůǇƚŝĐ



Ϯϱ
Ϯϱ

EdW




WŚŽƚŽĐ͘нEdW

Ϯϱ
Ϯϱ


dŚĞ WŚŽƚŽĐĂƚĂůǇƚŝĐ ƐǇƐƚĞŵ ŝƐ ŵŽƌĞ ĞĨĨŝĐŝĞŶƚ ƚŚĂŶ ƚŚĞ :ŽŶŝǆ ƐǇƐƚĞŵ ŝŶ ƚŚĞ ƐĂŶŝƚŝƐŝŶŐ ĞĨĨĞĐƚ ŽŶ
ŵŽƵůĚƐ͘
dŚĞƌĞŝƐŶŽƐǇŶĞƌŐǇ ďĞƚǁĞĞŶƚŚĞ:ŽŶŝǆ ƐǇƐƚĞŵĂŶĚƚŚĞ WŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵŝŶ ƚŚĞ ƐĂŶŝƚŝƐŝŶŐ
ĞĨĨĞĐƚŽŶDKh>^͘

d^dϯͲƚĞƐƚŽŶŝŽĂĞƌŽƐŽů͗

dĞƐƚϯ
ϴϬϬŵϯͬŚ
WŚŽƚŽĐĂƚĂůǇƚŝĐ
EdW
WŚŽƚŽĐ͘нEdW

ZĞĚƵĐƚŝŽŶйŽĨƚŚĞŵŝĐƌŽͲŽƌŐĂŶŝƐŵŶƵŵďĞƌ
ĂĐƚĞƌŝĂ
;ŐƌĂŵнĂŶĚŐƌĂŵͲͿ
Ϭ
ϭϬϬ
ϴϲ

͘ďƌĂƐŝůŝĞŶƐŝƐ
Ϭ
ϭϬϬ
ϭϬϬ


&ŽƌŚŝŐŚĂŝƌĨůŽǁƌĂƚĞƐ;ϴϬϬŵϯͬŚͿƚŚĞ:KE/yƐǇƐƚĞŵŝƐĞĨĨŝĐŝĞŶƚ;нϭϬϬйͿďŽƚŚĂŐĂŝŶƐƚďĂĐƚĞƌŝĂĂŶĚ
ŵŽƵůĚƐ͘
dŚĞWŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵŝƐǁŚŽůůǇŝŶĞĨĨŝĐŝĞŶƚĂůƐŽĂŐĂŝŶƐƚŵŽƵůĚƐ͕ŽŶǁŚŝĐŚ;ƚĞƐƚϮͿŝƚƐĞĞŵĞĚ
ƚŽŚĂǀĞĂďĞƚƚĞƌĂĐƚŝŽŶƚŚĂŶEdW͘
dŚĞƌĞŝƐŶŽƐǇŶĞƌŐǇ ďĞƚǁĞĞŶƚŚĞ:ŽŶŝǆ ƐǇƐƚĞŵĂŶĚƚŚĞ WŚŽƚŽĐĂƚĂůǇƚŝĐƐǇƐƚĞŵŝŶ ƚŚĞ ƐĂŶŝƚŝƐŝŶŐ
ĞĨĨĞĐƚ͘
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ϭϲϭ



dĞƐƚƚŽĂƐĐĞƌƚĂŝŶƚŚĞƐĂŶŝƚŝƐŝŶŐĞĨĨĞĐƚŽĨƚŚĞĚĞǀŝĐĞƐŽŶŐƌŽǁŶŵŽƵůĚƐ


dŚĞĂŝŵŽĨƚŚĞƚĞƐƚŝƐƚŽĂƐĐĞƌƚĂŝŶǁŚĞƚŚĞƌ͕ĂŶĚŚŽǁůŽŶŐĂĨƚĞƌŝŶƐƚĂůůĂƚŝŽŶŽĨƚŚĞƐĂŶŝƚŝƐŝŶŐĚĞǀŝĐĞ͕
ŝŶƐŝĚĞĂŶĞǆŝƐƚŝŶŐĚƵĐƚ;ĂŶĚǁŚŝĐŚŚĂƐďĞĞŶĐŽŶƚĂŵŝŶĂƚĞĚĨŽƌĂůŽŶŐƚŝŵĞͿ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽŽďƐĞƌǀĞĂŶ
ĂĐƚŝǀĞƐĂŶŝƚŝƐŝŶŐĂĐƚŝŽŶĂůƐŽŽŶŐƌŽǁŶĂŶĚĚĞǀĞůŽƉĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͘dŚĞƚĞƐƚƐǁĞƌĞƉĞƌĨŽƌŵĞĚŽŶ
ŵŽƵůĚƐ ;ƐƉĞƌŐŝůůƵƐ ďƌĂƐŝůŝĞŶƐŝƐͿ͕ ĂƐ ƌĞƉƌĞƐĞŶƚĂƚŝǀĞƐ ŽĨ ƚŚĞ ŵŝĐƌŽďŝĂů ĐĂƚĞŐŽƌǇ ĞĐŽůŽŐŝĐĂůůǇ ŵŽƐƚ
ƐƵŝƚĂďůĞƚŽĐŽůŽŶŝƐŝŶŐƚŚŝƐƚǇƉĞŽĨŝŶƐƚĂůůĂƚŝŽŶ͘
&ƵůůǇŐƌŽǁŶŵŽƵůĚƐǁĞƌĞƉůĂĐĞĚŝŶƐŝĚĞƚŚĞƉŝƉĞĂŶĚƚŚĞĂŝƌĨůŽǁǁĂƐĂĐƚŝǀĂƚĞĚ;ϭϯϬŵ ϯͬŚͿ͗ƚŚĞ
ĞĨĨĞĐƚŽĨƚŚĞƐĂŶŝƚŝƐŝŶŐĂŝƌƉƌŽĚƵĐĞĚďǇďŽƚŚƚĞĐŚŶŽůŽŐŝĞƐ͕ŝƐƚŚĞŶǀĞƌŝĨŝĞĚŽŶƚŚĞŐƌŽǁŶŵŽƵůĚƐ͕Ăƚ
ĚŝĨĨĞƌĞŶƚĞǆƉŽƐƵƌĞƚŝŵĞƐ;ϭ͕ϮĂŶĚϰĚĂǇƐŽĨĞǆƉŽƐƵƌĞͿ͘
dŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁĞƌĞŝŶŽĐƵůĂƚĞĚĂďŽƵƚϰĚĂǇƐďĞĨŽƌĞƚŚĞƐƚĂƌƚŽĨƚŚĞƚĞƐƚƐ͕ƐŽĂƐƚŽĂůůŽǁƚŚĞ
ĐŽůŽŶŝĞƐƚŽĚĞǀĞůŽƉĂŶĚƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐƚŽƌŝƉĞŶƚŚĞĨƌƵŝƚŝŶŐďŽĚŝĞƐĐŽŶƚĂŝŶŝŶŐƚŚĞƐƉŽƌĞƐ͘/ŶŽƌĚĞƌ
ƚŽƉƌĞǀĞŶƚƚŚĞƉƌŽƚĞĐƚŝŽŶĞĨĨĞĐƚƐĚƵĞƚŽƚŚĞĞĚŐĞŽĨƚŚĞƉůĂƚĞƐ͕ƚŚĞŵŽƵůĚƐǁĞƌĞŝŶŽĐƵůĂƚĞĚŝŶƚŚĞ
ĐĞŶƚƌĞŽĨƚŚĞƉůĂƚĞƐŝŶŽƌĚĞƌƚŽĚĞǀĞůŽƉŽŶĞƐŝŶŐůĞůĂƌŐĞĐĞŶƚƌĂůƐƚƌƵĐƚƵƌĞ͘dŚĞƉŝĐƚƵƌĞďĞůŽǁƐŚŽǁƐ
ŽŶĞŽĨƚŚĞƉůĂƚĞƐƵƐĞĚĨŽƌƚŚĞƚĞƐƚ͗ƚŚĞĐŽůŽŶǇŚĂƐĚĞǀĞůŽƉĞĚĂǁĂǇĨƌŽŵƚŚĞĞĚŐĞƐ͕ƚŚĞĚĂƌŬĞƌĐĞŶƚƌĂů
ƉĂƌƚŝƐƚŚĞ ƉŽƌƚŝŽŶŽĨŵǇĐĞůŝƵŵƚŚĂƚŚĂƐĚĞǀĞůŽƉĞĚƚŚĞ ĨƌƵŝƚŝŶŐďŽĚŝĞƐ͕ǁŚŝůĞ ƚŚĞ ƉĞƌŝƉŚĞƌĂůǁŚŝƚĞ
ĐƌŽǁŶŝƐŵĂĚĞƵƉŽĨĂƉŽƌƚŝŽŶŽĨŵǇĐĞůŝƵŵĐŽŶƐŝƐƚŝŶŐŽĨŚǇƉŚĂĞďƵƚǁŝƚŚŽƵƚĂŶǇĨƌƵŝƚŝŶŐďŽĚŝĞƐ͘














dŚĞƉůĂƚĞƐǁĞƌĞƉůĂĐĞĚŝŶĂŶŝŶƚĞƌŵĞĚŝĂƚĞƉŽŝŶƚŽĨƚŚĞƉŝƉĞ͕ĂďŽƵƚϰŵĞƚƌĞƐĨƌŽŵƚŚĞƐĂŶŝƚŝƐŝŶŐ
ĚĞǀŝĐĞƐ͕ĂŶĚĞǆƚƌĂĐƚĞĚĂƚƚŚĞϯƚŝŵĞƐĞŶǀŝƐĂŐĞĚďǇƚŚĞƚĞƐƚ͘













dŚĞǀŝĂďŝůŝƚǇŽĨƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐǁĂƐĂƐƐĞƐƐĞĚďŽƚŚĨŽƌĨƌƵŝƚŝŶŐďŽĚŝĞƐĂŶĚĨŽƌŚǇƉŚĂĞ͕ďǇƚĂŬŝŶŐ
ƉŽƌƚŝŽŶƐŽĨŵǇĐĞůŝƵŵĨƌŽŵƚŚĞƉŝŐŵĞŶƚĞĚĂƌĞĂĐŽŶƚĂŝŶŝŶŐƚŚĞƐƉŽƌĞƐĂŶĚĨƌŽŵƚŚĞĐůĞĂƌŽŶĞƚŚĂƚĚŝĚ
ŶŽƚŚĂǀĞĂŶǇǁŝƚŚĂƐƚĞƌŝůĞůŽŽƉ͘dŚŝƐĞǆƉĞĚŝĞŶƚǁĂƐĂŝŵĞĚĂƚĞǀĂůƵĂƚŝŶŐǁŚĞƚŚĞƌƚŚĞĂŶƚŝŵŝĐƌŽďŝĂů
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ϭϲϮ



ĂĐƚŝǀŝƚǇŽĐĐƵƌƌĞĚŽŶƚŚĞǀĞŐĞƚĂƚŝǀĞƉŽƌƚŝŽŶƐ–ƚŚĞŽƌĞƚŝĐĂůůǇĞĂƐŝĞƌƚŽĂƚƚĂĐŬ–ŽŶƌĞƐŝƐƚĂŶĐĞƐƚƌƵĐƚƵƌĞƐ
;ƐƉŽƌĞƐͿ͕ŽŶďŽƚŚĨŽƌŵƐŽƌŽŶŶĞŝƚŚĞƌ͘
dŚĞƉŽƌƚŝŽŶƐŽĨŵǇĐĞůŝƵŵǁĞƌĞŝŶŽĐƵůĂƚĞĚŽŶ^ĂďŽƵƌĂƵĚŐĂƌĂŶĚŝŶĐƵďĂƚĞĚĂƚϮϱΣĨŽƌϱĚĂǇƐ͘
^ŝŶĐĞƚŚŝƐǁĂƐĂƋƵĂůŝƚĂƚŝǀĞƚĞƐƚ͕ĂŝŵĞĚĂƚĂƐƐĞƐƐŝŶŐǁŚĞƚŚĞƌŽƌŶŽƚƚŚĞƌĞǁĞƌĞǀŝĂďůĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕
ƚŚĞĞǆĂĐƚŶƵŵďĞƌŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐŐƌŽǁŶǁĂƐŶŽƚĚĞƚĞƌŵŝŶĞĚĂƚƚŚĞĞŶĚŽĨƚŚĞŝŶĐƵďĂƚŝŽŶ͕ďƵƚŝƚ
ǁĂƐĂƐĐĞƌƚĂŝŶĞĚǁŚĞƚŚĞƌŽƌŶŽƚƚŚĞƌĞǁĞƌĞĂŶǇĨƵŶŐĂůĐŽůŽŶŝĞƐ͘
dŚĞĨŽůůŽǁŝŶŐƚĂďůĞƐƵŵƐƵƉƚŚĞĞĨĨĞĐƚƐŽďƚĂŝŶĞĚďǇƚƌĞĂƚŵĞŶƚǁŝƚŚƚŚĞƉŚŽƚŽĐĂƚĂůǇƚŝĐĚĞǀŝĐĞ͘



WŽƌƚŝŽŶŽĨƚŚĞŵǇĐĞůŝƵŵ

ǆƉŽƐƵƌĞƚŝŵĞ

^ƉŽƌĞƐ

,ǇƉŚĂĞ

ϭĚĂǇ

sŝĂďůĞ

sŝĂďůĞ

ϮĚĂǇƐ

sŝĂďůĞ

sŝĂďůĞ

ϰĚĂǇƐ

sŝĂďůĞ

sŝĂďůĞ


tŚĞƌĞĂƐƚŚĞĨŽůůŽǁŝŶŐƚĂďůĞƐŚŽǁƐƚŚĞĞĨĨĞĐƚƐŵĞĂƐƵƌĞĚĂĨƚĞƌƚƌĞĂƚŵĞŶƚǁŝƚŚƚŚĞEdWĚĞǀŝĐĞ͘



WŽƌƚŝŽŶŽĨƚŚĞŵǇĐĞůŝƵŵ

ǆƉŽƐƵƌĞƚŝŵĞ

^ƉŽƌĞƐ

,ǇƉŚĂĞ

ϭĚĂǇ

sŝĂďůĞ

EŽŶǀŝĂďůĞ

ϮĚĂǇƐ

sŝĂďůĞ

EŽŶǀŝĂďůĞ

ϰĚĂǇƐ

sŝĂďůĞ

EŽŶǀŝĂďůĞ


EĞŝƚŚĞƌŽĨƚŚĞƚǁŽĚĞǀŝĐĞƐǁĂƐĨŽƵŶĚƚŽďĞĂďůĞƚŽĐŽŵƉůĞƚĞůǇŝŶĂĐƚŝǀĂƚĞƚŚĞƐƉŽƌĞƐĨŽƵŶĚŝŶƚŚĞ
ƉŝŐŵĞŶƚĞĚƉŽƌƚŝŽŶŽĨƚŚĞŵǇĐĞůŝƵŵ͕ƉƌŽďĂďůǇĚƵĞƚŽƚŚĞƌĞƐŝƐƚĂŶĐĞĂďŝůŝƚǇŽĨƚŚĞƐĞĨƵŶŐĂůƐƚƌƵĐƚƵƌĞƐ
ďƵƚ͕ ŵŽƐƚ ĐĞƌƚĂŝŶůǇ͕ ĂůƐŽ ĚƵĞ ƚŽ ƚŚĞ ŚŝŐŚ ŶƵŵďĞƌ ŽĨ ƐƉŽƌĞƐ ƉƌĞƐĞŶƚ͗ ŝŶ ĨĂĐƚ͕ ƚŚĞ ƚĞƐƚƐ ĐĂƌƌŝĞĚ ŽƵƚ
ƉƌĞǀŝŽƵƐůǇǁŝƚŚƐŚŽƌƚĞƌĞǆƉŽƐƵƌĞƚŝŵĞƐ;ŵĂǆŝŵƵŵϰŚŽƵƌƐͿ͕ĂůƚŚŽƵŐŚƉĞƌĨŽƌŵĞĚŽŶĂůŽǁŶƵŵďĞƌŽĨ
ƐƉŽƌĞƐ͕ƐŚŽǁĞĚĂƐƵƌǀŝǀĂůƌĂƚĞƚŚĂƚǁĂƐĂƌŽƵŶĚϯϬйĂƚůĞĂƐƚ͘ĞƐƉŝƚĞĂƐƐƵŵŝŶŐĂŶĞǆƉŽŶĞŶƚŝĂůŝŶĐƌĞĂƐĞ
ŝŶƚŚĞĞĨĨĞĐƚƐŽǀĞƌƚŚĞϰĚĂǇƐŽĨƚŚĞƚĞƐƚ͕ŽŶĞŽƵŐŚƚƚŽĐŽŶƐŝĚĞƌƚŚĂƚŚƵŶĚƌĞĚƐŽĨŵŝůůŝŽŶƐŽĨƐƉŽƌĞƐĂƌĞ
ĨŽƵŶĚǁŝƚŚŝŶƚŚĞƉŝŐŵĞŶƚĞĚĂƌĞĂ͕ŚĞŶĐĞƚŚĞƐƵƌǀŝǀĂůŽĨĂĐĞƌƚĂŝŶŶƵŵďĞƌŽĨƚŚĞŵǁĂƐƉƌĞĚŝĐƚĂďůĞ͘


dŚĞ ƌĞƐƵůƚŽďƚĂŝŶĞĚŽŶƚŚĞ ǀĞŐĞƚĂƚŝǀĞ ƉŽƌƚŝŽŶŽĨƚŚĞ ŵǇĐĞůŝƵŵŝƐŵƵĐŚŵŽƌĞŝŶƚĞƌĞƐƚŝŶŐ͘ƐĂ
ŵĂƚƚĞƌŽĨĨĂĐƚ͕ŝŶƚŚĞĐĂƐĞŽĨƚŚĞŚǇƉŚĂĞ͕ƚŚĞƚƌĞĂƚŵĞŶƚǁŝƚŚƚŚĞEdWĚĞǀŝĐĞǁĂƐĨŽƵŶĚƚŽďĞĂďůĞƚŽ
ŝŶĂĐƚŝǀĂƚĞ ƚŚĞ ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ĂůƚŚŽƵŐŚĂĚĞĨŝŶŝƚĞůǇŚŝŐŚŶƵŵďĞƌŽĨĨŝůĂŵĞŶƚƐǁĞƌĞƚĂŬĞŶ͕ĂůŵŽƐƚ
certainly “contaminated” by a cerƚĂŝŶŶƵŵďĞƌŽĨƐƉŽƌĞƐƌĂŝƐĞĚďǇƚŚĞĂŝƌĨůŽǁĂŶĚĚƌŽƉƉĞĚďĂĐŬŽŶ
ƚŚŝƐ ƉŽƌƚŝŽŶ ŽĨ ƚŚĞ ŵǇĐĞůŝƵŵ͘ dŚĞ ůĂƚƚĞƌ ƌĞƐƵůƚ ŵĞĂŶƐ ƚŚĂƚ͕ ŝĨ ƚŚĞ ŝŶƐƚĂůůĂƚŝŽŶƐ ŚĂǀĞ ĂůƌĞĂĚǇ ďĞĞŶ
ĐŽůŽŶŝƐĞĚ͕EdWƚƌĞĂƚŵĞŶƚŵŝŐŚƚƉĞƌĨŽƌŵĂƚŚƌĞĞͲĨŽůĚƉŽƐŝƚŝǀĞĞĨĨĞĐƚ͕ďǇ͗
 ŬŝůůŝŶŐƚŚĞǀĞŐĞƚĂƚŝǀĞƉĂƌƚŽĨŵŽƵůĚƐƚŚĂƚŚĂǀĞĂůƌĞĂĚǇŐƌŽǁŶŝŶƚŚĞĚƵĐƚƐ͕ĂŶĚƉƌĞǀĞŶƚƚŚĞŝƌ
ĨƵƌƚŚĞƌŐƌŽǁƚŚ͖
 ŝŶƚŚĞůŽŶŐĞƌƚĞƌŵ͕ĚĞĐƌĞĂƐŝŶŐĂŶĚŐƌĂĚƵĂůůǇƌĞĚƵĐŝŶŐƚŽǌĞƌŽƚŚĞŶƵŵďĞƌŽĨǀŝĂďůĞƐƉŽƌĞƐ͖
 ƉƌĞǀĞŶƚŝŶŐƚŚĞĐŽůŽŶŝƐĂƚŝŽŶŽĨŶĞǁƉŽƌƚŝŽŶƐŽĨƚŚĞŝŶƐƚĂůůĂƚŝŽŶ͕ƐŝŶĐĞƚŚĞŚǇƉŚĂĞŐĞƌŵŝŶĂƚĞĚ
ďǇĂŶǇƐƵƌǀŝǀŝŶŐƐƉŽƌĞƐǁŽƵůĚŚŽǁĞǀĞƌďĞƌĂƉŝĚůǇŝŶĂĐƚŝǀĂƚĞĚ͘
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ϭϲϯ



dd,DEdϭϮ͘ϭϬ




ĂƐĞƐƚƵĚǇϭ͗ƌĞĚƵĐƚŝŽŶŽĨŽĚŽƌŝŵƉĂĐƚƐŽŶǁĂƐƚĞŵĂŶĂŐĞŵĞŶƚƉůĂŶƚ


Scientific Dossier | 169

170 | Scientific Dossier





/EdZKhd/KE




Zhd/KEK&KKZKh^/DWd^

ϭϲϲ

dŚŝƐĚŽĐƵŵĞŶƚĚĞƐĐƌŝďĞƐƚŚĞƐƚƵĚǇĂŶĚĂŶĂůǇƐŝƐŽĨƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůĂƐƉĞĐƚƐƌĞůĂƚĞĚƚŽƚŚĞŽĚŽƌ

ŝŵƉĂĐƚŵĞĂƐƵƌĞŵĞŶƚƐĂƐƐŽĐŝĂƚĞĚƚŽǁĂƐƚĞŵĂŶĂŐĞŵĞŶƚĂŶĚƚŚĞŝŵƉůĞŵĞŶƚĂƚŝŽŶŽĨĂƉŝůŽƚͲƐĐĂůĞƚĞƐƚ
ŽŶƚŚĞƚƌĞĂƚŵĞŶƚŽĨŐĂƐĞŽƵƐĞĨĨůƵĞŶƚƐŝŶŽƌĚĞƌƚŽĞĨĨĞĐƚŝǀĞůǇƌĞĚƵĐĞƚŚĞŽĚŽƌůŽĂĚƉƌĞƐĞŶƚ͘

>^^/&/d/KEK&d,KKhZWZK>D
dŚŝƐǁŽƌŬŝŶǀŽůǀĞĚĂƐĐƌĞĞŶŝŶŐƐƵƌǀĞǇĂŝŵĞĚĂƚŝĚĞŶƚŝĨǇŝŶŐƚŚĞďĞƐƚǁĂǇƐƚŽĚĞĂůǁŝƚŚƚŚĞĚĞůŝĐĂƚĞ
ŝƐƐƵĞŽĨŽĚŽƌĞŵŝƐƐŝŽŶƐŐĞŶĞƌĂƚĞĚďǇĂǁĂƐƚĞƚƌĞĂƚŵĞŶƚƉůĂŶƚ͘
dŚĞ ƚŽƉŝĐ ĂĚĚƌĞƐƐĞĚ ŝƐ ǀĞƌǇ ƚŝŵĞůǇ ĂŶĚ ƵƌŐĞŶƚ͘ /ƚ ŝƐ ŬŶŽǁŶ͕ ŝŶ ĨĂĐƚ͕ ŚŽǁ ƚŚĞ ĚŝƐƉĞƌƐŝŽŶ ŽĨ
ƵŶƉůĞĂƐĂŶƚŽĚŽƌƐƐƚĂƌƚƐĨƌŽŵŝŶĚƵƐƚƌŝĂůĂĐƚŝǀŝƚŝĞƐŽƌ͕ŝŶĂŶǇĐĂƐĞ͕ĨƌŽŵƉƌŽĚƵĐƚŝŽŶƉůĂŶƚƐƚŚĂƚŝŶǀŽůǀĞ
ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ŽĚŽƌŽƵƐ ƐŽƵƌĐĞƐ͘ ŵŽŶŐ ƚŚĞ ǁŝĚĞ ƌĂŶŐĞ ŽĨ ĂĐƚŝǀŝƚŝĞƐ ƚŚĂƚ ĐĂŶ ďĞ ĐŽŶƐŝĚĞƌĞĚ Ͳ ŝŶ
ĂĚĚŝƚŝŽŶƚŽƐƉĞĐŝĨŝĐŝŶĚƵƐƚƌŝĂůƉůĂŶƚƐ–ǁĞŝŶĐůƵĚĞďƌŽĂĚĞƌĐĂƚĞŐŽƌŝĞƐƐƵĐŚĂƐǁĂƐƚĞǁĂƚĞƌƚƌĞĂƚŵĞŶƚ
ƉůĂŶƚƐ͕ǁĂƐƚĞƚƌĞĂƚŵĞŶƚĂŶĚƐŽƌƚŝŶŐƉůĂŶƚƐ͕ůĂŶĚĨŝůůƐ͕ĞƚĐ͘
ĞƐƉŝƚĞƚŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞƐĞĐŚĂůůĞŶŐĞƐ͕ƚŚĞƌĞŝƐĐƵƌƌĞŶƚůǇŶŽŝŶƚĞŐƌĂƚĞĚŵĞƚŚŽĚŽůŽŐǇĨŽƌƚŚĞ
ΗĐŽŶƚƌŽůΗŽĨƚŚĞƐĞƉŚĞŶŽŵĞŶĂ͖ĂŶĚďǇƉŚĞŶŽŵĞŶĂǁĞŵĞĂŶŶŽƚŽŶůǇŝƚƐΗŵĞĂƐƵƌĞŵĞŶƚΗͲǁŚŝĐŚŝƐ
ƋƵŝƚĞ ĐŽŵƉůĞǆ Ͳ ďƵƚ Ă ƌĞĂů ƐƚƌĂƚĞŐǇ ƚŽ ĂĚĚƌĞƐƐ ƚŚĞ ƉƌŽďůĞŵ ĂĐĐŽƌĚŝŶŐ ƚŽ Ă ƉƌĞĐŝƐĞ ŚŝĞƌĂƌĐŚǇ͗
ŝŶƚĞƌǀĞŶƚŝŽŶƐĂƚƐŽƵƌĐĞͲĐŽŶĨŝŶĞŵĞŶƚͲŵŝƚŝŐĂƚŝŽŶ͘
/ŶŝŶĚƵƐƚƌŝĂůͲĐŽŵŵĞƌĐŝĂůĐŽŶƚĞǆƚƐ͕ǁŚŝĐŚƐĞĞƚŚĞƉƌĞƐĞŶĐĞŽĨĂŚŝŐŚŶƵŵďĞƌŽĨƉŽƐƐŝďůĞŽĚŽƌŽƵƐ
ΗƐŽƵƌĐĞƐΗ͕ ŝƚ ďĞĐŽŵĞƐ ƉĂƌƚŝĐƵůĂƌůǇ ĐŽŵƉůŝĐĂƚĞĚ ƚŽ ĚĞƚĞƌŵŝŶĞ͕ ĚĞŵŽŶƐƚƌĂƚĞ ĂŶĚ ĐŽŶƚƌŽů ƚŚĞ ĞǆĂĐƚ
ƐŽƵƌĐĞŽĨƚŚĞƉƌŽďůĞŵ͕ǁŚŝĐŚŝƐŽĨƚĞŶŚŝŐŚůŝŐŚƚĞĚďǇĐŽŵƉůĂŝŶƚƐͲƐŽŵĞƚŝŵĞƐŶŽƚĨƵůůǇƌĞůŝĂďůĞͲďǇƚŚĞ
ƉŽƉƵůĂƚŝŽŶƉƌĞƐĞŶƚŝŶƚŚĞĂƌĞĂĂĨĨĞĐƚĞĚďǇƚŚĞƐŽͲĐĂůůĞĚΗƌĞůĂƉƐĞƐΗ͘

/ŶĨĂĐƚ͕ƚŚĞĐŽŵƉůĞǆŝƚǇŽĨƚŚŝƐƉƌŽďůĞŵĂƌŝƐĞƐĨƌŽŵƚŚƌĞĞĨƵŶĚĂŵĞŶƚĂůƌĞĂƐŽŶƐ͗
 ƚŚĞ ĚŝĨĨŝĐƵůƚǇ ŽĨ ĂŶĂůǇǌŝŶŐ ŽĚŽƌĂŶƚ ƐƵďƐƚĂŶĐĞƐ ǁŚŽƐĞ ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ ŝŶ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚ ĂƌĞ
ďĞůŽǁ Ă ƚŚƌĞƐŚŽůĚ ŽĨ ĂŶĂůǇƚŝĐĂů ĚĞƚĞĐƚŝŽŶ ;ǁŚŝůĞ ĐĂƵƐŝŶŐ͕ Ăƚ ƚŚĞ ĂĨŽƌĞŵĞŶƚŝŽŶĞĚ ĐŽŶĐĞŶƚƌĂƚŝŽŶƐ͕
ΗŶƵŝƐĂŶĐĞΗƉŚĞŶŽŵĞŶĂͿ͖
ƚŚĞǀĂƌŝĂďŝůŝƚǇŽĨƚŚĞŝŶƚĞŶƐŝƚǇĂŶĚĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐŽĨŽĚŽƌƉŽůůƵƚŝŽŶĂƐĂĨƵŶĐƚŝŽŶŽĨƚŝŵĞĂŶĚ
ŵĞƚĞŽƌŽůŽŐŝĐĂůĐŽŶĚŝƚŝŽŶƐ͖
ƚŚĞŐƌĞĂƚƐƵďũĞĐƚŝǀŝƚǇƚŚĂƚĐŚĂƌĂĐƚĞƌŝǌĞƐƚŚĞƉĞƌĐĞƉƚŝŽŶŽĨŽĚŽƌŽƵƐƐƵďƐƚĂŶĐĞƐ͘

/ŶůŝƚĞƌĂƚƵƌĞ͕ƚŚĞƌĞĂƌĞǀĞƌǇĨĞǁƐƚƵĚŝĞƐĐĂƌƌŝĞĚŽƵƚŽŶƚŚĞŝĚĞŶƚŝĨŝĐĂƚŝŽŶŽĨŽĚŽƌĂŶƚƐƵďƐƚĂŶĐĞƐ
ŽƌŝŐŝŶĂƚŝŶŐĨƌŽŵŽĚŽƌŽƵƐŵĂƚƌŝĐĞƐĂŶĚƚŚĞĞǀĂůƵĂƚŝŽŶŽĨƚŚĞĞĨĨĞĐƚƐŽĨƐƉĞĐŝĨŝĐƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵƐŽŶ
ŽĚŽƌŽƵƐƐƵďƐƚĂŶĐĞƐ͘
ĚĚĞĚƚŽƚŚŝƐŝƐƚŚĞůĂĐŬŽĨƐƉĞĐŝĨŝĐƌĞĨĞƌĞŶĐĞůĞŐŝƐůĂƚŝŽŶ͕ďŽƚŚŝŶƚĞƌŶĂƚŝŽŶĂůůǇĂŶĚ/ƚĂůŝĂŶ͘/ŶĨĂĐƚ͕
ĂƚƚŚĞŶĂƚŝŽŶĂůůĞǀĞů͕ũƵƐƚĂĨĞǁƌĞŐŝŽŶƐŚĂǀĞĚĞĨŝŶĞĚŐƵŝĚĞůŝŶĞƐŽŶƚŚĞƐƵďũĞĐƚ͕ŵŽƐƚůǇŝŶƌĞĐĞŶƚƚŝŵĞƐ
ĂŶĚĂƉƉůŝĐĂďůĞŽŶůǇƚŽƐƉĞĐŝĨŝĐƐĞĐƚŽƌƐ͘dŚŝƐΗůĂĐŬŽĨůĞŐŝƐůĂƚŝŽŶΗŝƐĞǀĞŶŵŽƌĞĐƌŝƚŝĐĂůĐŽŶƐŝĚĞƌŝŶŐƚŚĂƚ͕
ŽŶƚŚĞĐŽŶƚƌĂƌǇ͕ƚŚĞƌĞŝƐĂŐƌŽǁŝŶŐĂǁĂƌĞŶĞƐƐŽĨƐŽĐŝĞƚǇƚŽǁĂƌĚƐŝƐƐƵĞƐƌĞůĂƚĞĚƚŽƚŚĞĞŶǀŝƌŽŶŵĞŶƚ͕
ŽĨǁŚŝĐŚŽĚŽƌŽƵƐŝŵƉĂĐƚƐĂƌĞ͕ĂƚƉƌĞƐĞŶƚ͕ŽŶĞŽĨƚŚĞŵŽƐƚƐƵďƚůĞĂŶĚĞůƵƐŝǀĞ͘


dDEd K& KKZKh^ KDWKEEd^ KE EdW ƉŝůŽƚͲůĂďŽƌĂƚŽƌǇ ƉůĂŶƚ ;Ͳd^d ƉŝůŽƚͲ

ŝŶĚƵƐƚƌŝĂů^>Ϳ



dŚĞĂĐƚŝǀŝƚǇĐĂƌƌŝĞĚŽƵƚĐŽŶĐĞƌŶƐƚŚĞƵƐĞŽĨĂƉŝůŽƚͲŝŶĚƵƐƚƌŝĂůƉůĂŶƚ;ƚŚĞƌĞĨŽƌĞĂůƐŽĂƉƉůŝĐĂďůĞŽŶ
ĂŶŝŶĚƵƐƚƌŝĂůƐĐĂůĞͿƵƐĞĚŽŶĂůĂďŽƌĂƚŽƌǇƐĐĂůĞ͕ĂƉƉůŝĞĚƚŽƚŚĞƚƌĞĂƚŵĞŶƚŽĨƐƉĞĐŝĨŝĐǁĂƐƚĞƐƚƌĞĂŵƐ;ƚŚĞ
ŵŽƐƚĐƌŝƚŝĐĂůͿĂƐǁĞůůĂƐŵŝǆĞĚǁĂƐƚĞƐƚƌĞĂŵƐ͘
dŽ ĐĂƌƌǇ ŽƵƚ ƚŚŝƐ ĞǆƉĞƌŝŵĞŶƚĂů ĂĐƚŝǀŝƚǇ͕ Ă ǁĂǇ ǁĂƐ ƚŚĞƌĞĨŽƌĞ ĚĞƐŝŐŶĞĚ ƚŽ ΗŵĂŶĂŐĞΗ Ă ĨůŽǁ ŽĨ
ŽĚŽƌŽƵƐƐƵďƐƚĂŶĐĞƐŽĨĂŵƵĐŚŐƌĞĂƚĞƌĞǆƚĞŶƚ͘
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ϭϲϳ



dŚĞĨŽůůŽǁŝŶŐĨŝŐƵƌĞƐŚŽǁƐƐĐŚĞŵĂƚŝĐĂůůǇƚŚĞĐŽŶƚĂŝŶĞƌƚŚĂƚǁĂƐƵƐĞĚĨŽƌƚŚĞƚƌŝĂůƚŽďĞĐĂƌƌŝĞĚ
ŽƵƚǁŝƚŚƚŚĞŝŶĚƵƐƚƌŝĂůͲd^d͕ǁŚŝĐŚŚĂƐĂĨůŽǁƌĂƚĞƚŚĂƚĐĂŶďĞŵŽĚƵůĂƚĞĚďĞƚǁĞĞŶϭϱϬĂŶĚϲϬϬ
ŵϯͬŚ͘
dŚĞƐǇƐƚĞŵĐŽŶƐŝƐƚƐŽĨĂϭϬϬͲůŝƚĞƌWWĚƌƵŵŽŶƚŚĞďŽƚƚŽŵŽĨǁŚŝĐŚĂƐĞƌŝĞƐŽĨŚŽůĞƐĂƌĞŵĂĚĞ͕
ǁŚŝůĞĂĨŝƚƚŝŶŐŝƐŵĂĚĞŽŶƚŚĞůŝĚĨŽƌĐŽŶŶĞĐƚŝŽŶǁŝƚŚƚŚĞͲd^dĨĂŶ͘



/ŵĂŐĞƐŚŽǁŝŶŐĂĐŽŶƚĂŝŶĞƌĨŽƌƚƌŝĂůƐǁŝƚŚͲd^d


dŚĞǁĂƐƚĞ;ϯϬͲϱϬŬŐͿŝƐƉůĂĐĞĚŝŶƐŝĚĞƚŚĞĚƌƵŵƚŚĂƚŝƐĐŽŶŶĞĐƚĞĚƚŽƚŚĞͲd^dĨĂŶ͘dŚĞĚƌƵŵŝƐ
ƉŽƐŝƚŝŽŶĞĚŚŽƌŝǌŽŶƚĂůůǇ͕ĂŶĚĐĂŶďĞŵŽǀĞĚƉĞƌŝŽĚŝĐĂůůǇƚŽĐŚĂŶŐĞƚŚĞĞǆƉŽƐĞĚƐƵƌĨĂĐĞŽĨƚŚĞǁĂƐƚĞ
ŵĂƐƐ͘
dŚĞƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵŽĨƚŚĞŵŽůĞĐƵůĞƐ;ŽĚŽƌŽƵƐĂŶĚŶŽƚͿƌĞůĞĂƐĞĚďǇƚŚĞǁĂƐƚĞĐŽŶƚĂŝŶĞĚŝŶƚŚĞ
ĚƌƵŵŝƐƉƌĞƐĞŶƚĞĚŝŶƚŚĞĨŽůůŽǁŝŶŐƉŚŽƚŽ͘

ϭ

ϯ

Ϯ





͘
͘
͘
͘
͘

WŝĐƚƵƌĞŽĨƚŚĞͲd^dƉŝůŽƚƉůĂŶƚƵƐĞĚŝŶƚŚĞƚƌŝĂů

>'E͗

ŵŝƐƐŝŽŶĂƐƉŝƌĂƚŝŽŶ
ǇͲƉĂƐƐƐĞůĞĐƚŽƌ
EdWΠ'ĞŶĞƌĂƚŽƌ
ŵŝƐƐŝŽŶŽƵƚƉƵƚ
^ĂŵƉůŝŶŐƉŽŝŶƚƐ͗;ϭŽŶƚŽƉ͕ƵƉƐƚƌĞĂŵŽĨƚŚĞĂďĂƚĞŵĞŶƚƐǇƐƚĞŵ͖Ϯ͗ĂƚƚŚĞďŽƚƚŽŵ͕ĚŽǁŶƐƚƌĞĂŵŽĨƚŚĞƚƌĞĂƚŵĞŶƚ͖ϯĚŽǁŶƐƚƌĞĂŵŽĨ
ƚŚĞƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵ͕ďĞĨŽƌĞƚŚĞĨŝŶĂůĞŵŝƐƐŝŽŶ
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ϭϲϴ




^ĞƚƚŝŶŐƐƐƚƵĚŝĂƚĞ

dŚƌŽƵŐŚƚŚĞƵƐĞŽĨƚŚŝƐƐǇƐƚĞŵ͕ƚƌŝĂůƐĂŶĚƚĞƐƚƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚƚŽǀĞƌŝĨǇƚŚĞďĞƐƚƉůĂŶƚƐƚƌƵĐƚƵƌĞ͕
ƚŚĂƚ ŝƐ ƚŚĞ ŽŶĞ ƚŚĂƚ ŐƵĂƌĂŶƚĞĞƐ ƚŚĞ ďĞƐƚ ƌĞƐƵůƚƐ ŝŶ ƚĞƌŵƐ ŽĨ ĂďĂƚĞŵĞŶƚ ŽĨ ŽĚŽƌŽƵƐ ƐƵďƐƚĂŶĐĞƐ
ĚĞǀĞůŽƉĞĚĨƌŽŵƐƉĞĐŝĨŝĐǁĂƐƚĞƐĞůĞĐƚĞĚĨŽůůŽǁŝŶŐƚŚĞĞǆƉĞƌŝŵĞŶƚĂůĂĐƚŝǀŝƚǇĐĂƌƌŝĞĚŽƵƚŝŶƚŚĞĨŝĞůĚŽĨ
ƚŚĞƉƌĞǀŝŽƵƐŽƉĞƌĂƚŝŽŶĂůŽďũĞĐƚŝǀĞƐ͘

ĞǀĞůŽƉŵĞŶƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚĂůĐŽŶĚŝƚŝŽŶƐ
dŚŝƐƉĂƌƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚĂůĂĐƚŝǀŝƚǇǁĂƐƌĂƚŚĞƌĐŽŵƉůĞǆ͕ŐŝǀĞŶƚŚĂƚƚŚĞŝŶĚŝǀŝĚƵĂůƌĞƐƉŽŶƐĞƐĂŶĚ
ƚŚĞŝƌ ǀĂƌŝĂďŝůŝƚǇ ǁĞƌĞ ĐĂƌĞĨƵůůǇ ĞǀĂůƵĂƚĞĚ͕ ĚĞƉĞŶĚŝŶŐ ŽŶ ƚŚĞ ƚǇƉĞ ŽĨ ǁĂƐƚĞ ŝŶǀŽůǀĞĚ ĂŶĚ ƚŚĞ ƚĞƐƚ
ĐŽŶĚŝƚŝŽŶƵƐĞĚ͘
dŚĞĐŽŶĚŝƚŝŽŶƐŽĨƚŚĞǀĂƌŝŽƵƐƚĞƐƚƐ;ƐĐŚĞŵĂƚŝĐĂůůǇƌĞƉŽƌƚĞĚŝŶdĂďůĞϱͿǁĞƌĞƐĞƚƵƐŝŶŐĞƐŝŐŶŽĨ
ǆƉĞƌŝŵĞŶƚ;ŽͿƚĞĐŚŶŝƋƵĞƐ͘dŚĞƌĞƐƵůƚƐŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚƐŽďƚĂŝŶĞĚƚŚƌŽƵŐŚƚŚĞEĂŶĚƚŚĞ'ͲD^
ǁĞƌĞƉƌŽĐĞƐƐĞĚŝŶŽƌĚĞƌƚŽŝĚĞŶƚŝĨǇƚŚĞďĞƐƚŽƉĞƌĂƚŝŶŐĐŽŶĚŝƚŝŽŶƐ͘

dĂďůĞϱ͘dƌŝĂůĐŽŶĚŝƚŝŽŶƐƚĞƐƚĞĚ͘


>ĞǀĞůƐ

ϭ
Ϯ
ϯ

tĂƐƚĞƋƵĂŶƚŝƚǇ;ŬŐͿ
ϯϬ
ϱϬ
tĂƐƚĞƚǇƉĞ
>K
>
D/y
tĂƐƚĞƚĞŵƉĞƌĂƚƵƌĞ;ΣͿ
ϱϬ


ϯ
^ƵĐƚŝŽŶĨůŽǁ;ŵ ͬŚͿ
ϭϱϬ
ϯϬϬ
ϲϬϬ
ǇͲƉĂƐƐ
Ϭ
Ϭ͕ϱ
ϭ
sŽůƚĂŐĞƉƌŽďĞϭ;sͿ
ϯϬϬϬ


sŽůƚĂŐĞƉƌŽďĞϮ;sͿ
ϯϬϬϬ


sŽůƚĂŐĞƉƌŽďĞϯ;sͿ
ϯϮϬϬ


^ĂŵƉůŝŶŐƉŽŝŶƚƐ
ϭ
Ϯ
ϯ

dŚĞƚƌŝĂůĐŽŶĐĞƌŶĞĚϯĚŝĨĨĞƌĞŶƚƚǇƉĞƐŽĨǁĂƐƚĞ;ĂůƌĞĂĚǇŬŶŽǁŶĨŽƌƚŚĞŝƌĐƌŝƚŝĐĂůĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐŝŶ
ƚĞƌŵƐŽĨŽĚŽƌŽƵƐŝŵƉĂĐƚƐƉƌŽĚƵĐĞĚͿ͗>K;ZϭϵϬϭϬϱΎͿ͕>;ZϭϵϬϮϬϱΎͿĂŶĚD/y;ĐŽŶƐŝƐƚŝŶŐŽĨ
ĂŵŝǆŽĨĚŝĨĨĞƌĞŶƚǁĂƐƚĞƐ͕ŝŶĐůƵĚŝŶŐ>KĂŶĚ>͕ŝŶŽƌĚĞƌƚŽƐŝŵƵůĂƚĞƚŚĞĂǀĞƌĂŐĞĐŽŶĚŝƚŝŽŶŽĨƚŚĞƉůĂŶƚ
ǁŝƚŚƚŚĞƉƌĞƐĞŶĐĞŽĨŽĚŽƌŽƵƐĂŶĚŶŽŶͲŽĚŽƌŽƵƐǁĂƐƚĞͿ͘dŚŝƐǁĂƐƚĞǁĂƐƉůĂĐĞĚŝŶƐŝĚĞƚŚĞƉƵŶĐƚƵƌĞĚ
ĚƌƵŵ͕ƉůĂĐĞĚŽŶĂŚĞĂƚŝŶŐƉůĂƚĞĂƚĂďŽƵƚϱϬΣĂŶĚ͕ĂĨƚĞƌϱŵŝŶƵƚĞƐŽĨĐŽŶĚŝƚŝŽŶŝŶŐƚŚĞƚĞƐƚƐďĞŐĂŶ͕
ƚĂŬŝŶŐƚŚĞƐĂŵƉůĞƐĨƌŽŵƚŚĞϯƐĂŵƉůŝŶŐƉŽŝŶƚƐǁŝƚŚƚŚĞƉƌŽďĞƐŽĨĨĂŶĚ͕ƐƵďƐĞƋƵĞŶƚůǇ͕ƚƵƌŶĞĚŽŶ͘
/ŶŽƌĚĞƌƚŽĞǀĂůƵĂƚĞƚŚĞďĞƐƚƚĞƐƚĐŽŶĚŝƚŝŽŶƐ͕ĚŝĨĨĞƌĞŶƚƚƌŝĂůƐǁĞƌĞƉĞƌĨŽƌŵĞĚ͕ǀĂƌǇŝŶŐŽŶĞŽƌŵŽƌĞ
ŽĨƚŚĞƐĞƚƚŝŶŐƐƐŚŽǁŶŝŶdĂďůĞϱ͘
dŚĞĐŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶƚŚĞƐƵŵŽĨƚŚĞĂƌĞĂƐŽďƚĂŝŶĞĚďǇ'ͲD^ĂŶĚƚŚĞƐƵŵŽĨƚŚĞƐŝŐŶĂůƐ
ƌĞĐŽƌĚĞĚďǇƚŚĞϭϬƐĞŶƐŽƌƐŽĨƚŚĞE͕ƉƌŽǀŝĚĞĚƚŚĞĂŶƐǁĞƌƐƐŽƵŐŚƚĨŽƌƚŚĞŝĚĞŶƚŝĨŝĐĂƚŝŽŶŽĨƚŚĞďĞƐƚ
ŽƉĞƌĂƚŝŶŐĐŽŶĚŝƚŝŽŶƐ͕ƌĞůĂƚŝǀĞƚŽƚŚĞƚƌĞĂƚŵĞŶƚƚƌŝĂůŽĨƚŚĞŽĚŽƌŽƵƐĨůŽǁƐƉƌŽĚƵĐĞĚďǇƚŚĞǁĂƐƚĞďĞŝŶŐ
ƚĞƐƚĞĚ͕ƵƐŝŶŐƚŚĞͲdĞƐƚŽŶĂƉŝůŽƚͲůĂďŽƌĂƚŽƌǇƐĐĂůĞ͘

dŚĞďĞƐƚƚĞƐƚĐŽŶĚŝƚŝŽŶƐ͕ŽďƚĂŝŶĞĚƵƐŝŶŐƚŚĞ>KǁĂƐƚĞ;ĂŶĚƚŚĞŶĐŽŶĨŝƌŵĞĚǁŝƚŚƚŚĞŽƚŚĞƌƚĞƐƚĞĚ
ǁĂƐƚĞƐͿ͕ǁĞƌĞ͗
ϭ͘ tĂƐƚĞƋƵĂŶƚŝƚǇсϯϬŬŐ
Ϯ͘ tĂƐƚĞƚĞŵƉĞƌĂƚƵƌĞсϱϬΣ
ϯ͘ ^ƵĐƚŝŽŶĨůŽǁсϭϱϬŵϯͬŚ
ϰ͘ ǇͲƉĂƐƐсĐůŽƐĞ;ϬͿ
ϱ͘ ĂƉĂĐŝƚŽƌǀŽůƚĂŐĞсϯϬϬϬ͕ϯϬϬϬ͕ϯϮϬϬs
ϲ͘ ^ĂŵƉůŝŶŐƉŽŝŶƚƐсϭĞϯ
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ϭϲϵ



ZĞƐƵůƚƐŽďƚĂŝŶĞĚǁŝƚŚƚŚĞ>KZϭϵϬϭϬϱΎǁĂƐƚĞ
dŚĞƚĞƐƚƐĐĂƌƌŝĞĚŽƵƚĨŽƌƚŚĞĂďĂƚĞŵĞŶƚŽĨƚŚĞŽĚŽƌŽƵƐŵŽůĞĐƵůĞƐĐŽŶƚĂŝŶĞĚŝŶƚŚĞ>KǁĂƐƚĞŵĂĚĞ
ŝƚ ƉŽƐƐŝďůĞ ƚŽ ŽďƚĂŝŶ ƚŚĞ ƌĞƐƵůƚƐ ďƌŝĞĨůǇ ƉƌĞƐĞŶƚĞĚ ŝŶ ƚŚĞ ŐƌĂƉŚ ŝŶ &ŝŐƵƌĞ Ϯϱ͘ dŚĞ ƐĂŵƉůŝŶŐ ƉŽŝŶƚƐ
ĐŽŶƐŝĚĞƌĞĚĂƌĞƉŽŝŶƚϭ;ƵƉƐƚƌĞĂŵŽĨƚŚĞEdWƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵͿǁŚŝĐŚƌĞƉƌĞƐĞŶƚƐƚŚĞƵŶƚƌĞĂƚĞĚŐĂƐ
ĞŵŝƐƐŝŽŶ ĂŶĚ ƉŽŝŶƚ ϯ ;ĚŽǁŶƐƚƌĞĂŵ ŽĨ ƚŚĞ EdW ƉƌŽďĞͿ ǁŚŝĐŚ ƌĞƉƌĞƐĞŶƚƐ͕ ǁŝƚŚ ƚŚĞ ƉƌŽďĞ ŽŶ͕ ƚŚĞ
ĞŵŝƐƐŝŽŶĂĨƚĞƌƚƌĞĂƚŵĞŶƚǁŝƚŚƚŚĞƉƌŽďĞ͘/ŶƚŚŝƐǁĂǇ͕ŝƚŝƐĂůƐŽŶĞĐĞƐƐĂƌǇƚŽĐŽŶƐŝĚĞƌƚŚĞĐŽŶƚƌŝďƵƚŝŽŶƐ
ŽĨƚŚĞĐŽŶƚƌŽůƐĂŶĚŝŶƉĂƌƚŝĐƵůĂƌƚŚĞŶĞŐĂƚŝǀĞĐŽŶƚƌŝďƵƚŝŽŶƚŚĂƚƚŚĞƉƌŽďĞŚĂƐŽŶƚŚĞEƌĞĂĚŝŶŐ͕ĂƐ
ĐĂŶďĞƐĞĞŶĨƌŽŵƚŚĞ^ͺ^ZƚĞƐƚŝŶƚŚĞŐƌĂƉŚŽŶƚŚĞůĞĨƚŽĨ&ŝŐƵƌĞϮϲ͗ƚŚĞƐƵŵŽĨƚŚĞƐĞŶƐŽƌƐŝŐŶĂůƐŽĨ
ƚŚĞEĚĞĐƌĞĂƐĞƐďǇĂďŽƵƚϭϭйĨŽůůŽǁŝŶŐƐǁŝƚĐŚŝŶŐŽŶŽĨƚŚĞƉƌŽďĞŝƚƐĞůĨ͘^ŝŵŝůĂƌůǇ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽ
ƌĞĐŽƌĚĂĚĞĐƌĞĂƐĞ ;ĂďŽƵƚϳй ǁŝƚŚƚŚĞ EĂŶĚϲй ǁŝƚŚƚŚĞ 'ͿĚƵĞ͕ĂůŵŽƐƚĐĞƌƚĂŝŶůǇ͕ƚŽŵŽůĞĐƵůĞ
ĂĚƐŽƌƉƚŝŽŶƉŚĞŶŽŵĞŶĂĂůŽŶŐƚŚĞƉŝůŽƚƉůĂŶƚĚƵĐƚ͘dŚĞƐĞƉĞƌĐĞŶƚĂŐĞƐŽĨĚĞĐƌĞĂƐĞǁĞƌĞĐŽŶƐŝĚĞƌĞĚĨŽƌ
ƚŚĞƉƵƌƉŽƐĞƐŽĨĞǀĂůƵĂƚŝŶŐƚŚĞƌĞĚƵĐƚŝŽŶĞĨĨŝĐŝĞŶĐǇŽĨƚŚĞEdWƐǇƐƚĞŵǁŝƚŚƌĞƐƉĞĐƚƚŽƚŚĞŽĚŽƌŽƵƐ
ŵŽůĞĐƵůĞƐ͕ ƐƵďƚƌĂĐƚŝŶŐ ƚŚĞŵ ĨƌŽŵ ƚŚĞ ŽǀĞƌĂůů ƌĞĚƵĐƚŝŽŶ ƉĞƌĐĞŶƚĂŐĞ ĚĞƚĞƌŵŝŶĞĚ ĂƐ ĚŝĨĨĞƌĞŶĐĞƐ ŝŶ
ƐŝŐŶĂůƐƌĞĐŽƌĚĞĚŝŶƉŽŝŶƚƐϭĂŶĚϯ͕ĚƵƌŝŶŐƚŚĞƚĞƐƚƚŚĂƚƵƐĞĚƚŚĞǁĂƐƚĞĂŶĚƚŚĞƉƌŽďĞƚƵƌŶĞĚŽŶ͘
/ŶĐŽŶĐůƵƐŝŽŶ͕ĨŽƌƚŚĞ>KǁĂƐƚĞ͕ƉĞƌĐĞŶƚĂŐĞƐƌĂŶŐŝŶŐďĞƚǁĞĞŶϯϰй;ǁŝƚŚƚŚĞůĞĐƚƌŽŶŝĐEŽƐĞͿĂŶĚ
Ϯϴй;ǁŝƚŚƚŚĞ'ĂƐͲĐŚƌŽŵĂƚŽŐƌĂƉŚǇͿŽĨĂďĂƚĞŵĞŶƚŽĨƚŚĞŽĚŽƌŽƵƐŵŽůĞĐƵůĞƐƉƌĞƐĞŶƚǁĞƌĞĨŽƵŶĚ͘


&ŝŐƵƌĞϮϱ͘ZĞƐƵůƚƐŽĨƚĞƐƚƐĐŽŶĚƵĐƚĞĚŽŶ>KǁĂƐƚĞ;EůĞĨƚ͖'ͲD^ƌŝŐŚƚͿ͘
>ĞŐĞŶĚ͗^^ͺ^ZсƉƌŽďĞŽĨĨ–ŶŽǁĂƐƚĞ;ŶŽƉƌŽďĞďĂƐĞůŝŶĞͿ͖^ͺ^ZсƉƌŽďĞŽŶ–ŶŽǁĂƐƚĞ;ƉƌŽďĞďĂƐĞůŝŶĞͿ͖^^ͺZWсƉƌŽďĞ
ŽĨĨ–ǁĂƐƚĞŽŶƚŚĞŚĞĂƚŝŶŐƉůĂƚĞ;ĞŵŝƐƐŝŽŶƐǁŝƚŚƚŚĞǁĂƐƚĞŚĞĂƚĞĚĂƚϱϬΣͿ͖^ͺZWсƉƌŽďĞŽŶ–ǁĂƐƚĞŽŶƚŚĞŚĞĂƚŝŶŐƉůĂƚĞ
;ĞŵŝƐƐŝŽŶƐǁŝƚŚƚŚĞǁĂƐƚĞŚĞĂƚĞĚĂƚϱϬΣнEdWƚƌĞĂƚŵĞŶƚͿ



&ŝŐƵƌĞϮϲ͘ZĞƐƵůƚƐŽĨƚĞƐƚƐĐŽŶĚƵĐƚĞĚŽŶ>KǁĂƐƚĞĞǆƉƌĞƐƐĞĚĂƐĂďĂƚĞŵĞŶƚƉĞƌĐĞŶƚĂŐĞƐ͕ƚĂŬĞŶĂƚƚŚĞƐĂŵƉůŝŶŐƉŽŝŶƚƐϭ ĂŶĚϯ͘
>ĞŐĞŶĚ͗^ͺ^ZсйƉƌŽďĞĐŽŶƚƌŝďƵƚŝŽŶ͖^^ͺZWсйĚĞĐƌĞĂƐĞĚƵĞƚŽǁĂƐƚĞĞŵŝƐƐŝŽŶůŽƐƐĞƐĂůŽŶŐƚŚĞǁĂǇ͖^ͺZWсйĂďĂƚĞŵĞŶƚŝŶĐŽƌƌĞĐƚ
ƉƌŽďĞ͖йĞĨĨĞĐƚŝǀĞĂďĂƚĞŵĞŶƚс^ͺZW–^^ͺZW–^ͺ^Z
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ϭϳϬ



ZĞƐƵůƚƐŽďƚĂŝŶĞĚǁŝƚŚƚŚĞ>ZϭϵϬϮϬϱΎǁĂƐƚĞ
^ŝŵŝůĂƌůǇ ƚŽ ǁŚĂƚ ǁĂƐ ĚŽŶĞ ǁŝƚŚ ƚŚĞ >K ǁĂƐƚĞ͕ ƚŚĞ ƚƌĞĂƚŵĞŶƚ ƚĞƐƚƐ ŽĨ ƚŚĞ ŽĚŽƌŽƵƐ ŵŽůĞĐƵůĞƐ
ƉƌŽĚƵĐĞĚďǇƚŚĞ>ǁĂƐƚĞǁĞƌĞĐĂƌƌŝĞĚŽƵƚ͘
dŚĞŐƌĂƉŚƐŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚĂůƌĞƐƵůƚƐŽďƚĂŝŶĞĚĂƌĞƐŚŽǁŶŝŶ&ŝŐƵƌĞϮϳ͕ŽŶƚŚĞůĞĨƚƚŚĞǀĂůƵĞƐŽĨ
ƚŚĞƐƵŵŽĨƚŚĞƐŝŐŶĂůƐƌĞĐŽƌĚĞĚďǇƚŚĞůĞĐƚƌŽŶŝĐEŽƐĞ͕ŽŶƚŚĞƌŝŐŚƚƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚďǇƚŚĞ^WDͲ
'ͲD^
ĂŶĂůǇƐŝƐ͘
dŚĞĂďĂƚĞŵĞŶƚƉĞƌĐĞŶƚĂŐĞƐĚĞĨŝŶĞĚĂƐĚĞƐĐƌŝďĞĚŝŶWĂƌĂŐƌĂƉŚϱ͘ϰ͘ϯ͘ĂƌĞƌĞƉƌĞƐĞŶƚĞĚŝŶ&ŝŐƵƌĞϮϴ͗ƚŚĞ
ĞĨĨĞĐƚŝǀĞĂďĂƚĞŵĞŶƚŽŶƚŚĞŽĚŽƌŽƵƐŵŽůĞĐƵůĞƐĐĂƌƌŝĞĚŽƵƚƚŚƌŽƵŐŚƚŚĞEdWƉƌŽďĞŝƐĐĂůĐƵůĂƚĞĚĂƐϰϬй
ďǇ'ĂŶĂůǇƐŝƐĂŶĚϮϲйďǇE͘
dŚŝƐ ĚŝĨĨĞƌĞŶĐĞ ĐĂŶ ďĞ ĞĂƐŝůǇ ĞǆƉůĂŝŶĞĚ ƚŚƌŽƵŐŚ ƚŚĞ ĚŝĨĨĞƌĞŶƚ ĐŽŵƉŽƐŝƚŝŽŶ ŽĨ ƚŚĞ > ǁĂƐƚĞ
ĐŽŵƉĂƌĞĚ ƚŽ >K͕ ŽďƚĂŝŶĞĚ ďǇ 'Ͳ&/ ĂŶĂůǇƐŝƐ͕ ŽŶ ƚŚĞ ƐŽůŝĚ ƐĂŵƉůĞ ;&ŝŐƵƌĞ ϮϵͿ͗ ƚŚĞ ĨŝƌƐƚ ŝƐ ŝŶ ĨĂĐƚ
ĞǆĐůƵƐŝǀĞůǇŵĂĚĞŽĨƐŚŽƌƚͲĐŚĂŝŶĂůŝƉŚĂƚŝĐsŽůĂƚŝůĞKƌŐĂŶŝĐŽŵƉŽƵŶĚƐ;ϱͲϭϮͿ͕ǁŚŝůĞŝŶƚŚĞ>KǁĂƐƚĞ
ƚŚĞƌĞĂƌĞĂůƐŽŵŽƌĞĐŽŵƉůĞǆĂƌŽŵĂƚŝĐĐŽŵƉŽƵŶĚƐ͕ǁŝƚŚĂŶƵŵďĞƌŽĨϴͲϭϬĐĂƌďŽŶƐ;ƚŽůƵĞŶĞ͕ǆǇůĞŶĞƐ
͘͘͘ͿǁŚŝĐŚĂƌĞůĞƐƐĚĞŐƌĂĚĂďůĞďǇƚŚĞƐƉĞĐŝĞƐĞŵŝƚƚĞĚďǇƚŚĞEdWƉƌŽďĞ͘




&ŝŐƵƌĂϮϳ͘ZĞƐƵůƚƐŽĨƚĞƐƚƐĐŽŶĚƵĐƚĞĚŽŶ>ǁĂƐƚĞ;EůĞĨƚ͖'ͲD^ƌŝŐŚƚͿ͘
>ĞŐĞŶĚ͗^^ͺ^ZсƉƌŽďĞŽĨĨ–ŶŽǁĂƐƚĞ;ŶŽƉƌŽďĞďĂƐĞůŝŶĞͿ͖^ͺ^ZсƉƌŽďĞŽŶ–ŶŽǁĂƐƚĞ;ƉƌŽďĞďĂƐĞůŝŶĞͿ͖^^ͺZWсƉƌŽďĞŽĨĨ–ǁĂƐƚĞ
ŽŶƚŚĞŚĞĂƚŝŶŐƉůĂƚĞ;ĞŵŝƐƐŝŽŶƐǁŝƚŚƚŚĞǁĂƐƚĞŚĞĂƚĞĚĂƚϱϬΣͿ͖^ͺZWсƉƌŽďĞŽŶ–ǁĂƐƚĞŽŶƚŚĞŚĞĂƚŝŶŐƉůĂƚĞ;ĞŵŝƐƐŝŽŶƐǁŝƚŚƚŚĞǁĂƐƚĞ
ŚĞĂƚĞĚĂƚϱϬΣнEdWƚƌĞĂƚŵĞŶƚͿ






&ŝŐƵƌĞϮϴ͘ZĞƐƵůƚƐŽĨƚĞƐƚƐĐŽŶĚƵĐƚĞĚŽŶ>ǁĂƐƚĞĞǆƉƌĞƐƐĞĚĂƐĂďĂƚĞŵĞŶƚƉĞƌĐĞŶƚĂŐĞƐ͕ƚĂŬĞŶĂƚƚŚĞƐĂŵƉůŝŶŐƉŽŝŶƚƐϭĂŶĚϯ͘
>ĞŐĞŶĚĂ͗^ͺ^ZсйƉƌŽďĞĐŽŶƚƌŝďƵƚŝŽŶ͖^^ͺZWсйĚĞĐƌĞĂƐĞĚƵĞƚŽǁĂƐƚĞĞŵŝƐƐŝŽŶůŽƐƐĞƐĂůŽŶŐƚŚĞǁĂǇ͖^ͺZWсйĂďĂƚĞŵĞŶƚ
ŝŶĐŽƌƌĞĐƚƉƌŽďĞ͖йĞĨĨĞĐƚŝǀĞĂďĂƚĞŵĞŶƚс^ͺZW–^^ͺZW–^ͺ^Z
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ϭϳϭ

&ŝŐƵƌĞϮϵ͘ŚƌŽŵĂƚŽŐƌĂŵƐƌĞůĂƚĞĚƚŽƚŚĞĂŶĂůǇƐŝƐŽĨ>;ƚŽƉͿĂŶĚ>K;ďŽƚƚŽŵͿǁĂƐƚĞƐĂŵƉůĞƐ ͘

ZĞƐƵůƚƐŽďƚĂŝŶĞĚǁŝƚŚƚŚĞŵŝǆĞĚǁĂƐƚĞ;D/yͿ
&ŽƌƚŚĞĨŝŶĂůǀĂůŝĚĂƚŝŽŶŽĨƚŚĞƚƌĞĂƚŵĞŶƚƚĞƐƚƐƵƐŝŶŐEdWƚĞĐŚŶŽůŽŐǇ͕ ĨƵƌƚŚĞƌĞǆƉĞƌŝŵĞŶƚƐǁĞƌĞ
ĐĂƌƌŝĞĚŽƵƚ͕ƵƐŝŶŐŵŝǆĞĚǁĂƐƚĞ;ĐĂůůĞĚD/yͿ͕ĐŽŶƐŝƐƚŝŶŐŽĨƚŚĞƚǁŽƉƌĞǀŝŽƵƐ>KĂŶĚ>͕ƚŽŐĞƚŚĞƌǁŝƚŚϰ
ŽƚŚĞƌŬŝŶĚƐŽĨǁĂƐƚĞ͕ŶŽƚƉĂƌƚŝĐƵůĂƌůǇĐƌŝƚŝĐĂů͕ďƵƚŽĨĂĚĂŶŐĞƌŽƵƐŶĂƚƵƌĞĂŶĚĞƋƵĂůůǇƌŝĐŚŝŶǀŽůĂƚŝůĞ
ŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐ͘
dŚĞ ĂŶĂůǇƐĞƐ ĐĂƌƌŝĞĚ ŽƵƚ ŽŶ ƚŚĞ Ăŝƌ ƐĂŵƉůĞƐ ƚĂŬĞŶ ŝŶ ƉŽŝŶƚƐ ϭ ĂŶĚ ϯ͕ ƵŶĚĞƌ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů
ĐŽŶĚŝƚŝŽŶƐĂůƌĞĂĚǇĚĞƐĐƌŝďĞĚŝŶƚŚĞƉƌĞǀŝŽƵƐƉĂƌĂŐƌĂƉŚƐ͕ƉƌŽǀŝĚĞĚƚŚĞƚƌĞŶĚƐƐŚŽǁŶŝŶƚŚĞŐƌĂƉŚŽĨ
&ŝŐƵƌĞϯϬ;E͕ůĞĨƚ͖'ͲD^͕ƌŝŐŚƚͿ͘
/ŶŐĞŶĞƌĂů͕ƚŚĞǀĂůƵĞƐŵĞĂƐƵƌĞĚďŽƚŚĂƚƚŚĞEĂŶĚĂƚƚŚĞ'ĂƌĞůŽǁĞƌƚŚĂŶƚŚŽƐĞĨŽƵŶĚǁŝƚŚƚŚĞ
ƐŝŶŐůĞǁĂƐƚĞƉƌĞƐĞŶƚŝŶƚŚĞƉƌĞǀŝŽƵƐƉĂƌĂŐƌĂƉŚƐ͘dŚĞĂďĂƚĞŵĞŶƚƉĞƌĐĞŶƚĂŐĞƐƚŚĂƚĐĂŶďĞĨŽƵŶĚĚƵƌŝŶŐ
ƚŚĞƚĞƐƚƐĐĂƌƌŝĞĚŽƵƚƌĞĂĐŚĂďŽƵƚϯϬйŽĨƚŚĞůŽĂĚŽĨƐƵďƐƚĂŶĐĞƐƉƌĞƐĞŶƚŝŶƚŚĞŐĂƐĞŽƵƐĨůŽǁůĞĂǀŝŶŐ
ƚŚĞͲd^d;&ŝŐƵƌĞϯϭͿ͘


&ŝŐƵƌĂϮϳ͘ZĞƐƵůƚƐŽĨƚĞƐƚƐĐŽŶĚƵĐƚĞĚŽŶD/yŵŝǆĞĚǁĂƐƚĞ;EůĞĨƚ͖'ͲD^ƌŝŐŚƚͿ͘
>ĞŐĞŶĚ͗^^ͺ^ZсƉƌŽďĞŽĨĨ–ŶŽǁĂƐƚĞ;ŶŽƉƌŽďĞďĂƐĞůŝŶĞͿ͖^ͺ^ZсƉƌŽďĞŽŶ–ŶŽǁĂƐƚĞ;ƉƌŽďĞďĂƐĞůŝŶĞͿ͖^^ͺZWсƉƌŽďĞŽĨĨ–ǁĂƐƚĞ
ŽŶƚŚĞŚĞĂƚŝŶŐƉůĂƚĞ;ĞŵŝƐƐŝŽŶƐǁŝƚŚƚŚĞǁĂƐƚĞŚĞĂƚĞĚĂƚϱϬΣͿ͖^ͺZWсƉƌŽďĞŽŶ–ǁĂƐƚĞŽŶƚŚĞŚĞĂƚŝŶŐƉůĂƚĞ;ĞŵŝƐƐŝŽŶƐǁŝƚŚƚŚĞǁĂƐƚĞ
ŚĞĂƚĞĚĂƚϱϬΣнEdWƚƌĞĂƚŵĞŶƚͿ
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ϭϳϮ





&ŝŐƵƌĞϮϴ͘ZĞƐƵůƚƐŽĨƚĞƐƚƐĐŽŶĚƵĐƚĞĚŽŶD/yǁĂƐƚĞĞǆƉƌĞƐƐĞĚĂƐĂďĂƚĞŵĞŶƚƉĞƌĐĞŶƚĂŐĞƐ͕ƚĂŬĞŶĂƚƚŚĞƐĂŵƉůŝŶŐƉŽŝŶƚƐϭĂŶĚϯ͘
>ĞŐĞŶĚĂ͗^ͺ^ZсйƉƌŽďĞĐŽŶƚƌŝďƵƚŝŽŶ͖^^ͺZWсйĚĞĐƌĞĂƐĞĚƵĞƚŽǁĂƐƚĞĞŵŝƐƐŝŽŶůŽƐƐĞƐĂůŽŶŐƚŚĞǁĂǇ͖^ͺZWсйĂďĂƚĞŵĞŶƚ
ŝŶĐŽƌƌĞĐƚƉƌŽďĞ͖йĞĨĨĞĐƚŝǀĞĂďĂƚĞŵĞŶƚс^ͺZW–^^ͺZW–^ͺ^Z



&ŝŶĂůĐŽŶƐŝĚĞƌĂƚŝŽŶƐ
&ƌŽŵƚŚĞƌĞƐƵůƚƐƉƌĞƐĞŶƚĞĚ͕ŝƚŝƐĐůĞĂƌƚŚĂƚEdWƚĞĐŚŶŽůŽŐǇŚĂƐĂƉŽƐŝƚŝǀĞĞĨĨĞĐƚŝŶƚŚĞĂďĂƚĞŵĞŶƚ
ŽĨƚŚĞƐƉĞĐŝĞƐƉƌĞƐĞŶƚŝŶƚŚĞŐĂƐĞŽƵƐĨůŽǁŐĞŶĞƌĂƚĞĚďǇǁĂƐƚĞ͕ǁŝƚŚƉĞƌĐĞŶƚĂŐĞƐƌĂŶŐŝŶŐďĞƚǁĞĞŶϮϱ
ĂŶĚϰϬй͘
dŚŝƐ ƌĞƐƵůƚ ǁĂƐ ŽďƚĂŝŶĞĚ ďǇ ĐĂƌƌǇŝŶŐ ŽƵƚ Ă ĐŽŵƉůĞǆ ƚƌŝĂů ŽŶ Ă ƉŝůŽƚ ƉůĂŶƚ ĞƋƵŝƉƉĞĚ ǁŝƚŚ EdW
ƚĞĐŚŶŽůŽŐǇ͕ƚĞƐƚŝŶŐƚŚĞƚƌĞĂƚŵĞŶƚŽŶĚŝĨĨĞƌĞŶƚǁĂƐƚĞĂŶĚƚŚĞŝƌŵŝǆƚƵƌĞƐ͕ĂŶĚƵƐŝŶŐďŽƚŚƚŚĞůĞĐƚƌŝĐ
EŽƐĞĂŶĚ'ĂƐͲŚƌŽŵĂƚŽŐƌĂƉŚǇǁŝƚŚDĂƐƐĞƚĞĐƚŽƌĂƐĂŶĂůǇƚŝĐĂůƚĞĐŚŶŝƋƵĞƐĨŽƌƚŚĞΗƋƵĂŶƚŝĨŝĐĂƚŝŽŶΗ
ŽĨĞĨĨŝĐŝĞŶĐǇ͘
dŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚŽĨĨĞƌĂǁŝĚĞƌĂŶŐĞŽĨƵƐĞŽĨƚŚŝƐƚĞĐŚŶŽůŽŐǇĂƐĂŶĂďĂƚĞŵĞŶƚƐǇƐƚĞŵ͕ďŽƚŚŽĨ
ƚŚĞŽƌŐĂŶŝĐƉŽůůƵƚĂŶƚƐƉƌĞƐĞŶƚŝŶƚŚĞĞŵŝƐƐŝŽŶƐĂŶĚ͕ŵŽƌĞƐƉĞĐŝĨŝĐĂůůǇ͕ǁŝƚŚƌĞŐĂƌĚƐƚŽƚŚĞŽďũĞĐƚŝǀĞŽĨ
ƚŚĞƉƌŽũĞĐƚ͕ƚŚĂƚŝƐƚŚĞĂďĂƚĞŵĞŶƚŽĨŽĚŽƌŽƵƐŵŽůĞĐƵůĞƐ͘
dŚĞ ŽƌŐĂŶŝĐ ŵŽůĞĐƵůĞƐ͕ ĂƐ ŚĂƐ ďĞĞŶ ǀĞƌŝĨŝĞĚ ŝŶ ƉĂƌƚŝĐƵůĂƌ ŽŶ ƚŚĞ ĂůŝƉŚĂƚŝĐ ĂŶĚ ĂƌŽŵĂƚŝĐ ĐŚĂŝŶƐ
ƚŚƌŽƵŐŚ ƚŚĞ ĂŶĂůǇƐĞƐ ĐĂƌƌŝĞĚ ŽƵƚ ǁŝƚŚ ƚŚĞ 'ͲD^͕ ĂƌĞ ƌĞĚƵĐĞĚ ďǇ ƵƉ ƚŽ ĂďŽƵƚ ϰϬй͘ dŚĞ ŽĚŽƌŽƵƐ
ƐƵďƐƚĂŶĐĞƐ͕ĂƐŝƚǁĂƐ ǀĞƌŝĨŝĞĚƚŚƌŽƵŐŚƚŚĞ ƵƐĞ ŽĨƚŚĞůĞĐƚƌŽŶŝĐEŽƐĞ͕ƵŶĚĞƌŐŽĂ ĚĞĐƌĞĂƐĞ ŝŶ ƚŚĞŝƌ
ĐŽŶĐĞŶƚƌĂƚŝŽŶƵƉƚŽϯϬй͘
ƉŽƐƐŝďůĞĨƵƌƚŚĞƌĚĞǀĞůŽƉŵĞŶƚŽĨƚŚĞƐƚƵĚǇĂŶĚƚŚĞƉƌŽƉŽƐĞĚƚĞĐŚŶŽůŽŐǇĐŽƵůĚĐŽŶĐĞƌŶĚŝĨĨĞƌĞŶƚ
ŬŝŶĚƐŽĨǁĂƐƚĞĐŚĂƌĂĐƚĞƌŝǌĞĚďǇŽůĨĂĐƚŽƌǇŝŵƉĂĐƚƐĚƵĞƚŽŝŶŽƌŐĂŶŝĐĐŽŵƉŽƵŶĚƐ͕ƐƵĐŚĂƐĂŵŵŽŶŝĂĂŶĚ
ŚǇĚƌŽŐĞŶƐƵůƉŚŝĚĞ;,Ϯ^Ϳ͘/ŶƚŚĞƐĞĐĂƐĞƐ͕ƚŚĞĂŶĂůǇƚŝĐĂůŵĞƚŚŽĚƐƚŽďĞĂƉƉůŝĞĚĐŽƵůĚďĞƚŚĞůĞĐƚƌŽŶŝĐ
EŽƐĞĂŶĚƐƉĞĐŝĨŝĐƚĞĐŚŶŝƋƵĞƐĨŽƌƚŚĞĚĞƚĞƌŵŝŶĂƚŝŽŶŽĨƐƵĐŚĐŽŵƉŽƵŶĚƐ͘
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dd,DEdϭϮ͘ϭϭ





ĂƐĞƐƚƵĚǇϮ͗^ƚƵĚǇŽĨĂŝƌƐĂŶŝƚĂƚŝŽŶŝŶĂǀĞƚĞƌŝŶĂƌǇĐůŝŶŝĐ
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ϭϳϱ




ϭϳϱ
/ŶĚĞǆ

/ŶĚĞǆ

/EdZKhd/KE͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
/EdZKhd/KE͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
INTRODUCTION
WhZWK^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 181
WhZWK^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
/KE/d/KEd,KZz͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 181
/KE/d/KEd,KZz͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
^Z/Wd/KEK&:KE/yYh/WDEd͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 184
^Z/Wd/KEK&:KE/yYh/WDEd͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
DdZ/>^EDd,K^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 184
DdZ/>^EDd,K^
͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 185
Z^h>d^K&d,dZ/>^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
Z^h>d^K&d,dZ/>^
͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
Z^h>d^K&d,D/ZK/K>K'/>E>z^/^K&d,/Z
͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 186
Z^h>d^K&d,D/ZK/K>K'/>E>z^/^K&d,/Z
͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 190
Z^h>d^K&d,s>hd/KEK&d,WZ/sKKZ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
KE^/Zd/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 190
Z^h>d^K&d,s>hd/KEK&d,WZ/sKKZ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
KE^/Zd/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 190
KE>h^/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
KE>h^/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘
/>/K'ZW,z͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 191




 />/K'ZW,z͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘ 192
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ŝƌ^ĂŶŝƚĂƚŝŽŶ/ŶsĞƚĞƌŝŶĂƌǇůŝŶŝĐƐ

ϭϳϲ



/ŶƚƌŽĚƵĐƚŝŽŶ


dŚĞΗŝŶĚŽŽƌΗƉŽůůƵƚŝŽŶŽĨŚŽŵĞƐĂŶĚǁŽƌŬƉůĂĐĞƐŝƐĂĐŚĞŵŝĐĂůĂŶĚŵŝĐƌŽďŝŽůŽŐŝĐĂůƉƌŽďůĞŵƚŚĂƚ
ĐĂŶďĞƐŝŐŶŝĨŝĐĂŶƚĨŽƌƚŚĞŚĞĂůƚŚŽĨƉĞŽƉůĞĂŶĚĂŶŝŵĂůƐůŝǀŝŶŐŝŶƚŚĞƐĞĞŶǀŝƌŽŶŵĞŶƚƐ͘dŚĞƉƌŽďůĞŵŝƐƐŽ
ŝŵƉŽƌƚĂŶƚƚŚĂƚŝƚŚĂƐĂĚĞĚŝĐĂƚĞĚďƌĂŶĐŚŽĨƐƚƵĚǇ͗ĞƌŽďŝŽůŽŐǇ͘

/ƚ ŝƐ Ă ŶĞǁ ŵƵůƚŝĚŝƐĐŝƉůŝŶĂƌǇ ƐĐŝĞŶĐĞ ƚŚĂƚ ƐƚƵĚŝĞƐ ƚŚĞ ƉĂƌƚŝĐůĞƐ ƉƌĞƐĞŶƚ ŝŶ ƚŚĞ ĂƚŵŽƐƉŚĞƌĞ͕ ƚŚĞ
ƐŽƵƌĐĞƐ ƚŚĂƚ ƉƌŽĚƵĐĞ ƚŚĞŵ͕ ƚŚĞ ǁĂǇƐ ŝŶ ǁŚŝĐŚ ƚŚĞǇ ĂƌĞ ƚƌĂŶƐƉŽƌƚĞĚ ďǇ ƚŚĞ Ăŝƌ͕ ƚŚĞŝƌ ĞĨĨĞĐƚƐ ďŽƚŚ
ŝŶĚŽŽƌƐĂŶĚŽƵƚĚŽŽƌƐ͘

dŚĞ ƚĞĐŚŶŝƋƵĞƐ ƵƐĞĚ ƚŽ ŝŵƉƌŽǀĞ ƚŚĞ ΗŚĞĂůƚŚŝŶĞƐƐΗ ŽĨ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚƐ͕ ŝŶ ƉĂƌƚŝĐƵůĂƌ ǁŽƌŬŝŶŐ
ĞŶǀŝƌŽŶŵĞŶƚƐ͕ĂƌĞŵĂŶǇĂŶĚĚŝĨĨĞƌĞŶƚ͕ƚŚĞǇĐĂŶďĞŝŵƉůĞŵĞŶƚĞĚŝŶƚŚĞĂŝƌƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵƐŽƌďĞ
ŝŶĚĞƉĞŶĚĞŶƚŵŽďŝůĞĚĞǀŝĐĞƐ͘ŵŽŶŐƚŚĞĚŝĨĨĞƌĞŶƚƚĞĐŚŶŝƋƵĞƐ͕ĨŝůƚƌĂƚŝŽŶ͕hsůĂŵƉƐŽƌŽǌŽŶĞĂƌĞƵƐĞĚ͕
ƚŚĞůĂƚƚĞƌĂƌĞŶŽƚĐŽŵƉĂƚŝďůĞǁŝƚŚƚŚĞƉƌĞƐĞŶĐĞŽĨƉĞŽƉůĞ͘
/ŶƚŚĞůĂƐƚĚĞĐĂĚĞ͕ƌĞƐĞĂƌĐŚŚĂƐďĞĞŶŽƌŝĞŶƚĞĚƚŽǁĂƌĚƐĂŝƌŝŽŶŝǌĂƚŝŽŶ͕ĂŶĂƚƵƌĂůƉŚĞŶŽŵĞŶŽŶƚŚĂƚ
ĐĂŶ ďĞ ĂƌƚŝĨŝĐŝĂůůǇ ƌĞƉƌŽĚƵĐĞĚ ǁŚŝĐŚ ŚĂƐ ƉƌŽǀĞĚ ĐĂƉĂďůĞ ŽĨ ĂĐƚŝŶŐ ŽŶ ŵĂŶǇ ;ŵŝĐƌŽďŝŽůŽŐŝĐĂů ĂŶĚ
ĐŚĞŵŝĐĂůͿƉĂƌƚŝĐůĞƐƉƌĞƐĞŶƚŝŶƚŚĞĂŝƌ͘

dŚĞƌĞ ĂƌĞ ŵĂŶǇ ŶĂƚŝŽŶĂů ĂŶĚ ŝŶƚĞƌŶĂƚŝŽŶĂů ƉƵďůŝĐĂƚŝŽŶƐ ŽŶ ƚŚĞ ĞĨĨĞĐƚƐ ŽĨ Ăŝƌ ŝŽŶŝǌĂƚŝŽŶ͕ ǁŚŝĐŚ
ĚĞŵŽŶƐƚƌĂƚĞ͕ŝŶĂĚĚŝƚŝŽŶƚŽƚŚĞƚŚĞƌĂƉĞƵƚŝĐĞĨĨĞĐƚƐŽŶƚŚĞƉĂƚŚŽůŽŐǇŽĨƚŚĞƌĞƐƉŝƌĂƚŽƌǇƐǇƐƚĞŵ͕ĂůƐŽ
ĂŶĞĨĨĞĐƚŝǀĞƌĞĚƵĐƚŝŽŶŽĨƚŚĞŵŝĐƌŽďŝĂůĐŽŶƚĞŶƚŝŶƚŚĞĂŝƌĂŶĚŽŶƐƵƌĨĂĐĞƐ͘
EƵŵĞƌŽƵƐƌĞƐĞĂƌĐŚĞƐĂŶĚĞǆƉĞƌŝŵĞŶƚƐŚĂǀĞďĞĞŶĐĂƌƌŝĞĚŽƵƚŝŶƚŚĞĨŽŽĚĂŶĚŚŽƐƉŝƚĂůŚĞĂůƚŚĐĂƌĞ
ƐĞĐƚŽƌ͘

ƉƉůŝĐĂƚŝŽŶƐŝŶǀĞƚĞƌŝŶĂƌǇĐůŝŶŝĐƐĂŶĚƐƵƌŐĞƌŝĞƐĂƌĞǀĞƌǇƌĞĐĞŶƚ͘dŚĞŶĞĞĚĨŽƌĐŽŶƐƚĂŶƚƐĂŶŝƚĂƚŝŽŶ
ĞŵĞƌŐĞĚĂƚƚŚĞƐĂŵĞƚŝŵĞĂƐƚŚĂƚŽĨŐĞŶĞƌĂůĂŶĚŽƌƚŚŽƉĞĚŝĐƐƵƌŐĞƌǇŝŶƉĂƌƚŝĐƵůĂƌ͘
/ŶĨĂĐƚ͕ƐŝŵŝůĂƌƚŽǁŚĂƚŚĂƉƉĞŶƐŝŶΗŚƵŵĂŶΗƐƵƌŐĞƌǇ͕ƉŽƐƚͲƐƵƌŐŝĐĂůŝŶĨĞĐƚŝŽŶƐĐĂŶĂůƐŽďĞĂŝƌďŽƌŶĞ͘
ůƚŚŽƵŐŚƚŚĞƌĞĂƌĞŶŽƌĞĂůĐůŝŶŝĐĂůƚƌŝĂůƐŝŶƚŚĞǀĞƚĞƌŝŶĂƌǇĨŝĞůĚ͕ƚŚĞĨĂĐƚŽƌƐŽŶƚŚĞŝŶĚŽŽƌĂŝƌƋƵĂůŝƚǇŽĨ
ƚŚĞƐĞĐƚŽƌůĞĂĚƵƐƚŽĞƐƚŝŵĂƚĞƚŚĂƚƚŚĞǇĐĂƵƐĞĂƐŝŐŶŝĨŝĐĂŶƚƉĞƌĐĞŶƚĂŐĞŽĨŝŶĨĞĐƚŝŽŶƐ͘

dŚĞƌĞŝƐĂůƐŽƚŚĞƚƌĞŶĚƚŽǁĂƌĚƐĂŚŽůŝƐƚŝĐǀŝĞǁŽĨƚŚĞǀĞƚĞƌŝŶĂƌǇŵĞĚŝĐŝŶĞƐĞƌǀŝĐĞ͕ǁŝƚŚĂŚĞĂůƚŚͲ
ŐĞŶĞƚŝĐĂŶĚĞĐŽͲƐƵƐƚĂŝŶĂďůĞĂƉƉƌŽĂĐŚ͖ĨŽĐƵƐĞĚŽŶƚŚĞƉĂƚŝĞŶƚĂŶĚŚŝƐĨĂŵŝůǇƵŶŝƚ͖ǁŝƚŚƚŚĞŵŝŶŝŵƵŵ
ƉŽƐƐŝďůĞ ƵƐĞ ŽĨ ƐǇŶƚŚĞƚŝĐ ŵĞĚŝĐŝŶĞƐ ĂŶĚ ŝŶƐƚĞĂĚ ƚŚĞ ĂĚŽƉƚŝŽŶ͕ ǁŚĞƌĞ ƉŽƐƐŝďůĞ͕ ŽĨ ŚŽŵĞŽƉĂƚŚŝĐ
ƉƌŽƚŽĐŽůƐ͘
dŚĞƐĞŶĞǁƐĐĞŶĂƌŝŽƐ͕ĨŽƌĐŽŶƐŝƐƚĞŶĐǇ͕ŵƵƐƚŶĞĐĞƐƐĂƌŝůǇůŝǀĞǁŝƚŚŝŶĞŶǀŝƌŽŶŵĞŶƚƐǁŝƚŚĂŶĂĚĞƋƵĂƚĞ
Ăŝƌ ƋƵĂůŝƚǇ ĨĂĐƚŽƌ͕ ŵŝĐƌŽďŝŽůŽŐŝĐĂůůǇ ĐŽŶƚƌŽůůĞĚ͕ ĨƌĞĞ ŽĨ ǀŽůĂƚŝůĞ ŽƌŐĂŶŝĐ ƐƵďƐƚĂŶĐĞƐ ĂŶĚ ŽĚŽƌƐ͖ ƚŚŝƐ
ĂƐƉĞĐƚŝƐĚŝƌĞĐƚůǇƌĞůĂƚĞĚƚŽƚŚĞƉĞƌĐĞŝǀĞĚƋƵĂůŝƚǇŽĨƚŚĞĐůŝŶŝĐĂůƐĞƌǀŝĐĞŽĨĨĞƌĞĚ͘




WƵƌƉŽƐĞ



:ŽŶŝǆǁĂŶƚĞĚƚŽǀĞƌŝĨǇƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨEŽŶdŚĞƌŵĂůWůĂƐĂƚĞĐŚŶŽůŽŐǇŝŶǀĞƚĞƌŝŶĂƌǇŚĞĂůƚŚĐĂƌĞ͘
dŚŝƐĨŝƌƐƚƚƌŝĂůǁĂƐĐŽŶĚƵĐƚĞĚĂƚƚŚĞƉƌĞƐƚŝŐŝŽƵƐ^ĂŶDĂƌĐŽsĞƚĞƌŝŶĂƌǇůŝŶŝĐ͘

dŚĞ ŐŽĂůǁĂƐ ƚŽĂĐŚŝĞǀĞ ĂƌĞĚƵĐƚŝŽŶŝŶƉĞƌĐĞŝǀĞĚŽĚŽƌƐĂŶĚĂƌĞĚƵĐƚŝŽŶŝŶĂŝƌďŽƌŶĞŵŝĐƌŽďŝĂů
ĐŽŶƚĂŵŝŶĂƚŝŽŶŝŶƉƌĞŵŝƐĞƐǁŚĞƌĞĐŽŶĐĞŶƚƌĂƚŝŽŶƐĐŽƵůĚďĞƐŝŐŶŝĨŝĐĂŶƚĂŶĚŚĂǀĞĂŶĞŐĂƚŝǀĞŝŵƉĂĐƚŽŶ
ĂŶŝŵĂůƐĂŶĚƉĞŽƉůĞ͘
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ϭϳϳ

dŚĞ ĞǆƉĞƌŝŵĞŶƚĂƚŝŽŶ͕ĐĂƌƌŝĞĚŽƵƚŝŶDĂƌĐŚĂŶĚƉƌŝůϮϬϭϴ͕ƌĞƋƵŝƌĞĚĂƐĞƌŝĞƐ ŽĨƐĂŵƉůĞƐ ƚĂŬĞŶ
ďĞĨŽƌĞƚŚĞŝŶƐƚĂůůĂƚŝŽŶŽĨƚŚĞĚĞǀŝĐĞƐ͕ĚƵƌŝŶŐƚŚĞŶŽƌŵĂůĂĐƚŝǀŝƚǇŽĨƚŚĞĐůŝŶŝĐ͕ƚŽĞǀĂůƵĂƚĞƚŚĞŝŶŝƚŝĂů
ĐŽŶĚŝƚŝŽŶƐ͕ƚŽďĞĐŽŵƉĂƌĞĚǁŝƚŚƚŚĞŵĞĂƐƵƌĞŵĞŶƚƐŵĂĚĞĂĨƚĞƌƐǁŝƚĐŚŝŶŐŽŶ:ŽŶŝǆĚĞǀŝĐĞƐ͘
^ĂŵƉůŝŶŐ ĂŶĚ ĂŶĂůǇƐŝƐ ǁĞƌĞ ĐŽŶĚƵĐƚĞĚ ďǇ ƋƵĂůŝĨŝĞĚ ƚĞĐŚŶŝĐŝĂŶƐ ĂŶĚ ĂŶ ŝŶĚĞƉĞŶĚĞŶƚ ŝŶƐƚŝƚƵƚĞ͕
ŝŶĚŝĐĂƚĞĚďĞůŽǁ͕ƵƐŝŶŐĂ^^Ͳ^ƵƉĞƌϭϴϬĚĞǀŝĐĞďǇW/͘
/ŶŝƚŝĂů ĞǀĂůƵĂƚŝŽŶƐ͘ ZĞŐĂƌĚŝŶŐ ƚŚĞ ǀĞƚĞƌŝŶĂƌǇ ĐůŝŶŝĐƐ͕ Ă ďŝďůŝŽŐƌĂƉŚǇ ŚĂƐ ŶŽƚ ďĞĞŶ ŝĚĞŶƚŝĨŝĞĚ ƚŽ
ƐƵƉƉŽƌƚƚŚĞŝŶŝƚŝĂůĞǀĂůƵĂƚŝŽŶ͘

dŚĞǀĞƚĞƌŝŶĂƌǇĐůŝŶŝĐǁŚĞƌĞƚŚĞĞǆƉĞƌŝŵĞŶƚĂƚŝŽŶƚŽŽŬƉůĂĐĞŚĂƐĂŚŝŐŚƚƵƌŶŽƵƚŽĨĂŶŝŵĂůƐďŽƚŚĨŽƌ
ŽƵƚƉĂƚŝĞŶƚƐĞƌǀŝĐĞƐĂŶĚŝŶƚŚĞǁĂƌĚƚŚĂƚŽĨĨĞƌƐϯϬĐĂŐĞƐ͕ǁŝƚŚĂĐŽŶƐĞƋƵĞŶƚŚŝŐŚƚƵƌŶŽǀĞƌŽĨĂŶŝŵĂůƐ͘
ŶŝŵĂůƐĐĂŶǀĂƌǇ ďǇƐƉĞĐŝĞƐ͕ƐŝǌĞ͕ƉĂƚŚŽůŽŐǇĂŶĚƚŽƚĂůŶƵŵďĞƌŽĨƐŝŵƵůƚĂŶĞŽƵƐƉƌĞƐĞŶĐĞ͘ dŚŝƐ
ŝŶǀŽůǀĞƐĂǀĞƌǇŚŝŐŚǀĂƌŝĂďŝůŝƚǇŽĨƚŚĞƉĂƌƚŝĐůĞƐƌĞůĞĂƐĞĚŝŶƚŽƚŚĞĂŝƌďǇƚŚĞĂŶŝŵĂůƐƚŚĞŵƐĞůǀĞƐĂŶĚďǇ
ƚŚĞŵŽǀĞŵĞŶƚŽĨŽƉĞƌĂƚŽƌƐŝŶƐŝĚĞƚŚĞƌŽŽŵ͘

dŚĞĐůŝŶŝĐŝƐŶŽƚĞƋƵŝƉƉĞĚǁŝƚŚĂŝƌƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵƐĞǆĐĞƉƚĨŽƌƚŚĞŝŶƚƌŽĚƵĐƚŝŽŶŽĨƉƌŝŵĂƌǇĂŝƌ͘
dŚŝƐŝŶǀŽůǀĞƐĂĨƵƌƚŚĞƌƐŽƵƌĐĞŽĨǀĂƌŝĂďŝůŝƚǇŝŶƚŚĞŵŝĐƌŽďŝĂůĐŽŶƚĞŶƚŽĨƚŚĞĂŵďŝĞŶƚĂŝƌ͘dŚĞĐŽŶĚŝƚŝŽŶƐ
ĚĞƐĐƌŝďĞĚĐƌĞĂƚĞĚŝŶƚĞƌĞƐƚŝŶŐĐŽŶĚŝƚŝŽŶƐĨŽƌƚŚĞĞǆƉĞƌŝŵĞŶƚĂƚŝŽŶ͕ŝƚǁĂƐƚŚĞƌĞĨŽƌĞĚĞĐŝĚĞĚƚŽĐĂƌƌǇ
ŽƵƚ ƚŚĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ŝŶ ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚƐ ǁŝƚŚ ŐƌĞĂƚĞƌ ǀĂƌŝĂďŝůŝƚǇ ŽĨ ƚƵƌŶŽƵƚ ĂŶĚ ĐŽŶƐĞƋƵĞŶƚ
ǀĂƌŝĂƚŝŽŶƐŝŶƚŚĞĂĞƌŽĚŝƐƉĞƌƐĞĚďĂĐƚĞƌŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶƐ͗
ƚŚĞǁĂŝƚŝŶŐƌŽŽŵĂƚƚŚĞĞŶƚƌĂŶĐĞ;ĨŝŐ͘ϭͿĂŶĚƚŚĞĂŶŝŵĂůŚŽƐƉŝƚĂůƌŽŽŵ;ƐĞĞĨŝŐ͘ϮͿ͘

/ŶƚŚĞƐĞƌŽŽŵƐǁĞĨŝŶĚƚŚĞŐƌĞĂƚĞƐƚŶƵŵďĞƌŽĨǀĂƌŝĂďůĞƐƌĞůĂƚĞĚƚŽĂŝƌŵŽǀĞŵĞŶƚ͗ƚŚĞŽƉĞŶŝŶŐ
ĂŶĚĐůŽƐŝŶŐŽĨƚŚĞĞŶƚƌĂŶĐĞĂŶĚĂĐĐĞƐƐĚŽŽƌƐƚŽƚŚĞĐůŝŶŝĐƐĂŶĚƚŚĞĞǆƚƌĞŵĞĐŚĂŶŐĞĂďŝůŝƚǇŽĨŚƵŵĂŶ
ƉƌĞƐĞŶĐĞ ŽĨĨĞƌĞĚ ƚŚĞ ƉŽƐƐŝďŝůŝƚǇ ŽĨ ΗƉŚŽƚŽŐƌĂƉŚŝŶŐΗ ƚŚĞ ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ŽĨ ƚŚĞ Ăŝƌ ŝŶ Ă
ƐŝƚƵĂƚŝŽŶŽĨŽƌĚŝŶĂƌǇĂĐƚŝǀŝƚǇ͘
dŚĞĐůŝŶŝĐŽƉĞƌĂƚĞƐϮϰŚŽƵƌƐĂĚĂǇ͘
&ŽƌĂďĞƚƚĞƌƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨƚŚĞĂŝƌǀĂƌŝĂďŝůŝƚǇĨĂĐƚŽƌƐ͕ƚŚĞĐŽŶƚƌŝďƵƚŝŽŶŽĨĞǆƚĞƌŶĂůĂŝƌĐŽŵŝŶŐ
ĨƌŽŵƚŚĞŽƉĞŶŝŶŐŽĨƚŚĞĚŽŽƌƐ͕ďŽƚŚƚŚŽƐĞĨĂĐŝŶŐƚŚĞŝŶƐŝĚĞŽĨƚŚĞďƵŝůĚŝŶŐĂŶĚƚŚŽƐĞĨĂĐŝŶŐŽƵƚǁĂƌĚƐ͕
ŚĂƐďĞĞŶĐĂůĐƵůĂƚĞĚ͘
/ŶƚŚĞŚŽƐƉŝƚĂůŝǌĂƚŝŽŶƌŽŽŵƚŚĞĂŝƌĐŽŵŝŶŐĨƌŽŵƚŚĞĚŽŽƌĨĂĐŝŶŐƚŚĞĞǆƚĞƌŶĂůŐĂƌĚĞŶŝƐĂďŽƵƚϭϯϬϬ
ϯ
ŵ ͬŚ͖ǁŚŝůĞĨƌŽŵƚŚĞĚŽŽƌĨĂĐŝŶŐƚŚĞĐĞŶƚƌĂůĐŽƌƌŝĚŽƌ͕ĂďŽƵƚϭϳϬϬŵϯͬŚ͘
/ŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵ͕ǁŝƚŚƚŚĞƚŚƌĞĞĚŽŽƌƐ͕ĞŶƚƌĂŶĐĞ͕ĞŶƚƌĂŶĐĞƚŽƚŚĞĂŵďƵůĂƚŽƌǇĂƌĞĂĂŶĚĞǆŝƚ͕
ƚŚĞǀŽůƵŵĞŽĨĂŝƌƚŚĂƚŵŝǆĞƐǁŝƚŚƚŚĞĂŵďŝĞŶƚĂŝƌŝƐĂƉƉƌŽǆŝŵĂƚĞůǇϰϱϬϬŵϯͬŚ͘
dŚĞ ĐĂůĐƵůĂƚŝŽŶƐ ĂƌĞ ďĂƐĞĚ ŽŶ ƚŚĞ ĂǀĞƌĂŐĞ ŶƵŵďĞƌ ŽĨ ŚŽƵƌůǇ ŽƉĞŶŝŶŐƐ ŽďƐĞƌǀĞĚ ĚƵƌŝŶŐ ƚŚĞ
ƐĂŵƉůŝŶŐ͘
DĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞŵĂĚĞƚŽƵŶĚĞƌƐƚĂŶĚƚŚĞůĞǀĞůŽĨĐŽŶƚĂŵŝŶĂƚŝŽŶƉƌĞƐĞŶƚĂŶĚǁŚĞƚŚĞƌ͕ƵŶĚĞƌ
ĐƵƌƌĞŶƚĐŽŶĚŝƚŝŽŶƐ͕ƚŚĞƉƌŽƉŽƐĞĚĂŝƌŝŽŶŝǌĂƚŝŽŶƐǇƐƚĞŵĐŽƵůĚĂĐŚŝĞǀĞƚŚĞĚĞƐŝƌĞĚŽĚŽƌĂŶĚŵŝĐƌŽďŝĂů
ĐŽŶƚĞŶƚƌĞĚƵĐƚŝŽŶŐŽĂůƐ͘

dŽĚĞĨŝŶĞƚŚĞĐŽŶƚƌŝďƵƚŝŽŶŽĨĂŝƌĐŽŵŝŶŐĨƌŽŵƚŚĞĚŽŽƌƐ͕ĂƐƉĞĐŝĨŝĐĐĂůĐƵůĂƚŝŽŶƐǇƐƚĞŵǁĂƐƵƐĞĚ͕
ƚŚĞƐĂŵĞƚŚĂƚŝƐƵƐƵĂůůǇƵƐĞĚŝŶƚŚĞƐƉĞĐŝĨŝĐƚĞĐŚŶŝĐĂůĐĂůĐƵůĂƚŝŽŶƐŽĨƚŚĞƐĞĐƚŽƌ͘dŚĞĨĂĐƚŽƌƐƵƐĞĚĂƌĞ
ƐŚŽǁŶŝŶƚŚĞƚĂďůĞďĞůŽǁ͘
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&ŝŐ͘ϭ–tĂŝƚŝŶŐƌŽŽŵ
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ϭϳϵ







&ŝŐ͘ϮͲ^ĂŶDĂƌĐŽǀĞƚĞƌŝŶĂƌǇĐůŝŶŝĐ͕ĂŶŝŵĂůŚŽƐƉŝƚĂůŝǌĂƚŝŽŶƌŽŽŵ

dŚĞŽƌǇŽĨŝŽŶŝǌĂƚŝŽŶǁŝƚŚŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂ

dŚĞƚĞƌŵ“ŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂ”͕ĂůƐŽŬŶŽǁŶĂƐĐŽůĚƉůĂƐŵĂ͕ŝŶĚŝĐĂƚĞƐĂŶĞǀŽůǀĞĚĨŽƌŵŽĨŝŽŶŝǌĞĚ
ŐĂƐŵŝǆƚƵƌĞĐŽŵƉŽƐĞĚŽĨĂůĂƌŐĞŶƵŵďĞƌŽĨĐŚĂƌŐĞĚƉĂƌƚŝĐůĞƐ͕ƐƵĐŚĂƐŝŽŶƐŽƌĞůĞĐƚƌŽŶƐ͕ĨƌĞĞƌĂĚŝĐĂůƐ͕
ƌŽƐ͕ŵŽůĞĐƵůĞƐĂŶĚĞǀĞŶŶĞƵƚƌĂůĂƚŽŵƐ͘
dŚĞ ŝŽŶŝǌĂƚŝŽŶ ŽĨ ĂŶ ĂƚŽŵ ŽĐĐƵƌƐ ǁŚĞŶ ĂŶ ĞůĞĐƚƌŽŶ ĂĐƋƵŝƌĞƐ ĞŶŽƵŐŚ ĞŶĞƌŐǇ ƚŽ ŽǀĞƌĐŽŵĞ ƚŚĞ
ĂƚƚƌĂĐƚŝǀĞĨŽƌĐĞƐŽĨƚŚĞĂƚŽŵΖƐŶƵĐůĞƵƐ͘tŚĞŶƚŚŝƐŝƐŽďƚĂŝŶĞĚǁŝƚŚƉƌŽĐĞƐƐĞƐƚŚĂƚŐĞŶĞƌĂƚĞĂƉůĂƐŵĂ
ǁŚĞƌĞƚŚĞƚĞŵƉĞƌĂƚƵƌĞŽĨƚŚĞŝŽŶƐĂŶĚŶĞƵƚƌĂůĂƚŽŵƐŝƐƐŝŐŶŝĨŝĐĂŶƚůǇůŽǁĞƌƚŚĂŶƚŚĂƚŽĨƚŚĞĞůĞĐƚƌŽŶƐ͕
ǁĞƐƉĞĂŬŽĨĐŽůĚƉůĂƐŵĂŽƌEŽŶͲdŚĞƌŵĂůWůĂƐŵĂ;EdWͿ͘
dŚĞĐŽůĚƉůĂƐŵĂĞŵŝƚƐůŝŐŚƚǁŝƚŚǁĂǀĞůĞŶŐƚŚƐďŽƚŚŝŶƚŚĞǀŝƐŝďůĞĂŶĚŝŶƚŚĞƵůƚƌĂǀŝŽůĞƚƉĂƌƚŽĨƚŚĞ
ƐƉĞĐƚƌƵŵ͘ /Ŷ ĂĚĚŝƚŝŽŶ ƚŽ ƚŚĞ ĞŵŝƐƐŝŽŶ ŽĨ hs ƌĂĚŝĂƚŝŽŶ͕ ĂŶ ŝŵƉŽƌƚĂŶƚ ƉƌŽƉĞƌƚǇ ŽĨ ůŽǁͲƚĞŵƉĞƌĂƚƵƌĞ
ƉůĂƐŵĂŝƐƚŚĞƉƌĞƐĞŶĐĞŽĨŚŝŐŚůǇƌĞĂĐƚŝǀĞŚŝŐŚͲĞŶĞƌŐǇĞůĞĐƚƌŽŶƐ͕ǁŚŝĐŚŐĞŶĞƌĂƚĞŶƵŵĞƌŽƵƐĐŚĞŵŝĐĂů
ĂŶĚ ƉŚǇƐŝĐĂů ƉƌŽĐĞƐƐĞƐ ƐƵĐŚ ĂƐ ŽǆŝĚĂƚŝŽŶ͕ ĞǆĐŝƚĂƚŝŽŶ ŽĨ ĂƚŽŵƐ ĂŶĚ ŵŽůĞĐƵůĞƐ͕ ƉƌŽĚƵĐƚŝŽŶ ŽĨ ĨƌĞĞ
ƌĂĚŝĐĂůƐĂŶĚŽƚŚĞƌƌĞĂĐƚŝǀĞƉĂƌƚŝĐůĞƐ͘ƉůĂƐŵĂĐĂŶďĞĂƌƚŝĨŝĐŝĂůůǇŐĞŶĞƌĂƚĞĚďǇƐƵƉƉůǇŝŶŐĂŐĂƐǁŝƚŚĂ
ƐƵĨĨŝĐŝĞŶƚůǇ ŚŝŐŚ ĞŶĞƌŐǇ͕ ƚŚĂƚ ŝƐ͕ ďǇ ĂƉƉůǇŝŶŐ ĞŶĞƌŐǇ ƚŽ Ă ŐĂƐ ŝŶ ƐƵĐŚ Ă ǁĂǇ ĂƐ ƚŽ ƌĞŽƌŐĂŶŝǌĞ ƚŚĞ
ĞůĞĐƚƌŽŶŝĐƐƚƌƵĐƚƵƌĞŽĨƚŚĞƐƉĞĐŝĞƐ;ĂƚŽŵƐ͕ŵŽůĞĐƵůĞƐͿĂŶĚƉƌŽĚƵĐĞĞǆĐŝƚĞĚƐƉĞĐŝĞƐĂŶĚŝŽŶƐ͘KŶĞŽĨ
ƚŚĞŵŽƐƚĐŽŵŵŽŶǁĂǇƐƚŽĂƌƚŝĨŝĐŝĂůůǇĐƌĞĂƚĞĂŶĚŵĂŝŶƚĂŝŶĂƉůĂƐŵĂŝƐƚŚƌŽƵŐŚĂŶĞůĞĐƚƌŝĐĂůĚŝƐĐŚĂƌŐĞ
ŝŶ Ă ŐĂƐ͘ dŚĞ :KE/y EdW ƚĞĐŚŶŽůŽŐǇ ƵƐĞƐ ƚŚĞ ƐŽͲĐĂůůĞĚ ŶŽŶͲƚŚĞƌŵĂů ĚŝƐĐŚĂƌŐĞƐ ǁŝƚŚ ƚŚĞ ĚŝĞůĞĐƚƌŝĐ
ďĂƌƌŝĞƌŵĞƚŚŽĚ͘dŚĞŝŽŶŝǌĂƚŝŽŶƉŽƚĞŶƚŝĂůĂŶĚĚĞŶƐŝƚǇŽĨĐŚĂƌŐĞĚƐƉĞĐŝĞƐŐĞŶĞƌĂƚĞĚďǇĚŝĞůĞĐƚƌŝĐďĂƌƌŝĞƌ
ĚŝƐĐŚĂƌŐĞ;ͿƉůĂƐŵĂĂƌĞŐƌĞĂƚĞƌƚŚĂŶƚŚŽƐĞƉƌĞƐĞŶƚŝŶŶŽŶͲƚŚĞƌŵĂůƉůĂƐŵĂŐĞŶĞƌĂƚĞĚďǇŽƚŚĞƌ
ƐǇƐƚĞŵƐ͘


ĞƐĐƌŝƉƚŝŽŶŽĨƚŚĞ:ŽŶŝǆĞƋƵŝƉŵĞŶƚ

:KE/y ƐƚĞĞů ŝƐ Ă ƐĂŶŝƚŝǌĂƚŝŽŶ ƵŶŝƚ͕ ǁŝƚŚ ĐŽůĚ ƉůĂƐŵĂ ƚĞĐŚŶŽůŽŐǇ ĨŽƌ Ăŝƌ ƉƵƌŝĨŝĐĂƚŝŽŶ ĂŶĚ
ĚĞĐŽŶƚĂŵŝŶĂƚŝŽŶ͘
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/ĚĞĂůĨŽƌǀĞƚĞƌŝŶĂƌǇǁĂƌĚƐ͕ĐůŝŶŝĐƐ͕ƐƵƌŐŝĐĂůƌŽŽŵƐ͕ǁĂŝƚŝŶŐƌŽŽŵƐĂŶĚǁŚĞƌĞŝƚŝƐŶĞĐĞƐƐĂƌǇƚŽƉƌĞǀĞŶƚ
ĂŶĚ ƌĞĚƵĐĞ ĂŝƌďŽƌŶĞ ďĂĐƚĞƌŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ͘/ƚ ĐĂŶ ďĞ ĞĂƐŝůǇ ŝŶƐƚĂůůĞĚ ŽŶ ƚŚĞ ǁĂůů Žƌ ƉůĂĐĞĚ ŽŶ Ă
ŚŽƌŝǌŽŶƚĂůƐƵƌĨĂĐĞ͘dŚĞĚĞǀŝĐĞŝƐĚĞƐŝŐŶĞĚƚŽĂůůŽǁƚŚĞƉƌŽƉĂŐĂƚŝŽŶŽĨƉƵƌŝĨŝĞĚĂŝƌŝŶĂƵŶŝĨŽƌŵǁĂǇ
ƚŚĂŶŬƐ ƚŽ ƚŚĞĨƌŽŶƚǀĞŶƚŝůĂƚŝŽŶƐǇƐƚĞŵĂƚ ƚŚĞ ĞŶƚƌĂŶĐĞ ĂŶĚƚŚĞŽƉĞŶŝŶŐƐŽŶƚŚĞƐŝĚĞƐ ƚŚĂƚĞŶƐƵƌĞ
ŽƉƚŝŵĂůĂŝƌŽƵƚƉƵƚ͘ŽŵƉĂĐƚĂŶĚƐŝůĞŶƚ͕ƚŚĞ:KE/yƐƚĞĞůĚĞǀŝĐĞƌĂƉŝĚůǇďƌĞĂŬƐĚŽǁŶďĂĐƚĞƌŝĂůůŽĂĚƐĂŶĚ
ĐŚĞŵŝĐĂůĐŽŶƚĂŵŝŶĂŶƚƐ͘
:KE/yƐƚĞĞůŝƐƐŝŵƉůĞĂŶĚĞƐƐĞŶƚŝĂů͘&ŽƌĂŚŝŐŚĞƌƋƵĂůŝƚǇŝŶƚĞŐƌĂƚĞĚƉůĂŶƚŵĂŶĂŐĞŵĞŶƚ͕ƚŚĞĐŽŶƚƌŽů
ĂŶĚĨƵŶĐƚŝŽŶƐĐĂŶďĞŵĂŶĂŐĞĚƌĞŵŽƚĞůǇ͘
K>K'/>EKDWd/>t/d,d,WZ^EK&WKW>ͬ^&ZKhEWKW>
dŚĞƌĞ ŝƐŶŽĐŚĞŵŝĐĂůŽƌĞŶǀŝƌŽŶŵĞŶƚĂůŝŵƉĂĐƚ͘/ƚ ƐĂŶŝƚŝǌĞƐ ƚŚĞ ĂŝƌĐŽŶƚŝŶƵŽƵƐůǇĂŶĚĞůŝŵŝŶĂƚĞƐ
ŽĚŽƌƐ͕ ŝŵƉƌŽǀŝŶŐ ĞŶǀŝƌŽŶŵĞŶƚĂů ĐŽŵĨŽƌƚ͘ /ƚ ŐƵĂƌĂŶƚĞĞƐ ŽƉĞƌĂƚŽƌƐ ƚŚĞ ŚĞĂůƚŚŝŶĞƐƐ ŽĨ ƚŚĞ Ăŝƌ ĂƐ
ƌĞƋƵŝƌĞĚďǇƚŚĞƌĞŐƵůĂƚŝŽŶƐĨŽƌƚŚĞƐĂĨĞƚǇŽĨǁŽƌŬĞƌƐ͘

&ŝŐ͘Ϯ–/ŽŶŝǌĞĚĂŝƌĨůŽǁ 




&ŝŐ͘ϯ–dŚĞĚĞǀŝĐĞ



DĂƚĞƌŝĂůƐĂŶĚŵĞƚŚŽĚƐ

^ĂŵƉůŝŶŐƐǁĞƌĞŵĂĚĞŝŶƚǁŽƉŽŝŶƚƐŽĨƚǁŽƉƌĞͲĞƐƚĂďůŝƐŚĞĚƌŽŽŵƐ͗ƚŚĞsĞƚĞƌŝŶĂƌǇǁĂƌĚĂŶĚƚŚĞ
tĂŝƚŝŶŐ ZŽŽŵ͘ /Ŷ ƚŚĞ ǀĞƚĞƌŝŶĂƌǇ ǁĂƌĚ ƚŚĞƌĞ ĂƌĞ ĂŶŝŵĂůƐ ŝŶ ĐĂŐĞƐ ĂǁĂŝƚŝŶŐ ƐƵƌŐĞƌǇͬĐŽŶƚƌŽůƐ Žƌ
ƌĞĐŽǀĞƌŝŶŐƌŝŐŚƚĂĨƚĞƌƵŶĚĞƌŐŽŝŶŐŽŶĞ͘
/ŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵƚŚĞƌĞĂƌĞƐĞĐƌĞƚĂƌŝĞƐŽŶŽŶĞƐŝĚĞĂŶĚĐƵƐƚŽŵĞƌƐǁŝƚŚƚŚĞŝƌƉĞƚƐŽŶƚŚĞŽƚŚĞƌ
;ƉŚŽƚŽƐϭĂŶĚϮͿ͘
dŚĞ ƚŝŵĞ ƐƉĞŶƚŝŶƚŚĞ ǀĞƚĞƌŝŶĂƌǇ ǁĂƌĚĂŶĚƚŚĞ ǀĂƌŝĂďŝůŝƚǇŽĨƚŚĞ ĂŶŝŵĂůƐŝƐǀĞƌǇŚŝŐŚƐŝŶĐĞ ƚŚĞ
ŶƵŵďĞƌ͕ƚǇƉĞĂŶĚŐĞŶĞƌĂůƐƚĂƚĞŽĨĞĂĐŚŝŶĚŝǀŝĚƵĂůĂŶŝŵĂůǀĂƌǇĚƵƌŝŶŐƚŚĞƚĞƐƚƉĞƌŝŽĚ͘dŚĞƌĞŝƐĂůƐŽĂ
ĨůŽǁŽĨƉĞŽƉůĞǁŚŽĂĐĐĞƐƐƚŚĞƌŽŽŵĚŝƌĞĐƚůǇĨƌŽŵŽƵƚƐŝĚĞ͕ƌĞƐƵůƚŝŶŐŝŶĂƐŝŐŶŝĨŝĐĂŶƚĐŚĂŶŐĞŝŶƚŚĞĂŝƌ͘
ůƐŽ͕ŝŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵƚŚĞǀĂƌŝĂďŝůŝƚǇŝƐǀĞƌǇŚŝŐŚ͗ƚŚĞŶƵŵďĞƌŽĨƉĞŽƉůĞĂƐǁĞůůĂƐƚŚĞŶƵŵďĞƌ͕
ƚǇƉĞĂŶĚƐŝǌĞŽĨƚŚĞĂŶŝŵĂůƐĐŚĂŶŐĞĐŽŶƚŝŶƵŽƵƐůǇ͕ũƵƐƚůŝŬĞƚŚĞĨƌĞƋƵĞŶĐǇŽĨƚŚĞĚŽŽƌƐŽƉĞŶŝŶŐ͘

dŚĞƐĂŵƉůŝŶŐƐǁĞƌĞƚĂŬĞŶǁŝƚŚĂW/^^Ͳ^ƵƉĞƌϭϴϬĚĞǀŝĐĞ͕ǁŚŝĐŚĂůůŽǁƐƚŚĞŽƉĞƌĂƚŽƌƚŽƉƌĞͲĞƐƚĂďůŝƐŚ
ĂĐĞƌƚĂŝŶƋƵĂŶƚŝƚǇŽĨĂŝƌƚŽďĞƚĂŬĞŶ͘dŚĞĂŝƌĐŽŵĞƐŝŶĚŝƌĞĐƚĐŽŶƚĂĐƚǁŝƚŚĂƉůĂƚĞĐŽŶƚĂŝŶŝŶŐĂƐƉĞĐŝĨŝĐ
ĐƵůƚƵƌĞŵĞĚŝƵŵĨŽƌƚŚĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐƚŽďĞŵŽŶŝƚŽƌĞĚ͘/ŶƚŚĞƚĞƐƚ͕ϭϬϬůŝƚĞƌƐŽĨĂŝƌǁĞƌĞƐĂŵƉůĞĚ
ĞĂĐŚƚŝŵĞ͘
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ϭϴϭ



dŚĞƐĞ ƉůĂƚĞƐ ĂƌĞ ƚŚĞŶ ƚƌĂŶƐĨĞƌƌĞĚ ŝŶƐŝĚĞ Ă ƌĞĨƌŝŐĞƌĂƚĞĚ ĐŽŶƚĂŝŶĞƌ ŝŶ ƚŚĞ ůĂďŽƌĂƚŽƌǇ ǁŚŝĐŚ ǁŝůů
ƉƌŽǀŝĚĞĨŽƌƚŚĞŝŶĐƵďĂƚŝŽŶŽĨƚŚĞƉůĂƚĞƐĂƚƚŚĞƚĞŵƉĞƌĂƚƵƌĞƌĞƋƵŝƌĞĚĨŽƌƚŚĞƐƉĞĐŝĨŝĐŵĞƚŚŽĚ͘

dŚĞŵĞĂƐƵƌĞĚƉĂƌĂŵĞƚĞƌƐĂƌĞ͗

dĞŵƉĞƌĂƚƵƌĞĂŶĚŝŶĐƵďĂƚŝŽŶ
WĂƌĂŵĞƚĞƌ
ƵůƚƵƌĞŵĞĚŝƵŵ
ƚŝŵĞ
DĞƐŽƉŚŝůŝĐďĂĐƚĞƌŝĂůůŽĂĚ WůĂƚĞĐŽƵŶƚĂŐĂƌ
ϯϬΣĨŽƌϰϴŚŽƵƌƐ
zĞĂƐƚƐͬDǇĐĞƚĞƐ
^ĂďŽƵƌŽƵĚĞǆƚƌŽƐĞŐĂƌ
ϯϬΣĨŽƌϱĚĂǇƐ
WƐĞƵƐŽŵŽŶĂƐƐƐ
WƐĞƵƐŽŵŽŶĂƐĐĞƚƌŝŵŝĚĞĂŐĂƌ
ϯϱΣĨŽƌϭϴͲϳϮŚŽƵƌƐ
^ƚĂƉŚǇůŽĐŽĐĐŝ
ĂŝƌĚWĂƌŬĞƌDĞĚŝƵŵ͘z͘d͘͘
ϯϳΣĨŽƌϮϰͲϰϴŚŽƵƌƐ
ƐƉƉ
dŚĞ ƚĞƐƚƐ ǁĞƌĞ ĐĂƌƌŝĞĚ ŽƵƚ ŝŶ ĐŽůůĂďŽƌĂƚŝŽŶ ǁŝƚŚ ƚŚĞ ǆƉĞƌŝŵĞŶƚĂů ŽŽƉƌŽƉŚǇůĂĐƚŝĐ /ŶƐƚŝƚƵƚĞ ĚĞůůĞ
sĞŶĞǌŝĞ͕ ƐĞĐƚŝŽŶ ŽĨ dƌĞǀŝƐŽ Ͳ ŝĂŐŶŽƐƚŝĐ >ĂďŽƌĂƚŽƌǇ͘ dŚĞ ƐĂŵƉůŝŶŐƐ ǁĞƌĞ ĐŽŶĚƵĐƚĞĚ ǁŝƚŚ ƚŚĞ
ĐŽůůĂďŽƌĂƚŝŽŶŽĨůŝŵĞŶƚĂƌŝĂ^͘ƌ͘ů͘͘

dŚĞƚƌŝĂůĂůƐŽŝŶĐůƵĚĞĚƚŚĞƐŵĞůůƉĞƌĐĞŝǀĞĚďŽƚŚŝŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵĂŶĚŝŶƚŚĞǀĞƚĞƌŝŶĂƌǇǁĂƌĚ͘dŚĞ
ƚĞƐƚǁĂƐĐŽŶĚƵĐƚĞĚďǇĞǀĂůƵĂƚŝŶŐƚŚĞƚĞĐŚŶŝĐŝĂŶƐŝŶǀŽůǀĞĚŝŶƚŚĞƐĂŵƉůŝŶŐĂŶĚƚŚĞƉĞƌƐŽŶŶĞůƉƌĞƐĞŶƚ
ŝŶƚŚĞĂďŽǀĞͲŵĞŶƚŝŽŶĞĚĂƌĞĂƐ͘




dĞƐƚƌĞƐƵůƚƐ
ZĞƐƵůƚƐŽĨŵŝĐƌŽďŝŽůŽŐŝĐĂůĂŶĂůǇǌĞƐŝŶƚŚĞĂŝƌ



DŝĐƌŽďŝŽůŽŐŝĐĂů ĂŶĂůǇǌĞƐ ǁĞƌĞ ĐŽŶĚƵĐƚĞĚ ŝŶ ƚŚĞ Ăŝƌ ďǇ ƐĂŵƉůŝŶŐ Ă ŬŶŽǁŶ ƋƵĂŶƚŝƚǇ ŽĨ Ăŝƌ ǁŝƚŚ ĂŶ
ŝŶƐƚƌƵŵĞŶƚĐĂůůĞĚ^^͘dŚĞƐĂŵƉůŝŶŐǁĂƐĐĂƌƌŝĞĚŽƵƚŝŶƚǁŽƉŽŝŶƚƐƉĞƌƌŽŽŵ͕ĂďŽƵƚϭ͘ϱŵĞƚĞƌƐĂďŽǀĞ
ƚŚĞĨůŽŽƌ͘



dĂď͘ϭ–dƌĞŶĚŽĨĂŶĂůǇƚŝĐĂůƌĞƐƵůƚƐŝŶƚŚĞǀĞƚĞƌŝŶĂƌǇǁĂƌĚͲƉŽŝŶƚϭ

sĞƚĞƌŝŶĂƌǇ
ǁĂƌĚϭ
EŽ
ŝŽŶŝǌĂƚŝŽŶ

tŝƚŚ
ŝŽŶŝǌĂƚŝŽŶ



d>
&hͬŵϯ

zĞĂƐƚƐ WƐĞƵĚŽŵŽŶĂƐƐƉƉ
&hͬŵϯ
&hͬŵϯ

ϮϲͬϬϯͬϭϴ

ϭϮϬ

ϭϭϬ

ϭϬ

ϮϭϬ

ϮϳͬϬϯͬϭϴ

ϮϳϬ

ϴϬ

ϭϬ

ϭϬ

ϮϴͬϬϯͬϭϴ
ϮϵͬϬϯͬϭϴ

ϯϰϬ
ϴϬ

ϭϭϬ
ϭϵϬ

ϭϬ
ϭϬ

ϮϮϬ
ϱϬ

ϬϰͬϬϰͬϭϴ
ϬϵͬϬϰͬϭϴ

ϭϬϬ
ϭϲϬ

ϭϬϬ
ϮϭϬ

ϭϬ
ϯϬ

ϭϱϬ
ϭϰϬ

ϭϳͬϬϰͬϭϴ
ϭϴͬϬϰͬϭϴ

ϭϵϬ
ϭϱϬ

ϭϲϬ
ϮϬϬ

ϭϬ
ϭϬ

ϭϴϬ
ϰϬ

ϮϬͬϬϰͬϭϴ

ϱϬ

ĂƚĞ



ϰϬ
ϭϬ
;ΎͿDĞƐŽƉŚŝůŝĐďĂĐƚĞƌŝĂůůŽĂĚ

^ƚĂƉŚǇůŽĐŽĐĐƵƐ^ƉƉ
&hͬŵϯ

ϴϬ
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ϭϴϮ



dĂď͘Ϯ–dƌĞŶĚŽĨĂŶĂůǇƚŝĐĂůƌĞƐƵůƚƐŝŶƚŚĞǀĞƚĞƌŝŶĂƌǇǁĂƌĚͲƉŽŝŶƚϮ

sĞƚĞƌŝŶĂƌǇ
d>
zĞĂƐƚƐ WƐĞƵĚŽŵŽŶĂƐƐƉƉ
ĂƚĞ
ǁĂƌĚϮ
&hͬŵϯ
&hͬŵϯ
&hͬŵϯ
ϮϲͬϬϯͬϭϴ
ϭϭϴϬ
ϲϬ
ϭϬ
ϮϳͬϬϯͬϭϴ
ϭϴϬ
ϭϳϬ
ϭϬ
EŽ
ŝŽŶŝǌĂƚŝŽŶ
ϮϴͬϬϯͬϭϴ
ϯϰϬ
ϭϰϬ
ϭϬ
ϮϵͬϬϯͬϭϴ
ϯϮϬ
ϭϭϬ
ϰϬ
ϬϰͬϬϰͬϭϴ
ϭϬϱϬ
ϭϮϬ
ϭϬ
tŝƚŚ
ŝŽŶŝǌĂƚŝŽŶ

ϬϵͬϬϰͬϭϴ

ϭϲϬ

ϰϯϬ

ϰϬ

ϮϲϬ

ϭϳͬϬϰͬϭϴ

ϯϱϬ

ϭϱϬ

ϮϬ

ϭϳϬ

ϭϴͬϬϰͬϭϴ

ϯϬϬ

ϭϮϬ

ϭϬ

ϮϬ

ϮϬͬϬϰͬϭϴ

фϭϬ

ϰϬ

ϭϬ

ϭϬ


dĂď͘ϯ–dƌĞŶĚŽĨĂŶĂůǇƚŝĐĂůƌĞƐƵůƚƐǁĂŝƚŝŶŐƌŽŽŵ–ƉŽŝŶƚϭ

tĂŝƚŝŶŐ
d>
zĞĂƐƚƐ
WƐĞƵĚŽŵŽŶĂƐƐƉƉ
ĂƚĞ
ϯ
ϯ
ƌŽŽŵϭ
&hͬŵ 
&hͬŵ 
&hͬŵϯ
ϮϲͬϬϯͬϭϴ
ϯϬ
ϭϬϬ
фϭϬ
EŽ
ŝŽŶŝǌĂƚŝŽŶ

tŝƚŚ
ŝŽŶŝǌĂƚŝŽŶ

tŝƚŚ
ŝŽŶŝǌĂƚŝŽŶ


^ƚĂƉŚǇůŽĐŽĐĐƵƐ^ƉƉ
&hͬŵϯ
ϱϬ

ϮϳͬϬϯͬϭϴ

ϭϬ

ϯϬ

фϭϬ

ϭϬ

ϮϴͬϬϯͬϭϴ
ϮϵͬϬϯͬϭϴ
ϬϰͬϬϰͬϭϴ

ϭϲϬ
ϱϬ
ϳϬ

ϭϮϬ
ϭϲϬ
ϱϬ

ϱϬ
ϮϬ
фϭϬ

ϰϬ
ϭϮϬ
ϭϲϬ

ϬϵͬϬϰͬϭϴ

ϮϮϬ

ϭϯϬ

фϭϬ

ϭϬϬ

ϭϳͬϬϰͬϭϴ

ϭϬ
ϭϲϬ
ϯϬ

фϭϬ
фϭϬ

ϭϯϬ

ϭϴͬϬϰͬϭϴ
ϮϬͬϬϰͬϭϴ

ϭϱϬ
ϮϰϬ

ϭϬ
фϭϬ

dĂď͘Ϯ–dƌĞŶĚŽĨĂŶĂůǇƚŝĐĂůƌĞƐƵůƚƐͲǁĂŝƚŝŶŐƌŽŽŵϮ

tĂŝƚŝŶŐ
d>
zĞĂƐƚƐ
WƐĞƵĚŽŵŽŶĂƐƐƉƉ
ĂƚĞ
ƌŽŽŵϮ
&hͬŵϯ
&hͬŵϯ
&hͬŵϯ
ϮϲͬϬϯͬϭϴ
ϯϬ
ϭϬϬ
фϭϬ
EŽ
ŝŽŶŝǌĂƚŝŽŶ

^ƚĂƉŚǇůŽĐŽĐĐƵƐ^ƉƉ
&hͬŵϯ
ϯϬϬ
ϭϬ
ϭϱϬ
ϮϰϬ
ϯϮϬ

ϭϬ
ϰϬ

^ƚĂƉŚǇůŽĐŽĐĐƵƐ^ƉƉ
&hͬŵϯ
ϱϬ

ϮϳͬϬϯͬϭϴ
ϮϴͬϬϯͬϭϴ

ϰϬ
ϭϮϬ

ϰϬ
ϰϬ

фϭϬ
фϭϬ

фϭϬ
ϵϬ

ϮϵͬϬϯͬϭϴ

ϯϬ

ϭϯϬ

ϭϬ

ϱϬ

ϬϰͬϬϰͬϭϴ

ϭϳϬ

ϴϬ

фϭϬ

ϲϬ

ϬϵͬϬϰͬϭϴ
ϭϳͬϬϰͬϭϴ

ϭϴϬ
ϭϳϬ
ϮϴϬ
ϰϬ


ϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϭϬ
ϳϬ

ϭϴͬϬϰͬϭϴ
ϮϬͬϬϰͬϭϴ

ϭϵϬ
ϵϬ
ϭϴϬ
фϭϬ

фϭϬ
ϰϬ
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ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

ϰͬϵͬϭϴ

ϰͬϳͬϭϴ

ϰͬϱͬϭϴ

ϰͬϯͬϭϴ

ϰͬϭͬϭϴ

ϯͬϯϬͬϭϴ

ϯͬϮϴͬϭϴ

ϯͬϮϲͬϭϴ

ϮϬϬ

ϭϱϬ

ϭϬϬ

ϱϬ

Ϭ




^ƚĂƉŚǇůŽĐŽĐĐƵƐƚƌĞŶĚǀĞƚĞƌŝŶĂƌǇǁĂƌĚͲ
ƉŽŝŶƚϭ
^ƚĂƉŚǇůŽĐŽĐĐƵƐƚƌĞŶĚǀĞƚĞƌŝŶĂƌǇǁĂƌĚͲ
ƉŽŝŶƚϮ






ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ



ϰͬϭϵͬϭϴ

ϮϱϬ

ϰͬϭϳͬϭϴ

zĞĂƐƚƐƚƌĞŶĚǀĞƚĞƌŝŶĂƌǇǁĂƌĚͲ ƉŽŝŶƚϭ

ϰͬϭϱͬϭϴ



ϰͬϭϯͬϭϴ

Ϭ
ϰͬϭϭͬϭϴ

ϱϬ

ϰͬϭϭͬϭϴ

ϭϱϬ

ϰͬϵͬϭϴ

ϭϬϬ

ϰͬϳͬϭϴ

ϮϬϬ

ϰͬϵͬϭϴ

ϭϱϬ

ϰͬϳͬϭϴ

ϮϬϬ

ϰͬϱͬϭϴ

ϮϱϬ

ϰͬϱͬϭϴ

Ϭ
ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

ϰͬϵͬϭϴ

ϰͬϳͬϭϴ

ϰͬϱͬϭϴ

ϰͬϯͬϭϴ

ϰͬϭͬϭϴ

ϱϬ

ϰͬϯͬϭϴ

ϲϬϬ

ϰͬϭͬϭϴ

ϮϬϬ

ϰͬϯͬϭϴ

ϴϬϬ

ϰͬϭͬϭϴ

ϮϱϬ

ϯͬϯϬͬϭϴ

ϭϬϬϬ

ϯͬϮϴͬϭϴ

ϯϬϬ

ϯͬϯϬͬϭϴ

ϭϮϬϬ

ϯͬϮϴͬϭϴ

ϯϱϬ

ϯͬϯϬͬϭϴ

ϭϬϬ

ϯͬϮϲͬϭϴ

ϭϱϬ

ϯͬϮϲͬϭϴ

ϰϬϬ

ϯͬϮϴͬϭϴ


ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

ϰͬϵͬϭϴ

ϰͬϳͬϭϴ

ϰͬϱͬϭϴ

ϰͬϯͬϭϴ

ϰͬϭͬϭϴ

ϯͬϯϬͬϭϴ

ϯͬϮϴͬϭϴ

ϯͬϮϲͬϭϴ


d>ƚƌĞŶĚǀĞƚĞƌŝŶĂƌǇǁĂƌĚͲ ƉŽŝŶƚϭ

ϯͬϮϲͬϭϴ

ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

ϰͬϵͬϭϴ

ϰͬϳͬϭϴ

ϰͬϱͬϭϴ

ϰͬϯͬϭϴ

ϰͬϭͬϭϴ

ϯͬϯϬͬϭϴ

ϯͬϮϴͬϭϴ

ϯͬϮϲͬϭϴ



ϭϴϯ

d>ƚƌĞŶĚǀĞƚĞƌŝŶĂƌǇǁĂƌĚͲ ƉŽŝŶƚϮ

ϭϰϬϬ

ϰϬϬ

ϮϬϬ
Ϭ





ϯϱϬ

ϯϬϬ

ϮϱϬ

ϭϬϬ

ϱϬ

Ϭ



zĞĂƐƚƐƚƌĞŶĚǀĞƚĞƌŝŶĂƌǇǁĂƌĚͲ ƉŽŝŶƚϮ

ϱϬϬ

ϰϱϬ

ϰϬϬ

ϯϱϬ

ϯϬϬ

ϮϱϬ

ϮϬϬ

ϭϱϬ

ϭϬϬ

ϱϬ

Ϭ



ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

ϰͬϵͬϭϴ

ϰͬϳͬϭϴ

ϰͬϱͬϭϴ

ϰͬϯͬϭϴ

ϰͬϭͬϭϴ

ϯͬϯϬͬϭϴ

ϯͬϮϴͬϭϴ

ϯͬϮϲͬϭϴ

ϮϱϬ

ϮϬϬ

ϭϱϬ

ϭϬϬ

ϱϬ

Ϭ



ϰͬϭϵͬϭϴ

ϯϬϬ

ϰͬϭϳͬϭϴ

zĞĂƐƚƐƚƌĞŶĚǁĂŝƚŝŶŐƌŽŽŵͲ ƉŽŝŶƚϭ

ϰͬϭϱͬϭϴ


ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

Ϭ

ϰͬϭϯͬϭϴ

ϮϬ

ϰͬϭϭͬϭϴ

ϰϬ

ϰͬϵͬϭϴ

ϲϬ

ϰͬϳͬϭϴ

ϴϬ

ϰͬϵͬϭϴ

ϭϬϬ

ϰͬϳͬϭϴ

ϭϮϬ

ϰͬϱͬϭϴ

ϭϰϬ

ϰͬϯͬϭϴ

ϭϲϬ

ϰͬϱͬϭϴ

ϭϴϬ

ϰͬϯͬϭϴ

^ƚĂƉŚǇůŽĐŽĐĐƵƐƚƌĞŶĚǁĂŝƚŝŶŐƌŽŽŵͲ
ƉŽŝŶƚϭ

ϰͬϭͬϭϴ




ϰͬϭͬϭϴ



ϯͬϯϬͬϭϴ

ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

ϰͬϵͬϭϴ

ϰͬϳͬϭϴ

ϰͬϱͬϭϴ

ϰͬϯͬϭϴ

ϰͬϭͬϭϴ

ϯͬϯϬͬϭϴ

Ϭ

ϯͬϯϬͬϭϴ

ϱϬ

ϯͬϮϴͬϭϴ

d>ƚƌĞŶĚǁĂŝƚŝŶŐƌŽŽŵͲ ƉŽŝŶƚϭ

ϯͬϮϴͬϭϴ

ϭϬϬ

ϯͬϮϲͬϭϴ

ϭϱϬ

ϯͬϮϴͬϭϴ

ϮϬϬ

ϯͬϮϲͬϭϴ

ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

ϰͬϵͬϭϴ

ϰͬϳͬϭϴ

ϰͬϱͬϭϴ

ϰͬϯͬϭϴ

ϰͬϭͬϭϴ

ϯͬϯϬͬϭϴ

ϯͬϮϴͬϭϴ

ϯͬϮϲͬϭϴ

ϮϱϬ

ϯͬϮϲͬϭϴ

ϰͬϭϵͬϭϴ

ϰͬϭϳͬϭϴ

ϰͬϭϱͬϭϴ

ϰͬϭϯͬϭϴ

ϰͬϭϭͬϭϴ

ϰͬϵͬϭϴ

ϰͬϳͬϭϴ

ϰͬϱͬϭϴ

ϰͬϯͬϭϴ

ϰͬϭͬϭϴ

ϯͬϯϬͬϭϴ

ϯͬϮϴͬϭϴ

ϯͬϮϲͬϭϴ



ϭϴϰ

d>ƚƌĞŶĚǁĂŝƚŝŶŐƌŽŽŵͲ ƉŽŝŶƚϮ

ϯϬϬ

ϮϱϬ

ϮϬϬ

ϭϱϬ

ϭϬϬ
ϱϬ
Ϭ




^ƚĂƉŚǇůŽĐŽĐĐƵƐƚƌĞŶĚǁĂŝƚŝŶŐƌŽŽŵͲ
ƉŽŝŶƚϮ

ϮϱϬ

ϮϬϬ

ϭϱϬ

ϭϬϬ

ϱϬ

Ϭ




zĞĂƐƚƐƚƌĞŶĚǁĂŝƚŝŶŐƌŽŽŵͲ ƉŽŝŶƚϮ

ϮϬϬ
ϭϴϬ
ϭϲϬ
ϭϰϬ
ϭϮϬ
ϭϬϬ
ϴϬ
ϲϬ
ϰϬ
ϮϬ
Ϭ
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ϭϴϱ




ZĞƐƵůƚƐŽĨƚŚĞĂƐƐĞƐƐŵĞŶƚŽŶƉĞƌĐĞŝǀĞĚŽĚŽƌ


dŚĞĂƌĞĂƐŝŶĚŝĐĂƚĞĚĂďŽǀĞŚĂǀĞĂƚǇƉŝĐĂůƐŵĞůůĚĞƌŝǀŝŶŐĨƌŽŵƚŚĞĂŶŝŵĂůƐƚŚĂƚĂƌĞŚŽƵƐĞĚŝŶƚŚĞ
ƉƌĞŵŝƐĞƐ͘dŚŝƐƐŵĞůůŝƐΗŶŽƌŵĂůΗĨŽƌƚŚŽƐĞǁŚŽǁŽƌŬĚĂŝůǇŝŶƚŚĞĨĂĐŝůŝƚǇĨŽƌĂůĂƌŐĞŶƵŵďĞƌŽĨŚŽƵƌƐ͘
dŚŝƐ ŝƐ ŶŽƚ ƚŚĞ ĐĂƐĞ ĨŽƌ ŽƉĞƌĂƚŽƌƐ ĂŶĚ ƉĞŽƉůĞ ;ĐůŝĞŶƚƐͿ ǁŚŽ ŽĐĐĂƐŝŽŶĂůůǇ ĞŶƚĞƌ ƚŚĞ ĐůŝŶŝĐ͘
dŚĞĞĨĨĞĐƚŽŶƚŚĞŽĚŽƌŚĂĚĂŶĂƉƉƌĞĐŝĂďůĞĂŶĚƉĞƌĐĞƉƚŝďůĞĞĨĨĞĐƚĨƌŽŵƚŚĞĨŝƌƐƚĚĞƚĞĐƚŝŽŶ͘

/ŽŶŝǌĂƚŝŽŶ
ĂƚĞ
tĂŝƚŝŶŐƌŽŽŵ sĞƚĞƌŝŶĂƌǇǁĂƌĚ
ϮϲͬϬϯͬϭϴ
ϮϳͬϬϯͬϭϴ
ϮϴͬϬϯͬϭϴ
ϮϵͬϬϯͬϭϴ
ϬϰͬϬϰͬϭϴ

EŽŝŽŶŝǌĂƚŝŽŶ

ϬϵͬϬϰͬϭϴ
ϭϳͬϬϰͬϭϴ
ϭϴͬϬϰͬϭϴ
ϮϬͬϬϰͬϭϴ

tŝƚŚŝŽŶŝǌĂƚŝŽŶ

ϱ
ϱ

ϱ
ϱ

ϱ
ϱ

ϱ
ϱ

ϭ
ϭ

ϯ
ϯ

ϭ
ϭ
ϭ

ϯ
ϯ
ϯ


dŚĞƐĐĂůĞƵƐĞĚĚƵƌŝŶŐƚŚĞŝŶƚĞƌǀŝĞǁƌĂŶŐĞĚĨƌŽŵϱŚŝŐŚŽĚŽƌƚŽϭůŽǁŽĚŽƌ͘
dŚĞƚĞƐƚǁĂƐĐŽŶĚƵĐƚĞĚŽŶƉĞŽƉůĞ;ϱƉĞŽƉůĞĨŽƌĞĂĐŚŝŶƚĞƌǀŝĞǁͿŝŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵŝŶƚŚĞƉĞƌŝŽĚ
ďĞĨŽƌĞĂŶĚĂĨƚĞƌƚŚĞ:ŽŶŝǆĚĞǀŝĐĞƐǁĞƌĞƐǁŝƚĐŚĞĚŽŶ͘
dŚĞŽƉĞƌĂƚŝŶŐƐƚĂĨĨǁĂƐŶŽƚƐƵŝƚĂďůĞĨŽƌƚŚĞƉĂŶĞůƚĞƐƚďĞĐĂƵƐĞƚŚĞǇĂƌĞƵƐĞĚƚŽƚŚĞƐŵĞůů͘
EŽƚďĞŝŶŐĂďůĞƚŽŝŶƚƌŽĚƵĐĞĞǆƚĞƌŶĂůƉĞŽƉůĞƚŽĐĂƌƌǇŽƵƚƚŚĞƐƵƌǀĞǇ͕ƚŚĞĞǀĂůƵĂƚŝŽŶǁĂƐĐĂƌƌŝĞĚ
ŽƵƚďǇŝŶƚĞƌǀŝĞǁŝŶŐƚŚĞƚĞĐŚŶŝĐŝĂŶƐŝŶĐŚĂƌŐĞŽĨƚŚĞƐĂŵƉůŝŶŐƐ͘

ŽŶƐŝĚĞƌĂƚŝŽŶƐ
dŚĞƵƐĞŽĨĂŝƌŝŽŶŝǌĂƚŝŽŶĨŽƌƚŚĞƌĞĚƵĐƚŝŽŶŽĨŽĚŽƌƐĂŶĚƚŚĞŵŝĐƌŽďŝĂůĐŽŶƚĞŶƚŽĨƚŚĞĂŝƌĂŶĚƚŚĞ
ƐƵƌĨĂĐĞƐŝŶĐŽŶƚĂĐƚǁŝƚŚŝƚŚĂƐďĞĞŶƌĞƉĞĂƚĞĚůǇĚĞŵŽŶƐƚƌĂƚĞĚĂŶĚĚŽĐƵŵĞŶƚĞĚ;ƐĞĞďŝďůŝŽŐƌĂƉŚǇͿ͘
ůů ƚŚĞ ƚĞƐƚƐ ƌĞƉŽƌƚĞĚ ŝŶ ƚŚĞ ďŝďůŝŽŐƌĂƉŚǇ ǁĞƌĞ ĐŽŶĚƵĐƚĞĚ ŚĂǀŝŶŐ Ă ůŝŵŝƚĞĚ ŶƵŵďĞƌ ŽĨ
ĞŶǀŝƌŽŶŵĞŶƚĂůǀĂƌŝĂďůĞƐƚŚĂƚĐŽƵůĚĂĨĨĞĐƚƚŚĞƌĞƐƵůƚƐ͘
/ŶƚŚĞ ƐƉĞĐŝĨŝĐĐĂƐĞ͕ĚƵƌŝŶŐƚŚĞƚƌŝĂů͕ŝƚĞŵĞƌŐĞĚƚŚĂƚ ƚŚĞ ǀĂƌŝĂďůĞƐ ĂƌĞŵĂŶǇĂŶĚƚŚĞƐĞŚĂǀĞ Ă
ƐŝŐŶŝĨŝĐĂŶƚŝŵƉĂĐƚŽŶƚŚĞƉĞƌĨŽƌŵĂŶĐĞŽĨƚŚĞƌĞƐƵůƚƐ͘

dŚĞǀĞƚĞƌŝŶĂƌǇǁĂƌĚŚĂƐƚŚĞĨŽůůŽǁŝŶŐǀĂƌŝĂďůĞƐ͗
ĂͿEƵŵďĞƌŽĨŽƉĞƌĂƚŽƌƐĨƌŽŵϮƚŽŽǀĞƌϭϬƐŝŵƵůƚĂŶĞŽƵƐůǇƉƌĞƐĞŶƚ
ďͿsĂƌŝĂďůĞƐƚĂĨĨǁŽƌŬŝŶŐŚŽƵƌƐ
ĐͿsĂƌŝĂďůĞŶƵŵďĞƌŽĨĂŶŝŵĂůƐ
ĚͿŝĨĨĞƌĞŶƚƐŝǌĞ͕ƐƉĞĐŝĞƐĂŶĚƉĂƚŚŽůŽŐŝĞƐ͕ĂƐǁĞůůĂƐŚǇŐŝĞŶĞĚĞŐƌĞĞƐŽĨƚŚĞĂŶŝŵĂůƐ
ĞͿŽŽƌƚŽƚŚĞŽƵƚƐŝĚĞǁŝƚŚǀĂƌŝĂďůĞƌĂŶĚŽŵŽƉĞŶŝŶŐƚŚƌŽƵŐŚŽƵƚƚŚĞĚĂǇ

dŚĞǁĂŝƚŝŶŐƌŽŽŵŚĂƐƚŚĞĨŽůůŽǁŝŶŐǀĂƌŝĂďůĞƐ͗

ĂͿEƵŵďĞƌŽĨĐƵƐƚŽŵĞƌƐƌĂŶŐŝŶŐĨƌŽŵŶŽŶĞƚŽŵŽƌĞƚŚĂŶϭϬŝŶĂƐŚŽƌƚƚŝŵĞ
ďͿsĂƌŝĂďůĞŶƵŵďĞƌŽĨĂŶŝŵĂůƐĚĞƉĞŶĚŝŶŐŽŶƚŚĞŶƵŵďĞƌŽĨĐƵƐƚŽŵĞƌƐ
ĐͿ&ƌĞƋƵĞŶƚŽƉĞŶŝŶŐŽĨƚŚĞĚŽŽƌƚŽƚŚĞŽƵƚƐŝĚĞĨŽƌƚŚĞƉĞŽƉůĞĞŶƚĞƌŝŶŐĂŶĚůĞĂǀŝŶŐ
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ϭϴϲ




dŚĞƐƚƌƵĐƚƵƌĞǁŚĞƌĞƚŚĞƚĞƐƚƐǁĞƌĞĐŽŶĚƵĐƚĞĚŚĂƐĂŶĂŝƌŵĂŶĂŐĞŵĞŶƚƐǇƐƚĞŵďĂƐĞĚŽŶ,hƐƚŚĂƚ
ŝŶƚƌŽĚƵĐĞƉƌŝŵĂƌǇĂŝƌ͕ŽĨǁŚŝĐŚ͕ŚŽǁĞǀĞƌ͕ƚŚĞǀŽůƵŵĞƐŽĨƚŚĞĂŝƌĨůŽǁƌĂƚĞƐĂƌĞŶŽƚŬŶŽǁŶ͕ŶĞŝƚŚĞƌ
ŽǀĞƌĂůů͕ŶŽƌĂŶǇƌĞĐŝƌĐƵůĂƚŝŽŶ͘
dŚĞƚǇƉĞŽĨƐĂŵƉůŝŶŐƵƐĞĚĨŽƌĞƐĞĞƐƚŚĞĐŽůůĞĐƚŝŽŶŽĨĂŬŶŽǁŶƋƵĂŶƚŝƚǇŽĨĂŝƌ͘dŚŝƐƐĂŵƉůŝŶŐůĂƐƚƐĂ
ĨĞǁŵŝŶƵƚĞƐ ;ϯͲϱŵŝŶƵƚĞƐͿ͘ƵƌŝŶŐƚŚŝƐƉĞƌŝŽĚ͕ŶŽƌŵĂůĂĐƚŝǀŝƚŝĞƐ ƚĂŬĞ ƉůĂĐĞ ĂƚƚŚĞ ƐĂŵƉůŝŶŐƉŽŝŶƚƐ͕
ǁŚŝĐŚŽďǀŝŽƵƐůǇǀĂƌǇǁŝƚŚĞĂĐŚƐĂŵƉůŝŶŐ͘
/ŶƚŚĞǀĞƚĞƌŝŶĂƌǇǁĂƌĚ͕ƚŚĞŶƵŵďĞƌŽĨĂŶŝŵĂůƐ͕ƚŚĞŝƌƐŝǌĞ͕ƚŚĞŶƵŵďĞƌŽĨƉĞŽƉůĞǁŚŽĞŶƚĞƌĞĚĂŶĚ
ƚŚĞĚƵƌĂƚŝŽŶŽĨƚŚĞŝƌƐƚĂǇĐŚĂŶŐĞĚǁŝƚŚĞĂĐŚƐĂŵƉůĞ͕ŝŶĂĚĚŝƚŝŽŶƚŽƚŚĞĨĂĐƚƚŚĂƚƚŚĞƌĞŝƐĂĚŽŽƌƚŽƚŚĞ
ŽƵƚƐŝĚĞƚŚĂƚŽƉĞŶƐĂƐŶĞĞĚĞĚ͘
/ŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵ͕ƚŚĞƐŝƚƵĂƚŝŽŶŚĂƐĨŽƌĞƐĞĞŶƐŝŵŝůĂƌǀĂƌŝĂďůĞƐĞǀĞŶŝĨŚŝŐŚĞƌƐŝŶĐĞƚŚĞĂŝƌŝƐĂůƐŽ
ŝŶĨůƵĞŶĐĞĚďǇƚŚĞƐĞĐƌĞƚĂƌŝĞƐĂƐǁĞůůĂƐďǇƚŚĞŶƵŵďĞƌŽĨĐƵƐƚŽŵĞƌƐĂŶĚĂŶŝŵĂůƐ͖ŝŶƐŽŵĞĐĂƐĞƐ͕ƚŚĞƌĞ
ǁĞƌĞϭŽƌϮƉĞŽƉůĞǁŚŝůĞŝŶŽƚŚĞƌƐƚŚĞƌŽŽŵĂůƐŽĨĞĂƚƵƌĞĚϭϬŽƌϭϱƉĞŽƉůĞƉƌĞƐĞŶƚǁŝƚŚƚŚĞŝƌƌĞƐƉĞĐƚŝǀĞ
ĂŶŝŵĂůƐ͘
dŚĞƚƌĞŶĚŽĨƚŚĞŵŝĐƌŽďŝĂůĐŽŶƚĞŶƚŽĨƚŚĞĂŝƌŝƐĞǆƉŽƐĞĚƚŽĂŚŝŐŚĂŶĚƵŶƉƌĞĚŝĐƚĂďůĞŶƵŵďĞƌŽĨ
ǀĂƌŝĂďůĞƐ ;ĚŽŽƌ ŽƉĞŶŝŶŐ͕ ŶƵŵďĞƌ ŽĨ ĐƵƐƚŽŵĞƌƐ ĂŶĚ ĂŶŝŵĂůƐ͕ ĞǆƚĞƌŶĂů Ăŝƌ ŝŶĨůƵĞŶĐĞ͕ ŶƵŵďĞƌ ŽĨ
ƉĂƐƐĂŐĞƐ͕ ĞƚĐͿ͘ dŽ ŽďƚĂŝŶ ƌĞƐƵůƚƐ ŽŶ ƚŚĞ ƌĞĂů ĐŽŶƚƌŝďƵƚŝŽŶ ŽĨ ƚŚĞ ŝŽŶŝǌĂƚŝŽŶ͕ ŝƚ ǁŝůů ďĞ ŶĞĐĞƐƐĂƌǇ ƚŽ
ƌĞĚƵĐĞƚŚĞŶƵŵďĞƌŽĨǀĂƌŝĂďůĞƐĂŶĚͬŽƌŵŽĚŝĨǇƚŚĞŝŶĚŝĐĂƚŽƌƐƵƐĞĚƚŽĐŚĞĐŬƚŚĞĞĨĨĞĐƚŝǀĞŶĞƐƐŽĨƚŚĞ
ŝŽŶŝǌĂƚŝŽŶƐǇƐƚĞŵŝŶŚŝŐŚůǇǀĂƌŝĂďůĞĞŶǀŝƌŽŶŵĞŶƚƐ͘
&ƌŽŵƚŚĞ ďŝďůŝŽŐƌĂƉŚǇŝƚĂƉƉĞĂƌƐƚŚĂƚ ƚŚĞ ŝŽŶŝǌĂƚŝŽŶ ƐǇƐƚĞŵŝƐĞĨĨĞĐƚŝǀĞ͕ƚŚĞ ƌĞƐĞĂƌĐŚŵƵƐƚ ďĞ
ĐŽŶĚƵĐƚĞĚǁŝƚŚĂƉƌŽƚŽĐŽůƚŚĂƚŵƵƐƚďĞƌĞǀŝƐĞĚŝŶŽƌĚĞƌƚŽĐĂƌƌǇŽƵƚƌĞůŝĂďůĞŵĞĂƐƵƌĞŵĞŶƚƐ͘

ŽŶĐůƵƐŝŽŶƐ
/ŶƚŚĞǀĞƚĞƌŝŶĂƌǇǁĂƌĚ͕ƚŚĞƚƌĞŶĚŽďƐĞƌǀĞĚŝŶĚŝĐĂƚĞƐĂƌĞĚƵĐƚŝŽŶŝŶƚŚĞƚŽƚĂůŵŝĐƌŽďŝĂůĐŽŶƚĞŶƚ ĂŶĚ
ƐƚĂƉŚǇůŽĐŽĐĐŝǁŚŝůĞƚŚĞƚƌĞŶĚŽĨƚŚĞǇĞĂƐƚƐƐĞĞĂƐůŝŐŚƚŝŶĐƌĞĂƐĞ͕ĂƚƚƌŝďƵƚĂďůĞƚŽƚŚĞĨƌĞƋƵĞŶƚŽƉĞŶŝŶŐ
ŽĨƚŚĞĚŽŽƌƐƚŚĂƚŽǀĞƌůŽŽŬƚŚĞŽƵƚƐŝĚĞŽĨƚŚĞďƵŝůĚŝŶŐ͕ƐƵƌƌŽƵŶĚĞĚďǇŚĞĚŐĞƐĂŶĚƉůĂŶƚƐ͘dŚĞƐĂŵƉůŝŶŐ
ƉŽŝŶƚƐǁĞƌĞĂďŽƵƚϱϬĐŵĨƌŽŵƚŚĞĚŽŽƌƐ͕ĐŽŶƐĞƋƵĞŶƚůǇƚŚĞĂŝƌĐŽůůĞĐƚĞĚŝŶƚŚĞƐĂŵƉůĞǁĂƐŵŝǆĞĚǁŝƚŚ
ƚŚĂƚĐŽŵŝŶŐĨƌŽŵƚŚĞŽƵƚƐŝĚĞ͘
/ŶƚŚĞǁĂŝƚŝŶŐƌŽŽŵƚŚĞƌĞǁĂƐĂŐĞŶĞƌĂůƚƌĞŶĚůŝŶĞŽĨƐůŝŐŚƚŝŶĐƌĞĂƐĞŝŶƚŚĞƉĂƌĂŵĞƚĞƌƐŝŶŝƚŝĂůůǇ
ĚĞƚĞĐƚĞĚĨŽƌƚŚĞƉƌŽŵŝƐĐƵŝƚǇǁŝƚŚƚŚĞĂŝƌĐŽŵŝŶŐĨƌŽŵƚŚĞŽƉĞŶŝŶŐĂŶĚĐůŽƐŝŶŐŽĨƚŚĞĚŽŽƌƐ͘
The sampling method used is therefore a “pinpoint photograph” of the moment being analyzed.
dŚĞďĂĐƚĞƌŝĂůƌĞĚƵĐƚŝŽŶĞĨĨĞĐƚŽǀĞƌƚŝŵĞŝƐĞǀŝĚĞŶƚ͕ƚŚĞƉƌŽůŽŶŐĞĚƐƵƉƉůǇŽĨŝŽŶŝǌŝŶŐŵŽůĞĐƵůĞƐƚŽƚŚĞ
ĂŝƌŵĂŬĞƐŝƚŝŶŚŽƐƉŝƚĂďůĞĨŽƌĐŽŶƚĂŵŝŶĂŶƚƐ͘

dŚĞĚĞŽĚŽƌŝǌĂƚŝŽŶĞĨĨĞĐƚŽĨƚŚĞĂŝƌǁĂƐƐĞŶƐŽƌŝĂůůǇĂƉƉƌĞĐŝĂďůĞŝŶďŽƚŚƌŽŽŵƐ͗ƚŚĞŽĚŽƌƉƌĞƐĞŶƚ
ǁĂƐƐŝŐŶŝĨŝĐĂŶƚůǇƌĞĚƵĐĞĚ͘
/Ŷ ĨĂĐƚ͕ ƵƐĞƌƐ ƉĞƌĐĞŝǀĞĚ ĂůŵŽƐƚ ŽĚŽƌůĞƐƐ Ăŝƌ ŝŶ ƚŚĞ ǁĂŝƚŝŶŐ ƌŽŽŵ ĂĨƚĞƌ ƐǁŝƚĐŚŝŶŐ ŽŶ ƚŚĞ :ŽŶŝǆ
ĚĞǀŝĐĞƐ͘
/ŶŽƌĚĞƌƚŽďĞĂďůĞƚŽĐŽŶĚƵĐƚĂŵŽƌĞŝŶͲĚĞƉƚŚĞǀĂůƵĂƚŝŽŶŽĨƚŚĞĂŶƚŝŵŝĐƌŽďŝĂůĞĨĨĞĐƚŽĨŝŽŶŝǌĂƚŝŽŶ͕
ĂůƌĞĂĚǇĚŽĐƵŵĞŶƚĞĚŝŶƚŚĞďŝďůŝŽŐƌĂƉŚǇĂŶĚǁŝƚŚƚŚĞƐĂŵĞĚĞǀŝĐĞƐŝŶŽƚŚĞƌĂƌĞĂƐ͕ŝƚŝƐŶĞĐĞƐƐĂƌǇƚŽ
ƐĞƚ ƵƉ Ă ƌĞƐĞĂƌĐŚ ƉƌŽƚŽĐŽů ŝŶ ƉƌĞŵŝƐĞƐ ǁŝƚŚ ŐƌĞĂƚĞƌ ĐŽŶƚƌŽů ŽĨ ǀĂƌŝĂďůĞƐ Žƌ ǁŝƚŚ ĞŶǀŝƌŽŶŵĞŶƚĂů
ŝŶĚŝĐĂƚŽƌƐƚŚĂƚĂƌĞůĞƐƐĂĨĨĞĐƚĞĚďǇƚŚĞǀĂƌŝĂďůĞƐŝŶƉůĂĐĞ͘
'ŝǀĞŶƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶĚŝƚŝŽŶƐĚĞƚĞĐƚĞĚ͕ǁŚĞƌĞƚŚĞŵŝĐƌŽďŝĂůĐŽŶƚĞŶƚŝƐĂůƐŽůŝŶŬĞĚƚŽĂŝƌͲ
ĚŝƐƉĞƌƐĞĚ ƉĂƌƚŝĐůĞƐ͕ Ă ƚĞƐƚ ĐĂŶ ĂůƐŽ ďĞ ĐŽŶĚƵĐƚĞĚ ƵƐŝŶŐ ĚĞǀŝĐĞƐ ĞƋƵŝƉƉĞĚ ǁŝƚŚ ĨŝůƚƌĂƚŝŽŶ ƐǇƐƚĞŵƐ
ĐŽŵďŝŶĞĚǁŝƚŚĂŝƌŝŽŶŝǌĂƚŝŽŶ͕ĂƐǇƐƚĞŵƐŝŵŝůĂƌƚŽƚŚĂƚƵƐĞĚŝŶŚƵŵĂŶŚŽƐƉŝƚĂůƐ͘

dĞƐƚĐŽŶĚƵĐƚĞĚŝŶĐŽůůĂďŽƌĂƚŝŽŶǁŝƚŚ͗






Scientific Dossier | 191



ϭϴϳ

ůŝŵĞŶƚĂƌŝĂ^͘ƌ͘ů͘^ĂĨĞƚǇĂŶĚĞŶǀŝƌŽŶŵĞŶƚĚĞƉĂƌƚŵĞŶƚ
^ĞĚĞ ůĞŐĂůĞ͗ WĂƌĐŽ ^ĐŝĞŶƚŝĨŝĐŽ Θ dĞĐŶŽůŽŐŝĐŽ Ěŝ sĞŶĞǌŝĂ – sŝĂ ĚĞůůĞ /ŶĚƵƐƚƌŝĞ ϭϵͬͬϭϭͲϯϬϭϳϱ
sĞŶĞǌŝĂDĂƌŐŚĞƌĂdĞů͘Ϭϰϭ͘ϱϯϴϮϲϮϵ–ĞͲŵĂŝů͗ŝŶĨŽΛĂůŝŵĞŶƚĂƌŝĂǀĞŶĞǌŝĂ͘ŝƚ
͘&͘Ğ W͘/sϬϯϬϴϵϱϮϬϮϳϴ – Capitale sociale € ϱϴ͘ϬϬϬ͕ϬϬŝ͘ǀ͘–Z͘͘͘sϮϴϭϴϬϮ –ZĞŐ͘/ŵƉ͘s
ϬϯϬϴϵϱϮϬϮϳϴ

ǆƉĞƌŝŵĞŶƚĂůŽŽƉƌŽƉŚǇůĂĐƚŝĐ/ŶƐƚŝƚƵƚĞĚĞůůĞsĞŶĞǌŝĞ͘
^dϮ^ĞĐƚŝŽŶŽĨdƌĞǀŝƐŽ͕ĞůůƵŶŽĞsĞŶĞǌŝĂ
sŝĐŽůŽDĂǌǌŝŶŝ͕ϰϯϭϬϮϬsŝůůŽƌďĂ;dsͿdĞů͘ϬϰϮϮϯϬϮϯϬϮ



ŝďůŝŽŐƌĂƉŚǇ
Žŵŝ͕ '͕͘ >ŽǀŽ͕ ͕͘ ŽƌƚŽůƵƐƐŝ͕ E͕͘ WĂŝĂŶŝ͕ D͕͘ ĞƌƚŽŶ͕ ͕͘ ƵƐƚƌĞŽ͕ '͘ ;ϮϬϬϱͿ /ŽŶŝǌǌĂƚŽƌŝ ƉĞƌ
decontaminare l’aria nei locali di produzione del prosciutto crudo di San Daniele. Ind. Alim., XLIV,
ŽƚƚŽďƌĞ͕ϭͲϵ͘
Žŵŝ͕ '͕͘ KƐƵĂůĚŝŶŝ͕ D͕͘ DĂŶǌĂŶŽ͕ D͕͘ >ŽǀŽ͕ ͕͘ ŽƌƚŽůƵƐƐŝ͕ E͕͘ ĞƌƚŽŶ͕ ͕͘ ƵƐƚƌĞŽ͕ '͘ ;ϮϬϬϲͿ
ĞĐŽŶƚĂŵŝŶĂǌŝŽŶĞĚŝƐƵƉĞƌĨŝĐŝĚŝƐƚƌƵƚƚƵƌĞĞĂƚƚƌĞǌǌĂƚƵƌĞƵƚŝůŝǌǌĂƚĞŝŶĂǌŝĞŶĚĞĂůŝŵĞŶƚĂƌŝĂƚƚƌĂǀĞƌƐŽ
l’impiego di ionizzatori. /ŶĚ͘ůŝŵ͕͘y>s͕ŐŝƵŐŶŽ͕ϲϲϭͲϲϲϵ͘
:&͕ϮϬϬϭ͘KĐŚƌĂƚŽǆŝŶ͘&ŝƌƐƚƌĂĨƚϰϳƐĞƌŝĞƐ͘
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ϭϴϵ





dd,DEdϭϮ͘ϭϮ







ĂƐĞƐƚƵĚǇϯ͗^ĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŽĨƚŚĞDdĚĞǀŝĐĞŝŶƚŚĞůĂƌŐĞͲƐĐĂůĞĨŽŽĚĚŝƐƚƌŝďƵƚŝŽŶ
ƐĞĐƚŽƌ
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ϭϵϬ

ǀĂůƵĂƚŝŽŶŽĨƚŚĞĞĨĨĞĐƚŽĨ:ŽŶŝǆDŝŶŝŵĂƚĞĂŝƌƐĂŶŝƚĂƚŝŽŶĚĞǀŝĐĞƐŝŶĂŚǇƉĞƌŵĂƌŬĞƚ


ŶĂŝƌƐĂŶŝƚŝǌŝŶŐĨŝůƚƌĂƚŝŽŶĚĞǀŝĐĞ;ƚŚĞĂŝƌŝŽŶŝǌĂƚŝŽŶĂŶĚĨŝůƚƌĂƚŝŽŶƐǇƐƚĞŵŵŽĚĞů:KE/yD/E/DdͿ
ŝƐŝŶƐƚĂůůĞĚŝŶĂŚǇƉĞƌŵĂƌŬĞƚ͘dŚĞĚĞǀŝĐĞǁĂƐƉŽƐŝƚŝŽŶĞĚŝŶƚŚĞƉĂĐŬĂŐŝŶŐĂƌĞĂŽĨƚŚĞŵĞĂƚƉƌŽĐĞƐƐŝŶŐ
ĚĞƉĂƌƚŵĞŶƚ͘
dŚĞƐƉĂĐĞŝƐĐůŽƐĞĚŽŶƚŚƌĞĞƐŝĚĞƐĂŶĚŽƉĞŶŽŶƚŚĞƐŝĚĞŽǀĞƌůŽŽŬŝŶŐƚŚĞƐƚŽƌĞ͘
dŚĞŽƉĞŶƐŝĚĞĂůůŽǁƐĂŝƌŵŝǆŝŶŐǁŝƚŚƚŚĞĂŝƌŽĨƚŚĞƐƚŽƌĞ͘
dŚĞ Ăŝƌ ŝŶ ƚŚĞ ƐƚŽƌĞ ǁĂƐ ƐĂŵƉůĞĚ ŶĞĂƌ ƚŚĞ ƌĞĨƌŝŐĞƌĂƚĞĚ ƐĞĐƚŝŽŶƐ͕ ƚŽ ĞǀĂůƵĂƚĞ ƚŚĞ ďĂĐƚĞƌŝĂů
ĐŽŶĐĞŶƚƌĂƚŝŽŶ͘


&ŝŐƵƌĞϭ͘WůĂŶǀŝĞǁŽĨƚŚĞƌŽŽŵŝŵĞŶƐŝŽŶƐ͗ϭϱǆϱǆϰŚŵсϳϱŵϮͲϯϬϬŵĐ͘KƉĞŶƐŝĚĞƚŽǁĂƌĚƐƚŚĞƐƚŽƌĞ͕ĚŝŵĞŶƐŝŽŶƐŵƚ͘ϭϯ
ǆϮ͘ϱĂƉƉƌŽǆ͘ϯϮ͘ϱŵϮŽƉĞŶĂƌĞĂ͘dŚĞƌĞƐƵůƚŝƐĂŶĂŝƌǀŽůƵŵĞŵŝǆŽĨĂƉƉƌŽǆ͘ϯϬ͕ϵϬϰŵϯͬŚ͘




dŚĞĐĞŝůŝŶŐŝŶƚŚĞŝŶĚŝĐĂƚĞĚĂƌĞĂŝƐŐƌŝůůĞĚ͕ĂůůŽǁŝŶŐĂŝƌŝŶĨƌŽŵĂďŽǀĞƚŚĞƌŽŽŵ͘ƐƐŚŽǁŶŝŶƚŚĞĨŝŐƵƌĞ͘
dŚĞƌŽŽŵƚŚĞƌĞĨŽƌĞƐƵĨĨĞƌƐĐŽŶƚĂŵŝŶĂƚŝŽŶĨƌŽŵƚŚĞƐƚŽƌĞĂŶĚƚŚĞĐĞŝůŝŶŐ͘


&ŝŐƵƌĞϮ&ƌŽŶƚǀŝĞǁŽĨƚŚĞƌŽŽŵ͘hƉƉĞƌŐƌŝĚ͕ĚŝŵĞŶƐŝŽŶƐ͗Ϭ͘ϱǆϭϯŵсϲ͘ϱŵϮ͘ƐƵƌĨĂĐĞŽĨƚŚĞŽƉĞŶŝŶŐ͘KƉĞŶĐŽŶƚŝŶƵŽƵƐůǇ͕
ƚŚĞƌĞƐƵůƚŝƐĂǀŽůƵŵĞŽĨŝŶĐŽŵŝŶŐĂŝƌĞƋƵĂůƚŽϮ͘ϳϲϰŵϯͬŚ͘
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ϭϵϭ




DĂƚĞƌŝĂůƐĂŶĚŵĞƚŚŽĚƐ
dŚĞ:KE/yD/E/DdĚĞǀŝĐĞǁĂƐƐƚĂƌƚĞĚƵƉŝŶƚŚĞǁĞĞŬƐƉƌĞĐĞĚŝŶŐƚŚĞƚĞƐƚƉĞƌŝŽĚĂŶĚŽƉĞƌĂƚĞĚ
ǁŝƚŚĂŝƌĨůŽǁƐƌĂŶŐŝŶŐĨƌŽŵϭϬϬϬƚŽϮϬϬϬŵϯͬŚ͘
dŽĞǀĂůƵĂƚĞƚŚĞĂŝƌƐĂŶŝƚŝǌĂƚŝŽŶĞĨĨĞĐƚƐŽĨƚŚĞĚĞǀŝĐĞ͕ƚǁŽƐĂŵƉůŝŶŐƐǁĞƌĞƉĞƌĨŽƌŵĞĚ͕ĂƚĚŝĨĨĞƌĞŶƚ
ƚŝŵĞƐĂŶĚǁŝƚŚĚŝĨĨĞƌĞŶƚĂŝƌĨůŽǁƌĂƚĞƐ͕ϭϬĚĂǇƐĂǁĂǇĨƌŽŵĞĂĐŚŽƚŚĞƌ͘
dŚĞĨŝƌƐƚƐĂŵƉůŝŶŐǁĂƐĐĂƌƌŝĞĚŽƵƚŽŶ^ĞƉƚĞŵďĞƌϭϵƚŚϮϬϭϴĂƚϵ͘ϯϬ͕ƚŚĞƌĞǁĞƌĞϰĞŵƉůŽǇĞĞƐ͕ŽƵƌ
ĞǆƉĞƌƚƚŽĐŽůůĞĐƚƚŚĞƐĂŵƉůĞĂŶĚƚŚĞŵĂŶĂŐĞƌŽĨƚŚĞƐƚŽƌĞ͘&ŽƌĂďŽƵƚϭϬĚĂǇƐƚŚĞĂŝƌĨůŽǁŚĂĚďĞĞŶ
ƐĞƚĂƚϭϬϬϬŵϯͬŚĂŶĚƚŚĞϰƉůĂƐŵĂŐĞŶĞƌĂƚŽƌƐŽĨƚŚĞĚĞǀŝĐĞǁĞƌĞĂĐƚŝǀĞ͘
dŚĞƐĞĐŽŶĚĂŝƌƐĂŵƉůŝŶŐǁĂƐĐĂƌƌŝĞĚŽƵƚŽŶ^ĞƉƚĞŵďĞƌϮϴƚŚϮϬϭϴĂƚϮϬ͘ϬϬ͘&ƌŽŵƚŚĞƉƌĞǀŝŽƵƐϮ
ĚĂǇƐƚŚĞĂŝƌĨůŽǁŽĨƚŚĞĚĞǀŝĐĞǁĂƐƐĞƚĂƚϮϬϬϬŵϯͬŚ͘dŚŝƐƚŝŵĞƚŚĞƌĞǁĞƌĞϰĞŵƉůŽǇĞĞƐ͕ŽƵƌĞǆƉĞƌƚƚŽ
ĐŽůůĞĐƚƚŚĞƐĂŵƉůĞĂŶĚƚŚĞƐƚŽƌĞŵĂŶĂŐĞƌ͘
W/^^Ͳ^ƵƉĞƌ ϭϴϬĚĞǀŝĐĞ ǁĂƐ ƵƐĞĚĨŽƌƚŚĞ ƐĂŵƉůŝŶŐ͕ϭϬϬůŝƚĞƌƐŽĨĂŝƌǁĞƌĞƐĂŵƉůĞĚĂƚĞĂĐŚ
ƐĂŵƉůŝŶŐƉŽŝŶƚ͘WĞƚƌŝĚŝƐŚĞƐǁŝƚŚWĐƵůƚƵƌĞŵĞĚŝƵŵĨŽƌdĂŶĚZŽƐĞŶŐĂůŐĂƌĨŽƌŵŽůĚƐĂŶĚ
ǇĞĂƐƚƐǁĞƌĞƵƐĞĚ͘

dŚĞƚĂďůĞƐďĞůŽǁƐŚŽǁƚŚĞƌĞƐƵůƚƐŽĨƚŚĞƚǁŽƐĂŵƉůŝŶŐƐ͘

^ĂŵƉůŝŶŐŽĨŽŶ^ĞƉƚĞŵďĞƌϭϵƚŚϮϬϭϴ
ƵƚĐŚĞƌǇƐĞĐƚŝŽŶ
^ĂŵƉůŝŶŐ ƉŽŝŶƚ ϭ ŶĞǆƚ ƚŽ ƚŚĞ
ďŽŶĞƐĂǁ
^ĂŵƉůŝŶŐ ƉŽŝŶƚ Ϯ ŶĞǆƚ ƚŽ ƚŚĞ
ƉŽƵůƚƌǇƐĞĐƚŝŽŶ
^ĂŵƉůŝŶŐ ƉŽŝŶƚ ϯ ŝŶ ĨƌŽŶƚ ŽĨ ƚŚĞ
ďƵƚĐŚĞƌǇƐĞĐƚŝŽŶ

^ĂŵƉůŝŶŐŽĨŽŶ^ĞƉƚĞŵďĞƌϮϴƚŚϮϬϭϴ

ƌĞĂ
^ĂŵƉůŝŶŐ ƉŽŝŶƚ ϭ ŶĞǆƚ ƚŽ ƚŚĞ
ďŽŶĞƐĂǁ
^ĂŵƉůŝŶŐ ƉŽŝŶƚ Ϯ ŶĞǆƚ ƚŽ ƚŚĞ
ƉŽƵůƚƌǇƐĞĐƚŝŽŶ
^ĂŵƉůŝŶŐ ƉŽŝŶƚ ϯ ŝŶ ĨƌŽŶƚ ŽĨ ƚŚĞ
ďƵƚĐŚĞƌǇƐĞĐƚŝŽŶ












dŽƚĂůďĂĐƚĞƌŝĂůůŽĂĚ
h&ͬŵϯ

DŽůĚƐĂŶĚǇĞĂƐƚƐ
h&ͬŵϯ

ϯϯϬ

ϮϭϬ

ϯϭϬ

Ϯϵϳ

хϯϳϬ

ͬͬ

dŽƚĂůďĂĐƚĞƌŝĂůůŽĂĚ
h&ͬŵϯ

DŽůĚƐĂŶĚǇĞĂƐƚƐ
h&ͬŵϯ

ϭϱϬ

ϱϳ

ϵϬ

ϲϯ

ϯϭϬ

ͬͬ
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ϭϵϮ









'ƌĂƉŚϭͲŽŵƉĂƌŝƐŽŶŽĨĨŝƌƐƚĂŶĚƐĞĐŽŶĚƐĂŵƉůŝŶŐƚƌĞŶĚƐͲƚŽƚĂůďĂĐƚĞƌŝĂůůŽĂĚͬŵϯ


ĂĐƚĞƌŝĂůůŽĂĚƚƌĞŶĚͬŵϯ Ͳ
ŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶĨŝƌƐƚĂŶĚƐĞĐŽŶĚƐĂŵƉůĞ

ϰϬϬ

ϯ

ϯϱϬ
ϯϬϬ

ϭ

Ϯ

ϮϱϬ
ϮϬϬ
ϭϱϬ
ϭϬϬ
ϱϬ
Ϭ

Ϭ

Ϭ͘ϱ

ϭ

ϭ͘ϱ

Ϯ

ϭ͗^ĂŵƉůŝŶŐƉŽŝŶƚϭŶĞǆƚƚŽƚŚĞďŽŶĞƐĂǁ
Ϯ͗ ^ĂŵƉůŝŶŐƉŽŝŶƚϮŶĞǆƚƚŽƚŚĞƉŽƵůƚƌǇƐĞĐƚŝŽŶ
ϯ͗^ĂŵƉůŝŶŐƉŽŝŶƚϯƐƚŽƌĞŝŶĨƌŽŶƚŽĨƚŚĞďƵƚĐŚĞƌǇƐĞĐƚŝŽŶ

Ϯ͘ϱ

ϯ

ϯ͘ϱ

WƌŝŵŽƉƌĞůŝĞǀŽ

^ĞĐŽŶĚŽƉƌĞůŝĞǀŽ


 







ůƵĞ͗&ŝƌƐƚƐĂŵƉůĞ
 







KƌĂŶŐĞ͗^ĞĐŽŶĚƐĂŵƉůĞ

dŚĞǀŽůƵŵĞŽĨƚŚĞƌŽŽŵŝƐĂďŽƵƚϯϬϬŵϯ͕ǁŚŝĐŚĂƌĞŵŝǆĞĚǁŝƚŚƚŚĞĂŝƌĐŽŵŝŶŐĨƌŽŵƚŚĞƐƚŽƌĞĨŽƌ
ĂďŽƵƚϯϬ͕ϵϬϬŵϯͬŚĂŶĚǁŝƚŚƚŚĂƚĐŽŵŝŶŐĨƌŽŵƚŚĞƵƉƉĞƌŐƌŝĚĨŽƌĂďŽƵƚϮ͕ϳϬϬŵ ϯͬŚ͘
tĞĚŽŶŽƚŬŶŽǁƚŚĞĨŝůƚƌĂƚŝŽŶĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐƉƌŽǀŝĚĞĚďǇƚŚĞĐĞŶƚƌĂůŝǌĞĚĂŝƌƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵ͕Žƌ
ƚŚĞƌĞŶĞǁĂůƉĞƌĐĞŶƚĂŐĞƐ͘/ŶĂŶǇĐĂƐĞ͕ƚŚĞĞŶǀŝƌŽŶŵĞŶƚŝƐŝŶĞǀŝƚĂďůǇĂĨĨĞĐƚĞĚ͘
dŚĞ :ŽŶŝǆ DŝŶŝŵĂƚĞ ĚĞǀŝĐĞ ŝŶ ƵƐĞ ŝŶ ƚŚĞ ĂŶĂůǇǌĞĚ ĂƌĞĂ ŝƐ ĂŶ Ăŝƌ ƐĂŶŝƚĂƚŝŽŶ ƐǇƐƚĞŵ ĐŽŵďŝŶŝŶŐ
ĨŝůƚƌĂƚŝŽŶĂŶĚƐĂŶŝƚŝǌĂƚŝŽŶ͘/ƚŝƐĞƋƵŝƉƉĞĚǁŝƚŚƚŚƌĞĞĨŝůƚĞƌƐ;'ϰн&ϳн&ϵͿƵŶĚĞƌǁŚŝĐŚĂƌĞƉůĂĐĞĚƚŚĞϰ
ĐŽůĚƉůĂƐŵĂŐĞŶĞƌĂƚŽƌƐ͕ĂƐƐŚŽǁŶŝŶĨŝŐƵƌĞϯ͘
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SANITIZED AIR



ϭϵϯ

EdW
ŐĞŶĞƌĂƚŽƌƐEdW
&/>dZ&ϵ

&/>dZ&ϳ

&/>dZ'ϰ

&ŝŐƵƌĞϯ͘&ƌŽŶƚǀŝĞǁŽĨƚŚĞ:ŽŶŝǆDŝŶŝŵĂƚĞ

^hd/KEZ



EŽŶͲdŚĞƌŵĂů WůĂƐŵĂ ƚĞĐŚŶŽůŽŐǇ ŚƚƚƉƐ͗ͬͬũŽŶŝǆĂŝƌ͘ĐŽŵͬƚĞĐŶŽůŽŐǇ ;ĐŽůĚ ƉůĂƐŵĂͿ ŝƐ ĂŶ ĂĚǀĂŶĐĞĚ
ĨŽƌŵŽĨŝŽŶŝǌĂƚŝŽŶŐĞŶĞƌĂƚŝŶŐŽǆŝĚŝǌŝŶŐƐƉĞĐŝĞƐĐĂƉĂďůĞŽĨƌĞĚƵĐŝŶŐƚŚĞŵŝĐƌŽďŝĂůĐŽŶƚĞŶƚƉƌĞƐĞŶƚŝŶ
ƚŚĞĂŝƌ͘dŚŝƐƐǇƐƚĞŵĂůůŽǁƐƚŚĞĐŽŶƚŝŶƵŽƵƐĐŽŶƚƌŽůŽĨĐŽŶƚĂŵŝŶĂŶƚƐ͕ĂƐŽƌƚŽĨĐŽŶƚŝŶƵŽƵƐΗǁĂƐŚŝŶŐΗŽĨ
ƚŚĞĂŝƌŵŝŶŝŵŝǌŝŶŐĂŝƌďŽƌŶĞĐŽŶƚĂŵŝŶĂƚŝŽŶ͘
:ŽŶŝǆ DŝŶŝŵĂƚĞ ŚĂƐ ĂŶ ĂĚũƵƐƚĂďůĞ Ăŝƌ ĨůŽǁ ĨƌŽŵ ϯϬϬ ƚŽ Ϯ͕ϬϬϬ ŵ ϯͬŚ͘ dŚĞ ĚĞǀŝĐĞ ŵƵƐƚ ďĞ ƐŝǌĞĚ
ĂĐĐŽƌĚŝŶŐƚŽƚŚĞǀŽůƵŵĞŽĨĂŝƌƚŽďĞƚƌĞĂƚĞĚ͘/ŶƚŚĞƐƉĂĐĞŽĨƚŚĞƚƌŝĂů͕ĂƚƚŚĞŵĂǆŝŵƵŵĨůŽǁƌĂƚĞŽĨ
Ϯ͕ϬϬϬŵϯͬŚ͕ƚŚĞĚĞǀŝĐĞΗǁĂƐŚĞƐΗƚŚĞĂŝƌϲ͕ϲƚŝŵĞƐĞǀĞƌǇŚŽƵƌ͘ƚƚŚĞĨůŽǁƌĂƚĞŽĨϭ͕ϬϬϬŵϯͬŚϯ͘ϯƚŝŵĞƐ
ƉĞƌŚŽƵƌ͘
dŚĞƚŽƚĂůďĂĐƚĞƌŝĂůĐŽŶĐĞŶƚƌĂƚŝŽŶǀĂůƵĞƐŝŶƐƵƉĞƌŵĂƌŬĞƚĞŶǀŝƌŽŶŵĞŶƚƐĐĂŶǀĂƌǇĨƌŽŵϱϬϬƚŽϭϬϬϬ
ĐŽůŽŶǇͲĨŽƌŵŝŶŐƵŶŝƚƐƉĞƌŵϯ͕ĚĞƉĞŶĚŝŶŐŽŶƚŚĞĐƌŽǁĚ͕ƚŚĞƐĞĂƐŽŶĂŶĚƚŚĞŵĂŝŶƚĞŶĂŶĐĞƐƚĂƚƵƐŽĨƚŚĞ
ĂŝƌƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵ͘

ŽŶĐůƵƐŝŽŶƐ
&ƌŽŵ ŐƌĂƉŚ ϭ ǁĞ ĐĂŶ ƐĞĞ ƚŚĂƚ ƚŚĞ ďĂĐƚĞƌŝĂů ĐŽŶĐĞŶƚƌĂƚŝŽŶ ƉĞƌ ĐƵďŝĐ ŵĞƚĞƌ ŝƐ ůŽǁĞƌ ƚŚĂŶ ƚŚĞ
ĂǀĞƌĂŐĞƌĞĨĞƌĞŶĐĞǀĂůƵĞƐĂůƌĞĂĚǇĂƚƚŚĞĨŝƌƐƚƐĂŵƉůŝŶŐ͕ĂŶĚŝƐƐŝŐŶŝĨŝĐĂŶƚůǇŝŵƉƌŽǀĞĚǁŝƚŚŝŶĐƌĞĂƐŝŶŐĂŝƌ
ĨůŽǁ͘dŚĞǀĂůƵĞƐĂĐŚŝĞǀĞĚĂƌĞĐŽŵƉĂƚŝďůĞǁŝƚŚĂƌŽŽŵĞƋƵŝƉƉĞĚǁŝƚŚĂĨŝůƚƌĂƚŝŽŶƐǇƐƚĞŵĨŽƌƉƌŽƚĞĐƚĞĚ
ĞŶǀŝƌŽŶŵĞŶƚƐ͕ĐŽŵƉůǇŝŶŐǁŝƚŚƚŚĞŵŝĐƌŽďŝŽůŽŐŝĐĂůĐůĂƐƐ͘ĂƐŝŶĚŝĐĂƚĞĚŝŶƚŚĞŝŵĂŐĞďĞůŽǁ͘






198 | Scientific Dossier



ϭϵϰ




/ƚŝƐƚŚĞƌĞĨŽƌĞĞǀŝĚĞŶƚƚŚĂƚƚŚĞ:ŽŶŝǆDŝŶŝŵĂƚĞĚĞǀŝĐĞŚĂƐƐŝŐŶŝĨŝĐĂŶƚůǇƌĞĚƵĐĞĚƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶ
ŝŶƚŚĞĂŝƌ͕ĚĞƐƉŝƚĞƚŚĞŝŶĨůƵĞŶĐĞŽĨƚŚĞĂŝƌĐŽŵŝŶŐĨƌŽŵĂĚũĂĐĞŶƚƌŽŽŵƐ͘
/ŶŽƌĚĞƌƚŽĨƵƌƚŚĞƌŝŵƉƌŽǀĞƚŚĞƌĞƐƵůƚƐ͕ǁĞƐƵŐŐĞƐƚƚǁŽŝŶĨƌĂƐƚƌƵĐƚƵƌĂůŝŶƚĞƌǀĞŶƚŝŽŶƐ͗
ĂͿ ůŽƐŝŶŐ ƚŚĞ ĐĞŝůŝŶŐ ŐƌŝĚ ǁŝƚŚ ƚƌĂŶƐƉĂƌĞŶƚ ŵĂƚĞƌŝĂů͕ ƚŚƵƐ ĂůůŽǁŝŶŐ ƚŚĞ ƉĂƐƐĂŐĞ ŽĨ ůŝŐŚƚ ďƵƚ
ƉƌĞǀĞŶƚŝŶŐƚŚĞƵŶĐŽŶƚƌŽůůĞĚƉĂƐƐĂŐĞŽĨĂŝƌĂŶĚĚƵƐƚĨƌŽŵĂŶƵŶĨŝůƚĞƌĞĚĂƌĞĂ͖
ďͿ ůŽƐŝŶŐ ƚŚĞ ƐŝĚĞ ĨĂĐŝŶŐ ƚŚĞ ƐƚŽƌĞ͕ ƉƌĞǀĞŶƚŝŶŐ ĚƵƐƚ ĂŶĚ ŽƚŚĞƌ ĐŽŶƚĂŵŝŶĂŶƚƐ ĨƌŽŵ ĞŶƚĞƌŝŶŐ͕
ƐŝŐŶŝĨŝĐĂŶƚůǇ ŝŵƉƌŽǀŝŶŐ ƚŚĞ Ăŝƌ ŵŝĐƌŽďŝĂů ĐŽŶƚĞŶƚ ŽĨ ƚŚĞ ƐƉĂĐĞ ƚŚĂƚ ǁŽƵůĚ ŶŽ ůŽŶŐĞƌ ŚĂǀĞ
ƵŶĐŽŶƚƌŽůůĂďůĞŝŶĨůƵĞŶĐĞƐĨƌŽŵƚŚĞŽƵƚƐŝĚĞ͘


ǀĂŝůĂďůĞĨŽƌĨƵƌƚŚĞƌĐůĂƌŝĨŝĐĂƚŝŽŶ͘

ůŝŵĞŶƚĂƌŝĂ
ƌ͘ŶĚƌĞĂ>ŽǀŽ
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ϭϵϱ



dd,DEdϭϮ͘ϭϯ



ĂƐĞƐƚƵĚǇϰ͗^ĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŽĨƚŚĞDdĚĞǀŝĐĞŝŶŚŽƐƉŝƚĂůŽƉĞƌĂƚŝŶŐƌŽŽŵƐ 
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ϭϵϲ











/ŵƉĂĐƚŽĨDd;ĂŝƌƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵƵƐŝŶŐEdWƚĞĐŚŶŽůŽŐǇͿŽŶŚŽƐƉŝƚĂů
ŽƉĞƌĂƚŝŶŐƌŽŽŵƐ












^ƚƵĚǇĐŽŶĚƵĐƚĞĚďĞƚǁĞĞŶ
&ĞďƌƵĂƌǇĂŶĚDĂƌĐŚϮϬϭϳ
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ϭϵϳ



&ŽƌĞǁŽƌĚ
dŚŝƐ ĚŽĐƵŵĞŶƚ ŝůůƵƐƚƌĂƚĞƐ ƚŚĞ ƌĞƐƵůƚƐ ŽďƚĂŝŶĞĚ ĚƵƌŝŶŐ ƚŚĞ ĨŝƌƐƚ ƐƚƵĚǇ ŽŶ ƚŚĞ ŝŵƉĂĐƚ ŽĨ Dd
ĐĂďŝŶĞƚƐŽŶƚŚĞůĞǀĞůƐŽĨĐŽŶƚĂŵŝŶĂƚŝŽŶŝŶƚǁŽŽƉĞƌĂƚŝŶŐƌŽŽŵƐŝŶĂƉƌŝǀĂƚĞĐůŝŶŝĐ͘
dŚĞƐƚƵĚǇƌĞĨĞƌƐƚŽƚŚĞĨŝƌƐƚƚƌŝĂůƉĞƌŝŽĚĐŽŶĚƵĐƚĞĚďĞƚǁĞĞŶϮϳƚŚ&ĞďƌƵĂƌǇͲϮϯƌĚDĂƌĐŚϮϬϭϳ͘
WƌĞƉĂƌĂƚŝŽŶ
DdĐĂďŝŶĞƚƐ
KŶĞDdĐĂďŝŶĞƚǁĂƐƐĞƚƵƉŝŶĞĂĐŚŽĨƚŚĞŽƉĞƌĂƚŝŶŐƌŽŽŵƐŝŶƚŚĞĐůŝŶŝĐ͕ŶĂŵĞůǇŝŶKƉĞƌĂƚŝŶŐ
ZŽŽŵĂŶĚKƉĞƌĂƚŝŶŐZŽŽŵ͘
dŚĞĞǆĂĐƚůŽĐĂƚŝŽŶǁĂƐĐŚŽƐĞŶƚŽŐĞƚŚĞƌǁŝƚŚƚŚĞŽƉĞƌĂƚŽƌƐƚŽŵĞĞƚƚŚĞĨŽůůŽǁŝŶŐƌĞƋƵŝƌĞŵĞŶƚƐ͗
Ͳ WƌĞƐĞŶĐĞŽĨĂƉŽǁĞƌƐƵƉƉůǇƉŽŝŶƚ͖
Ͳ DŝŶŝŵĂůĚŝƐƌƵƉƚŝŽŶƚŽƌŽƵƚŝŶĞĂĐƚŝǀŝƚŝĞƐĐĂƌƌŝĞĚŽƵƚŝŶƚŚĞŽƉĞƌĂƚŝŶŐƌŽŽŵ͖
Ͳ ĚĞƋƵĂƚĞĚŝƐƚĂŶĐĞĨƌŽŵŝƚĞŵƐƚŚĂƚĐŽƵůĚŽďƐƚƌƵĐƚƚŚĞƌĞŐƵůĂƌĨůŽǁŽĨĂŝƌƚŚƌŽƵŐŚDd͘
dŚĞĐĂďŝŶĞƚƐǁĞƌĞƉŽƐŝƚŝŽŶĞĚĂƐƐŚŽǁŶŝŶƚŚĞĨŽůůŽǁŝŶŐƉŚŽƚŽƐ͘







WŚŽƚŽϭͲWŽƐŝƚŝŽŶŽĨDdĐĂďŝŶĞƚƐŝŶƐŝĚĞƚŚĞŽƉĞƌĂƚŝŶŐƌŽŽŵƐ
DdǁĂƐƚƵƌŶĞĚŽŶŽŶůǇĚƵƌŝŶŐƚŚĞŶŝŐŚƚĂŶĚǁĂƐƐĞƚƚŽŵĂŶƵĂůŵŽĚĞ͕ĞǀĞŶƚŚŽƵŐŚƚŚĞŝŶƚĞƌŶĂů
ƐŽĨƚǁĂƌĞĂůůŽǁƐƉƌŽŐƌĂŵŵŝŶŐƐǁŝƚĐŚŝŶŐŽŶŽƉĞƌĂƚŝŽŶƐ͗ƚŚĞƉƵƌƉŽƐĞǁĂƐƚŽŐƵĂƌĂŶƚĞĞĂĐĞƌƚĂŝŶĚĞŐƌĞĞ
ŽĨĨůĞǆŝďŝůŝƚǇŽĨƵƐĞ͘
dŚĞ ƐƚƵĚǇƉƌŽŐƌĂŵǁĂƐ ƐĞƚƵƉƐŽĂƐƚŽďĞƚƚĞƌĞǀĂůƵĂƚĞ ƚŚĞĞĨĨĞĐƚƐŽĨDd͕ǁŚŝĐŚŚĂĚƚŽďĞ
ŝŶƚĞŐƌĂƚĞĚ ǁŝƚŚ ƚŚĞ ƌŽƵƚŝŶĞ ĂĐƚŝǀŝƚŝĞƐ ĐĂƌƌŝĞĚ ŽƵƚ ŝŶƐŝĚĞ ƚŚĞ ŽƉĞƌĂƚŝŶŐ ƌŽŽŵ͕ ǁŚŝĐŚ͕ Ăƚ ƚŚĞ ĞŶĚ ŽĨ
ƐƵƌŐĞƌŝĞƐ͕ ĐĂůů ĨŽƌ ŝŶͲĚĞƉƚŚ ĞŶǀŝƌŽŶŵĞŶƚĂů ƐĂŶŝƚĂƚŝŽŶ͘ &ƵƌƚŚĞƌŵŽƌĞ͕ ĂƐ ƌĞƋƵŝƌĞĚ ďǇ ŝŶĚƵƐƚƌǇ
ƌĞŐƵůĂƚŝŽŶƐ͕ƚŚĞĂŝƌŽĨĞĂĐŚŽƉĞƌĂƚŝŶŐƌŽŽŵǁĂƐĐŽŶƐƚĂŶƚůǇĨŝůƚĞƌĞĚďǇƚŚĞƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵĂůƌĞĂĚǇ
ŝŶƉůĂĐĞ͘
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ϭϵϴ

dŚĞ ƉƵƌƉŽƐĞ ǁĂƐ ƚŚĞƌĞĨŽƌĞ ƚŽ ƵƐĞ Dd ĂƐ Ă ƐƵƉƉŽƌƚ ĚƵƌŝŶŐ ƚŚĞ ƐƚĂŶĚĂƌĚ ĂŶĚ ŽƌĚŝŶĂƌǇ
ĞŶǀŝƌŽŶŵĞŶƚĂů ĚĞĐŽŶƚĂŵŝŶĂƚŝŽŶ ĂĐƚŝǀŝƚŝĞƐ͕ ǁŝƚŚ ƚŚĞ Ăŝŵ ŽĨ ƌĞƉůĂĐŝŶŐͬĐŽŵƉůĞŵĞŶƚŝŶŐ ƚŚĞ ĞǆŝƐƚŝŶŐ
ƐǇƐƚĞŵ͕ ǁŚŝĐŚ ƌĞƋƵŝƌĞƐ ƐƉƌĂǇŝŶŐ Ă ŚǇĚƌŽŐĞŶ ƉĞƌŽǆŝĚĞ ĂŶĚ ƐŝůǀĞƌ ŝŽŶƐ ĚŝƐŝŶĨĞĐƚĂŶƚ ƐŽůƵƚŝŽŶ ;ϰϬϬ
'>K^/ZͿ͘

ŽŶƚƌŽů^ĐŚĞĚƵůĞ
dŚĞ ĂĐƚŝŽŶ ŽĨ Dd ǁĂƐ ƚŽ ďĞ ŵŽŶŝƚŽƌĞĚ ďǇ ƌƵŶŶŝŶŐ ƚĂƌŐĞƚĞĚ ĂŶĂůǇƐĞƐ ǁŝƚŚ ƚŚĞ ƉƵƌƉŽƐĞ ŽĨ
ŽďƚĂŝŶŝŶŐƚŚĞĐŚĂƌĂĐƚĞƌŝƐĂƚŝŽŶŽĨƚŚĞĨŽůůŽǁŝŶŐŝƚĞŵƐŝŶĞĂĐŚŽƉĞƌĂƚŝŶŐƌŽŽŵ͗
Ͳ ϯƐƵƌĨĂĐĞƐǁĂďƐ͖
Ͳ ϭƐĂŵƉůĞŽĨĂŵďŝĞŶƚĂŝƌ͘
ĂĐŚƐĂŵƉůĞǁĂƐĂŶĂůǇƐĞĚĨŽƌ͗

dŽƚĂů ďĂĐƚĞƌŝĂů ĐŽƵŶƚ Ăƚ ϯϳΣ
dŚŝƐ ŝƐ ƚŚĞ ƐƵŵ ŽĨ ƚŚĞ Ăůů ƚŚĞ ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ ƚŚĂƚ ĐĂŶ
;dϯϳͿ
ŐƌŽǁ Ăƚ ϯϳ Σ͕ ǁŚŝĐŚ ĂƌĞ ƚŚĞƌĞĨŽƌĞ ŝŶĚŝĐĂƚŽƌƐ ŽĨ
ĐŽŶƚĂŵŝŶĂƚŝŽŶ ĂůƐŽ ďǇ ƉŽƚĞŶƚŝĂůůǇ ƉĂƚŚŽŐĞŶŝĐ ŐĞƌŵƐ͘ dŚĞŝƌ
ƉƌĞƐĞŶĐĞ ĚŽĞƐ ŶŽƚ ƉƌŽǀŝĚĞ ĞǀŝĚĞŶĐĞ ŽĨ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ
ƉĂƚŚŽŐĞŶƐ͗ŝƚŽŶůǇŝŶĚŝĐĂƚĞƐƚŚĂƚƚŚĞǇŵĂǇďĞƉƌĞƐĞŶƚ͘
DŽƵůĚƐĂŶĚǇĞĂƐƚƐ;DΘzͿ
DŝĐƌŽŽƌŐĂŶŝƐŵ
ƚŚĂƚ
ŝŶĚŝĐĂƚĞ
ĞŶǀŝƌŽŶŵĞŶƚĂů
ĐŽŶƚĂŵŝŶĂƚŝŽŶ͘dŽŐĞƚŚĞƌǁŝƚŚdϯϳ͕ƚŚĞǇĂůůŽǁĞƐƚĂďůŝƐŚŝŶŐ
ƚŚĞĚĞŐƌĞĞŽĨĐůĞĂŶůŝŶĞƐƐŽĨĂĐĞƌƚĂŝŶƐĂŵƉůĞ͘
ŽĂŐƵůĂƐĞͲƉŽƐŝƚŝǀĞ ^ƚĂƉŚǇůŽĐŽĐĐŝ
KƉƉŽƌƚƵŶŝƐƚŝĐƉĂƚŚŽŐĞŶŝĐŵŝĐƌŽŽƌŐĂŶŝƐŵƐƚŚĂƚĐĂŶĐĂƵƐĞ
;^нͿ
ŝŶĨĞĐƚŝŽŶƐ ŝŶ ŚƵŵĂŶƐ͘ dŚĞǇ ĂƌĞ ŶŽƌŵĂůůǇ ƵƐĞĚ ĂƐ ĂŶƚŚƌŽƉŝĐ
ĐŽŶƚĂŵŝŶĂƚŝŽŶ ŝŶĚŝĐĂƚŽƌƐ͕ ŽĨƚĞŶ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ĚĂŶŐĞƌŽƵƐ
ŚŽƐƉŝƚĂůͲĂĐƋƵŝƌĞĚŝŶĨĞĐƚŝŽŶƐ͘

^ĂŵƉůŝŶŐ ǁĂƐ ƉƌĞƉĂƌĞĚ ďĂƐĞĚ ŽŶ ƚŚĞ ŽƌĚŝŶĂƌǇ ǁŽƌŬ ĂĐƚŝǀŝƚŝĞƐ ĐĂƌƌŝĞĚ ŽƵƚ ŝŶ ďŽƚŚ ƌŽŽŵƐ͕
ĂƚƚĞŵƉƚŝŶŐĂŶĂƐƐĞƐƐŵĞŶƚŽĨďŽƚŚŝŶƚĞŶƐŝǀĞĂŶĚůŽǁĂĐƚŝǀŝƚŝĞƐ;ĨŝŐƵƌĞϭͿ͕ŝŶĐŽŵƉůŝĂŶĐĞǁŝƚŚƚŚĞǁŽƌŬͲ
ĨůŽǁŝůůƵƐƚƌĂƚĞĚŝŶĨŝŐƵƌĞϮ͘

&ŝŐƵƌĞϰ–^ĂŵƉůŝŶŐƉƌŽŐƌĂŵ


&ŝŐƵƌĞϱͲ&ůŽǁͲĐŚĂƌƚŽĨĂĐƚŝǀŝƚŝĞƐĚƵƌŝŶŐƚŚĞƐƚƵĚǇƉƌŽŐƌĂŵ

ĂƐĞĚŽŶƚŚĞĂďŽǀĞ͕ŝƚǁĂƐƉŽƐƐŝďůĞƚŽĂƐƐĞƐƐƚŚĞůĞǀĞůŽĨĐŽŶƚĂŵŝŶĂƚŝŽŶŝŶƚŚĞƌŽŽŵŝŶĐĂƐĞŽĨ
ŵĂǆŝŵƵŵĐŽŶƚĂŵŝŶĂƚŝŽŶĐŽŶĚŝƚŝŽŶƐ;ǁŽƌƐƚͲĐĂƐĞͿĂƚƚŚĞĞŶĚŽĨƚŚĞǁŽƌŬŝŶŐĚĂǇĂŶĚĐŽŵƉĂƌĞŝƚǁŝƚŚ
ƚŚĞůĞǀĞůƐĚĞƚĞĐƚĞĚǁŚĞŶƚŚĞƌŽŽŵŝƐĂƚŝƚƐĐůĞĂŶĞƐƚ͕ďǇǁĂǇŽĨƐĂŵƉůĞƐƚĂŬĞŶƚŚĞĨŽůůŽǁŝŶŐĚĂǇ͕ĂĨƚĞƌ
ŵĂŶƵĂůĚĞͲĐŽŶƚĂŵŝŶĂƚŝŽŶŽƉĞƌĂƚŝŽŶƐĂŶĚĨŽůůŽǁŝŶŐƚŚĞƵŶŝŶƚĞƌƌƵƉƚĞĚƵƐĞŽĨDdĚƵƌŝŶŐƚŚĞŶŝŐŚƚ͘
dŚĞƐĂŵƉůĞƐǁĞƌĞƚĂŬĞŶĨƌŽŵƚŚĞƐĂŵĞƐƵƌĨĂĐĞƐŝŶďŽƚŚŽƉĞƌĂƚŝŶŐƌŽŽŵƐ͕ƚƌǇŝŶŐƚŽĨŽĐƵƐŽŶƚŚĞ
ĂƌĞĂƐƚŚĂƚĂƌĞŵŽƌĞĞǆƉŽƐĞĚƚŽĐŽŶƚĂŵŝŶĂƚŝŽŶĚƵĞƚŽĂŵŽƌĞŝŶƚĞŶƐŝǀĞŽƉĞƌĂƚŽƌƉƌĞƐĞŶĐĞ͕ŽƌƚŽƚŚĞ
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ϭϵϵ



ĨĂĐƚ ƚŚĂƚ ƚŚĞǇ ĂƌĞ ŵŽƌĞ ĚŝĨĨŝĐƵůƚ ƚŽ ĐůĞĂŶ ďǇ ŚĂŶĚ ĚƵĞ ƚŽ ƚŚĞŝƌ ƐŚĂƉĞ͘ ŵďŝĞŶƚ Ăŝƌ͕ ŝŶƐƚĞĂĚ͕ ǁĂƐ
ĐŽŶƐŝƐƚĞŶƚůǇƐĂŵƉůĞĚŝŶƚŚĞŵŝĚĚůĞŽĨĞĂĐŚƌŽŽŵ͕ŶĞĂƌƚŚĞŽƉĞƌĂƚŝŶŐƚĂďůĞ͘

ůůƐĂŵƉůŝŶŐĂŶĚĂŶĂůǇƐĞƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚďǇĂƋƵĂůŝĨŝĞĚĂŶĚĂĐĐƌĞĚŝƚĞĚůĂďŽƌĂƚŽƌǇ͘dŽŐĞƚŚĞƌǁŝƚŚ
ƚŚĞƐĂŵƉůŝŶŐ͕ƚŚĞƐǁŝƚĐŚŝŶŐŽŶĂŶĚŽĨĨƚŝŵĞƐŽĨĞĂĐŚDdĐĂďŝŶĞƚǁĞƌĞĂůƐŽƌĞĐŽƌĚĞĚ͘

ZĞƐƵůƚƐ
tŽƌŬƐƵƌĨĂĐĞƐ
dŚĞĚĂƚĂĐŽůůĞĐƚĞĚ͕ĂŶĚŝůůƵƐƚƌĂƚĞĚŝŶĂŶŶĞǆϭ͕ĞǀŝĚĞŶĐĞĚĂŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůƚŚĂƚǁĂƐ
ƐƵďƐƚĂŶƚŝĂůůǇůŽǁ͘

EŽ ŵŽƵůĚƐ Žƌ ǇĞĂƐƚƐ ǁĞƌĞ ŝƐŽůĂƚĞĚ ĨƌŽŵ ƚŚĞ ĂŶĂůǇƐĞĚ ƐĂŵƉůĞƐ ŝŶ ďŽƚŚ ƐĂŵƉůŝŶŐ ĐŽŶĚŝƚŝŽŶƐ
;ĐůĞĂŶͬĚŝƌƚǇƌŽŽŵͿ͘^ƚĂƉŚǇůŽĐŽĐĐŝǁĞƌĞŽĐĐĂƐŝŽŶĂůůǇĨŽƵŶĚŝŶƐŽŵĞƐĂŵƉůĞƐƚĂŬĞŶĂĨƚĞƌǁŽƌŬĂĐƚŝǀŝƚŝĞƐ͕
ďƵƚŽŶůǇĚƵƌŝŶŐƚŚĞĨŝƌƐƚĨĞǁĚĂǇƐŽĨŵŽŶŝƚŽƌŝŶŐ͘

^ĞƉĂƌĂƚĞĐŽŶƐŝĚĞƌĂƚŝŽŶƐŵƵƐƚďĞŵĂĚĞĨŽƌdϯϳ͘
&ŝƌƐƚ͕ŝŶĞǀĞƌǇĐĂƐĞ͕ƚŚĞŵŝĐƌŽďŝĂůůŽĂĚĂƚϯϳΣǁĂƐŝƐŽůĂƚĞĚĞǆĐůƵƐŝǀĞůǇŝŶƐĂŵƉůĞƐƚĂŬĞŶŝŶƚŚĞ
ĚŝƌƚǇ ƌŽŽŵ ĂŶĚ ŶĞǀĞƌ ĂĨƚĞƌ ƚƌĞĂƚŵĞŶƚ ǁŝƚŚ Dd͖ ƚŚĞƌĞĨŽƌĞ͕ ĂĨƚĞƌ ƚƌĞĂƚŵĞŶƚ͕ ƚŚĞ ƐĂŵƉůĞƐ ǁĞƌĞ
ƚŽƚĂůůǇĐůĞĂŶĂŶĚĨƌĞĞĨƌŽŵĂŶǇĚĞƚĞĐƚĂďůĞůĞǀĞůƐŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͕ĞǀŝĚĞŶĐŝŶŐƚŚĞƉƌĞƐĞŶĐĞŽĨŝĚĞĂů
ŚǇŐŝĞŶŝĐĐŽŶĚŝƚŝŽŶƐ͘

KďǀŝŽƵƐůǇ͕ƐƵƌĨĂĐĞƐŽŶǁŚŝĐŚĂĐƚŝǀŝƚŝĞƐĂƌĞĐĂƌƌŝĞĚŽƵƚƚĞŶĚƚŽďĞĐŽŶƚĂŵŝŶĂƚĞĚ͕ƌĞŐĂƌĚůĞƐƐŽĨƚŚĞ
ƚǇƉĞŽĨƐƵƌĨĂĐĞ͘
dŚĞŝŶƚĞƌĞƐƚŝŶŐĨĂĐƚƚŚĂƚĞŵĞƌŐĞĚŝƐƚŚĂƚ͕ĂƐDdǁĂƐƵƐĞĚ͕ƚŚĞĂǀĞƌĂŐĞůĞǀĞůŽĨĨŽƵůŝŶŐ;ƚŚĂƚŝƐ
ƚŚĞĂǀĞƌĂŐĞƋƵĂŶƚŝƚǇŽĨǁŚĂƚǁĂƐĨŽƵŶĚŝŶƚŚĞƐŝǆƐĂŵƉůĞĚƐƵƌĨĂĐĞƐŝŶďŽƚŚŽƉĞƌĂƚŝŶŐƌŽŽŵƐͿƚĞŶĚĞĚ
ƚŽĚĞĐƌĞĂƐĞŽǀĞƌ ƚŝŵĞ͕ĂƐŝĨ ƚŚĞ ƚƌĞĂƚŵĞŶƚ ŵĂĚĞ ƚŚĞŵƌĞƐŝƐƚĂŶƚƚŽ ĐŽŶƚĂŵŝŶĂƚŝŽŶĚƵƌŝŶŐŽƌĚŝŶĂƌǇ
ŽƉĞƌĂƚŝŶŐĂĐƚŝǀŝƚŝĞƐ͘

dŚĞĐŚĂƌƚďĞůŽǁƐŚŽǁƐǁŚĂƚŚĂƐũƵƐƚďĞĞŶĚĞƐĐƌŝďĞĚ͘






&ŝŐƵƌĞ ϲ Ͳ  ǀĞƌĂŐĞ ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ͖ ƚƌĞŶĚ ĚƵƌŝŶŐ ƚŚĞ ƚĞƐƚŝŶŐ ƉĞƌŝŽĚ͘ dŚĞ ĚĂƚĂ ƌĞƉƌĞƐĞŶƚ ƚŚĞ ĂǀĞƌĂŐĞ
ĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůƐĚĞƚĞĐƚĞĚŽŶƚŚĞƐŝǆƐĂŵƉůĞĚƐƵƌĨĂĐĞƐŝŶďŽƚŚƌŽŽŵƐ;ϯƉĞƌƌŽŽŵͿ͘
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ϮϬϬ

dŚĞĨŝŐƵƌĞŝůůƵƐƚƌĂƚĞƐƚŚĂƚƚŚĞdϯϳƵŶĚĞŶŝĂďůǇƚĞŶĚƐƚŽĚĞĐƌĞĂƐĞ͕ŐŽŝŶŐĨƌŽŵĂŶĂǀĞƌĂŐĞǀĂůƵĞ
ŽĨŽǀĞƌϵϬϬĐŽůŽŶǇͲĨŽƌŵŝŶŐƵŶŝƚƐƉĞƌƐƋƵĂƌĞĐĞŶƚŝŵĞƚƌĞ;&hͬĐŵϮͿƚŽũƵƐƚŽǀĞƌϯϬϬ&hͬĐŵϮ ǁŝƚŚĂ
ƌĞĚƵĐƚŝŽŶƚƌĞŶĚŽĨŐŽŽĚůŝŶĞĂƌĂƉƉƌŽǆŝŵĂƚŝŽŶ͘

dŚƌŽƵŐŚƚŚĞĂŶĂůǇƐŝƐŽĨƚŚĞƌĞƐƵůƚƐŽďƚĂŝŶĞĚŝŶŝŶĚŝǀŝĚƵĂůƌŽŽŵƐ͕ŝƚǁĂƐƉŽƐƐŝďůĞƚŽǀĞƌŝĨǇǁŚĞƚŚĞƌ
ƚŚŝƐďĞŚĂǀŝŽƵƌǁĂƐĚĞƚĞĐƚĞĚŝŶďŽƚŚƌŽŽŵƐ͘














&ŝŐƵƌĞϳͲǀĞƌĂŐĞŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶŝŶƚŚĞƚǁŽŽƉĞƌĂƚŝŶŐƌŽŽŵƐ͗ƌŽŽŵŽŶƚŚĞůĞĨƚĂŶĚƌŽŽŵŽŶƚŚĞƌŝŐŚƚ


/ŶƚŚŝƐĐĂƐĞ͕ŝƚŝƐĐůĞĂƌƚŚĂƚƚŚĞŽďƐĞƌǀĞĚƉŚĞŶŽŵĞŶŽŶŝƐƌĞƉĞĂƚĂďůĞŝŶďŽƚŚŽƉĞƌĂƚŝŶŐƌŽŽŵƐ͘

ƐĐŽŶƚĂŵŝŶĂƚŝŽŶŽĐĐƵƌƐĚƵƌŝŶŐƚŚĞ ŶŽƌŵĂůƵƐĞŽĨƚŚĞ ŽƉĞƌĂƚŝŶŐƌŽŽŵǁŚĞŶDdŝƐŽĨĨ͕ ƚŚĞ
ƉŚĞŶŽŵĞŶŽŶ ƐĞĞŵƐ ƚŽ ďĞ ƉƌŽĚƵĐĞĚ ďǇ ΗƐŽŵĞƚŚŝŶŐΗ ƚŚĂƚ ƚĞŶĚƐ ƚŽ ƉƌŽƚĞĐƚ ƐƵƌĨĂĐĞƐ ĨƌŽŵ
ĐŽŶƚĂŵŝŶĂƚŝŽŶ͕ĂƐŝĨƚŚĞĂĐƚŝŽŶŽĨDdŵĂĚĞƚŚĞŵůĞƐƐŚŽƐƉŝƚĂďůĞĨŽƌŵŝĐƌŽŽƌŐĂŶŝƐŵƐŽǀĞƌƚŝŵĞ͘

/ŶŐĞŶĞƌĂů͕ĂƐƵƌĨĂĐĞŝƐůĞƐƐĐŽŶƚĂŵŝŶĂƚĞĚďĞĐĂƵƐĞ͗
ĂͿ /ƚŝƐƐŽŝůĞĚůĞƐƐ
Žƌ
ďͿ tŝƚŚƚŚĞƐĂŵĞůĞǀĞůŽĨĨŽƵůŝŶŐ͕ƚŚĞƐƵƌǀŝǀĂůƌĂƚĞŽĨŵŝĐƌŽŽƌŐĂŶŝƐŵƐŝƐůŽǁĞƌ͘

dŚŝƐŵĂǇďĞĚƵĞƚŽ͗
b’) the presence of biocidal elements (which, in this case, would accumulate over time);
ď’’) the lack of elements favouring microbial settlement / survival (free water, nutrients, such as
ŽƌŐĂŶŝĐŵĂƚƚĞƌͿ

DŽƐƚƉƌŽďĂďůǇ͕ŝƚŝƐƉŽƐƐŝďůĞƚŽƌƵůĞŽƵƚƚŚĂƚƚŚĞƐƵƌĨĂĐĞƐĂƌĞƐŽŝůĞĚůĞƐƐ;ƚŚĞƌĞŝƐŶŽƌĞĂƐŽŶǁŚǇ
ƚŚŝƐƐŚŽƵůĚďĞƚŚĞĐĂƐĞͿĂŶĚƚŚĞƌĞĨŽƌĞƚŚĞƐĞĐŽŶĚŚǇƉŽƚŚĞƐŝƐŽĨůŽǁĞƌŵŝĐƌŽďŝĂůƐƵƌǀŝǀĂůƌĂƚĞŵƵƐƚďĞ
ƚƌƵĞ͘/ŶƚŚŝƐĐĂƐĞ͕ƚŚŝƐŝƐƵŶůŝŬĞůǇƚŽďĞĚƵĞƚŽƚŚĞƉĞƌŵĂŶĞŶĐĞͬĂĐĐƵŵƵůĂƚŝŽŶŽĨďŝŽĐŝĚĂůĞůĞŵĞŶƚƐ;ƚŚĞ
ƌĞĂĐƚŝǀĞƐƉĞĐŝĞƐŐĞŶĞƌĂƚĞĚďǇDdŚĂǀĞĂǀĞƌǇƐŚŽƌƚŚĂůĨͲůŝĨĞͿŽƌƚŽĂƌĞĚƵĐƚŝŽŶŽĨĨƌĞĞǁĂƚĞƌ;ƚŚŝƐ
ĚŽĞƐŶΖƚĂƉƉĞĂƌƚŽďĞĐŽƌƌĞůĂƚĞĚǁŝƚŚƚŚĞĂĐƚŝŽŶŽĨDdͿ͘dŚĞŵŽƐƚůŝŬĞůǇŚǇƉŽƚŚĞƐŝƐŝƐƚŚĂƚ͕ƚŚĂŶŬƐ
ƚŽƚŚĞƵƐĞŽĨDd͕ĐůĞĂŶŝŶŐŽƉĞƌĂƚŝŽŶƐĂƌĞŵŽƌĞĞĨĨĞĐƚŝǀĞŶŽƚŽŶůǇǁŚĞŶŝƚĐŽŵĞƐƚŽĞůŝŵŝŶĂƚŝŶŐ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ;ĂŐŽĂůƚŚĂƚǁĂƐĂĐŚŝĞǀĞĚƌŝŐŚĨƌŽŵƚŚĞďĞŐŝŶŶŝŶŐŽĨƚŚĞƚƌŝĂůͿ͕ďƵƚĂůƐŽĂŶĚĨŽƌĞŵŽƐƚ
ǁŚĞŶŝƚĐŽŵĞƐƚŽĞĨĨĞĐƚŝǀĞůǇƌĞŵŽǀŝŶŐƚŚĞŽƌŐĂŶŝĐŵĂƚƚĞƌƚŚĂƚƐĞƚƚůĞƐŽŶƚŚĞƐƵƌĨĂĐĞƐĂŶĚĐŽŶƐƚŝƚƵƚĞƐ
ŵŝĐƌŽďŝĂůŶŽƵƌŝƐŚĞŵĞŶƚ;ĚŝƌƚͿ͘
ZĞŐĂƌĚůĞƐƐŽĨƚŚĞƐĐŝĞŶƚŝĨŝĐĞǆƉůĂŶĂƚŝŽŶŽĨƚŚĞƌĞĂƐŽŶƐĨŽƌƚŚĞŽďƐĞƌǀĞĚƉŚĞŶŽŵĞŶŽŶ͕ŝƚƐĞĞŵƐ
ĐůĞĂƌ ƚŚĂƚ ƚŚĞ ĐŽŶƚŝŶƵŽƵƐ ĂŶĚ ƌĞƉĞĂƚĞĚ ƵƐĞ ŽĨ Dd ŵĂǇ ŚĂǀĞ Ă ƐŝŐŶŝĨŝĐĂŶƚ ĂĚũƵǀĂŶƚ ĂĐƚŝŽŶ ƚŽ
ĐůĞĂŶŝŶŐŽƉĞƌĂƚŝŽŶƐ͕ǁŝƚŚŽƵƚĂŶǇŶĞĞĚĨŽƌĐŚĞŵŝĐĂůƉƌŽĚƵĐƚƐƚŽďĞƐƉƌĂǇĞĚ͘
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ϮϬϭ


ŵďŝĞŶƚĂŝƌ
/Ŷ ƚŚĞ ƐĂŵĞ ǁĂǇ͕ ĂůƐŽ ĂŝƌďŽƌŶĞ ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ĞǀŝĚĞŶĐĞĚ ůŽǁ ůĞǀĞůƐ ŽĨ ŵŝĐƌŽďŝĂů
ĐŽŶƚĂŵŝŶĂƚŝŽŶ͕ǁŝƚŚƚŚĞƐĂŵĞƚǇƉĞŽĨŝƐŽůĂƚĞĚŵŝĐƌŽŽƌŐĂŶŝƐŵƐ;dϯϳĂŶĚŽŶůǇƐƉŽƌĂĚŝĐĂůůǇ^нͿ͘
ůƐŽŝŶƚŚŝƐĐĂƐĞ͕ƚŚĞĂŝƌƐŚŽǁĞĚƚŚĞƐĂŵĞĚŽǁŶǁĂƌĚƚƌĞŶĚ͕ĂƐŝĨŝƚǁĞƌĞŵŽƌĞĂŶĚŵŽƌĞƉƌŽƚĞĐƚĞĚ
ŽǀĞƌƚŝŵĞĚƵƌŝŶŐƐƵƌŐĞƌǇ;ĞǀĞŶŝĨDdŝƐŽĨĨͿĂŶĚŝƚƐĚĞͲĐŽŶƚĂŵŝŶĂƚŝŽŶĂƚŶŝŐŚƚďĞĐĂŵĞŝŶĐƌĞĂƐŝŶŐůǇ
ŵŽƌĞĞĨĨĞĐƚŝǀĞ͘

Nell’immagine: MicƌŽďŝĂůůŽĂĚƚƌĞŶĚ;ĂǀĞƌĂŐĞŽĨϮƐĂŵƉůĞƐͿ–ŝƌĂĨƚĞƌŽƉĞƌĂƚŝŽŶƐ–^ĂŵƉůŝŶŐĚĂǇƐ



&ŝŐƵƌĞ ϴ – ŝƌďŽƌŶĞ ĐŽŶƚĂŵŝŶĂƚŝŽŶ ƚƌĞŶĚ Ăƚ ƚŚĞ ĞŶĚ ŽĨ ƚŚĞ ƐƵƌŐĞƌǇ ĂĐƚŝǀŝƚŝĞƐ ;ĚŝƌƚǇ ƌŽŽŵͿ͘
ǀĞƌĂŐĞǀĂůƵĞƐĚĞƚĞĐƚĞĚŝŶďŽƚŚŽƉĞƌĂƚŝŶŐƌŽŽŵƐ



&ŝŐƵƌĞ ϵ Ͳ ŝƌďŽƌŶĞĐŽŶƚĂŵŝŶĂƚŝŽŶƚƌĞŶĚǁŚĞŶDdŝƐƐǁŝƚĐŚĞĚŽĨĨĂĨƚĞƌǁŽƌŬŝŶŐŽǀĞƌŶŝŐŚƚ
;ĐůĞĂŶƌŽŽŵͿ͘ǀĞƌĂŐĞǀĂůƵĞƐĚĞƚĞĐƚĞĚŝŶďŽƚŚŽƉĞƌĂƚŝŶŐƌŽŽŵƐ
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ϮϬϮ

dŚĞŵŝĐƌŽďŝĂůůŽĂĚƌĞĚƵĐƚŝŽŶŝƐĞǀŝĚĞŶƚďŽƚŚŝŶƚŚĞĚŝƌƚǇĂŶĚŝŶƚŚĞĐůĞĂŶƌŽŽŵ͘/ŶƚŚĞůĂƚƚĞƌĐĂƐĞ͕
Ă ƉĂƌƚŝĐƵůĂƌ ƉŚĞŶŽŵĞŶŽŶ ǁĂƐ ŽďƐĞƌǀĞĚ͗ ǁŚĞƌĞĂƐ Ăƚ ƚŚĞ ďĞŐŝŶŶŝŶŐ ŽĨ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů ƉĞƌŝŽĚ Ă
ŵŝŶŝŵƵŵ ĂŵŽƵŶƚ ŽĨ ĐŽŶƚĂŵŝŶĂƚŝŽŶ ǁĂƐ ƌĞĐŽƌĚĞĚ ĚĞƐƉŝƚĞ ƚŚĞ ƵƐĞ ŽĨ Dd ;ĂƉƉƌŽǆŝŵĂƚĞůǇ ϯϬ
&hͬŵϯͿ͕ƐƵĐŚĐŽŶƚĂŵŝŶĂƚŝŽŶƐƵĚĚĞŶůǇĚŝƐĂƉƉĞĂƌĞĚĚƵƌŝŶŐƚŚĞƐĞĐŽŶĚĞǆƉĞƌŝŵĞŶƚĂůƉĞƌŝŽĚ;ƐŝŐŵŽŝĚ
ƚƌĞŶĚͿ͘
/ŶƚŚŝƐĐĂƐĞƚŚĞĞǆƉůĂŶĂƚŝŽŶŽĨƚŚĞƉŚĞŶŽŵĞŶŽŶŵĂǇďĞŵŽƌĞĐŽŵƉůŝĐĂƚĞĚ͗ŝƚŝƐŝŶĨĂĐƚĚŝĨĨŝĐƵůƚƚŽ
ƵŶĚĞƌƐƚĂŶĚ ǁŚǇ͕ ĂƐ Dd ŝƐ ƵƐĞĚ ƌĞŐƵůĂƌůǇ͕ ƚŚĞ Ăŝƌ ŝƐ ůĞƐƐ ĐŽŶƚĂŵŝŶĂƚĞĚ ĞǀĞŶ ĚƵƌŝŶŐ ƐƵƌŐĞƌǇ
ŽƉĞƌĂƚŝŽŶƐ͕ƚŚĂƚŝƐǁŚĞŶƚŚĞŝŽŶŝǌŝŶŐƐǇƐƚĞŵŝƐŽĨĨ͘
/ŶƚŚĞĐĂƐĞŽĨĂŝƌďŽƌŶĞĐŽŶƚĂŵŝŶĂƚŝŽŶ͕ďŝŽĐŝĚĂůĂĐƚŝǀŝƚǇĐĂŶŶŽƚďĞĂƌĞĂƐŽŶ;ĂƐŝƚŝƐǀĞƌǇƐŚŽƌƚͿ͕ŶŽƌ
ĐĂŶďĞƚŚĞŽƚŚĞƌĨĂĐƚŽƌƐƚŚĂƚǁĞƌĞŚǇƉŽƚŚĞƚŝƐĞĚĨŽƌƐƵƌĨĂĐĞƐ͘ŶĂƐƐƵŵƉƚŝŽŶǁĂƐŵĂĚĞƌĞŐĂƌĚŝŶŐƚŚĞ
ĞǆŝƐƚĂŶĐĞŽĨĂĐŽƌƌĞůĂƚŝŽŶďĞƚǁĞĞŶƚŚĞůĞǀĞůŽĨĨŽƵůŝŶŐŽĨƐƵƌĨĂĐĞƐĂŶĚĂŝƌďŽƌŶĞĐŽŶƚĂŵŝŶĂƚŝŽŶ͕ŝ͘Ğ͘
ĐůĞĂŶĞƌƐƵƌĨĂĐĞƐŵĞĂŶĨĞǁĞƌŵŝĐƌŽŽƌŐĂŶŝƐŵƐŝŶƚŚĞĂŝƌ͘


&ŝŐƵƌĞϭϬ–ŽƌƌĞůĂƚŝŽŶďĞƚǁĞĞŶƐƵƌĨĂĐĞĐŽŶƚĂŵŝŶĂƚŝŽŶĂŶĚĂŝƌďŽƌŶĞĐŽŶƚĂŵŝŶĂƚŝŽŶ

ĂƚĂ ĂŶĂůǇƐŝƐ͕ ƵŶĨŽƌƚƵŶĂƚĞůǇ͕ ĞǀŝĚĞŶĐĞƐ Ă ƉŽŽƌ ĐŽƌƌĞůĂƚŝŽŶ ďĞƚǁĞĞŶ ƚŚĞƐĞ ĨĂĐƚŽƌƐ ;ƌ Ϯ  с Ϭ͘ϰϵͿ
ŵĂŬŝŶŐƚŚŝƐĂƐƐƵŵƉƚŝŽŶŝŶĂĐĐƵƌĂƚĞ͘

ŶŽƚŚĞƌŽƉƚŝŽŶ͕ĐƵƌƌĞŶƚůǇŝŵƉŽƐƐŝďůĞƚŽǀĞƌŝĨǇǁŝƚŚƚŚĞĚĂƚĂĂǀĂŝůĂďůĞ͕ŝƐƚŚĂƚƚŚĞĐŽŵďŝŶĂƚŝŽŶŽĨ
ƌĞĂĐƚŝǀĞƐƉĞĐŝĞƐƉƌŽĚƵĐĞĚĚƵƌŝŶŐƚŚĞŶŝŐŚƚďǇDdǁŝƚŚǁĂƚĞƌǀĂƉŽƵƌŝŶƚŚĞĂŝƌŐĞŶĞƌĂƚĞƐŚǇĚƌŽŐĞŶ
ƉĞƌŽǆŝĚĞ ŵŽůĞĐƵůĞƐĐŚĂƌĂĐƚĞƌŝǌĞĚďǇĂ ĐůĞĂƌŚŝŐŚĞƌƉĞƌƐŝƐƚĞŶĐĞ ŝŶĂŝƌ͘dŚĞ ƉƌŽůŽŶŐĞĚƵƐĞ ŽĨDd
ǁŽƵůĚ ƚŚĞƌĞĨŽƌĞ ĂůůŽǁ͕ ŽǀĞƌ ƚŝŵĞ͕ ƚŚĞ ĂĐĐƵŵƵůĂƚŝŽŶ ŽĨ ĐŽŵƉŽƵŶĚƐ ǁŝƚŚ ďŝŽĐŝĚĂů ĂĐƚŝŽŶ ĂďůĞ ƚŽ
ĐŽŶƚƌĂƐƚƚŚĞƉƌĞƐĞŶĐĞŽĨĂŝƌďŽƌŶĞŵŝĐƌŽŽƌŐĂŶŝƐŵƐ͘

ǀĞŶ ŝŶ ƚŚŝƐ ĐĂƐĞ͕ ŚŽǁĞǀĞƌ͕ ŝƌƌĞƐƉĞĐƚŝǀĞ ŽĨ ƐƚƌŝĐƚ ƐĐŝĞŶƚŝĨŝĐ ĞǆƉůĂŶĂƚŝŽŶ ŽĨ ƚŚĞ ŽďƐĞƌǀĞĚ
ƉŚĞŶŽŵĞŶŽŶ͕ŝƚĐĂŶďĞĐŽŶĐůƵĚĞĚƚŚĂƚƚŚĞƵƐĞŽĨDdŝŵƉƌŽǀĞƐĂŝƌƋƵĂůŝƚǇ͕ůĞĂĚŝŶŐƚŽĂŐƌĂĚƵĂů
ĚĞĐƌĞĂƐĞŽĨŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶŽĨĂŝƌ͕ǁŚŝĐŚŐƌĞĂƚůǇŝŵƉƌŽǀĞƐŚĞĂůƚŚĂŶĚŚǇŐŝĞŶŝĐĐŽŶĚŝƚŝŽŶƐ͘
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ŶŶĞǆϭ

ͲŶĂůǇƚŝĐĂůƌĞƐƵůƚƐͲ
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ϮϬϰ



^ƵƌĨĂĐĞƐ
^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϭϳ͗ϯϬ

WƵůŝƚĂ

Ϭϳ͗ϯϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϳ͗ϱϭ

DĂƚĞK&&

ϳ͗ϯϬ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϯ͗ϯϵ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ƉŽƌƚĞůůŽŵŽďŝůĞ
ƉŽƌƚĂĨŝůŝƐƵƚƵƌĂ
ϮϳͬϬϮͬϭϳ

^ƉŽƌĐĂ
ϭϯϬϬ
фϭϬ
фϭϬ
ϭϱ

ϮϴͬϬϮͬϭϳ

^ŽĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϮϳͬϬϮͬϭϳ

>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂůĂƚŽ
Ěǆ

ϮϴͬϬϮͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϭϱϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϳͬϬϮͬϭϳ

ϮϴͬϬϮͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϯϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϭϳ͗ϱϱ

WƵůŝƚĂ

Ϭϴ͗ϬϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϴ͗ϭϯ

DĂƚĞK&&

Ϭϳ͗ϯϮ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϯ͗ϭϵ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ƉŽƌƚĞůůŽŵŽďŝůĞ
ƉŽƌƚĂĨŝůŝƐƵƚƵƌĂ
ϮϳͬϬϮͬϭϳ

^ƉŽƌĐĂ
ϭϰϬϬ
фϭϬ
фϭϬ
фϭϬ

ϮϴͬϬϮͬϭϳ

^ŽĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϮϳͬϬϮͬϭϳ

>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂůĂƚŽ
Ěǆ

ϮϴͬϬϮͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϭϱϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϳͬϬϮͬϭϳ

ϮϴͬϬϮͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϮϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϮϬ͗ϬϬ

WƵůŝƚĂ

Ϭϴ͗ϭϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϮϬ͗ϭϱ

DĂƚĞK&&

Ϭϳ͗ϰϬ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϭ͗Ϯϱ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

dƵďŽĐŽƌƌƵŐĂƚŽ
ϬϭͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϵϬϬ
фϭϬ
фϭϬ
ϭϱ

ϬϮͬϬϯͬϭϳ

DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ
ǌŽŶĂƉƵůƐĂŶƚŝ
ϬϭͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϭϬϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϮͬϬϯͬϭϳ

WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ
ĨĞƌƌŝ
ϬϭͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϲϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϮͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ










^ƉŽƌĐĂ

ϭϵ͗ϯϬ

WƵůŝƚĂ

Ϭϳ͗ϰϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϰϵ

DĂƚĞK&&

Ϭϳ͗ϰϮ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϭ͗ϱϯ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

dƵďŽĐŽƌƌƵŐĂƚŽ
ϬϭͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϳϬϬ
фϭϬ
фϭϬ
фϭϬ

ϬϮͬϬϯͬϭϳ

DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ
ǌŽŶĂƉƵůƐĂŶƚŝ
ϬϭͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϭϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϮͬϬϯͬϭϳ

WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ
ĨĞƌƌŝ
ϬϭͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϴϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
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ϬϮͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

ϮϬϱ






^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϴ͗ϭϱ

WƵůŝƚĂ

ϭϭ͗ϮϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϴ͗ϯϰ

ĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ
ĐĂƐƐĞƚƚŽůĂƚŽĚǆ

DĂŶŝŐůŝĂĐĂƌƌĞůůŽ
ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚĞ

DĂƚĞK&&

ϭϭ͗ϭϱ

ϬϲͬϬϯͬϭϳ

ϬϲͬϬϯͬϭϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϲ͗ϰϭ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ƉŽƌĐĂ
ϭϯϬϬ
фϭϬ
фϭϬ
фϭϬ

ϬϳͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϭϬϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϳͬϬϯͬϭϳ

^ƉŽƌƚĞůůŽŵŽďŝůĞ
ƉŽƌƚĂĨŝůŝĚŝƐƵƚƵƌĂ
ϬϲͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϵϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϳͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϭϳ͗ϭϬ

WƵůŝƚĂ

ϭϬ͗ϱϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϳ͗ϯϭ

ĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ
ĐĂƐƐĞƚƚŽůĂƚŽĚǆ

DĂŶŝŐůŝĂĐĂƌƌĞůůŽ
ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚĞ

DĂƚĞK&&

ϭϬ͗ϱϮ

ϬϲͬϬϯͬϭϳ

ϬϲͬϬϯͬϭϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϳ͗Ϯϭ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ƉŽƌĐĂ
ϵϬϬ
фϭϬ
фϭϬ
фϭϬ

ϬϳͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϳϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϳͬϬϯͬϭϳ

^ƉŽƌƚĞůůŽŵŽďŝůĞ
ƉŽƌƚĂĨŝůŝĚŝƐƵƚƵƌĂ
ϬϲͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϭϭϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϳͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϮϬ͗ϯϬ

WƵůŝƚĂ

ϭϭ͗ϮϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϮϬ͗ϰϲ

DĂƚĞK&&

Ϭϳ͗ϰϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϭ͗Ϭϭ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ŽĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϬϴͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϭϭϬϬ
фϭϬ
фϭϬ
фϭϬ

ϬϵͬϬϯͬϭϳ

>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂůĂƚŽ
Ɛǆ
ϬϴͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϴϰϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϵͬϬϯͬϭϳ

dƵďŽĐŽƌƌƵŐĂƚŽ
ϬϴͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϱϯϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϵͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ








^ƉŽƌĐĂ

ϮϬ͗ϭϬ

WƵůŝƚĂ

Ϭϳ͗ϰϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϮϬ͗Ϯϴ

DĂƚĞK&&

Ϭϳ͗ϰϭ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϭ͗ϭϯ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ŽĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϬϴͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϭϯϬϬ
фϭϬ
фϭϬ
фϭϬ

ϬϵͬϬϯͬϭϳ

>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂůĂƚŽ
Ɛǆ
ϬϴͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϲϱϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϵͬϬϯͬϭϳ

dƵďŽĐŽƌƌƵŐĂƚŽ
ϬϴͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϰϱϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϬϵͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ





Scientific Dossier | 211

ϮϬϲ






^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϰ͗ϱϬ

WƵůŝƚĂ

ϭϮ͗ϰϱ



KƌĂƌŝŽDd

DĂƚĞKE

ϭϱ͗ϭϯ

DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ
ǌŽŶĂƉƵůƐĂŶƚŝ

DĂƚĞK&&

ϭϮ͗ϰϲ

ϭϯͬϬϯͬϭϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ Ϯϭ͗ϯϯ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

ϭϰͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϰϬϬ
фϭϬ
фϭϬ
фϭϬ

ĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ
ĐĂƐƐĞƚƚŽůĂƚŽƐǆ
ϭϯͬϬϯͬϭϳ

ϭϰͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϰϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ
ĨĞƌƌŝ
ϭϯͬϬϯͬϭϳ

ϭϰͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϱϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϭϱ͗ϰϬ

WƵůŝƚĂ

ϭϯ͗ϭϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϲ͗Ϭϳ

DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ
ǌŽŶĂƉƵůƐĂŶƚŝ

DĂƚĞK&&

ϭϯ͗Ϭϲ

ϭϯͬϬϯͬϭϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϮϬ͗ϱϵ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ƉŽƌĐĂ
ϲϰϬ
фϭϬ
фϭϬ
фϭϬ

ϭϰͬϬϯͬϭϳ

ĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ
ĐĂƐƐĞƚƚŽůĂƚŽƐǆ
ϭϯͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϰϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϭϰͬϬϯͬϭϳ

WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ
ĨĞƌƌŝ
ϭϯͬϬϯͬϭϳ

ϭϰͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϯϱϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϭϵ͗ϭϬ

WƵůŝƚĂ

Ϭϳ͗ϰϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϯϯ

DĂŶŝŐůŝĂĐĂƌƌĞůůŽ
ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚĞ

DĂƚĞK&&

Ϭϳ͗ϯϳ

ϭϱͬϬϯͬϭϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϮ͗Ϭϰ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ƉŽƌĐĂ
ϱϰϬ
фϭϬ
фϭϬ
фϭϬ

ϭϲͬϬϯͬϭϳ

^ƉŽƌƚĞůůŽŵŽďŝůĞ
ƉŽƌƚĂĨŝůŝĚŝƐƵƚƵƌĂ
ϭϱͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϳϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϭϲͬϬϯͬϭϳ

^ŽĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϭϱͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϰϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϭϲͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ








^ƉŽƌĐĂ

ϭϵ͗ϰϬ

WƵůŝƚĂ

Ϭϴ͗ϭϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϱϯ

DĂŶŝŐůŝĂĐĂƌƌĞůůŽ
ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚĞ

DĂƚĞK&&

Ϭϳ͗ϱϰ

ϭϱͬϬϯͬϭϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϮ͗Ϭϭ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

^ƉŽƌĐĂ
ϳϯϬ
фϭϬ
фϭϬ
фϭϬ

ϭϲͬϬϯͬϭϳ

^ƉŽƌƚĞůůŽŵŽďŝůĞ
ƉŽƌƚĂĨŝůŝĚŝƐƵƚƵƌĂ
ϭϱͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϭϭϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϭϲͬϬϯͬϭϳ

^ŽĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϭϱͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϰϯϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
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ϭϲͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

ϮϬϳ







KƌĂĚĞůƉƌĞůŝĞǀŽ

^ĂůĂ
^ƉŽƌĐĂ

ϭϳ͗ϯϬ

WƵůŝƚĂ

ϭϮ͗ϰϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϳ͗ϱϱ

DĂƚĞK&&

ϭϮ͗ϯϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϴ͗ϰϮ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂ
ǌŽŶĂĐĞŶƚƌĂůĞ
ϮϬͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϰϯϬ
фϭϬ
фϭϬ
фϭϬ

ϮϭͬϬϯͬϭϳ

dƵďŽĐŽƌƌƵŐĂƚŽ
ϮϬͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϯϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϭͬϬϯͬϭϳ

DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ
ǌŽŶĂƉƵůƐĂŶƚŝ
ϮϬͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϰϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϭͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϭϴ͗ϭϱ

WƵůŝƚĂ

ϭϯ͗Ϭϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϴ͗ϯϳ

DĂƚĞK&&

ϭϯ͗ϬϬ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϴ͗Ϯϯ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂ
ǌŽŶĂĐĞŶƚƌĂůĞ
ϮϬͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϱϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϭͬϬϯͬϭϳ

dƵďŽĐŽƌƌƵŐĂƚŽ
ϮϬͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϯϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϭͬϬϯͬϭϳ

DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ
ǌŽŶĂƉƵůƐĂŶƚŝ
ϮϬͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϱϮϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϭͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



^ƉŽƌĐĂ

ϭϵ͗Ϭϱ

WƵůŝƚĂ

Ϭϵ͗ϰϴ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϰϱ

DĂƚĞK&&

Ϭϵ͗ϰϬ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϯ͗ϱϱ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ
ƉŽƌƚĂĨĞƌƌŝ
ϮϯͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϮϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϰͬϬϯͬϭϳ

ĂƐƐĞƚƚŽďĂƐƐŽ
ĐĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ
ϮϯͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϳϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϰͬϬϯͬϭϳ

DĂŶŝŐůŝĂĐĂƌƌĞůůŽ
ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚŝ
ϮϯͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϱϰϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϰͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ








^ƉŽƌĐĂ

ϭϵ͗ϯϬ

WƵůŝƚĂ

Ϭϵ͗ϮϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϯϯ

DĂƚĞK&&

Ϭϵ͗ϭϱ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϯ͗ϰϮ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ
ƉŽƌƚĂĨĞƌƌŝ
ϮϯͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϱϯϬ
фϭϬ
фϭϬ
фϭϬ

ϮϰͬϬϯͬϭϳ

ĂƐƐĞƚƚŽďĂƐƐŽ
ĐĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ
ϮϯͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϭϬϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϰͬϬϯͬϭϳ

DĂŶŝŐůŝĂĐĂƌƌĞůůŽ
ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚŝ
ϮϯͬϬϯͬϭϳ

WƵůŝƚĂ
^ƉŽƌĐĂ
фϭ
ϰϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ
фϭϬ

ϮϰͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
фϭϬ
фϭϬ
фϭϬ





Scientific Dossier | 213

ϮϬϴ




ŵďŝĞŶƚĂŝƌ


KƌĂĚĞůƉƌĞůŝĞǀŽ

^ĂůĂ
^ƉŽƌĐĂ

ϭϳ͗ϯϬ

WƵůŝƚĂ

Ϭϳ͗ϯϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϳ͗ϱϭ

DĂƚĞK&&

ϳ͗ϯϬ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϯ͗ϯϵ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϳ͗ϱϱ

WƵůŝƚĂ

Ϭϴ͗ϬϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϴ͗ϭϯ

DĂƚĞK&&

Ϭϳ͗ϯϮ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϯ͗ϭϵ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ




ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϮϳͬϬϮͬϭϳ

ϮϴͬϬϮͬϭϳ

^ƉŽƌĐĂ
WƵůŝƚĂ
ϭϮϬϬ
ϱϬ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ϳϬ ĂƐƐĞŶƚĞ 
^ĂůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϮϳͬϬϮͬϭϳ

^ƉŽƌĐĂ
ϵϬϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ

ϮϴͬϬϮͬϭϳ

WƵůŝƚĂ
фϭ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ 

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϮϬ͗ϬϬ

WƵůŝƚĂ

Ϭϴ͗ϭϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϮϬ͗ϭϱ

DĂƚĞK&&

Ϭϳ͗ϰϬ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϭ͗Ϯϱ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϵ͗ϯϬ

WƵůŝƚĂ

Ϭϳ͗ϰϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϰϵ

DĂƚĞK&&

Ϭϳ͗ϰϮ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϭ͗ϱϯ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ
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ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϬϭͬϬϯͬϭϳ

ϬϮͬϬϯͬϭϳ

^ƉŽƌĐĂ
WƵůŝƚĂ
ϭϰϬϬ
ϯϬ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ϯϱ ĂƐƐĞŶƚĞ 
^ĂůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϬϭͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϭϮϬϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ

ϬϮͬϬϯͬϭϳ

WƵůŝƚĂ
ϯϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ 






ϮϬϵ



^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϴ͗ϭϱ

WƵůŝƚĂ

ϭϭ͗ϮϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϴ͗ϯϰ

DĂƚĞK&&

ϭϭ͗ϭϱ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϲ͗ϰϭ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϳ͗ϭϬ

WƵůŝƚĂ

ϭϬ͗ϱϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϳ͗ϯϭ

DĂƚĞK&&

ϭϬ͗ϱϮ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϳ͗Ϯϭ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ



ϬϲͬϬϯͬϭϳ

ϬϳͬϬϯͬϭϳ

^ƉŽƌĐĂ
WƵůŝƚĂ
ϭϰϬϬ
ϯϬ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ 
^ĂůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϬϲͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϭϮϬϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ϰϬ

ϬϳͬϬϯͬϭϳ

WƵůŝƚĂ
ϮϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ 

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϮϬ͗ϯϬ

WƵůŝƚĂ

ϭϭ͗ϮϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϮϬ͗ϰϲ

DĂƚĞK&&

Ϭϳ͗ϰϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϭ͗Ϭϭ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϮϬ͗ϭϬ

WƵůŝƚĂ

Ϭϳ͗ϰϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϮϬ͗Ϯϴ

DĂƚĞK&&

Ϭϳ͗ϰϭ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϭ͗ϭϯ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ








ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϬϴͬϬϯͬϭϳ

ϬϵͬϬϯͬϭϳ

^ƉŽƌĐĂ
WƵůŝƚĂ
ϱϬϬ
ϯϬ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ 
^ĂůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϬϴͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϴϬϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ

ϬϵͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ 
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ϮϭϬ



^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϰ͗ϱϬ

WƵůŝƚĂ

ϭϮ͗ϰϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϱ͗ϭϯ

DĂƚĞK&&

ϭϮ͗ϰϲ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ Ϯϭ͗ϯϯ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϱ͗ϰϬ

WƵůŝƚĂ

ϭϯ͗ϭϬ

KƌĂƌŝŽDd

ϭϯͬϬϯͬϭϳ

ϭϰͬϬϯͬϭϳ

^ƉŽƌĐĂ
WƵůŝƚĂ
ϯϰϬ
фϭ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ 
^ĂůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

DĂƚĞKE
DĂƚĞK&&

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϬϬ͗ϬϬ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ




ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

ϭϯͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϱϳϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ

ϭϰͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ 

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϵ͗ϭϬ

WƵůŝƚĂ

Ϭϳ͗ϰϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϯϯ

DĂƚĞK&&

Ϭϳ͗ϯϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϮ͗Ϭϰ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϵ͗ϰϬ

WƵůŝƚĂ

Ϭϴ͗ϭϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϱϯ

DĂƚĞK&&

Ϭϳ͗ϱϰ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϮ͗Ϭϭ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ
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ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϭϱͬϬϯͬϭϳ

ϭϲͬϬϯͬϭϳ

^ƉŽƌĐĂ
WƵůŝƚĂ
ϴϭϬ
фϭ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ϯϬ ĂƐƐĞŶƚĞ 
^ĂůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϭϱͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϵϰϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ

ϭϲͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ 






Ϯϭϭ



^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϳ͗ϯϬ

WƵůŝƚĂ

ϭϮ͗ϰϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϳ͗ϱϱ

DĂƚĞK&&

ϭϮ͗ϯϳ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϴ͗ϰϮ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϴ͗ϭϱ

WƵůŝƚĂ

ϭϯ͗Ϭϱ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϴ͗ϯϳ

DĂƚĞK&&

ϭϯ͗ϬϬ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϴ͗Ϯϯ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ




^ƉŽƌĐĂ

ϭϵ͗Ϭϱ

WƵůŝƚĂ

Ϭϵ͗ϰϴ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϰϱ

DĂƚĞK&&

Ϭϵ͗ϰϬ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϯ͗ϱϱ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

^ƉŽƌĐĂ

ϭϵ͗ϯϬ

WƵůŝƚĂ

Ϭϵ͗ϮϬ

KƌĂƌŝŽDd

DĂƚĞKE

ϭϵ͗ϯϯ

DĂƚĞK&&

Ϭϵ͗ϭϱ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝͿ ϭϯ͗ϰϮ
dĂϯϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ
^ƚĂĨŝůŽĐŽĐĐŽ


ϮϬͬϬϯͬϭϳ

ϮϭͬϬϯͬϭϳ

^ƉŽƌĐĂ
WƵůŝƚĂ
ϯϰϬ
фϭ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ 
^ĂůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϮϬͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϴϬϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ

ϮϭͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ 

^ĂůĂ
KƌĂĚĞůƉƌĞůŝĞǀŽ



ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϮϯͬϬϯͬϭϳ

ϮϰͬϬϯͬϭϳ

^ƉŽƌĐĂ
WƵůŝƚĂ
ϭϭϬϬ
фϭ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ 
^ĂůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ
ϮϯͬϬϯͬϭϳ

^ƉŽƌĐĂ
ϮϯϬ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ

ϮϰͬϬϯͬϭϳ

WƵůŝƚĂ
фϭ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ 
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ϮϭϮ





dd,DEdϭϮ͘ϭϰ





ĂƐĞƐƚƵĚǇϱ͗^ĂŶŝƚŝǌŝŶŐĞĨĨĞĐƚƐŽĨƚŚĞDdĚĞǀŝĐĞŝŶŚŽƐƉŝƚĂůǁĂƌĚƐ 
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Ϯϭϯ



y/^/ͲWZKDKd/KEK&Z^Z,E/EEKsd/KE

“INNOVATION OF THE PROCESS FOR THE
WZsEd/KEK&,>d,ZͲ^^K/d
INFECTIONS (INPRASS)”
/ŶŶŽǀĂƚŝŽŶ^ĞƌǀŝĐĞƐ




&ŝŶĂůƌĞƉŽƌƚ
^ĞƌǀŝĐĞϭ͘ϭ͘







^ƚĂƌƚ͗ϭ&ĞďƌƵĂƌǇϮϬϭϴ
ŶĚ͗ϯϬƉƌŝůϮϬϭϴ
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Ϯϭϰ



dĂďůĞŽĨĐŽŶƚĞŶƚƐ
^hDDZz͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ223
ϭϱ
/EdZKhd/KE͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ224
ϭϲ
>/E/>Z/^<͗,K^W/d>Yh/Z/E&d/KE^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ224
ϭϲ
^dhz/Ed,tZ^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ226
ϭϴ
Z^h>d^Kd/E͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ229
Ϯϭ
Ϯϭ
D/Ed/Z͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ229
tKZ<^hZ&^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ230
ϮϮ
sEd'^K&d,WK^^/>h^K&d,EdWdZdDEd&KZ>/E/>Z/^<–Zhd/KEK&d,Z/^<K&/E&d/KEϮϮϱ
233
/E/dKZ^&KZd,&/E>,<K&d,^Zs/͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ235
Ϯϳ





Ϯϳ
WZ&KZDE/E/dKZ^͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ235
/>/K'ZW,z͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘Ϯ236
Ϯϴ
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^ƵŵŵĂƌǇ
dŚĞƉƌĞǀŝŽƵƐƐƚƵĚǇĂĐƚŝǀŝƚǇ͕ĐĂƌƌŝĞĚŽƵƚŝŶƌĞůĂƚŝŽŶƚŽ^ĞƌǀŝĐĞϮ͘ϭŝŶƚŚĞĐŽŶƚĞǆƚŽĨƚŚĞƌĞƐĞĂƌĐŚƉƌŽũĞĐƚ
called “Innovation of the process for the prevention of healthcareͲassociated infections (INPRASS)”
ĂŶĚĨŝŶĂŶĐĞĚďǇZKW>Z/Z&Ͳ^&ϮϬϭϰͲϮϬϮϬŝŶƐƵƉƉŽƌƚŽĨƚŚĞĂĚŽƉƚŝŽŶŽĨŝŶŶŽǀĂƚŝŽŶƐĂŶĚ
ŶĞǁƚĞĐŚŶŽůŽŐŝĞƐ͕ďƌŽƵŐŚƚƚŽůŝŐŚƚŝŶƚĞƌĞƐƚŝŶŐƉŽƐƐŝďŝůŝƚŝĞƐĨŽƌƚŚĞƵƐĞŽĨEdWƚĞĐŚŶŽůŽŐǇĚƵĞƚŽŝƚƐ
ĂďŝůŝƚǇƚŽǀĞƌǇƐŝŐŶŝĨŝĐĂŶƚůǇƌĞĚƵĐĞƚŚĞůĞǀĞůƐŽĨŵŝĐƌŽďŝĂůƉŽůůƵƚŝŽŶŝŶƐŝĚĞKZƐ͘
tŝƚŚĂǀŝĞǁƚŽƚĂŬŝŶŐĂĐƚŝŽŶƚŽƌĞĚƵĐĞ ƚŚĞůŝŶŝĐĂůZŝƐŬůŝŶŬĞĚƚŽŚŽƐƉŝƚĂůŝŶĨĞĐƚŝŽŶƐ͕ǁĞƐƚƌŽǀĞƚŽ
ĞƐƚĂďůŝƐŚŚŽǁEdWƚĞĐŚŶŽůŽŐǇĐŽƵůĚƉŽƚĞŶƚŝĂůůǇĂĐƚĂůƐŽĂŐĂŝŶƐƚŵŝĐƌŽŽƌŐĂŶŝƐŵƐƚŚĂƚŵĂǇďĞĨŽƵŶĚ
ŝŶŚŽƐƉŝƚĂůǁĂƌĚƐ͘
&ŽƌƚŚŝƐƉƵƌƉŽƐĞ, we used small ionising systems purposely designed for less “invasive” placement
ĂŶĚĞĂƐŝĞƌŝŶĐůƵƐŝŽŶŝŶĂĚĂŝůǇůŝĨĞĐŽŶƚĞǆƚ͘dŚĞĞƋƵŝƉŵĞŶƚǁĂƐƉůĂĐĞĚĂƚǀĂƌŝŽƵƐƉŽŝŶƚƐŽĨĂǁĂƌĚĂŶĚ
ůĞĨƚŝŶŽƉĞƌĂƚŝŽŶĂůŵŽƐƚĐŽŶƐƚĂŶƚůǇĚƵƌŝŶŐƚŚĞ ĞŶƚŝƌĞƐƚƵĚǇƉĞƌŝŽĚ͘dŚĞĞĨĨĞĐƚƐǁĞƌĞĐŽŵƉĂƌĞĚďǇ
evaluating the contamination levels in a “control” ward that had not been equipped with NTP
ƐǇƐƚĞŵƐ͘
dŚĞ ƐƚƵĚǇǁĂƐ ƚŚƵƐĂďůĞ ƚŽĞĨĨŝĐŝĞŶƚůǇĂŶĚǀĞƌǇƉĞƌƚŝŶĞŶƚůǇŵĞĞƚƚŚĞ ŶĞĞĚƚŽĞǀĂůƵĂƚĞ ŝŶŶŽǀĂƚŝǀĞ
ƐǇƐƚĞŵƐĨŽƌƚŚĞƉƌĞǀĞŶƚŝŽŶŽĨŝŶĨĞĐƚŝŽŶƐŝŶƚŚĞKZ͕ŝŶƉĂƌƚŝĐƵůĂƌ͕ĂŶĚŽĨŚŽƐƉŝƚĂůŝŶĨĞĐƚŝŽŶƐ͕ŝŶŐĞŶĞƌĂů͕
ŵĂŬŝŶŐŝƚƉŽƐƐŝďůĞ ƚŽŝĚĞŶƚŝĨǇ ĂƚĞĐŚŶŽůŽŐǇƚŚĂƚŝƐĂďůĞ ƚŽďĞƵƐĞĚĂƐĂ ĐŽŵƉůĞŵĞŶƚƚŽ ƚŚĞ ƵƐƵĂů
ĞŶǀŝƌŽŶŵĞŶƚĂůƐĂŶŝƚŝƐĂƚŝŽŶĂĐƚŝǀŝƚŝĞƐ͕ŵĂǆŝŵŝƐŝŶŐƚŚĞŝƌĞĨĨŝĐĂĐǇĂŶĚĐŽŶƚƌŝďƵƚŝŶŐƚŽǁĂƌĚƐƚŚĞĐƌĞĂƚŝŽŶ
ŽĨƐĂĨĞƌƉƌĞŵŝƐĞƐǁŝƚŚĂůŽǁĞƌƌŝƐŬŽĨŝŶĨĞĐƚŝŽŶ͘
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Ϯϭϲ

/ŶƚƌŽĚƵĐƚŝŽŶ
ůŝŶŝĐĂůZŝƐŬ͗ŚŽƐƉŝƚĂůĂĐƋƵŝƌĞĚŝŶĨĞĐƚŝŽŶƐ
In its “Manual for training healthcare providers –Patient safety and management of clinical risk”;ϭͿ͕
the Ministry of Health defines Clinical Risk as “the possibility that a patient is unwillingly harmed or
ŵĂĚĞ ƵŶĐŽŵĨŽƌƚĂďůĞ͕ ĚƵĞ ƚŽ ŚĞĂůƚŚĐĂƌĞ͕ ǁŝƚŚ Ă ĐŽŶƐĞƋƵĞŶƚ ƉƌŽůŽŶŐĂƚŝŽŶ ŽĨ ŚŽƐƉŝƚĂůŝƐĂƚŝŽŶ͕ Ă
worsening of the patient’s health, or death”
dŚŝƐƉŽƐƐŝďŝůŝƚǇŝƐĐůŽƐĞůǇƌĞůĂƚĞĚƚŽĞƌƌŽƌƐŝŶŵĞĚŝĐĂůƚƌĞĂƚŵĞŶƚ͕ǁŚŝĐŚŵĂǇƌĞƐƵůƚŝŶǀĂƌŝŽƵƐƚǇƉĞƐŽĨ
ŚĂƌŵƚŽƚŚĞƉĂƚŝĞŶƚ͘/ŶŚĞĂůƚŚĐĂƌĞ͕ƐƵĐŚĞƌƌŽƌƐĂƌĞŐĞŶĞƌĂůůǇĐĂƚĞŐŽƌŝƐĞĚĂƐĂĐƚŝǀĞ ĞƌƌŽƌƐ;ĂŶƵƌƐĞ
ŵŝƐƚĂŬŝŶŐĂŵĞĚŝĐĂƚŝŽŶĚŽƐĞͿ͕ƚŚĂƚĂƌĞĞĂƐŝůǇŝĚĞŶƚŝĨŝĂďůĞŝŶƐƉĂĐĞĂŶĚƚŝŵĞ͕ĂŶĚůĂƚĞŶƚĞƌƌŽƌƐ;ĂŵĂŶƵĂů
ƚƌĞĂƚŵĞŶƚƉƌĞƐĐƌŝƉƚŝŽŶĂŶĚƚƌĂŶƐĐƌŝƉƚŝŽŶƐǇƐƚĞŵͿǁŚŝĐŚ͕ŽŶƚŚĞĐŽŶƚƌĂƌǇ͕ĂƌĞŚĂƌĚĞƌƚŽŝĚĞŶƚŝĨǇďƵƚ
ǁŚŝĐŚŵĂǇƌĞƐƵůƚŝŶĂƐĞƌŝĞƐŽĨĂĐƚŝǀĞĞƌƌŽƌƐĂƐĂĐŚĂŝŶƌĞĂĐƚŝŽŶ͘
/ƚŚĂƐďĞĞŶƌĞĐŽŐŶŝƐĞĚƚŚĂƚƐƵĐŚĞƌƌŽƌƐ͕ǁŚŝĐŚĂƌĞĂƚƚŚĞƐŽƵƌĐĞŽĨŚĞĂůƚŚͲƌĞůĂƚĞĚŝŶĐŝĚĞŶƚƐ͕ĂƌĞƚŚĞ
ƌĞƐƵůƚ ŽĨ ƚŚĞ ŝŶƚĞƌĂĐƚŝŽŶ ĂŵŽŶŐ ƚŚĞ ǀĂƌŝŽƵƐ ĐŽŵƉŽŶĞŶƚƐ ŽĨ ƚŚĞ ŚĞĂůƚŚĐĂƌĞ ƐǇƐƚĞŵ ;ƚĞĐŚŶŽůŽŐŝĐĂů͕
ŚƵŵĂŶĂŶĚŽƌŐĂŶŝƐĂƚŝŽŶĂůͿ͕ĞĂĐŚŽŶĞŽĨǁŚŝĐŚŝƐĂďůĞƚŽĨƵŶĐƚŝŽŶĂƐĂƉƌŽƚĞĐƚŝǀĞďĂƌƌŝĞƌĂŐĂŝŶƐƚƚŚĞ
onset of errors but which, at times, is “faulty” and may, under specific circumstances, lead to an
ĂĚǀĞƌƐĞĞǀĞŶƚ͘
Every healthcare system is thus characterised by its own “risk level” to which contribute various
ĨĂĐƚŽƌƐ͗
ͲƐƚƌƵĐƚƵƌĂůĂŶĚƚĞĐŚŶŽůŽŐŝĐĂůĨĂĐƚŽƌƐ͖
ͲŽƌŐĂŶŝƐĂƚŝŽŶĂůͬŵĂŶĂŐĞŵĞŶƚͲƌĞůĂƚĞĚĨĂĐƚŽƌƐĂŶĚǁŽƌŬĐŽŶĚŝƚŝŽŶƐ͖
ͲŚƵŵĂŶ;ŝŶĚŝǀŝĚƵĂůĂŶĚƚĞĂŵͿĨĂĐƚŽƌƐ͖
ͲƚŚĞĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐŽĨƚŚĞƵƐĞƌ͘
ĞƉĞŶĚŝŶŐŽŶƚŚĞĂĚǀĞƌƐĞĞǀĞŶƚƵŶĚĞƌĐŽŶƐŝĚĞƌĂƚŝŽŶ͕ŽŶĞŽƌŵŽƌĞŽĨƚŚĞƐĞĨĂĐƚŽƌƐŵĂǇĐŽŶƚƌŝďƵƚĞƚŽ
ŝƚƐŐĞŶĞƐŝƐ͘
ŵŽŶŐƚŚĞŵŽƐƚĨĞĂƌĞĚĂĚǀĞƌƐĞĞǀĞŶƚƐŝŶŚĞĂůƚŚĐĂƌĞ͕ƚŚĞƉŽƐƐŝďŝůŝƚǇƚŚĂƚĂƉĂƚŝĞŶƚŵĂǇĐŽŶƚƌĂĐƚĂ
ƐĞĐŽŶĚĂƌǇ ŝŶĨĞĐƚŝŽŶ ;ŝŶ ĂĚĚŝƚŝŽŶ͕ ƚŚĂƚ ŝƐ͕ ƚŽ ƚŚĞ ƉƌŝŵĂƌǇ ŝŶĨĞĐƚŝŽŶƐ ĨŽƌ ǁŚŝĐŚ ĂŝĚ ǁĂƐ ƐŽƵŐŚƚ ĨƌŽŵ
ŚĞĂůƚŚĐĂƌĞͿŝƐĐĞƌƚĂŝŶůǇŽŶĞŽĨƚŚĞŵĂŝŶŝƐƐƵĞƐǁŚŝĐŚĐůŝŶŝĐĂůƌŝƐŬŵĂŶĂŐĞŵĞŶƚŵƵƐƚĚĞĂůǁŝƚŚ͘
^ƵĐŚ ŝŶĨĞĐƚŝŽŶƐ ŵĂǇ ƌĞƐƵůƚ ĨƌŽŵ ƉĂƚŝĞŶƚͬƉĂƚŝĞŶƚ͕ ŽƉĞƌĂƚŽƌͬƉĂƚŝĞŶƚ͕ Žƌ ĞŶǀŝƌŽŶŵĞŶƚͬƉĂƚŝĞŶƚ ĐƌŽƐƐͲ
ĐŽŶƚĂŵŝŶĂƚŝŽŶĂŶĚŵĂǇĂƌŝƐĞĞŝƚŚĞƌĨƌŽŵĂĐƚŝǀĞĞƌƌŽƌƐ;ŵŝǆĞĚƵƐĞŽĨŵĞĚŝĐĂůĞƋƵŝƉŵĞŶƚ͕ĨĂŝůƵƌĞƚŽ
ƵƐĞƉƌŽƚĞĐƚŝŽŶƐǇƐƚĞŵƐďǇŚĞĂůƚŚĐĂƌĞƉƌŽǀŝĚĞƌƐ͕ůĂĐŬŽĨĐŽŵƉůŝĂŶĐĞǁŝƚŚŚǇŐŝĞŶĞƌƵůĞƐ͕ĞƚĐ͘ͿŽƌůĂƚĞŶƚ
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ĞƌƌŽƌƐ;ŝŶĐŽƌƌĞĐƚĨŽƌŵĂůŝƐĂƚŝŽŶŽĨƐĂĨĞƚǇƉƌŽĐĞĚƵƌĞƐ͕ŝŶĂĚĞƋƵĂƚĞƚƌĂŝŶŝŶŐŽĨƐƚĂĨĨ͕ĨĂŝůƵƌĞƚŽĞǆĞĐƵƚĞ
ĞŶǀŝƌŽŶŵĞŶƚĂůŚǇŐŝĞŶĞƉƌŽĐĞĚƵƌĞƐŽƌŝŶƐƵĨĨŝĐŝĞŶƚĞǆĞĐƵƚŝŽŶƚŚĞƌĞŽĨ͕ĞƚĐ͘Ϳ͘
Although, at the end of the last century, hospital infections were considered “infections contracted
ĚƵƌŝŶŐŚŽƐƉŝƚĂůŝƐĂƚŝŽŶ͕ǁŚŝĐŚŵĂŶŝĨĞƐƚĐůŝŶŝĐĂůůǇĂƚůĞĂƐƚϰϴŚŽƵƌƐĨŽůůŽǁŝŶŐĂĚŵŝƐƐŝŽŶ͕ĚƵƌŝŶŐƌĞĐŽǀĞƌǇ
or following discharge”, today the focus ŚĂƐ ƐŚŝĨƚĞĚ ŽŶ ƚŚĞ ĐŽŶĐĞƉƚ ŽĨ ŝŶĨĞĐƚŝŽŶƐ ĂƐƐŽĐŝĂƚĞĚ ƚŽ
ŚĞĂůƚŚĐĂƌĞƉƌŽĐĞƐƐĞƐĂŶĚƚŽƚŚĞǁŽƌŬƉĞƌĨŽƌŵĞĚŝŶŚĞĂůƚŚĐĂƌĞ–ǁŚŝĐŚŵĂǇŶŽƚŽŶůǇƌĞĨĞƌƚŽŚŽƐƉŝƚĂůƐ
–ƚŽƚŚĞƉŽŝŶƚƚŚĂƚƚŚĞEĂƚŝŽŶĂů,ĞĂůƚŚĐĂƌĞWůĂŶ͕ƐŝŶĐĞϮϬϬϮͲϮϬϬϰ͕ŚĂƐŝĚĞŶƚŝĨŝĞĚƚŚĞŵĂƐĞƌƌŽƌƐŝŶƚŚĞ
ƉƌŽǀŝƐŝŽŶŽĨŚĞĂůƚŚĐĂƌĞ͘/ƚŝƐ͕ŚŽǁĞǀĞƌ͕ŝŵƉŽƌƚĂŶƚƚŽƉŽŝŶƚŽƵƚƚŚĂƚƐƵĐŚĞƌƌŽƌƐĂƌĞŝŶŚĞƌĞŶƚƚŽƚŚĞ
ƉƌŽǀŝƐŝŽŶŽĨŚĞĂůƚŚĐĂƌĞŝƚƐĞůĨĂŶĚ͕ĐŽŶƐĞƋƵĞŶƚůǇ͕ĂůƚŚŽƵŐŚƉƌĞĚŝĐƚĂďůĞ͕ƚŚĞǇĐĂŶŶĞǀĞƌďĞĐŽŵƉůĞƚĞůǇ
ĞůŝŵŝŶĂƚĞĚ͕ǁŝƚŚĂŶ;ĞǀĞƌŝŶĐƌĞĂƐŝŶŐͿŶĂƚŝŽŶĂůƌĂƚĞƚŚĂƚƌĂŶŐĞƐĨƌŽŵϱƚŽϭϬй͘
/ŶƚŚŝƐůŝŐŚƚ͕ƐƵĐĐĞĞĚŝŶŐŝŶŬĞĞƉŝŶŐƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶƚĂŵŝŶĂƚŝŽŶůĞǀĞůŝŶƚŚĞKZƵŶĚĞƌĐŽŶƚƌŽůŝƐ
ĂŶŝŶĚŝƐƉĞŶƐĂďůĞĞůĞŵĞŶƚŽĨĂůůĐůŝŶŝĐĂůƌŝƐŬŵĂŶĂŐĞŵĞŶƚ͖ŝŶĨĂĐƚ͕ŝŶƚŚĞKZ͕ƉĂƚŝĞŶƚƐĂƌĞĞǆƉŽƐĞĚŵŽƌĞ
ƚŚĂŶĞǀĞƌďĞĨŽƌĞƚŽƚŚĞƉŽƐƐŝďŝůŝƚǇŽĨĐŽŶƚƌĂĐƚŝŶŐĚĂŶŐĞƌŽƵƐŝŶĨĞĐƚŝŽŶƐƚŽĂĚĞŐƌĞĞ ƚŚĂƚŝƐĚŝƌĞĐƚůǇ
ƉƌŽƉŽƌƚŝŽŶĂůƚŽƚŚĞŝŶǀĂƐŝǀĞŶĞƐƐŽĨƚŚĞŽƉĞƌĂƚŝŽŶ͕ĂŶĚ͕ŽďǀŝŽƵƐůǇ͕ƚŽƚŚĞůĞǀĞůŽĨĂŝƌďŽƌŶĞĂŶĚƐƵƌĨĂĐĞ
ĐŽŶƚĂŵŝŶĂƚŝŽŶ͘
Other than this “critical” environment, however, there arĞŵĂŶǇŽƚŚĞƌƐƚŚĂƚƌĞƋƵŝƌĞƚŚŽƌŽƵŐŚĐŽŶƚƌŽů
ŽĨƚŚĞůĞǀĞůƐŽĨĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶƚĂŵŝŶĂƚŝŽŶ͕ĨƌŽŵŽƵƚƉĂƚŝĞŶƚĐůŝŶŝĐƐƚŽǁĂŝƚŝŶŐƌŽŽŵƐ͕ĂůůƚŚĞǁĂǇƚŽ
ŚŽƐƉŝƚĂůǁĂƌĚƐ͘dŚĞůĂƚƚĞƌĂƌĞǀĞƌǇŽĨƚĞŶĂƐŽƵƌĐĞŽĨĐƌŽƐƐŝŶĨĞĐƚŝŽŶĚƵĞƚŽƚŚĞƉŽƐƐŝďůĞƉƌĞƐĞŶĐĞŽĨ
ƉĂƚŝĞŶƚƐǁŚŽĂƌĞŬŶŽǁŶ͕ďƵƚ͕ŵŽƌĞŽĨƚĞŶ͕ƵŶŬŶŽǁŶĐĂƌƌŝĞƌƐŽĨŝŶĨĞĐƚŝŽƵƐĂŐĞŶƚƐĂďůĞƚŽŝŶĐƌĞĂƐĞƚŚĞ
ĐůŝŶŝĐĂůƌŝƐŬ͘KŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ƚŚĞƉƌĞƐĞŶĐĞŽĨǀŝƐŝƚŽƌƐĐĂŶ͕ŝŶĐĞƌƚĂŝŶĐĂƐĞƐ͕ĚĞƚĞƌŝŽƌĂƚĞƚŚĞŐĞŶĞƌĂů
ĞŶǀŝƌŽŶŵĞŶƚĂůŚǇŐŝĞŶĞůĞǀĞů͕ǁŝƚŚĂĐŽŶƐĞƋƵĞŶƚŝŶĐƌĞĂƐĞŽĨƚŚĞƌŝƐŬŽĨŝŶĨĞĐƚŝŽŶƚŽƉĂƚŝĞŶƚƐ͘
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Ϯϭϴ



^ƚƵĚǇŝŶƚŚĞǁĂƌĚƐ
tŝƚŚƚŚŝƐƐƚƵĚǇ͕ǁĞƐŽƵŐŚƚƚŽƵŶĚĞƌƐƚĂŶĚǁŚĞƚŚĞƌƚŚĞĞǆĐĞůůĞŶƚƌĞƐƵůƚƐŽďƚĂŝŶĞĚŝŶƚŚĞKZĐŽƵůĚ͕ŝŶ
ƐŽŵĞǁĂǇ͕ďĞƌĞƉůŝĐĂƚĞĚŝŶŚŽƐƉŝƚĂůǁĂƌĚƐĂƐǁĞůů͘
&ŽƌƚŚŝƐƌĞĂƐŽŶ͕ĂƚǇƉĞŽĨĞƋƵŝƉŵĞŶƚŽƚŚĞƌƚŚĂŶDdǁĂƐƵƐĞĚ͕ĂůǁĂǇƐďĂƐĞĚŽŶŝŽŶŝƐŝŶŐŵŽĚƵůĞƐ
ĂďůĞƚŽŐĞŶĞƌĂƚĞEdWĂŝƌ͕ďƵƚŽĨĂƐŝŐŶŝĨŝĐĂŶƚůǇƐŵĂůůĞƌƐŝǌĞĂŶĚŶŽƚĞƋƵŝƉƉĞĚǁŝƚŚĂ,WĨŝůƚƌĂƚŝŽŶ
ŵŽĚƵůĞ͘



&ŝŐƵƌĞϭϭͲŝƌŚĂŶĚůŝŶŐƵŶŝƚƵƐĞĚŝŶƚŚĞǁĂƌĚ

dŚĞƐǇƐƚĞŵƵƐĞĚ͕ŬŶŽǁŶĂƐh͕ĞǆƉůŽŝƚƐƚŚĞƐĂŵĞƉƌŝŶĐŝƉůĞƐƚŚĂƚƚŚĞDdĐĂďŝŶĞƚŝƐďĂƐĞĚŽŶĂŶĚ͕
ďĞŝŶŐ ĞƋƵŝƉƉĞĚ ǁŝƚŚ ĂŶ ĂƵƚŽŵĂƚŝĐ ƚŝŵĞƌ ƐǇƐƚĞŵ͕ ŝƐ ĂďůĞ ƚŽ ƉĞƌĨŽƌŵ ƚƌĞĂƚŵĞŶƚ ĐǇĐůĞƐ ƚŚĂƚ ĐĂŶ ďĞ
ĐƵƐƚŽŵŝƐĞĚƚŽŵĞĞƚŶĞĞĚƐ͘
dǁŽŚŽƐƉŝƚĂůǁĂƌĚƐǁĞƌĞŝĚĞŶƚŝĨŝĞĚĨŽƌƚŚĞƉƵƌƉŽƐĞŽĨƚŚĞƐƚƵĚǇ͕ĞǆĂĐƚůǇƐŝŵŝůĂƌŝŶƚĞƌŵƐŽĨƚǇƉĞŽĨ
ŚŽƐƉŝƚĂůŝƐĞĚ ƉĂƚŝĞŶƚƐ ;ŽƌƚŚŽƉĂĞĚŝĐ ƉĂƚŝĞŶƚƐͿ͕ ŶƵŵďĞƌ ŽĨ ƉĂƚŝĞŶƚƐ͕ ĂŶĚ ƚŚĞ ĨƌĞƋƵĞŶĐǇ ŽĨ ǀŝƐŝƚƐ ĨƌŽŵ
members of the patients’ families.
ŽƚŚ ǁĂƌĚƐ ĂƌĞ ŽĨ ĞǆĂĐƚůǇ ƚŚĞ ƐĂŵĞ ƐŝǌĞ ĂŶĚ ĂƌĞ ƐƵďũĞĐƚĞĚ ƚŽ ƚŚĞ ƐĂŵĞ ƐĂŶŝƚŝƐĂƚŝŽŶ ĂĐƚŝǀŝƚŝĞƐ ďǇ
ĂƵǆŝůŝĂƌǇƉĞƌƐŽŶŶĞů͘
KŶĞŽĨƚŚĞƚǁŽǁĂƌĚƐǁĂƐĞƋƵŝƉƉĞĚǁŝƚŚƚŚƌĞĞhƵŶŝƚƐƉůĂĐĞĚŝŶƐƵĐŚĂŵĂŶŶĞƌĂƐƚŽĐŽǀĞƌƚŚĞ
ĞŶƚŝƌĞůĞŶŐƚŚŽĨƚŚĞĐŽƌƌŝĚŽƌ͕ǁŝƚŚƉĂƌƚŝĐƵůĂƌĨŽĐƵƐŽŶƚŚĞŵŽƐƚĨƌĞƋƵĞŶƚĞĚĂƌĞĂƐ;ĐŽĨĨĞĞĂƌĞĂͿ͘
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Ϯϭϵ




&ŝŐƵƌĞϭϮͲPlacement of the three CUBE units in the “treated” ward. A) coffee area ͲǁĂŝƚŝŶŐƌŽŽŵ͖ͿǁĂƌĚĐĞŶƚƌĞ͖ͿǁĂƌĚ
ĞŶĚ

dŚĞhƵŶŝƚƐǁĞƌĞƉƌŽŐƌĂŵŵĞĚƚŽŐƵĂƌĂŶƚĞĞĐŽŶƚŝŶƵŽƵƐŽƉĞƌĂƚŝŽŶŝŶĂĐĐŽƌĚĂŶĐĞǁŝƚŚĂĐǇĐůĞƚŚĂƚ
ĞŶǀŝƐĂŐĞĚϮŵŝŶƵƚĞƐƐǁŝƚĐŚĞĚŽŶĨŽůůŽǁĞĚďǇĂŶϴͲŵŝŶƵƚĞƉĂƵƐĞ͕ϮϰŚŽƵƌƐĂĚĂǇ͘
ŶǀŝƌŽŶŵĞŶƚĂůƐĂŵƉůĞƐǁĞƌĞŚĂƌǀĞƐƚĞĚƉĞƌŝŽĚŝĐĂůůǇ;ƚǁŝĐĞͲǁĞĞŬůǇͿĂŶĚƐŝŵƵůƚĂŶĞŽƵƐůǇĨƌŽŵďŽƚŚƚŚĞ
ƚƌĞĂƚĞĚǁĂƌĚĂŶĚƚŚĞĐŽŶƚƌŽůǁĂƌĚƚŽĞǀĂůƵĂƚĞĞĨĨŝĐĂĐǇ͘
dŚĞƐĞůĞĐƚĞĚƐĂŵƉůŝŶŐƉŽŝŶƚƐ;ŝĚĞŶƚŝĐĂůĨŽƌďŽƚŚǁĂƌĚƐͿǁĞƌĞĂƐĨŽůůŽǁƐ͗
^ƵƌĨĂĐĞƐ

ͲŽĨĨĞĞǀĞŶĚŝŶŐŵĂĐŚŝŶĞŬĞǇƉĂĚ







Scientific Dossier | 227

ϮϮϬ



Ͳ,ĂŶĚƌĂŝů



ͲtĂůůŽŶƚŚĞůĞĨƚͲŚĂŶĚƐŝĚĞĂƚƚŚĞĞŶĚŽĨƚŚĞĐŽƌƌŝĚŽƌ


dŚĞƐƵƌĨĂĐĞƐǁĞƌĞĐŚŽƐĞŶĂƐƚŚĞǇǁĞƌĞĚĞĞŵĞĚƚŽŚĂǀĞƚŚĞŚŝŐŚĞƐƚĐŽŶƚĂŵŝŶĂƚŝŽŶƌĂƚĞĂŶĚ͕ƚŚƵƐ͕ŽĨ
ŵŽƌĞƐŝŐŶŝĨŝĐĂŶĐĞĨŽƌƚŚĞŽďũĞĐƚŝǀĞƐŽĨƚŚĞƐƚƵĚǇ͘
/ŶƚŚĞƐĂŵĞŵĂŶŶĞƌ͕ƐĂŵƉůĞƐŽĨƚŚĞĂŵďŝĞŶƚĂŝƌǁĞƌĞŚĂƌǀĞƐƚĞĚǁŝƚŚĂŶĂĐƚŝǀĞ^^ƐĂŵƉůĞƌŝŶƚŚĞ
ǁĂŝƚŝŶŐƌŽŽŵ͕ŶĞĂƚƚŚĞůŝĨƚ͕ĂŶĚŶĞĂƌƚŚĞĐŽĨĨĞĞŵĂĐŚŝŶĞ͘
ŝƌ

ͲtĂŝƚŝŶŐƌŽŽŵ
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ϮϮϭ



dŚĞĨŽůůŽǁŝŶŐǁĞƌĞŵĞĂƐƵƌĞĚŝŶĞĂĐŚƐĂŵƉůĞ͗
ͲdŽƚĂůďĂĐƚĞƌŝĂůůŽĂĚĂƚϯϳΣ͖
ͲDŽƵůĚƐĂŶĚǇĞĂƐƚƐ͖
ͲŽĂŐƵůĂƐĞͲƉŽƐŝƚŝǀĞƐƚĂƉŚǇůŽĐŽĐĐŝ͘
^ĂŵƉůĞƐǁĞƌĞŚĂƌǀĞƐƚĞĚĨŽƌĨŽƵƌǁĞĞŬƐ͕ŽŶdƵĞƐĚĂǇƐĂŶĚdŚƵƌƐĚĂǇƐ͕ŝŵŵĞĚŝĂƚĞůǇĂĨƚĞƌƚŚĞĞŶĚŽĨ
ǀŝƐŝƚŝŶŐŚŽƵƌƐĂŶĚďĞĨŽƌĞĂŶǇĞŶǀŝƌŽŶŵĞŶƚĂůĐůĞĂŶŝŶŐŽƉĞƌĂƚŝŽŶ͕ƐŽĂƐƚŽŵŽŶŝƚŽƌƚŚĞǁŽƌƐƚƉŽůůƵƚŝŽŶ
ĐŽŶĚŝƚŝŽŶƐƉŽƐƐŝďůĞ͘
ZĞƐƵůƚƐŽďƚĂŝŶĞĚ
ŵďŝĞŶƚĂŝƌ
dŚĞ ƌĞƐƵůƚƐ ŽďƚĂŝŶĞĚ ŽŶ ƚŚĞ ǀĂůƵĞƐ ŽĨ ĂŝƌďŽƌŶĞ ĐŽŶƚĂŵŝŶĂƚŝŽŶ ĂƌĞ ƐĞƚ ŽƵƚ ďĞůŽǁ͕ ĐŽŵƉĂƌŝŶŐ ƚŚĞ
ĞŶǀŝƌŽŶŵĞŶƚĂůĚĂƚĂŽĨƚŚĞƚǁŽǁĂƌĚƐ͘

ƚ;ĚĂǇƐͿ



Ϭ
Ϯ
ϳ
ϵ
ϭϰ
ϭϲ
Ϯϭ
Ϯϯ
ǀĞƌĂŐĞ
dŽƚĂůƌĞĚƵĐƚŝŽŶй


ŽŶƚƌŽů
tĂƌĚ
&hͬŵϯ

tĂƌĚ
dƌĞĂƚĞĚ
ǁŝƚŚ
h
&hͬŵϯ

ϮϭϬϬ
ϭϭϬϬ
ϮϬϬϬ
ϯϬϬ
ϮϯϬϬ
ϭϮϬϬ
ϭϯϬϬ
ϵϬϬ
ϭϰϬϬ
ϴϲй

ϯϬϬ
ϯϭϬ
ϰϮϬ
ϱϬ
ϯϬ
ϮϳϬ
ϭϰϬ
ϭϬϬ
ϮϬϯ

ĂŝůǇ
ƌĞĚƵĐƚŝŽŶ
й
ϴϱ͘ϳϭй
ϳϭ͘ϴϮй
ϳϵ͘ϬϬй
ϴϯ͘ϯϯй
ϵϴ͘ϳϬй
ϳϳ͘ϱϬй
ϴϵ͘Ϯϯй
ϴϴ͘ϴϵй

&ŝŐƵƌĞϭϯͲd>͗ƚƌĞŶĚƐŽĨƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶĨƌŽŵdŽƚĂůĂĐƚĞƌŝĂů>ŽĂĚŵĞĂƐƵƌĞĚŝŶƚŚĞĂŝƌŝŶƚŚĞƚǁŽǁĂƌĚƐƚŚĂƚĨŽƌŵĞĚ
ƚŚĞŽďũĞĐƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘dŚĞĚĂŝůǇƌĞĚƵĐƚŝŽŶйƌĞĨĞƌƐƚŽƚŚĞǀĂůƵĞƐƉĞƌƐĂŵƉůŝŶŐĚĂǇŝŶƚŚĞƚǁŽǁĂƌĚƐŽĨƚŚĞƐƚƵĚǇ͖ƚŚĞ
ƚŽƚĂůƌĞĚƵĐƚŝŽŶй͕ŝŶƐƚĞĂĚ͕ƌĞĨĞƌƐƚŽƚŚĞĂǀĞƌĂŐĞǀĂůƵĞƐƚŚĂƚǁĞƌĞĨŽƵŶĚŝŶƚŽƚĂůŝŶƚŚĞƚǁŽƚǇƉĞƐŽĨǁĂƌĚ͘'ZW,͗d>ƚƌĞŶĚ
during the experiment only in the “treated” ward.

&ƌŽŵƚŚĞ ƌĞƐƵůƚƐƉƌĞƐĞŶƚĞĚ͕ŽŶĞ ŵĂǇ ĐůĞĂƌůǇĂƉƉƌĞĐŝĂƚĞ ƚŚĂƚƚŚĞ ŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶƚĞŶĚƐƚŽ
ĚĞĐƌĞĂƐĞŽǀĞƌƚŝŵĞŝŶƚŚĞƚƌĞĂƚĞĚǁĂƌĚ͕ďĞŝŶŐƌĞĚƵĐĞĚƚŽŽŶĞͲƚŚŝƌĚĂƚƚŚĞĞŶĚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘dŚĞ
ƐƵďƐĞƋƵĞŶƚĐŽŵƉĂƌŝƐŽŶŽĨƚŚĞĚĂƚĂŽďƚĂŝŶĞĚŝŶƚŚĞĐŽŶƚƌŽůǁĂƌĚǁŝƚŚƚŚŽƐĞĨƌŽŵƚŚĞƚƌĞĂƚĞĚǁĂƌĚ
ŵĂŬĞƐŝƚǀĞƌǇĐůĞĂƌƚŚĂƚƚŚĞƵƐĞŽĨƚŚĞhƵŶŝƚŝŵŵĞĚŝĂƚĞůǇƌĞƐƵůƚĞĚŝŶĂƐŝŐŶŝĨŝĐĂŶƚŝŵƉƌŽǀĞŵĞŶƚ͕
ǁŝƚŚĂƌĞĚƵĐƚŝŽŶŽĨƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶďǇĂƚŽƚĂůŽĨϴϲй;ĂǀĞƌĂŐĞǀĂůƵĞƐͿ͘
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ϮϮϮ



dĂďůĞϮͲdƌĞŶĚƐŽĨƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶĨƌŽŵDŽƵůĚƐĂŶĚzĞĂƐƚƐ;ƚĂďůĞŽŶƚŚĞůĞĨƚͿĂŶĚ^ƚĂƉŚǇůŽĐŽĐĐŝ;ƚĂďůĞŽŶƚŚĞƌŝŐŚƚͿ
ĨŽƵŶĚŝŶƚŚĞĂŝƌŽĨƚŚĞƚǁŽǁĂƌĚƐŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘dŚĞĚĂŝůǇƌĞĚƵĐƚŝŽŶйƌĞĨĞƌƐƚŽƚŚĞǀĂůƵĞƐƉĞƌƐĂŵƉůŝŶŐĚĂǇŝŶƚŚĞƚǁŽ
ǁĂƌĚƐŽĨƚŚĞƐƚƵĚǇ͖ƚŚĞƚŽƚĂůƌĞĚƵĐƚŝŽŶй͕ŝŶƐƚĞĂĚ͕ƌĞĨĞƌƐƚŽƚŚĞĂǀĞƌĂŐĞǀĂůƵĞƐƚŚĂƚǁĞƌĞĨŽƵŶĚŝŶƚŽƚĂůŝŶƚŚĞƚǁŽƚǇƉĞƐŽĨ
ǁĂƌĚ͘

ƚ;ĚĂǇƐͿ

ŽŶƚƌŽů
tĂƌĚ
&hͬŵϯ

Ϭ
Ϯ
ϳ
ϵ
ϭϰ
ϭϲ
Ϯϭ
Ϯϯ
ǀĞƌĂŐĞ
ZĞĚƵĐƚŝŽŶй

dƌĞĂƚĞĚ
tĂƌĚ
;hͿ
&hͬŵϯ

ϴϬ
ϮϭϬ
ϭϱϬ
ϭϴϬ
ϭϳϬ
ϮϭϬ
ϭϬϬ
ϲϬ
ϭϰϱ
ϭϬϬй

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ

ĂŝůǇ
ƌĞĚƵĐƚŝŽŶ 
й
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй










ƚ;ĚĂǇƐͿ


ŽŶƚƌŽů
tĂƌĚ
&hͬŵϯ

dƌĞĂƚĞĚ
tĂƌĚ
;hͿ
&hͬŵϯ

ϲϬ
ϭϮ
ϭϵ
ϮϮ
ϮϬ
Ϯϰ
Ϭ
Ϭ
ϮϬ
ϭϬϬй

Ϭ
Ϯ
ϳ
ϵ
ϭϰ
ϭϲ
Ϯϭ
Ϯϯ
ǀĞƌĂŐĞ
ZĞĚƵĐƚŝŽŶй

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ

ĂŝůǇ
ƌĞĚƵĐƚŝŽŶ
й
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй
ϭϬϬ͘ϬϬй

/ŶƚŚŝƐĐĂƐĞ͕ŽŶĞŵĂǇŽďƐĞƌǀĞƚŚĂƚƚŚĞƉƌĞƐĞŶĐĞŽĨƚŚĞhƵŶŝƚŝŶƚŚĞƚƌĞĂƚĞĚǁĂƌĚŝŶĨĂĐƚƌĞŶĚĞƌĞĚ
ƚŚĞ ĞŶǀŝƌŽŶŵĞŶƚ ĂďƐŽůƵƚĞůǇ ŝŶŚŽƐƉŝƚĂďůĞ ĨŽƌ ƚŚĞ ŐĞƌŵƐ ƐĞĂƌĐŚĞĚ ;DŽƵůĚƐ ĂŶĚ zĞĂƐƚƐ͕ ŽĂŐƵůĂƐĞͲ
ƉŽƐŝƚŝǀĞƐƚĂƉŚǇůŽĐŽĐĐŝͿǁŚŝĐŚ͕ŽŶƚŚĞŽƚŚĞƌŚĂŶĚ͕ǁĞƌĞƉƌĂĐƚŝĐĂůůǇĞǀĞƌƉƌĞƐĞŶƚŝŶƚŚĞŽƚŚĞƌǁĂƌĚ͘/Ŷ
ƚŚŝƐĐĂƐĞ͕ƚŚĞƌĞĨŽƌĞ͕ŽŶĞŽďƐĞƌǀĞĚĂƚŽƚĂůƌĞĚƵĐƚŝŽŶŽĨƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶďǇϭϬϬй;ĂǀĞƌĂŐĞǀĂůƵĞƐͿ͘
tŽƌŬƐƵƌĨĂĐĞƐ
^ŝŵŝůĂƌůǇƚŽƚŚĞƌĞƐƵůƚƐƌĞůĂƚŝŶŐƚŽĂŵďŝĞŶƚĂŝƌ͕ďĞůŽǁƉůĞĂƐĞĨŝŶĚƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶǀĂůƵĞƐŽďƚĂŝŶĞĚ
ĨƌŽŵƚŚĞĂŶĂůǇƐŝƐŽĨƚŚĞƐƵƌĨĂĐĞƐĨƌŽŵǁŚŝĐŚƐĂŵƉůĞƐǁĞƌĞŚĂƌǀĞƐƚĞĚ͘
dĂďůĞϯͲdƌĞŶĚƐŽĨƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶĨƌŽŵdŽƚĂůĂĐƚĞƌŝĂů>ŽĂĚŵĞĂƐƵƌĞĚŽŶƚŚĞƐĂŵƉůĞƐƵƌĨĂĐĞƐŝŶƚŚĞƚǁŽǁĂƌĚƐƚŚĂƚ
ĨŽƌŵĞĚƚŚĞŽďũĞĐƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘

d>
ƚ;ĚĂǇƐͿ
Ϭ
Ϯ
ϳ
ϵ
ϭϰ
ϭϲ
Ϯϭ
Ϯϯ
ǀĞƌĂŐĞ


ŽŶƚƌŽůtĂƌĚ
<ĞǇƉĂĚ
,ĂŶĚƌĂŝů
ϭϰϬϬ
ϭϰϬϬ
ϮϭϬϬ
ϯϱϬ
ϱϬϬ
ϭϰϬϬ
ϵϬϬ
ϭϬϬϬ
ϭϭϯϭ

ϭϮϬϬ
ϵϬϬϬ
ϳϬϬ
ϰϬϬ
ϭϮϬϬ
ϮϯϬϬ
ϭϬϬϬ
ϴϭϬ
ϮϬϳϲ

tĂůů
ϵϭϬϬ
ϯϵϬϬ
ϴϬϬ
ϭϬϬϬ
ϲϭϬ
ϳϯϬ
ϭϲϬϬ
ϭϭϬϬ
Ϯϯϱϱ


dƌĞĂƚĞĚtĂƌĚ;hͿ
<ĞǇƉĂĚ
,ĂŶĚƌĂŝů
tĂůů
ϴϬϬ
ϭϰϬ
ϰϬϬ
ϲϬ
ϮϵϬ
ϮϬϬ
ϳϬ
ϴϬ
Ϯϱϱ

ϰϬϬ
ϰϬ
ϭϴϬ
ϳϬ
ϭϴϬ
ϮϭϬ
ϴϬ
ϴϱ
ϭϱϲ

ϲϮϬ
ϲϬ
ϭϱϬ
ϵϬ
ϵϬ
ϭϯϬ
ϭϮϬ
ϵϬ
ϭϲϵ





230 | Scientific Dossier

ϮϮϯ



/ŶƚŚŝƐĐĂƐĞŝƚŝƐƉŽƐƐŝďůĞƚŽƉŽŝŶƚŽƵƚƚŚĞĨŽůůŽǁŝŶŐĚĞĐƌĞĂƐĞƉĞƌĐĞŶƚĂŐĞƐŽĨƚŚĞĂǀĞƌĂŐĞǀĂůƵĞƐĨŽƵŶĚ
ĨŽƌĞĂĐŚƚǇƉĞŽĨƐƵƌĨĂĐĞŝŶƚŚĞƚǁŽǁĂƌĚƐ͗
dĂďůĞϰͲZĞĚƵĐƚŝŽŶŽĨŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶďǇƐĂŵƉůĞƐƵƌĨĂĐĞ͘ŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶƚŚĞƐƵƌĨĂĐĞƐŽĨƚŚĞƚƌĞĂƚĞĚ
ǁĂƌĚͬƚŚĞƐƵƌĨĂĐĞƐŽĨƚŚĞĐŽŶƚƌŽůǁĂƌĚ

d>
ZĞĚƵĐƚŝŽŶй

<ĞǇƉĂĚ
ϳϳй

,ĂŶĚƌĂŝů
ϵϯй

tĂůů
ϵϯй

dŚĞŐƌĂƉŚƐďĞůŽǁƐŚŽǁƚŚĂƚƚŚĞŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶƚĞŶĚƐƚŽƉƌŽŐƌĞƐƐŝǀĞůǇĚĞĐƌĞĂƐĞŽǀĞƌƚŝŵĞ
ŽŶĂůůƐƵƌĨĂĐĞƐŽĨƚŚĞƚƌĞĂƚĞĚǁĂƌĚ͕ĨƌŽŵǁŚŝĐŚƐĂŵƉůĞƐǁĞƌĞŚĂƌǀĞƐƚĞĚ͕ŝŶĂǁŚŽůůǇƐŝŵŝůĂƌŵĂŶŶĞƌ
ƚŽƚŚĂƚŽďƐĞƌǀĞĚǁŝƚŚƌĞŐĂƌĚƚŽƚŚĞĂŝƌ͘









&ŝŐƵƌĞϭϰͲdƌĞŶĚŽĨƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶďǇd>ŽŶƚŚĞƐƵƌĨĂĐĞƐŽĨƚŚĞǁĂƌĚƚƌĞĂƚĞĚǁŝƚŚh

dŚĞ ƌĞƐƵůƚƐ ƉƌĞƐĞŶƚĞĚ ĐůĞĂƌůǇ ƐŚŽǁ ƚŚĂƚ ƚŚĞ ƚƌĞĂƚŵĞŶƚ ŽĨ ĂŵďŝĞŶƚ Ăŝƌ ǁŝƚŚ ƚŚĞ h ƵŶŝƚ ŝƐ ĂůƐŽ
ďĞŶĞĨŝĐŝĂůƚŽƚŚĞƐƵƌĨĂĐĞƐ͕ƌĞǀĞĂůŝŶŐĂĐůĞĂƌĚĞĐƌĞĂƐŝŶŐƚĞŶĚĞŶĐǇŽĨƚŚĞ ƚŽƚĂůŵŝĐƌŽďŝĂůůŽĂĚŽŶƚŚĞ
ƐƵƌĨĂĐĞƐĨƌŽŵǁŚŝĐŚƐĂŵƉůĞƐǁĞƌĞƚĂŬĞŶĚƵƌŝŶŐƚŚĞĞǆƉĞƌŝŵĞŶƚ͘dŚĞƌĞĚƵĐƚŝŽŶŝƐƉƌĞƐĞŶƚďŽƚŚǁŚĞŶ
ĐŽŵƉĂƌŝŶŐ ƚŚĞ ĂǀĞƌĂŐĞ ǀĂůƵĞƐ ŽĨ ƐƵƌĨĂĐĞ ĐŽŶƚĂŵŝŶĂƚŝŽŶ ŝŶ ƚŚĞ ƚǁŽ ǁĂƌĚƐ ;ƚĂďůĞ ϭϴͿ ĂŶĚ ǁŚĞŶ
ĞǀĂůƵĂƚŝŶŐƚŚĞƚƌĞŶĚŽǀĞƌƚŝŵĞŝŶƚŚĞƚƌĞĂƚĞĚǁĂƌĚ;ĨŝŐƵƌĞϰϱͿ͘
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ϮϮϰ



/ŶƚŚŝƐĐĂƐĞ͕ƚŚĞƌĞĚƵĐƚŝŽŶƉĞƌĐĞŶƚĂŐĞƐŽďƐĞƌǀĞĚǁĞƌĞĂƐĨŽůůŽǁƐ͗
dĂďůĞϱͲZĞĚƵĐƚŝŽŶŽĨŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶďǇƐĂŵƉůĞĚƐƵƌĨĂĐĞŝŶƚŚĞƚƌĞĂƚĞĚǁĂƌĚ͘ŽŵƉĂƌŝƐŽŶďĞƚǁĞĞŶƐƵƌĨĂĐĞƐĂƚ
ƚŚĞƐƚĂƌƚͬĞŶĚŽĨƚƌĞĂƚŵĞŶƚ

d>
ZĞĚƵĐƚŝŽŶй

<ĞǇƉĂĚ
ϵϬй

,ĂŶĚƌĂŝů
ϳϴй

tĂůů
ϴϱй

dŚĞƌĞƐƵůƚƐĨŽƌƚŚĞŽƚŚĞƌƚǁŽĂŶĂůǇƐĞĚƉĂƌĂŵĞƚĞƌƐĂƌĞĂƐĨŽůůŽǁƐ͘
dĂďůĞϲdƌĞŶĚŽĨĐŽŶƚĂŵŝŶĂƚŝŽŶĨƌŽŵDŽƵůĚƐĂŶĚzĞĂƐƚƐ;ƵƉƉĞƌƚĂďůĞͿĂŶĚŽĂŐƵůĂƐĞͲƉŽƐŝƚŝǀĞƐƚĂƉŚǇůŽĐŽĐĐŝ;ůŽǁĞƌƚĂďůĞͿ
ĨŽƵŶĚŽŶƚŚĞƐĂŵƉůĞƐƵƌĨĂĐĞƐŝŶƚŚĞƚǁŽǁĂƌĚƐƚŚĂƚĨŽƌŵĞĚƚŚĞŽďũĞĐƚŽĨƚŚĞĞǆƉĞƌŝŵĞŶƚ͘

D>
ƚ;ĚĂǇƐͿ


ŽŶƚƌŽůtĂƌĚ
<ĞǇƉĂĚ
,ĂŶĚƌĂŝů

Ϭ
Ϯ
ϳ
ϵ
ϭϰ
ϭϲ
Ϯϭ
Ϯϯ
ǀĞƌĂŐĞ

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ


dƌĞĂƚĞĚtĂƌĚ;hͿ
<ĞǇƉĂĚ
,ĂŶĚƌĂŝů
tĂůů

tĂůů

Ϭ
Ϭ
ϱϬ
Ϭ
Ϭ
ϴϱ
Ϭ
Ϭ
ϭϳ

ϭϮϬ
ϭϬϬ
ϭϰϬ
ϮϬϬ
ϭϲϬ
ϭϴϬ
ϰϬ
ϴϬ
ϭϮϴ

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ


^н
ƚ;ĚĂǇƐͿ


ŽŶƚƌŽůtĂƌĚ
<ĞǇƉĂĚ
,ĂŶĚƌĂŝů

Ϭ
Ϯ
ϳ
ϵ
ϭϰ
ϭϲ
Ϯϭ
Ϯϯ
ǀĞƌĂŐĞ

ϰϬ
ϴϬ
ϳϬ
ϭϯϬ
ϭϭϬ
ϭϵ
Ϭ
ϯϬ
ϲϬ


dƌĞĂƚĞĚtĂƌĚ;hͿ
<ĞǇƉĂĚ
,ĂŶĚƌĂŝů
tĂůů

tĂůů

Ϭ
Ϭ
Ϭ
Ϭ
ϳϬ
ϰϱ
Ϭ
Ϭ
ϭϰ

ϯϬ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
ϰ

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ

Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ
Ϭ

tŝƚŚƚŚĞĨŽůůŽǁŝŶŐƌĞĚƵĐƚŝŽŶǀĂůƵĞƐ
D&
ZĞĚƵĐƚŝŽŶй

<ĞǇƉĂĚΎ

,ĂŶĚƌĂŝů

tĂůů

Ϭй

ϭϬϬй

ϭϬϬй

ΎŵŽƵůĚƐĂŶĚǇĞĂƐƚƐǁĞƌĞŶĞǀĞƌĨŽƵŶĚ͕ŝŶŶĞŝƚŚĞƌŽĨƚŚĞƚǁŽǁĂƌĚƐ
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ϮϮϱ



^н
ZĞĚƵĐƚŝŽŶй

<ĞǇƉĂĚ
ϭϬϬй

,ĂŶĚƌĂŝů
ϭϬϬй

tĂůů
ϭϬϬй

dŚĞĨŽůůŽǁŝŶŐĐŽŶĐůƵƐŝŽŶƐŵĂǇďĞĚƌĂǁŶĨƌŽŵƚŚĞĚĂƚĂƉƌĞƐĞŶƚĞĚ͗
ͲdŚĞĂƉƉůŝĐĂƚŝŽŶŽĨƚŚĞhƐǇƐƚĞŵƐƌĞƐƵůƚĞĚŝŶĂĐŽŶƐƚĂŶƚŝŵƉƌŽǀĞŵĞŶƚŽĨƚŚĞĂŝƌƋƵĂůŝƚǇĨŽƌĂůů
research parameters, with differences in contamination between the “treated” ward and the
“control” ward of at least two orders of magnitude; saiĚĚŝĨĨĞƌĞŶĐĞƐǁĞƌĞŽďǀŝŽƵƐĨƌŽŵƚŚĞǀĞƌǇĨŝƌƐƚ
ĚĂǇŽĨƚƌĞĂƚŵĞŶƚĂŶĚďĞĐĂŵĞŝŶĐƌĞĂƐŝŶŐůǇŵŽƌĞŵĂƌŬĞĚĂƐƚŚĞƚƌĞĂƚŵĞŶƚǁĞŶƚŽŶ͖
Ͳ The “treated” ward showed a significant reduction of the contamination values, this being
ƉĂƌƚŝĐƵůĂƌůǇŽďǀŝŽƵƐǁŚĞŶĞǀĂůƵĂƚŝŶŐƚŚĞǀĂůƵĞƐŽĨƚŚĞdŽƚĂůĂĐƚĞƌŝĂů>ŽĂĚĂƚϯϳΣ͖ŝŶƚŚĞĐĂƐĞŽĨƚŚĞ
“treated” ward, pollutants from anthropic sources (evidenced by the presence of CoagulaseͲƉŽƐŝƚŝǀĞ
ƐƚĂƉŚǇůŽĐŽĐĐŝͿǁĞƌĞĨŽƵŶĚƚŽďĞĨƵůůǇƵŶĚĞƌĐŽŶƚƌŽů͕ǁŝƚŚĂĐŽŶƐƚĂŶƚĂďƐĞŶĐĞŽĨƚŚĞƉĂƚŚŽŐĞŶŝŶĂůů
ƐĂŵƉůĞƐĂŶĂůǇƐĞĚ͘ůƐŽĨƵŶŐŝ;ƐŽŵĞŽĨǁŚŝĐŚƉŽƚĞŶƚŝĂůůǇƉĂƚŚŽŐĞŶŝĐͿǁĞƌĞĨŽƵŶĚƚŽďĞƵŶĚĞƚĞĐƚĂďůĞ͕
ĨƵƌƚŚĞƌƉƌŽŽĨŽĨƚŚĞŽƉƚŝŵĂůŚǇŐŝĞŶĞůĞǀĞůƐŽĨƚŚĞĂŵďŝĞŶƚĂŝƌ͖
ͲƐŚĂƉƉĞŶĞĚŝŶƚŚĞKZƐ͕ƚŚĞƵƐĞŽĨŝŽŶŝƐĞĚĂŝƌƌĞƐƵůƚĞĚŝŶĂŵĂƌŬĞĚĚĞĐƌĞĂƐĞŽĨƚŚĞĐŽŶƚĂŵŝŶĂƚŝŽŶ
ůĞǀĞůƐŽĨƚŚĞƐƵƌĨĂĐĞƐĨƌŽŵǁŚŝĐŚƐĂŵƉůĞƐǁĞƌĞŚĂƌǀĞƐƚĞĚ͕ĚŝƌĞĐƚƉƌŽŽĨŽĨƚŚĞƉŽƚĞŶƚŝĂůŝŶŚĞƌĞŶƚŝŶ
ƚŚĞƵƐĞŽĨƚŚŝƐƚĞĐŚŶŽůŽŐǇ͘/ŶƉĂƌƚŝĐƵůĂƌ͕ƚŚĞƌĞƐƵůƚŽďƚĂŝŶĞĚŽŶƚŚĞĐŽĨĨĞĞŵĂĐŚŝŶĞŬĞǇƉĂĚŝƐǁŽƌƚŚǇ
ŽĨďĞŝŶŐŚŝŐŚůŝŐŚƚĞĚ͘dŚŝƐŝƐĂƐƵƌĨĂĐĞƚŚĂƚǀĞƌǇŽĨƚĞŶĐŽŵĞƐŝŶƚŽĐŽŶƚĂĐƚǁŝƚŚƚŚĞŚĂŶĚƐŽĨǀŝƐŝƚŽƌƐ͕
ƐƚĂĨĨ ĂŶĚ ƉĂƚŝĞŶƚƐ͕ ŝƐ ŽĨƚĞŶ ŽǀĞƌůŽŽŬĞĚ ĚƵƌŝŶŐ ƌŽƵƚŝŶĞ ƐĂŶŝƚŝƐĂƚŝŽŶ ŽƉĞƌĂƚŝŽŶƐ ĂŶĚ ŝƐ ƚŚƵƐ ĂďůĞ ƚŽ
ƚƌĂŶƐĨĞƌƉŽƚĞŶƚŝĂůŝŶĨĞĐƚŝŽƵƐŵŝĐƌŽďŝĂůĂŐĞŶƚƐĨƌŽŵŽŶĞƐƵďũĞĐƚƚŽĂŶŽƚŚĞƌ͘
Ɛ ƐŚŽǁŶ ďǇ ƚŚĞ results presented, this surface confirms its “potential” in the control ward, with
ĞǆƚƌĞŵĞůǇŚŝŐŚĐŽŶƚĂŵŝŶĂƚŝŽŶǀĂůƵĞƐ͘dŚĞƐĞĚĂƚĂĂƌĞĐŽƵŶƚĞƌďĂůĂŶĐĞĚďǇƚŚĞĚĂƚĂŽďƚĂŝŶĞĚŝŶƚŚĞ
machine located in the “treated” ward, where we observed the disappearance ofƚŚĞƐƚĂƉŚǇůŽĐŽĐĐŝ
ĂŶĚĂĚƌĂŵĂƚŝĐĂŶĚƐŝŐŶŝĨŝĐĂŶƚĚĞĐƌĞĂƐĞŝŶƚŚĞƚŽƚĂůďĂĐƚĞƌŝĂůůŽĂĚƐ͘


ĚǀĂŶƚĂŐĞƐŽĨƚŚĞƉŽƐƐŝďůĞƵƐĞŽĨƚŚĞEdWƚƌĞĂƚŵĞŶƚĨŽƌůŝŶŝĐĂůZŝƐŬ–ƌĞĚƵĐƚŝŽŶŽĨƚŚĞ
ZŝƐŬŽĨ/ŶĨĞĐƚŝŽŶ
dŚĞ ƌĞƐƵůƚƐ ƐŚŽǁŶ ƉƌŽǀĞ ƚŚĂƚ ƚŚĞ ďŝŽĐŝĚĂů ĂĐƚŝǀŝƚǇ ŽĨ ƚŚĞ EdW ƚĞĐŚŶŽůŽŐǇ ŝƐ ŽĨ ŐƌĞĂƚ ŝŶƚĞƌĞƐƚ͘ /Ŷ
ƉĂƌƚŝĐƵůĂƌ͕ŝƚďĞĐĂŵĞĐůĞĂƌƚŚĂƚŝƚŝƐǀĞƌǇĞĨĨĞĐƚŝǀĞǁŚĞŶŝƚĐŽŵĞƐƚŽĚŝƐŝŶĨĞĐƚŝŶŐƐƵƌĨĂĐĞƐŝŶĂƌĞĂůůǇ
ƐŚŽƌƚƚŝŵĞ͘&ƵƌƚŚĞƌŵŽƌĞ͕ƚŚĞƉŽƐƐŝďŝůŝƚǇŽĨĐŽŵďŝŶŝŶŐƚŚĞŝŽŶŝƐĂƚŝŽŶĂŶĚĨŝůƚƌĂƚŝŽŶƚƌĞĂƚŵĞŶƚĐƌĞĂƚĞƐ
ǀĞƌǇŝŶƚĞƌĞƐƚŝŶŐƉƌŽƐƉĞĐƚƐ͘
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ϮϮϲ



/ŶĚĞĞĚ͕ŽŶĞ ŵĂǇ ĞŶǀŝƐĂŐĞ ĂŵŽďŝůĞ ĚĞǀŝĐĞ ƚŚĂƚǁŽƵůĚďĞ ĂďůĞ ƚŽƉĞƌĨŽƌŵ ƚŚĞ ĂŝƌĚŝƐŝŶĨĞĐƚŝŽŶĂŶĚ
ĨŝůƚƌĂƚŝŽŶƚƌĞĂƚŵĞŶƚǁŚĞƌĞǀĞƌƚŚĞŶĞĞĚĂƌŝƐĞƐĂƚĂŶǇŐŝǀĞŶƚŝŵĞ͘
&ŽƌĞǆĂŵƉůĞ͕ŝŶƚŚĞKZŝƚĐŽƵůĚďĞĐŽŶĨŝŐƵƌĞĚĂƐĂƵŶŝƚƚŚĂƚĐĂŶĐŽŵƉůĞŵĞŶƚƚŚĞƉƵƌŝĨŝĐĂƚŝŽŶŽĨƚŚĞ
ĂŵďŝĞŶƚĂŝƌƉĞƌĨŽƌŵĞĚďǇƚŚĞĚƵĐƚĞĚƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵ͘/ŶƚŚŝƐǁĂǇ͕ƚŚĞĚĞǀŝĐĞǁŽƵůĚĐŽŶƚƌŝďƵƚĞƚŽ
the “decontamination” of the particulate emitted during surgery in the OR, by recirculating air that
ŚĂƐĂůƌĞĂĚǇďĞĞŶƚƌĞĂƚĞĚƚŚƌŽƵŐŚĂ,WƵůƚƌĂĨŝůƚĞƌ͘/ĨƚŚŝƐĂĚĚŝƚŝŽŶĂůĨŝůƚƌĂƚŝŽŶǁĞƌĞƚŽďĞĐŽŵďŝŶĞĚ
ǁŝƚŚŝŽŶŝƐĂƚŝŽŶǀŝĂEdW͕ŝƚǁŽƵůĚŐƵĂƌĂŶƚĞĞƚŚĞƉƌĞƐĞŶĐĞŽĨĞǆƚƌĞŵĞůǇĐůĞĂŶĂŝƌ͘
/ƚƐĂďŝůŝƚǇƚŽƐĂŶŝƚŝƐĞĐŽŶƚĂŵŝŶĂƚĞĚƐƵƌĨĂĐĞƐǁŽƵůĚĂůƐŽŝŶƚƌŽĚƵĐĞĂĚĚŝƚŝŽŶĂůŐƵĂƌĂŶƚĞĞƐ͕ĐŽŶƚƌŝďƵƚŝŶŐ
ƚŽ ƚŚĞ ŝŵƉƌŽǀĞŵĞŶƚ ŽĨ ĞŶǀŝƌŽŶŵĞŶƚĂů ŚǇŐŝĞŶĞ ĂŶĚ ƚŽ Ă ƌĞĚƵĐƚŝŽŶ ŝŶ ƚŚĞ ƉŽƐƐŝďůĞ ĞŵĞƌŐĞŶĐĞ ŽĨ
ŝŶĨĞĐƚŝŽŶƐ͘
A hypothetical “typical” scenario might be as follows:
-

^ƚĂƌƚŽĨƚŚĞĚĂǇŝŶƚŚĞKZ͘^ƚĂŶĚĂƌĚĂŝƌƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵŝŶŽƉĞƌĂƚŝŽŶнƌĞĐŝƌĐƵůĂƚŝŽŶ

ƐǇƐƚĞŵŽŶĂ,WĨŝůƚĞƌ͖
-

/ŶƚĞƌǀĂů ďĞƚǁĞĞŶ ƚǁŽ ŽƉĞƌĂƚŝŽŶƐ͘ ^ƚĂƌƚ ŽĨ ƚŚĞ ŽƉĞƌĂƚŝŽŶ ŽĨ ƚŚĞ Ăŝƌ ŝŽŶŝƐĂƚŝŽŶ ĂŶĚ

ƐƵƌĨĂĐĞĚŝƐŝŶĨĞĐƚŝŽŶƐǇƐƚĞŵ͖
-

ŶĚŽĨ ƚŚĞ ĚĂǇ͘ĞĞƉĐůĞĂŶŝŶŐŽĨƚŚĞ KZ͘^ǁŝƚĐŚŝŶŐŽĨĨƚŚĞ ƐƚĂŶĚĂƌĚĂŝƌ ƚƌĞĂƚŵĞŶƚ

ƐǇƐƚĞŵ͘^ǁŝƚĐŚŝŶŐŽŶƚŚĞĂŝƌŝŽŶŝƐĂƚŝŽŶƐǇƐƚĞŵ͘
dŚŝƐǁŽƵůĚƌĞƐƵůƚŝŶƚŚĞ ƐŝŐŶŝĨŝĐĂŶƚĂĚǀĂŶƚĂŐĞ ŽĨƐƚĂƌƚŝŶŐƚŚĞ ĚĂǇ ǁŝƚŚĂĐůĞĂŶƌŽŽŵƚŚĂƚŚĂƐďĞĞŶ
ĐŽŶƐŝƐƚĞŶƚůǇĚŝƐŝŶĨĞĐƚĞĚďǇƚŚĞĐŽŶƚŝŶƵŽƵƐŽƉĞƌĂƚŝŽŶŽĨƚŚĞƚƌĞĂƚŵĞŶƚƐǇƐƚĞŵ͖ŝƚǁŽƵůĚĂůƐŽŐƵĂƌĂŶƚĞĞ
ĂŶKZƚŚĂƚŝƐƌĞĂĚǇĨŽƌƵƐĞǁŝƚŚŝŶĂƐŚŽƌƚĞƌƚŝŵĞŝŶƚŚĞĞǀĞŶƚŽĨŶŝŐŚƚͲƚŝŵĞĞŵĞƌŐĞŶĐǇ͘
ƐŝĚĞĨƌŽŵƚŚĞƌĞƐƵůƚƐŝŶƚŚĞKZ͕ƚŚĞƐƚƵĚǇŚĂƐƉƌŽǀĞŶƚŚĂƚƚŚĞƵƐĞŽĨEdWĂŝƌ͕ĂůďĞŝƚƉƌŽĚƵĐĞĚǁŝƚŚ
ƐŵĂůůĞƌĂŶĚƐŝŵƉůŝĨŝĞĚĚĞǀŝĐĞƐ͕ŚĂƐƌĞƐƵůƚĞĚŝŶŝŶĚŝƐƉƵƚĂďůĞďĞŶĞĨŝƚƐĨŽƌƚŚĞĞŶǀŝƌŽŶŵĞŶƚĂůƋƵĂůŝƚǇŝŶ
ƚŚĞ ǁĂƌĚ ƚŚĂƚ ǁĂƐ ƐƵďũĞĐƚ ƚŽ ƚƌĞĂƚŵĞŶƚ͕ ǁŚĞƌĞ ĂŝƌďŽƌŶĞ ĐŽŶƚĂŵŝŶĂƚŝŽŶ ǁĂƐ ĚĞĐŝĚĞĚůǇ ůŽǁ͕ ƚŚĞ
ŵŝĐƌŽŽƌŐĂŶŝƐŵƐ ƉƌĞƐĞŶƚ ŽŶ ƚŚĞ ƐƵƌĨĂĐĞƐ ǁĞƌĞ ŵĂƌŬĞĚůǇ ƌĞĚƵĐĞĚ͕ ǁŚŝůĞ͕ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ͕ ƚŚĞ
ƉĂƚŚŽŐĞŶŝĐ^ƚĂƉŚǇůŽĐŽĐĐŝĚŝƐĂƉƉĞĂƌĞĚ͘/ŶƚŚŝƐĐĂƐĞŽŶĞĐŽƵůĚĞŶǀŝƐĂŐĞĐŽŵƉůĞŵĞŶƚŝŶŐƚŚĞĐƵƌƌĞŶƚ
ĞŶǀŝƌŽŶŵĞŶƚĂůƐĂŶŝƚŝƐĂƚŝŽŶƐǇƐƚĞŵǁŝƚŚƚŚĞŝŶƐƚĂůůĂƚŝŽŶŽĨƚŚƌĞĞhƵŶŝƚƐƉĞƌǁĂƌĚ͕ůĞĂǀŝŶŐƚŚĞŵŽŶ
ǁŝƚŚŽƵƚŝŶƚĞƌƌƵƉƚŝŽŶǁŝƚŚĂŵŝŶŝŵĂůƉƌŽŐƌĂŵƚŚĂƚĞŶƚĂŝůƐϮŵŝŶƵƚĞƐŽĨŽƉĞƌĂƚŝŽŶĨŽůůŽǁĞĚďǇĂŶϴͲ
ŵŝŶƵƚĞƉĂƵƐĞ͕ǁŝƚŚƚŚĞƉŽƐƐŝďŝůŝƚǇŽĨŝŶĐƌĞĂƐŝŶŐƚŚĞŽƉĞƌĂƚŝŽŶƚŝŵĞƐŝŶƉĂƌƚŝĐƵůĂƌĐĂƐĞƐ;Ğ͘Ő͘ƉƌĞƐĞŶĐĞ
ŽĨƐƉĞĐŝĨŝĐƐƵďũĞĐƚƐǁŝƚŚĂŚŝŐŚŝŶĨĞĐƚŝŽŶƌŝƐŬͿ͘
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ϮϮϳ



/ŶĐŽŶĐůƵƐŝŽŶ͕ƚŚĞƵƐĞŽĨEdWƚĞĐŚŶŽůŽŐǇ͕ǁŚŝĐŚŚĂƐďĞĞŶƉƌŽǀĞŶ–ŝŶƚŚĞKZĂŶĚŝŶƚŚĞǁĂƌĚƐ–ƚŽďĞ
ĂďůĞ ƚŽ ƌĞĚƵĐĞ ĂŝƌďŽƌŶĞ ŵŝĐƌŽďŝĂů ĐŽŶƚĂŵŝŶĂƚŝŽŶ ŽǀĞƌ ƚŝŵĞ ĂŶĚ ƚŽ ĨĂĐŝůŝƚĂƚĞ ƚŚĞ ƐĂŶŝƚŝƐĂƚŝŽŶ ŽĨ
ƐƵƌĨĂĐĞƐ͕ ŵĂǇ ǀĞƌǇ ůŝŬĞůǇ ĂůƐŽ ĐŽŶƚƌŝďƵƚĞ ƚŽ ƚŚĞ ĂĐŚŝĞǀĞŵĞŶƚ ĂŶĚ ŵĂŝŶƚĞŶĂŶĐĞ ŽĨ ďĞƚƚĞƌ
ŚǇŐŝĞŶĞͬƐĂŶŝƚĂƌǇĐŽŶĚŝƚŝŽŶƐ͕ŚĞůƉŝŶŐĐůŝŶŝĐĂůƌŝƐŬŵĂŶĂŐĞŵĞŶƚ͘



/ŶĚŝĐĂƚŽƌƐĨŽƌƚŚĞĨŝŶĂůĐŚĞĐŬŽĨƚŚĞƐĞƌǀŝĐĞ
WZ&KZDE/E/dKZ^
WŚǇƐŝĐĂůƉĞƌĨŽƌŵĂŶĐĞ
ĞĐƌĞĂƐĞйŽĨƉŽƐƐŝďůĞŵŝĐƌŽďŝĂůĐŽŶƚĂŵŝŶĂƚŝŽŶ͗
tZ

sZ'Z^Ύ͗ϴϲй
ΎƚŚĞǀĂůƵĞƐƌĞĨĞƌƚŽƚŚĞĂŝƌďŽƌŶĞdŽƚĂůĂĐƚĞƌŝĂů>ŽĂĚ



dŚŝƐĨŝŐƵƌĞƌĞĨůĞĐƚƐĂůŵŽƐƚĞǆĂĐƚůǇƚŚĞƌĞƐƵůƚŽďƚĂŝŶĞĚŝŶƚŚĞKZĞǆƉĞƌŝŵĞŶƚ͕ĂƐĚĞƐĐƌŝďĞĚŝŶƚŚĞĨŝŶĂů
ZĞƉŽƌƚŽŶ^ĞƌǀŝĐĞϮ͘ϭ
KZ
&ŝƌƐƚĞǆƉĞƌŝŵĞŶƚ͗ϭϬϬй͖^ĞĐŽŶĚĞǆƉĞƌŝŵĞŶƚ͗ϳϱй

sZ'Z^Ύ͗ϴϳ͘ϱй
ΎƚŚĞǀĂůƵĞƐƌĞĨĞƌƚŽƚŚĞĂŝƌďŽƌŶĞdŽƚĂůĂĐƚĞƌŝĂů>ŽĂĚ



dŽŐĞƚŚĞƌ͕ƚŚĞƌĞĨŽƌĞ͕ƚŚĞǇƉƌŽǀĞƚŚĂƚƚŚĞĞĨĨĞĐƚŽĨƚŚĞEdWƐǇƐƚĞŵ͕ƌĞŐĂƌĚůĞƐƐŽĨŝƚƐƐŝǌĞĂŶĚŽĨƚŚĞ
ƉƌĞŵŝƐĞƐ ŝŶ ǁŚŝĐŚ ŝƚ ŝƐ ƉůĂĐĞĚ͕ ŝĨ ƐŝǌĞĚ ĐŽƌƌĞĐƚůǇ ĨŽƌ ƚŚĞ ĂĐƚƵĂů ŶĞĞĚƐ͕ ŝƐ ĂďůĞ ƚŽ ƉƌŽĚƵĐĞ ƉĞƌĨĞĐƚůǇ
ƌĞƉƌŽĚƵĐŝďůĞƌĞƐƵůƚƐ͕ĂƐĨƵƌƚŚĞƌŐƵĂƌĂŶƚĞĞŽĨŝƚƐƉŽƚĞŶƚŝĂůŝŶƚĞƌŵƐŽĨƌĞĚƵĐƚŝŽŶŽĨƚŚĞůŝŶŝĐĂůZŝƐŬǁŝƚŚ
ƌĞŐĂƌĚƚŽ,ŽƐƉŝƚĂů/ŶĨĞĐƚŝŽŶƐ͘
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ϮϮϴ



ŝďůŝŽŐƌĂƉŚǇ

;ϭͿ “Manual for training healthcare providers ͲWĂƚŝĞŶƚƐĂĨĞƚǇĂŶĚŵĂŶĂŐĞŵĞŶƚŽĨƚŚĞ
clinical risk” 
ŚƚƚƉ͗ͬͬǁǁǁ͘ƐĂůƵƚĞ͘ŐŽǀ͘ŝƚͬƉŽƌƚĂůĞͬĚŽĐƵŵĞŶƚĂǌŝŽŶĞͬƉϲͺϮͺϮͺϭ͘ũƐƉ͍ůŝŶŐƵĂсŝƚĂůŝĂŶŽΘŝĚ
сϲϰϬ
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ϳϰ



ϭϯ͘^/Ed/&/Zd/>^


^/Ed/&/Zd/>^KEs/Z>EdZ/>^Ed/d/d/KEzDE^K&EKEd,ZD>W>^D
^/Ed/&/Zd/>^KE/EKZ'E/WK>>hdEdZDKs>
^/Ed/&/Zd/>^KEKZ'E/WK>>hdEd;sKͿZDKs>
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a b s t r a c t
This work investigates the feasibility of nonthermal low-pressure oxygen plasma on sanitization of spinach, lettuce, tomato and potato surfaces from Salmonella enterica subsp. enterica serovar Typhimurium
str. LT2 (Salmonella typhimurium LT2). It was shown that the time of exposure and plasma power density
were two critical parameters inﬂuencing the bactericidal efﬁciency. Surface roughness and hydrophobicity did not inﬂuence the sanitization of produce. Oxygen plasma was more effective than washing with
3% H2O2 on eliminating S. typhimurium LT2 on spinach. Plasma treatment chemically changed a very thin
section of tomato wax cuticle layer by oxidation reaction and decomposition of carbon chains, which
could readily and completely be removed by water. Overall, this study conﬁrms that nonthermal oxygen
plasma can be a new effective method of sanitization for fresh produce.
 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Fruits and vegetables play an important role in our diet and
health by providing essential vitamins, minerals, and ﬁbers. Human pathogens can reach and attach fruit and vegetable surfaces
during growth, harvest, transportation and further handling from
animal and human sources. Contaminated fruits and vegetables
in particular the ones that are consumed raw can lead to foodborne
illnesses. In recent years, the number of documented outbreaks of
human infections associated with the consumption of contaminated fruits and vegetables has increased (Berger et al., 2010;
Van Boxstael et al., 2013).
Typical approaches for the sanitization of pathogenic microorganisms involve the use of heat, pressure, liquid or gas chemical
disinfectants, and ionizing or non-ionizing radiation. However, because of their fragile nature, high temperature methods are not
suitable for the decontamination of fresh produce. With outbreaks
of foodborne illnesses occurring more frequently, the development
of novel nonthermal methods to reduce and eliminate bacterial
pathogens from fresh produce has received increasing attention
(Parish et al., 2003a,b). To this end; X-rays, ultrasound, ultraviolet

⇑ Corresponding authors. Address: Materials Science and Engineering Program,
Texas A&M University, College Station, TX 77843-3122, United States. Tel.: +1 609
964 6174; fax: +1 979 845 6446 (M. Akbulut).
E-mail addresses: lcisnero@tamu.edu (L. Cisneros-Zevallos), makbulut@mail.
che.tamu.edu (M. Akbulut).

light, oscillating magnetic ﬁelds, pulsed light, and high voltage arc
discharge based methods have recently been considered in the
context of fresh produce safety (Zhang et al., 2011; Moosekian
et al., 2012; Garcia Loredo et al., 2013; Odriozola-Serrano et al.,
2013).
Among novel methods of bacterial sanitization, nonthermal
plasma-based sanitization approaches has displayed promising
outcomes in decontaminating living tissues and biomaterials from
various microorganisms (Ragni et al., 2010; Ermolaeva et al., 2011;
Noriega et al., 2011). Effectiveness of nonthermal plasma in decontaminating pathogenic bacteria is attributed to a combination of
effects including the formation of electrons, ions, free radicals
and excited molecules, as well as UV radiation (Moisan et al.,
2001; Laroussi and Leipold, 2004; Kong et al., 2009). The key
advantages of nonthermal plasma technologies are their relatively
simple and inexpensive design, short processing times, absence of
toxicity, and lack of residue formation (Rossi et al., 2009; Roth
et al., 2010; Rupf et al., 2010). Its effectiveness against pathogenic
bacteria and the above mentioned advantages have prompted an
interest in the use of the nonthermal plasma-based approaches
in food safety. For instance, Deng et al. (2007) has demonstrated
the applicability of nonthermal atmospheric plasma technology
for the pasteurization of almonds. The technology was found to
effectively reduce Escherichia coli on almond by almost a 5 log
factor after 30-s treatment at 30 kV and 2000 Hz. Ragni et al.
(2010) investigated the efﬁcacy of resistive barrier discharge
(RBD) plasma for decontamination of shell egg surfaces and

0260-8774/$ - see front matter  2013 Elsevier Ltd. All rights reserved.
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observed reductions up to 2.5 log CFU/eggshell and 4.5 log CFU/
eggshell for Salmonella enteritidis using air with low and high moisture contents, respectively, after 90 min of RBD plasma treatment.
Noriega et al. (2011) investigated the efﬁciency of nonthermal
atmospheric gas plasmas for decontaminating chicken skin and
muscle inoculated with Listeria innocua and observed a 1 log reduction on skin, and a 3 log reductions on muscle under optimal
conditions.
The studies on the efﬁciency of nonthermal plasma on bacteria
responsible for foodborne illnesses when they are attached to fresh
produce surfaces is very limited. Niemira and Sites (2008) reported
the use of cold air plasma to inactivate human pathogens inoculated on golden delicious apples. The reductions of Salmonella
Stanley and E. coli O157: H7 ranged from 2.9 to 3.7 and 3.4 to
3.6 respectively, after treatment for 3 min at 30 kV and 60 Hz with
ﬂow rate of 40 l/min. Fresh produce surfaces may favor bacterial
proliferation specially if rich in nutrients (Thunberg et al., 2002;
Johnston et al., 2005), through bioﬁlm formation and protection
in crevices (i.e. microscale roughnesses and valleys between the
asperities of the produce surface) (Burnett and Beuchat 2000;
Burnett et al., 2000). Thus, there is a need to correctly assess the
feasibility of nonthermal plasma in sanitizing fresh produce
surfaces (Niemira, 2012).
In general, non-thermal plasma is generated from either atmospheric pressures or low pressures. Both atmospheric and low
pressure plasma generates same species and same electron densities range (Schutze et al., 1998). Therefore, they have similar plasma sanitization mechanics (Moisan et al., 2001; Laroussi, 2005).
The main advantage of the atmospheric-pressure plasmas is that
they do not require vacuum systems to operate. However, under
atmospheric conditions, higher voltages are required to generate
plasma. To be speciﬁc, the voltage required to initiate the ionization decreases from 10,000 V to 100 V if the pressure reduces
from atmospheric pressure to 103 atm for a 1-cm gap between
electrode plates (Lieberman and Lichtenberg, 2005). At higher
voltages, often arcing occurs between the electrodes. The arcing
may damage and burn fragile surfaces such as fresh produce surfaces. Considering that the low pressure vacuum packaging has
been used for packaging of many fresh produces (An et al., 2009)
and the abovementioned points, the use of low-pressure plasma
sanitization instead of atmospheric-pressure one has certain
advantages.
Accordingly, this paper investigated the bactericidal effect of
nonthermal low-pressure oxygen plasma on Salmonella enterica
subsp. enterica serovar Typhimurium LT2 (S. typhimurium LT2) attached on fresh lettuce, spinach, tomato, and potato surfaces. This
microorganism was selected because data from the US-CDC foodborne outbreak surveillance system show that the most commonly reported microorganisms associated with fresh produce
foodborne illness outbreaks are Salmonella spp. (Sivapalasingam
et al., 2004). Oxygen was selected as the gas source because
oxygen was found to be one of the best sanitization agents
(Bol’shakov et al., 2004). Furthermore, four possible combinations
of surface roughness and hydrophilicity including hydrophobic
smooth, hydrophobic rough, hydrophilic smooth, and hydrophilic
rough surfaces were covered through the selected produce. This is
possible since spinach and potato are relatively rough, while
tomato and lettuce are relatively smooth, and spinach and tomato
are relatively hydrophobic, while lettuce and potato are relatively
hydrophilic. These properties can inﬂuence sanitization efﬁcacy in
some sanitization methods, especially liquid based methods
(Ukuku and Fett, 2006; Fransisca and Feng, 2012). In the present
study, the efﬁciency of a nonthermal oxygen plasma method
was compared with that of washing with aqueous solutions of
H2O2. Associated physicochemical changes upon the plasma
treatment were also reported.
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2. Materials and methods
2.1. Preparation of produce surface
Spinach, lettuce, tomato and potato were purchased from a local grocery store (Wal-Mart, College Station, TX, USA). After mildly
washed for 30 s using 1 L of deionized water, the produce was
dried using tissue paper. Then, spinach, lettuce, tomato skin and
potato skin were cut into square pieces of 1 cm  1 cm. The produce pieces were immobilized on a silica wafer using a double
sided adhesive carbon tape.
2.2. Preparation of inoculum
Rifampicin-resistant S. enterica subsp. enterica serovar
Typhimurium str. LT2 (S. typhimurium LT2; ATCC 700720) was obtained from the ATCC (Manassas, VA, USA) and maintained on
slants of tryptic soy agar (TSA; Becton, Dickinson and Co., Sparks,
MD, USA) at 5 C. Working cultures were obtained by transferring
a loop of culture from TSA slants to 9.0 mL of tryptic soy broth
(TSB; Becton, Dickinson and Co.) and incubating aerobically without agitation at 37.5 C for 24 h. After 24 h, a loop of culture was
transferred to a fresh 9 mL of TSB and incubated aerobically without agitation at 37.5 C for 24 h. After incubation, the culture was
transferred to a 15 mL conical centrifuge tube (Thermo-Fisher Scientiﬁc, Inc.). Bacterial cells were collected by centrifugation at
2191  g in a Jouan B4i centrifuge (Thermo-Fisher Scientiﬁc, Inc.)
for 15 min at 22 C. The resulting pellet was suspended in 9.0 mL
of Milli Q (MQ) water and washed by centrifugation for 15 min
at 22 C; the entire centrifugation and washing procedure was repeated identically three times. After the ﬁnal cycle, the pellet was
suspended in 9.0 mL MQ water and used immediately in the inoculation experiments. This resulted in an inoculum concentration of
8 ± 0.4  1010 CFU/ml, and determined via selective plating on TSA.
Survivors were enumerated following 24 h aerobic incubation at
37.5 C.
2.3. Nonthermal oxygen plasma treatment
Plasma treatment experiments were performed by March
CS-1701 Reactive Ion Etching system (March Plasma Systems,
Inc., CA, USA). The system consists of four modules: a reaction
chamber/process controller, a solid state radio frequency (RF)
power generator, a vacuum pump and an oxygen source
(Fig. 1A). By applying a strong RF electromagnetic ﬁeld to the wafer

(A) Vacuum Pump
Reaction Chamber
RF Power Generator
Process Controller
O2 gas

(B)
UV

O
CO2
CO H2O

Fig. 1. Schematic illustration of (A) oxygen plasma system, and (B) plasma
sanitization in reaction chamber.
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platter, plasma is initiated in the system using oxygen gas. The system runs at an RF frequency of 13.56 MHz with a maximum power
output of 600 W. The chamber is 15 cm in interior diameter with
2.5 cm spacing between electrodes. When the gas in the chamber
is exposed to the oscillating electric ﬁeld at high frequency and energy, the electrons of the gas start to gain energy, eventually ionizing to atoms. The initial ionization will provide more energy to the
system to cause further ionizations in a chain reaction manner,
ultimately ﬁlling the chamber with plasma, which could react with
the treated surface (Fig. 1B). The RF power applied and pressure of
the chamber are two main parameters inﬂuencing the density and
temperature of the plasma (Chen and Chang, 2003). In the present
study, we investigated the effect of plasma power and exposure
time on the bactericidal properties of the oxygen plasma. To ensure
the reproducibility of the results, each experiment was repeated at
least three times.
Plasma chemistry of pure oxygen RF plasma has been well identiﬁed. Mogul et al. (2003) studied emission spectrum for pure O2
plasma discharge powered by a 13.56 MHz radio frequency at
100 W and 500 mTorr (67 Pa). They found the presence of excited
atomic oxygen, oxygen cation, dioxygen cation, and neutral excited
dioxygen in plasma. Bol’shakov et al. (2004) also found the similar
results when they studied oxygen plasma generated at 13.56 MHz
in the range of 13–67 Pa and pressure and 100–300 W power.
These emission spectrum results were also consistent with the previously published oxygen spectra of oxygen plasmas (Carl et al.,
1990; Tuszewski et al., 1995). Since the plasma in this paper was
generated under similar experiment conditions (13.56 MHz,
34 Pa, 50–350 W), species in plasma in this paper is expected to
consist of excited atomic oxygen, oxygen cation, dioxygen cation,
and neutral excited dioxygen as well.

water was placed on a produce surface and allowed to equilibrate
for 30 s before making any measurements. A digital camera was
used to take the images for angle measurement. For each specimen, at least three contact angle measurements were conducted.
2.7. Scanning electron microscopy (SEM)
SEM (JSM-7500F, JEOL, Peabody, MA, USA) was used for three
purposes in this study: to determine morphology (roughness) of
the neat produce surfaces; to characterize the physical changes
on the produce surface due to oxygen plasma treatment; and to
compare the bacterial attachment behavior of the produce surfaces. To study the effect of surface property on bacteria adhesion,
produce surfaces rinsed into S. typhimurium LT2 solution for 5 min
and then dry in a hood at room temperature for overnight. SEM
images were obtained from there with or without the above
treatment. Prior to the SEM studies, the samples were coated with

A

A

A
B

C

2.4. Inoculation of produce surfaces
The experimental protocol for the inoculation of produce
surfaces used in plasma treatment studies was as follows: Initially,
100 ll of bacterial inoculum at 8 ± 0.4  1010 CFU/ml was added
dropwise and distributed evenly onto produce surfaces
(1 cm  1 cm pieces) and the produce surfaces were air-dried at
room temperature for 4 h. After the inoculated surface was
placed in the chamber, the chamber was ﬁrst evacuated at 13 Pa,
and then the chamber was ﬁlled with O2 to 30 Pa with a gas ﬂow
rate of 10 sccm. After the plasma treatment at room temperature,
the chamber was ventilated with air to reach atmospheric pressure. To compare the efﬁcacy of plasma sanitization with that of
H2O2 washing, some of inoculated surfaces (spinach) were rinsed
in 3% H2O2 solution for 600 s instead of the plasma treated. Both
of the treated produce surfaces were then used for bacterial
counting.
2.5. Enumeration of inoculum organisms
The numbers of S. typhimurium LT2 cells on the produce surfaces were measured for each exposure time and power density
of plasma treatment. Once the treated surfaces were removed from
the plasma chamber, these were put in 9 ml test tubes of 0.1% of
peptone water. The tubes were shaken on a Mini Shaker (VWR
International, LLC) at 900 rpm for 10 min. Serial dilutions of the
suspension were made and plated on TSA supplemented with
80 lg/ml rifampicin. Survivors were enumerated following 24 h
aerobic incubation at 37.5 C.

Fig. 2. Survival curve of S. typhimurium LT2 on spinach after plasma treatment for
100 s as a function of plasma power density. Treatments with same letters are not
signiﬁcantly different based on Tukey’s test (p 6 0.05).

A

A
B

B
C

D

2.6. Water contact angle measurement
The relative hydrophobicity of produce surface was evaluated
using water contact angle measurements. One drop of Milli-Q

Fig. 3. Survival curve of S. typhimurium LT2 on spinach after plasma treatment at
0.34 W/cm3 for different times of exposures. Treatments with same letters are not
signiﬁcantly different based on Tukey’s test (p 6 0.05).
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a 50-nm layer of Au by sputter coater (Cressington 105HR, Cressington, England) to ensure electrical conductivity.
2.8. Nuclear magnetic resonance (NMR)
Proton nuclear magnetic resonance (H NMR) was used to investigate chemical changes induced by oxygen plasma treatment. Tomato skin with and without exposure to the oxygen plasma was
placed in deuterated chloroform (CDCl3) and sonication for 5 min

to dissolve non-polar compounds and in deuterated water (D2O)
to dissolve polar ones. The extracted compounds were transferred
into 5 mm NMR tubes and analyzed using a Bruker 400 MHz NMR
spectrometer (Bruker, Billerica, MA, USA) at 298 K.
2.9. Statistical analysis
All experiments were replicated at least three times. Numbers
of survival bacteria were converted to log CFU and means and

Fig. 4. SEM micrographs of four produce surfaces with or without exposing to bacteria dispersion for 5 min. Red rectangles indicates the areas from which higher
magniﬁcation images were obtained. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

(B)
A
A

A

A

B
C
C

C

Food Surface

Reduction in Number
of Survivors (Log CFU)

Number of Survivors (Log CFU)

(A)

D
D
D

D

Food Surface

Fig. 5. (A) Number of surviving S. typhimurium LT2 on different produce surfaces before and after plasma treatment of 600 s at 0.34 W/cm3. (B) Corresponding Log reductions
in number of surviving S. typhimurium LT2 on different food surfaces. Treatments with same letters are not signiﬁcantly different based on Tukey’s test (p 6 0.05).
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standard deviations were calculated. Analyses of variance were
conducted using JMP (SAS Cary, NC, USA) and mean separation
tests performed using a post hoc Tukey’s test (p < 0.05).
3. Results and discussion
3.1. Effect of plasma energy density on bactericidal efﬁciency
Fig. 2 shows the number of surviving S. typhimurium LT2 on
spinach surface as a function of actual power output of radio
frequency (RF) per unit volume of the reaction chamber (power
density) of plasma for a given time (t = 100 s). The number of
survivors decreased with increasing power density in a nonlinear
manner: At low power densities the bactericidal effect increased
weakly while at large power densities the bactericidal effect

Number of Survivors (Log CFU)

A

B

C

D

increased strongly (p < 0.05). Given higher plasma energy densities
give rise to higher intensities of UV irradiation, UV photons, and
reactive species such as O, O, and O2 (Laroussi and Leipold,
2004; Wu et al., 2012), it is reasonable that bactericidal effect
increased with increase power density. No visual damage was
observed for power densities up to 0.57 W/cm3. However, the spinach surface showed some signs of etching at a power density of
0.79 W/cm3 and an exposure time of 100 s. Thus, although higher
energy densities can allow better sanitization, care must be taken
to prevent damage on the produce surface.
3.2. Effect of plasma exposure time on bactericidal efﬁciency
Fig. 3 shows number of S. typhimurium LT2 on spinach surface
as a function of time of plasma exposure at a power density of
0.34 W/cm3 (output power of 150 W). The logarithmic number of
surviving bacteria before the exposure (t = 0) was 6.3 ± 0.1. The
complete sanitization was achieved at 800 s (<1 log CFU). No
visible side effect was observed on the spinach after a plasma
treatment of 800 s at 0.34 W/cm3.The logarithmic numbers of
viable bacteria decreased linearly with increasing plasma exposure
time. This ﬁnding implies the number of surviving microorganisms
decreased, as an exponential function of time. This trend is consistent with other plasma sanitization studies involving other types of
surfaces (Herrmann et al., 1999; Moisan et al., 2002). The half-life
of the bacteria killing reaction is about 48 s at a power density of
0.34 W/cm3. Accordingly, an exposure time of 317 s decreases
the total number of surviving S. typhimurium LT2 to 1.0%, and an
exposure time of 635 s decreases to 0.01%.
3.3. Effect of food surface on bactericidal efﬁciency

Control

Water
Washing

H2O2
Washing

Plasma
(0.34 W/cm3)

Sanitization Method
Fig. 6. Number of surviving S. typhimurium LT2 for different sanitization methods
on spinach surface. Duration of each treatment method was kept constant, i.e. an
exposure time of 600 s. Treatments with different letters were signiﬁcantly
different based on Tukey’s test (p 6 0.05).

Tomato, lettuce, spinach, and potato were selected due to their
different surface properties. The water contact angles are 107 ± 6
for tomato, 81 ± 7 for spinach, 57 ± 4 for lettuce, and <30 for potato.
SEM micrographs showed that tomato and lettuce were relatively
smooth while spinach and potato were relatively rough (Fig. 4).
Rough and hydrophilic surface (potato) favored for bacteria
adhesion, while smooth and hydrophobic surface (tomato) hindered bacterial adhesion (Fig. 4). This behavior is consistent with
the previous studies also showing that these surface properties

Fig. 7. An illustration of tomato surface (A); SEM images of tomato before plasma treatment (B); after plasma treated for 100 s (C) and then rinsing in MQ water (D); after
plasma treated for 600 s (E) and then rinsing in MQ water (F).
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(roughness and hydrophobicity) can inﬂuence bacterial adhesion
(Bruinsma et al., 2001; Wang et al., 2009).
To better understand the effect of produce surface properties on
the efﬁciency of plasma sanitization, we conducted plasma sanitization experiments using four different produce surfaces: tomato
(smooth hydrophobic), lettuce (smooth hydrophilic), spinach
(rough hydrophobic), and potato (rough hydrophilic). The number
of viable bacteria after drying and after plasma treatment for 600 s
at 0.34 W/cm3 is shown in Fig. 5A. Initial viable bacteria were the
same for all surfaces (p < 0.05); and after treatments, all surfaces
showed lower bacteria counts, still the same for all surfaces
(p < 0.05) with exception of a slight higher value for potatoes.
However, when reporting reductions in numbers of the viable bacteria, these were 3.0 ± 0.9, 2.7 ± 1.0, 2.2 ± 0.9 and 2.2 ± 0.9 for spinach, lettuce, tomato and potato, respectively with no signiﬁcant
difference among them (p < 0.05). Accordingly, we conﬁrm that
surface properties of roughness and hydrophobicity have no impact on oxygen plasma sanitization. Upon 600 s plasma treatment
at 0.34 W/cm3, no visible damage was observed for all produce
surfaces.

Upon an exposure of 600 s to oxygen plasma at 0.34 W/cm3,
intercellular space could be observed through the translucent
cuticle layer, indicating removal of the wax cuticle layer (Fig. 7E).
In addition, the surface became roughness. When water rinsing
follow the plasma treatment, the epidermal cells seem to be
damaged, indicating a possible partial removal of the cuticle layer
with an exposure of 600 s to oxygen plasma at 0.34 W/cm3 (Fig. 7F)
The damage was more evident after water washing, since the plasma treatment may convert hydrophobic groups from wax to small
molecule weight hydrophilic forms and water can dissolve and
etch away the hydrophilic groups easier.

(A)

3.4. Comparison to hydrogen peroxide washing
Hydrogen peroxide treatment is one of the most common sanitization methods for vegetable and fruit surfaces (Parish et al.
2003a,b; Ukuku and Fett, 2006). Therefore, we compared the efﬁciencies of the nonthermal oxygen plasma treatment method with
a hydrogen peroxide treatment and water washing using spinach
surface (Fig. 6). Duration of each treatment method was kept constant, i.e. an exposure time of 600 s. The logarithmic number of
surviving bacteria decreased from 6.3 ± 0.1 to 5.4 ± 0.1 after water
washing. The survival number decreased to 4.2 ± 0.1 upon a 600 s
exposure to 3% H2O2 while the number further decreased to
3.4 ± 0.4 for the case of 600 s plasma treatment at 0.34 W/cm3.
When surface characteristics such as roughness and hydrophobicity promote the formation of a physical barrier for aqueous
media penetration, the effectiveness of H2O2 treatment decreases
(Ukuku and Fett, 2006; Fransisca and Feng, 2012). We hypothesize
that the barrier is due to micro-air pockets which protect the
microorganisms from the sanitizer. On the other hand, the length
scale (angstrom) of gas reactive species is much smaller than
the length scale of surface roughness of produce surfaces (several
micrometers). Therefore, the crevices and micro-air pockets do
not hinder the plasma sanitization. The difference in the efﬁciency
of plasma and peroxide treatment is attributed to this
phenomenon.

(B)

3.5. Physical changes occurring on produce surfaces after plasma
treatment
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SEM was used to study the physical changes occurring on
produce due to the nonthermal oxygen plasma treatment (Fig. 7).
Typical produce surfaces like tomato cuticle are covered by a
wax layer followed by a layer of cutin or cutin blends of wax and
cell wall substances such as carbohydrates. Bellow the cuticle are
the epidermis and mesophyll cells (Fig. 7A). As observed in
Fig. 7B, tomato surfaces exhibited regular ridge-and-valley structures. Because the outermost layer is covered with cuticle, it was
not possible to directly visualize the upper epidermis. Upon an
exposure of 100 s to oxygen plasma at 0.34 W/cm3 (output power
of 150 W), the surface roughness increased slightly and very small
amount of debris was observed on the surfaces (Fig. 7C). After rinsing with water, the debris was almost completely removed and
intercellular spaces became slightly more apparent (Fig. 7D). There
was no sign of damage in epidermis at this point.

Fig. 8. (A) 1H-NMR spectrum of solution obtained through extraction of tomato
skin in CDCl3; (B) 1H-NMR spectrum of solution obtained through extraction of
tomato skin in D2O. Black lines indicate ‘‘before plasma treatment’’, and red lines
indicate ‘‘after the plasma treatment’’; and (C) An illustration of potential chemical
changes taking place on produce surface upon oxygen plasma treatment. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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In general, SEM studies suggest that short exposure times have
no major effects on the produce surface while long exposure times
may partially damage the cuticle layer and epidermis cells.
Depending on the produce type, the removal of the cuticle layer
may reduce the storage and shelf life of produce (Kissinger et al.,
2005; Saladie et al., 2007). However, given that coating of produce
surfaces with edible wax or other coatings is becoming widespread
(Park, 1999; Dávila-Aviña et al., 2012), if necessary, the removed
cuticle layer can be substituted with an edible wax layer. In
essence, the time and power density of nonthermal plasma
treatment needs to be optimized for each produce surface to
ensure an acceptable level of cuticle/upper epidermis removal
and bacterial sanitization.

3.6. Chemical changes occurring on produce surfaces after plasma
treatment
To characterize such chemical changes taking place on
produce surface upon nonthermal oxygen plasma treatment
(e.g., tomato surface, 100 s, 0.34 W/cm3), we relied on NMR.
NMR spectra obtained using CDCl3 extraction indicated that the
signal intensity of proton at 1–2 ppm, which is presumably
due to R-CH2CH3, R-CH(CH3)2, or R-C(CH3)3 groups, decreased
after the plasma treatment (Fig. 8A). NMR spectra obtained using
D2O extraction showed that the signal intensity of proton at
2–3 ppm, which is presumably due to R-CO-CH3, R-CO-CH2CH3
or R-CH2COOH groups, increased after plasma treatment (Fig. 8B).
These ﬁndings are consistent with previous studies focusing on
the chemical effects of oxygen plasma on mineral oils (Korzec
et al., 1994; Jing et al., 2005), polymers (Hillborg et al., 2000;
Calvimontes et al., 2011) and other organic materials (Li and
Horita, 2000). Accordingly, NMR results suggest that when tomato surfaces are treated by nonthermal oxygen plasma, the wax
cuticle layer can be oxidized to form aldehyde and carboxylic
acid groups and/or further oxidized (decomposition of carbon
chains) to CO2 and H2O, which would be removed from the
tomato surface (Fig. 8c).

4. Conclusion
In the present study, we have investigated the efﬁciency of nonthermal low-pressure oxygen plasma treatment on sanitization of
fresh produce surfaces and the associated physicochemical
changes taking place on surface cuticle layers. It was shown that
the time of exposure and plasma power density were two critical
parameters inﬂuencing the bactericidal efﬁciency of nonthermal
oxygen plasma treatment. The half-life of the oxygen plasma killing reaction of S. typhimurium LT2 was about 48 s at power density
of 0.34 W/cm3. The sanitization method worked equally well for
rough hydrophobic (spinach), rough hydrophilic (lettuce), smooth
hydrophobic (tomato) and smooth hydrophilic (potato) produce.
For a given time, the bactericidal efﬁcacy of nonthermal oxygen
plasma was found to be 1 order of magnitude better than that of
3% H2O2 treatment for S. typhimurium LT2 on spinach surface. It
was also shown that oxygen plasma treatment (0.34 W/cm3) only
affects the wax cuticle layer under conditions of short- to intermediate-exposure times. However for long exposure times, wax cuticle layer and upper epidermis cells may be damaged. Oxygen
plasma changed the wax surface chemistry through oxidation
reactions forming aldehyde and carboxylic acid, and by decomposition of carbon chains. Water rinsing could easily remove these
residues from the produce surface. Overall, the nonthermal oxygen
plasma treatment shows a potential for the efﬁcient sanitization of
fresh produce surfaces.

431

Acknowledgement
This project was supported by Agriculture and Food Research
Initiative Competitive Grant No. 2011-67017-30028 from the
USDA National Institute of Food and Agriculture.
References
An, D.S., Park, E., et al., 2009. Effect of hypobaric packaging on respiration and
quality of strawberry and curled lettuce. Postharvest Biology and Technology 52
(1), 78–83.
Berger, C.N., Sodha, S.V., et al., 2010. Fresh fruit and vegetables as vehicles for the
transmission of human pathogens. Environmental Microbiology 12 (9), 2385–
2397.
Bol’shakov, A.A., Cruden, B.A., et al., 2004. Radio-frequency oxygen plasma as a
sterilization source. Aiaa Journal 42 (4), 823–832.
Bruinsma, G.M., van der Mei, H.C., et al., 2001. Bacterial adhesion to surface
hydrophilic and hydrophobic contact lenses. Biomaterials 22 (24), 3217–3224.
Burnett, S.L., Beuchat, L.R., 2000. Human pathogens associated with raw produce
and unpasteurized juices, and difﬁculties in decontamination. Journal of
Industrial Microbiology & Biotechnology 25 (6), 281–287.
Burnett, S.L., Chen, J.R., et al., 2000. Attachment of Escherichia coli O157: H7 to the
surfaces and internal structures of apples as detected by confocal scanning laser
microscopy. Applied and Environmental Microbiology 66 (11), 4679–4687.
Calvimontes, A., Mauersberger, P., et al., 2011. Effects of oxygen plasma on cellulose
surface. Cellulose 18 (3), 803–809.
Carl, D.A., Hess, D.W., et al., 1990. Oxidation of silicon in an electron cyclotron
resonance oxygen plasma: kinetics, physicochemical, and electrical properties.
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 8 (3),
2924–2930.
Chen, F.F., Chang, J.P., 2003. Lecture Notes on Principles of Plasma Processing.
Kluwer Academic/Plenum Publishers, New York.
Dávila-Aviña, J., Villa-Rodríguez, J., et al., 2012. Effect of edible coatings on bioactive
compounds and antioxidant capacity of tomatoes at different maturity stages.
Journal of Food Science and Technology, 1–7.
Deng, S., Ruan, R., et al., 2007. Inactivation of Escherichia coli on almonds using
nonthermal plasma. Journal of Food Science 72 (2), M62–M66.
Ermolaeva, S.A., Varfolomeev, A.F., et al., 2011. Bactericidal effects of non-thermal
argon plasma in vitro, in bioﬁlms and in the animal model of infected wounds.
Journal of Medical Microbiology 60 (1), 75–83.
Fransisca, L., Feng, H., 2012. Effect of surface roughness on inactivation of
Escherichia coli O157:H7 87-23 by new organic-acid surfactant combinations
on alfalfa, broccoli, and radish seeds. Journal of Food Protection 75 (2), 261–269.
Garcia Loredo, A.B., Guerrero, S.N., et al., 2013. Impact of combined ascorbic acid/
CaCl2, hydrogen peroxide and ultraviolet light treatments on structure,
rheological properties and texture of fresh-cut pear (William var.). Journal of
Food Engineering 114 (2), 164–173.
Herrmann, H.W., Henins, I., et al., 1999. Decontamination of chemical and biological
warfare, (CBW) agents using an atmospheric pressure plasma jet (APPJ). Physics
of Plasmas 6 (5), 2284–2289.
Hillborg, H., Ankner, J.F., et al., 2000. Crosslinked polydimethylsiloxane exposed to
oxygen plasma studied by neutron reﬂectometry and other surface speciﬁc
techniques. Polymer 41 (18), 6851–6863.
Jing, G.S., Eluru, H.B., et al., 2005. Parafﬁn surfaces for culture-based detection of
mycobacteria in environmental samples. Journal of Micromechanics and
Microengineering 15 (2), 270–276.
Johnston, L.M., Jaykus, L.A., et al., 2005. A ﬁeld study of the microbiological quality
of fresh produce. Journal of Food Protection 68 (9), 1840–1847.
Kissinger, M., Tuvia-Alkalai, S., et al., 2005. Characterization of physiological and
biochemical factors associated with postharvest water loss in ripe pepper fruit
during storage. Journal of the American Society for Horticultural Science 130
(5), 735–741.
Kong, M.G., Kroesen, G., et al., 2009. Plasma medicine: an introductory review. New
Journal of Physics 11.
Korzec, D., Rapp, J., et al., 1994. Cleaning of metal parts in oxygen radio-frequency
plasma – process study. Journal of Vacuum Science & Technology A: Vacuum
Surfaces and Films 12 (2), 369–378.
Laroussi, M., 2005. Low temperature plasma-based sterilization: overview and
state-of-the-art. Plasma Processes and Polymers 2 (5), 391–400.
Laroussi, M., Leipold, F., 2004. Evaluation of the roles of reactive species, heat, and
UV radiation in the inactivation of bacterial cells by air plasmas at atmospheric
pressure. International Journal of Mass Spectrometry 233 (1–3), 81–86.
Li, X., Horita, K., 2000. Electrochemical characterization of carbon black subjected to
RF oxygen plasma. Carbon 38 (1), 133–138.
Lieberman, M.A., Lichtenberg, A.J., 2005. Principles of plasma discharges and
materials processing. Wiley-Interscience, Hoboken, NJ.
Mogul, R., Bolapos, et al., 2003. Impact of low-temperature plasmas on
deinococcusradiodurans and biomolecules. Biotechnology Progress 19 (3),
776–783.
Moisan, M., Barbeau, J., et al., 2001. Low-temperature sterilization using gas
plasmas: a review of the experiments and an analysis of the inactivation
mechanisms. International Journal of Pharmaceutics 226 (1–2), 1–21.
Moisan, M., Barbeau, J., et al., 2002. Plasma sterilization. Methods mechanisms. Pure
and Applied Chemistry 74 (3), 349–358.

Scientific Dossier | 247

432

M. Zhang et al. / Journal of Food Engineering 119 (2013) 425–432

Moosekian, S.R., Jeong, S., et al., 2012. X-ray irradiation as a microbial intervention
strategy for food. Annual Review of Food Science and Technology 3, 493–510.
Niemira, B.A., 2012. Cold plasma decontamination of foods. Annual Review of Food
Science and Technology 3 (3), 125–142.
Niemira, B.A., Sites, J., 2008. Cold plasma inactivates salmonella stanley and
Escherichia coli O157:H7 inoculated on golden delicious apples. Journal of Food
Protection 71 (7), 1357–1365.
Noriega, E., Shama, G., et al., 2011. Cold atmospheric gas plasma disinfection of
chicken meat and chicken skin contaminated with Listeria innocua. Food
Microbiology 28 (7), 1293–1300.
Odriozola-Serrano, I., Aguiló-Aguayo, I., et al., 2013. Pulsed electric ﬁelds processing
effects on quality and health-related constituents of plant-based foods. Trends
in Food Science & Technology 29 (2), 98–107.
Parish, M., Beuchat, L., et al., 2003a. Methods to reduce/eliminate pathogens from
fresh and fresh-cut produce. Comprehensive Reviews in Food Science and Food
Safety 2, 161–173.
Parish, M.E., Beuchat, L.R., Suslow, T.V., Harris, L.J., Garrett, E.H., Farber, J.N., Busta, F.F.,
2003b. Methods to reduce/eliminate pathogens from produce and fresh-cut produce.
Comprehensive Reviews in Food Science and Food Safety 2 (Suppl. s1), 161–173.
Park, H.J., 1999. Development of advanced edible coatings for fruits. Trends in Food
Science & Technology 10 (8), 254–260.
Ragni, L., Berardinelli, A., et al., 2010. Non-thermal atmospheric gas plasma device
for surface decontamination of shell eggs. Journal of Food Engineering 100 (1),
125–132.
Rossi, F., Kylian, O., et al., 2009. Low pressure plasma discharges for the sterilization
and decontamination of surfaces. New Journal of Physics 11.
Roth, S., Feichtinger, J., et al., 2010. Characterization of bacillus subtilis spore
inactivation in low-pressure, low-temperature gas plasma sterilization
processes. Journal of Applied Microbiology 108 (2), 521–531.
Rupf, S., Lehmann, A., et al., 2010. Killing of adherent oral microbes by a non-thermal
atmospheric plasma jet. Journal of Medical Microbiology 59 (2), 206–212.

248 | Scientific Dossier

Saladie, M., Matas, A.J., et al., 2007. A reevaluation of the key factors that inﬂuence
tomato fruit softening and integrity. Plant Physiology 144 (2), 1012–1028.
Schutze, A., Jeong, J.Y., et al., 1998. The atmospheric-pressure plasma jet: a review
and comparison to other plasma sources. IEEE Transactions on Plasma Science
26 (6), 1685–1694.
Sivapalasingam, S., Friedman, C.R., et al., 2004. Fresh produce: a growing cause of
outbreaks of foodborne illness in the United States, 1973–1997. Journal of Food
Protection 67 (10), 2342–2353.
Thunberg, R.L., Tran, T.T., et al., 2002. Microbial evaluation of selected fresh produce
obtained at retail markets. Journal of Food Protection 65 (4), 677–682.
Tuszewski, M., Scheuer, J.T., et al., 1995. Composition of the oxygen plasmas from
two inductively coupled sources. Journal of Vacuum Science & Technology A:
Vacuum, Surfaces, and Films 13 (3), 839–842.
Ukuku, D.O., Fett, W.F., 2006. Effects of cell surface charge and hydrophobicity on
attachment of 16 Salmonella serovars to cantaloupe rind and decontamination
with sanitizers. Journal of Food Protection 69 (8), 1835–1843.
Van Boxstael, S., Habib, I., et al., 2013. Food safety issues in fresh produce: bacterial
pathogens, viruses and pesticide residues indicated as major concerns by
stakeholders in the fresh produce chain. Food Control 32 (1), 190–197.
Wang, H., Feng, H., et al., 2009. Effect of surface roughness on retention and removal
of Escherichia coli O157:H7 on surfaces of selected fruits. Journal of Food Science
74 (1), E8–E15.
Wu, H., Sun, P., et al., 2012. Reactive oxygen species in a non-thermal plasma
microjet and water system: generation, conversion, and contributions to
bacteria inactivation—an analysis by electron spin resonance spectroscopy.
Plasma Processes and Polymers 9 (4), 417–424.
Zhang, H.Q., Barbosa-Cánovas, G.V., et al., 2011. Nonthermal Processing
Technologies for Food. Ames, Iowa, Wiley-Blackwell/IFT Press, Chichester,
West Sussex, UK.

International Journal of Mass Spectrometry 233 (2004) 81–86

Evaluation of the roles of reactive species, heat, and UV radiation in the
inactivation of bacterial cells by air plasmas at atmospheric pressure
M. Laroussi∗ , F. Leipold
Department of Electrical and Computer Engineering, Old Dominion University, 231 Kaufman Hall, Norfolk, VA 23529, USA
Received 2 October 2003; accepted 13 November 2003

Abstract
Recently, non-equilibrium, atmospheric pressure air plasmas have been shown to possess excellent germicidal properties. A number of
studies have shown that air plasmas are capable of inactivating a wide range of microorganisms in the matter of few seconds to few minutes.
However, until now little information regarding quantitative measurements of the various plasma agents that can potentially participate in
the inactivation process has been published. In this paper, emission spectroscopy and gas detection are used to evaluate important plasma
inactivation factors such as UV radiation and reactive species. Our measurements show that for non-equilibrium, atmospheric pressure air
plasmas, it is the oxygen-based and nitrogen-based reactive species that play the most important role in the inactivation process.
© 2004 Elsevier B.V. All rights reserved.
Keywords: Microorganism; Air plasma; Discharge; Reactive species; Sterilization

1. Inroduction
The inactivation of harmful microorganisms such as bacteria can be achieved by chemical and/or physical means,
such as heat, chemical solutions and gases, and radiation
[1]. Most conventional sterilization techniques are associated
with some level of damage to the material or medium supporting the microorganisms. This does not present a problem in cases where material preservation is not an issue.
However, in cases where it is imperative not to damage the
materials to be sterilized, conventional methods are either
not suitable at all or offer very impractical and/or tedious
and time consuming solutions. This situation led to the development of new techniques that are at least as effective
as established ones, but with added superior characteristics
such as short processing times, non-toxicity, and medium
preservation. Amongst these new methods, non-equilibrium
atmospheric pressure plasmas have been shown to present a
great promise [2–5].
In this paper, the identiﬁcation and potential role of each
inactivation agent generated by the plasma is assessed. Generally, various gas mixtures can be used to optimize the
Corresponding author. Tel.: +1-757-683-2416; fax: +1-757-683-3220.
E-mail address: mlarouss@odu.edu (M. Laroussi).

∗

production of an agent or another and to optimize the efﬁciency of the inactivation process. The analysis presented
here, however, is for low temperature atmospheric pressure
plasmas generated in air. For information on plasma sterilization using other gas mixtures such as O2 /CF4 , or at low
pressures, the reader is referred to Refs. [6–8].
2. Identiﬁcation of the inactivation factors and
assessment of their roles
Under plasma exposure, bacterial cells can be inactivated
by one of four known factors or by a synergistic combination of these. These factors are the heat, UV radiation,
charged particles, and reactive neutral species. The extent
of the inﬂuence of each factor depends on the plasma operating parameters such as power and gas mixture and ﬂow
rate. Here, we present relative, and when possible, absolute
measurements of the presence of these agents in an atmospheric pressure air plasma generated by a Dielectric Barrier Discharge (DBD). Since our experiments are conducted
with the biological sample placed at some distance from the
plasma (remote exposure), the effects of charged particles
(electrons and ions) will not be discussed. A comprehensive
study of the effects of charging bacterial cells by a plasma
can be found in Ref. [9].

1387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2003.11.016
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Fig. 1. Experimental setup of DBD air plasma generator and related diagnostics.

A schematic of the experimental setup showing the DBD
and the diagnostics used in our evaluations is presented
in Fig. 1. The electrodes of our DBD consist of two symmetrical aluminum plates covered by 1 mm thick sheets of
alumina (Al2 O3 ). The distance between the electrodes is
adjustable, up to 1.25 cm. Water cooling of the electrodes allows us to keep the temperature close to room temperature.
The applied voltage and the discharge current are monitored
by means of a high voltage probe and a current viewing
resistor, respectively. The discharge was operated at power
levels up to 20 W at an electrode separation of about 7 mm.
Optical emission spectroscopy, mass spectroscopy, and gas
detection (for NO2 , NO, and O3 ) were used to diagnose the
plasma contents.

sults are shown in Fig. 3. For a very low ﬂow (0.5 l/min), a
gas temperature of 340 K was found. Increasing the airﬂow
causes the gas temperature to approach room temperature
(300 K).
Fig. 4 shows the increase in the temperature of the biological sample under treatment for various dissipated power

2.1. Heat and its potential effect

250 | Scientific Dossier

Fig. 2. Measured and calculated rotational bands of the 0–0 transition
of the second positive system of nitrogen. The spectra are intentionally
shifted vertically for better comparison.
350

Gas Temperature [K]

It has long been known that heat has detrimental effects
on living cells. Therefore, heat-based sterilization techniques
were developed and commercially used for applications that
do not require medium preservation. In heat-based conventional sterilization methods, both moist heat and dry heat
are used. In the case of moist heat, such as in an autoclave,
a temperature of 121 ◦ C at a pressure of 15 psi is used [10].
Dry heat sterilization requires temperatures close to 170 ◦ C
and treatment times of about 1 h [10].
To assess if heat plays a role in the case of an air plasma,
the gas temperature in the discharge was determined by
comparing the experimentally measured rotational bands
structure of the 0–0 transition of the 2nd positive system of
nitrogen with simulated spectra at different temperatures.
In addition, the temperature in a sample, placed 2 cm away
from the discharge, was measured by a thermocouple probe.
Fig. 2 shows the measured and calculated rotational bands
of the 0–0 transition of the 2nd positive system of N2 , for a
power of 10 W. It indicates that the gas temperature remains
close to room temperature. A variation in power from 2 to
15 W showed no signiﬁcant change in the relative spectral
distribution. This indicates a power-independent temperature in the range between 2 and 15 W at a gas ﬂow rate of
10 l/min. The gas temperature for various gas ﬂow rates at a
power consumption of 10 W was also investigated. The re-
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Fig. 3. Gas temperature vs. gas ﬂow rate for a power of 10 W.
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tion process in the case of an air plasma. Our results show
that no signiﬁcant UV emission occurs below 285 nm. This
is illustrated in Fig. 5. Power measurements with a calibrated UV detector in the 200–300 nm wavelength region
revealed that the power density of the emitted UV radiation
is below 50 W/cm2 and is essentially independent of the
air ﬂow rate. At this power levels we expect the UV not to
play a signiﬁcant direct role in the sterilization process by
low temperature air plasmas.

24
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2.3. Reactive species and their role
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Fig. 4. Increase of sample temperature vs. plasma dissipated power.

levels, as measured by a thermocouple. At our typical running power levels, a maximum increase of 21◦ was observed.
Therefore, based on these measurements no substantial thermal effects on bacterial cells are expected.
2.2. Ultraviolet radiation and its potential role
From early times humans have known that sunlight has
beneﬁcial hygienic effects. This is of course due the presence of UV radiation in the sunlight spectrum. Amongst UV
effects on cells of bacteria is the dimerization of thymine
bases in their DNA strands. This inhibits the bacteria’s ability to replicate properly. Wavelengths in the 220–280 nm
range and doses of several mW s/cm2 are known to have the
optimum effect [11].
Spectroscopic and absolute power measurements were
conducted to quantify the UV contribution to the inactiva-

In high-pressure non-equilibrium plasma discharges, reactive species are generated through various collisional pathways, such as electron impact excitation and dissociation.
Reactive species play an important role in all plasma–surface
interactions. Air plasmas are excellent sources of reactive
oxygen species (ROS) and reactive nitrogen species (RNS),
such as atomic oxygen (O), ozone (O3 ), hydroxyl (OH), NO,
NO2 , etc. Some reaction pathways that lead to the generation of these species in air plasmas are:
e + O2 → e + O2 (A3
e + O2 → e + O2 (B3

+

) → e + O(3 P) + O(3 P)
u

−

u

) → e + O(1 D) + O(3 P)

O + O2 + M → O3 + M

N + O + N2 → NO + N2
NO + O3 ↔ NO2 + O2

NO2 + O2 + hv → O3 + NO

H2 O + O3 ↔ O2 + 2OH
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Fig. 5. UV spectrum of a DBD in air in the 200–300 nm wavelength range.

Scientific Dossier | 251

84

M. Laroussi, F. Leipold / International Journal of Mass Spectrometry 233 (2004) 81–86
10

OH R-Branch

4
2
0

14

Concentration O3 [ppm]

Intensity [a. u.]

8
6

16

OH P-Branch

307

308

12
10
8

5W
1.5 W

6
4
2
0

309

10 W

10 W
5W
1.5 W

8

10

e + H2 O → OH + H + e

O + H2 O → 2OH

The following are measurements of oxygen, hydroxyl,
ozone, and nitrogen dioxide obtained from a DBD operated
in atmospheric pressure air. Relative concentration of atomic
oxygen in the DBD, as measured by detecting the oxygen
lines at 615.597 and 615.678 nm, showed that the concentration of atomic oxygen decreased less than 20% as the ﬂow
rate was increased from 1 to 18 l/min. The presence of OH
was measured by means of emission spectroscopy, looking
for the rotational band of OH A–X (0–0) transition. This
molecular band has a branch at about 306.6 nm (R branch)
and another one at 309.2 nm (P branch). Fig. 6 shows the

14

Gas Flow [l/min]

Wavelength [nm]
Fig. 6. Emission spectrum from a DBD in air showing OH band heads.

12

Fig. 8. Ozone concentration generated in a DBD in air as a function of
air ﬂow rate and at three power levels (1.5, 5, and 10 W).

emission spectrum in the range between 306 and 310 nm
and it indicates the OH band heads. Fig. 7 shows the relative
concentration of OH in the discharge as a function of the
air ﬂow rate and dissipated power, assuming that the rotational band intensity represents the OH concentration. The
ozone concentration was measured for varying ﬂow rates
and at various power levels by a calibrated ozone detector.
The results are shown in Fig. 8. Ozone germicidal effects
are caused by its interference with cellular respiration. Nitrogen dioxide was measured as a function of the air ﬂow
rate and for different power levels by a calibrated gas detecting system and the results are shown in Fig. 9.
The reactive species mentioned above have direct impact on the cells of microorganisms, and especially on their
outermost membranes. These membranes are made of lipid
bilayers, an important component of which is unsaturated
fatty acids. The unsaturated fatty acids give the membrane a
gel-like nature. This allows the transport of the biochemical
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Fig. 7. Relative OH concentration as a function of plasma dissipated
power and air ﬂow rate.
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Fig. 9. Concentration of nitrogen dioxide generated in a DBD in air as a
function of air ﬂow rate and at three power levels (1.5, 5, and 10 W).
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3. Correlation between the presence of reactive
species and inactivation kinetics
One kinetics measurement parameter, which has been
used extensively by researchers studying sterilization by
plasma, is what is referred to as the “D” value (Decimal
value). The D-value is the time required to reduce an original concentration of microorganisms by 90%, or if the “kill’
curve is plotted on a semi-logarithmic scale, the D-value is
determined as the time for a one log10 reduction.
To show the effects of reactive species on the destruction of bacteria, kill curves were plotted for three different
gaseous conditions: helium only, 97% helium/3% oxygen
mixture, and air, all at atmospheric pressure. Spores of
the Bacillus genus were used since they are hard to kill
and are accepted metrics for biological sterilization. When
helium is used, only very small concentrations of radicals
originating from impurities are expected. When helium is
mixed with oxygen, oxygen-based species such as O and
O3 are generated. When air is used, both oxygen-based and
nitrogen-based species are generated.
Fig. 10 shows a comparison between the inactivation
kinetics in the case of helium and when a 97%–3% helium/oxygen mixture, respectively, was used. After 10 min
of treatment time the surviving spore population percentage
120

100% He
3% O2

100
80
% CFUs of
0-time CFUs 60
40
20
0

0

5

Treatment time (minutes)

10

Fig. 10. Percent of surviving Bacillus spores vs. plasma treatment time
for helium (black) and helium/oxygen mixture (97% He, 3% O2 ) (gray).

10

7

10 6

CFUs

by-products across the membrane. Since unsaturated fatty
acids are susceptible to attacks by hydroxyl radical (OH)
[12], the presence of this radical can therefore compromise
the function of the membrane lipids whose role is to act
as a barrier against the transport of ions and polar compounds in and out of the cells [13]. Imbedded in the lipid
bilayer are protein molecules which also control the passage
of various compounds. Proteins are basically linear chains
of aminoacids. Aminoacids are also susceptible to oxidation
when placed in the radical-rich environment of the plasma.
Therefore, the reactive species generated by air plasmas are
expected to greatly compromise the integrity of the cells of
microorganisms, leading to their eventual destruction.
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120

Fig. 11. Colony forming units of Bacillus spores vs. treatment time by a
low temperature, atmospheric pressure air plasma.

was still much greater than 10%, when only helium was
used as the operating gas. In fact the D-value in this case
was greater than 20 min. When the helium/oxygen mixture
was used, as shown in Fig. 10, a D-value of 10 min was
achieved. Fig. 11 shows the inactivation kinetics of an air
plasma. A D-value close to 20 s was achieved in this case.
This is a 30 times faster inactivation process than the previous case. Since heat and UV radiation were shown not to
play an important role for cold air plasmas, the dramatic
increase in inactivation efﬁcacy is attributed to the presence
of the chemically reactive species such as NO, NO2 , O, O3 ,
etc. . . . .
4. Conclusion
Low temperature, atmospheric pressure plasmas have
been shown to possess very effective germicidal characteristics. Their relatively simple and inexpensive designs, as
well as their non-toxic nature, give them the potential to replace conventional sterilization methods in the near future.
This is a most welcome technology in the healthcare arena
where re-usable, heat sensitive medical tools are becoming
more and more prevalent.
In this paper, based mainly on non-intrusive optical diagnostics and gas detection systems, we conclude that in the
case of low temperature air plasmas, it is the highly reactive species such as O, OH, and NO2 that play the most
crucial role in the destruction of microorganisms. Heat and
UV radiation may play a secondary role, but we expect their
effects to be either minimal or indirect.
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Abstract
In our present study, two non-thermal plasma devices, dielectric barrier discharge and magnetically-rotated
gliding arc, are being used to sterilize air containing high concentrations of viral and bacterial bioaerosols. A
Pathogen Detection and Remediation Facility was designed for bioaerosol generation, containment, and
sampling during plasma sterilization experiments.
Keywords: non-thermal plasma, sterilization; decontamination, airborne virus, bacteria, influenza
1. Introduction
The improvement of indoor air quality has been a challenge since the dawn of heating, ventilation, and air
conditioning (HVAC) systems. Incidents like the infamous outbreak of Legionnaires disease in 1976 in
Philadelphia and the recent increasing threat of bioterrorism have raised awareness of the dangers of airborne
microorganisms in indoor environments. In recent years, non-thermal atmospheric pressure plasma has been the
focus of research as an improved method for the sterilization of air from biological contaminates. Non-thermal
plasma has been proven to inactivate many different types of microorganisms, such as viruses and bacteria, on
surfaces of materials, but there have been few scientific studies of air sterilization using non-thermal plasma.
Also, of the few researchers that have been able to use plasma to decontaminate a moving air stream, many rely
on high efficiency particulate air (HEPA) filters to remove a large portion of microorganisms. HEPA filters are
effective at trapping particles down to 0.5 microns in size; however, studies have shown that they are not as
effective at capturing airborne viruses, which are among the smallest (20-300nm) known microorganisms [1].
HEPA filters also cause significant pressure losses in HVAC systems giving rise to higher energy and
maintenance costs. There are several alternative methods for air cleaning, which include electrostatic
precipitators, Ultraviolet Germicidal Irradiation (UVGI) devices, and some portable negative air ionizers, that
are all capable of reducing particulates and even certain levels of microbial contamination in indoor
environments. However, many of these methods are not proven as an efficient and cost effective means of
eliminating airborne viruses. In this ongoing scientific study, we will examine the sterilization effect of two
types of non-thermal plasma; dielectric barrier discharge (DBD) and magnetically-rotated gliding arc on air
contaminated with high concentrations of aerosolized Influenza A virus. A non-pathogenic unicellular bacterium
known as Synechococcus Elongatus, or Cyanobacteria, was also used in initial trials to demonstrate the
decontamination ability of active chemical species generated from dielectric barrier discharge for bacteria in
water and to provide benchmark data regarding bioaerosol sampling efficiency.
2. Non-thermal plasma for air sterilization
Although Dielectric Barrier Discharge (DBD) and magnetically-rotated Gliding Arc [2] are quite different in
terms of current-voltage characteristics and operational power levels, both devices can provide a high
concentration of active chemical species, which are a necessary component of the sterilization process. There
are two main sterilization effects that bioaerosols are subjected to as they are passed through each plasma device:
the direct interaction with the lethal environment of the discharge itself and the downstream interaction with
active chemical species, such as ozone (O3) and hydroxyl (OH), produced by the discharge. Figure 1 below
shows a photo of the DBD device which consists of a thin plane of wires with equally spaced air gaps of 1.5
mm. The high voltage electrodes are coated with a quartz capillary dielectric that has an approximate wall
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thickness of 0.5 mm and the device requires 14 kV for breakdown while
consuming less than 200 watts of power. DBD is a low temperature discharge
that is very efficient for the production of ozone, which is a strong oxidizer and
proven microbial disinfectant [3-6]. The second discharge, magnetically-rotated
Gliding Arc, generates a transitional non-thermal plasma and has a relatively low
translational gas temperature with a high electron temperature. Gliding Arc uses
a strong magnetic field to rotate and elongate an initial thermal arc resulting in
rapid convective cooling, keeping the passing air
flow near room temperature. This type of
Figure 1. Dielectric Barrier
discharge has a large power density that can
Discharge for air sterilization
work at atmospheric pressure, but is still very
efficient in providing active species. The Gliding Arc device is eight inches in
diameter which keeps air velocity low allowing for greater uniformity of
treatment. In figure 2, the arc is partially elongated at the center electrode.
Additionally, both DBD and gliding arc devices have been designed to prevent
an air pressure loss during operation and are capable of retrofit into existing
Figure 2. Magnetically Rotated
HVAC systems.
Gliding Arc

3. Preliminary experiments with plasma-water decontamination
To understand the decontamination effectiveness of DBD, we designed a simple experiment to test the effect of
active chemical species generated from this discharge on cyanobacteria suspended in liquid growth medium.
Approximately 35 ml of liquid with cyanobacteria was placed in a Petri dish at a distance of 30 mm from the
surface of the plasma discharge. A small fan forced air through
the discharge at a direction normal to the surface of the liquid.
Air Flow
Figure 3 shows a diagram of the experimental setup. The DBD
discharge produces 0.11 mg of ozone per liter of air, most of
Fan
which was directed toward the liquid-gas interface as the solution
DBD
Active
was stirred with a magnetic stir bar. After 3.9 minutes of
Species
treatment, we demonstrated more than a 2-log reduction (99.3%)
of bacteria in the solution. We attribute ozone as the main active
Petri Dish
specie responsible for the inactivation of bacteria in this case
w/Bacteria
Magnetic Stirrer
because of its longer lifetime in comparison to hydroxyl. A
similar experiment was performed by Moreau, et al. [7] to
Figure
3.
Water
decontamination
demonstrate the lethal effect of a gliding arc discharge on strain of
experiment using Dielectric Barrier
a bacterial plant pathogen, Erwina, suspended in a liquid medium.
Discharge (DBD).

4. Air Decontamination / Sterilization
In order to prove that non-thermal plasma is the main factor responsible for sterilization, one must first build a
system that is capable of creating, handling, and analyzing dense concentrations of viable bioaerosols.
Designing and building an air sterilization system is challenging because there are many factors that contribute
to losses of aerosolized microorganisms in moving air streams. These factors include diffusion of aerosol to
walls of the air flow system, desiccation stress on the microorganism due to evaporation of bioaerosol droplets in
flight, and inertial and gravitational forces which can remove larger droplets from the air stream. The factors
causing these losses must be carefully considered in order to avoid misinterpretation of sterilization data and
may also be one reason why bioaerosol sterilization studies are limited in comparison to studies involving water
or surface sterilization. Careful attention to these potential sources of error will yield greater accuracy and
validity in distinguishing non-thermal plasma as the true sterilizing agent. Figure 4 below shows a scheme of the
Pathogen Detection and Remediation Facility (PDRF) which is a plug flow reactor that was designed for
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bioaerosol generation, containment, and sampling. It was designed to simulate conditions commonly found in
an HVAC system: it has an overall volume of 250 liters, and can operate at flow rates up to 25 liters per second.
The PDRF houses interchangeable non-thermal plasma devices, DBD and Magnetic Gliding Arc, which are
connected to the system with four inch (10 cm) diameter flexible piping. At a flow rate of 25 L/s, the residence
time, that is, the time for one droplet
Biosafety
to make one revolution through the
55-Gallon
Interchangeable
Level 2
Flow
Plasma Device
system, is approximately 10 seconds.
Fume
Reactor
Hood
An air sampling system is included in
Air flow
Air Flow
around
Air Sampling
the PDRF and was designed to take as
plates
Equipment
large volume air sample as possible (~
1 liter) in a short period of time (~ 1
second) so that we do not disturb the
Vacuum
flow inside the system and can
System for
Air
evaluate the viability of the bioaerosol
Sampling
as a function of treatment time.
Liquid impingement was chosen as
the air sampling method for our
system, as opposed to filtration or
impaction, because it minimizes
Air Flow
dessication stress and allows for the
direct
deposition
of
the
Figure 4. Pathogen Detection and Remediation Facility (PDRF)
microorganism into growth media.
The AGI-30 liquid impinger is a commonly used bioaerosol sampler and it operates by drawing a sample of air
through in inlet tube submerged in a solution, thereby causing the air stream to strike the liquid bed trapping
aerosols in the solution through forces of inertia [8]. The AGI-30 impinger contains a critical orifice that
contains one exit port and limits the maximum air sampling rate to 12.5 liters per minute [9]. To accommodate
our desired sampling rate of 1 liter per second, we modified the AGI-30 by increasing its overall volume and
replacing the standard critical orifice with a hollow spherical tip with several exit ports. Several calibration
experiments performed with our modified AGI-30 impinger demonstrated reproducibility in terms of sampling
efficiency. In these experiments, a Collison nebulizer was connected directly to the modified liquid impinger
and after five minutes of continuous sampling in each trial, we obtained a stable sampling efficiency rating of
3.5%. Some may not consider this as an optimal efficiency rating, however, when sampling bioaerosols,
reproducibility is often considered more important than the efficiency rating because the final conclusions are
derived from internal comparisons between various data collected using the same samplers [9].
Centrifugal
Blower

Several additional calibration experiments were performed in which cyanobacteria aerosol (droplet size: 1.5
micron) was injected into the Pathogen Detection and Remediation Facility (PDRF) not for the purpose of
sterilization, but to identify all bioaerosol losses from diffusion, inertia, and evaporation, thereby establishing
accurate controls before non-thermal plasma is introduced. In these experiments, a Collison nebulizer was used
to generate the bioaerosol, the air flow rate was fixed at 25 liters per second, and the lifetime of droplets was
measured by periodic air sampling with two modified liquid impingers. For all experiments described here, the
system was prehumidified with sterile de-ionized water until the internal surface of the system walls were wet
prior to input of the bioaerosol. Initial results showed a very poor recovery of cyanobacteria bioaerosol from the
PDRF in comparison to air sampler calibration experiments. When examining the sources of loss: diffusion,
inertia, and evaporation, we ruled out inertial forces because air velocity is relatively low and the aerosol
droplets are small (1-2 microns). Also, our estimate of droplet diffusion time to the wall is approximately 40
minutes, well beyond the upper time limit of these trials. The effect of small droplet evaporation, however, can
be prominent because the saturation pressure around a small droplet is high in comparison to the saturation
pressure near the wet walls of the system.
To test the effect of evaporation on the survivability of
cyanobacteria, we performed two experiments: the first (Experiment A) in which additional humidity was
applied continuously with the bioaerosol using an additional nebulizer with with sterile de-ionized water, and the
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second (Experiment B) without additional humidification. Our results, which are described in figure 5 below,
show that additional humidification reduces the rate of inactivation of aerosolized cyanobacteria, by dessication
stress compared to the results of experiments without additional humidification.

Colony Forming Units per Liter of Air
Sampled

1.E+06
1.E+05
1.E+04

B: No Humidification During
Experiment

1.E+03

A: Humidification During
Experiment

1.E+02
1.E+01
1.E+00
0

2

4

6

8

Time (min)

Figure 5. Evaluation of the effect of droplet evaporation on the survivability of
aerosolized cyanobacteria. Experiment A minimizes evaporation by providing
constant humidity.

The experimentally estimated maximum lifetime of aerosolized Cyanobacteria is 10 minutes, which is far below
the estimated diffusion time of droplets to the walls of the system. We desire to have the ability to recover
viable cyanobacteria over an extended period of time (tens of minutes) so that when we perform sterilization
experiments with non-thermal plasma, we have enough time to take several air samples and thus acquire many
data points to accurately describe the rate of inactivation. To determine if the droplets were indeed still present
in the air flow after 10 minutes, we added a laser to the system to characterize the optical density of the bacterial
aerosol over time. Figure 6 shows an image of the illuminated laser beam at the first minute of the experiment
when the concentration of viable Cyanobacteria is high. Illumination from the laser beam slowly decayed over a
period of nearly 2 hours indicating that aerosolized bacteria were still present
in the flow, however, they were non-viable. Similar results were reported by
Ehresmann & Hatch, who described the optical density of aerosolized
unicellular bacteria lasting up to four hours at high humidity (92-94%) with
viability lasting only minutes [10]. These calibration experiments with
Cyanobacteria provided us with a basic understanding of the flow
characteristics of the Pathogen Detection and Remediation Facility and
efficiency of our air sampling system. This was a necessary step before
working with viral bioaerosols because immunoassay detection methods used
to quantify viruses are less accurate than the serial dilution methods used to
quantify Cyanobacteria in these calibration experiments. Sterilization Figure 6. A laser beam illuminates
the dense concentration of
experiments with Cyanobacteria and Influenza A virus are in progress and we
bioaerosol
expect to have results in the summer of 2005.
5. Plasma chemistry sterilization modeling
The results from our experiments with the PDRF will be used to verify a model of plasma chemical sterilization
[11]. We have composed a physiochemical model of the oxidizing effects of the active chemical species

Scientific Dossier | 259

generated by non-thermal plasma on many different types of microorganisms. We are investigating the
individual sterilizing effects of hydroxyl radicals (OH), ozone (O3), ultraviolet radiation (UV) as there is a large
amount empirical data regarding the role of each of these components for the sterilization of various bacteria,
viruses, and spores in various media. Our model combines this data with the chemical kinetics of non-thermal
plasma to predict the rate of destruction of microorganisms under varying conditions.
This research is supported by Telemedicine and Advanced Technology Research Center of the US Department
of Defense (TATRC of DoD) through Civilian Medical Response Center (CiMeRC).
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Abstract
Despite several successful disinfection strategies,
process of controlling the environmental survival and
transmission of human pathogenic viruses is
becoming increasingly more difficult because of their
emerging resistance to disinfectants. Therefore, range
of non-chemical methods of inactivation is being
explored extensively as an alternative. Especially,
non-thermal, chemical-free techniques find wide
application in the inactivation of air-borne, water and
food-borne and surface-borne viruses. Among such
methods, the application of non-thermal plasmas
(NTPs) for viral inactivation is a relatively new
technique and is quite promising. The present review
evaluates comprehensively the studies of virucidal
effect of NTPs against human pathogenic viruses in
abiotic environment.

UV irradiation, pulsed light, pulsed electric field,
supercritical fluids, high hydrostatic pressure processing
and gas plasma7, 13, 16, 20, 38.

Keywords: Non-thermal plasma, pathogenic
inactivation, disinfection, abiotic environment.

Fundamentals of non-thermal plasmas: Plasma is
defined as a neutral ionized gas with a net neutral charge. It
is constituted by different species including ions (both
positive and negative), electrons, atoms, free radicals,
photons and excited and nonexcited molecules18. A neutral
gas can be converted to plasma by applying energy in
several forms including electric, thermal or magnetic fields
and radio or microwave frequencies, thereby resulting in an
increase in the kinetic energy of the electrons of constituent
gas atoms. This causes interatomic collisions in the gas
resulting in the formation of aforementioned plasma
constituents. Plasma can be categorized based on the
relative energetic levels of electrons and heavy particles of
plasma into thermal (equilibrium plasma) and nonthermal
or cold (non-equilibrium plasma). Thermal plasmas are
generated at high pressure (≥105 Pa) and consume
substantial power (up to 50 MW) to be generated.

The use of atmospheric pressure, nonthermal plasmas
(NTPs) is a promising approach for sterilization and
disinfection of both viable and nonviable surfaces5. NTPs
have been used for a range of biomedical applications
including microbial inactivation, sterilization and
disinfection.17,23,27 The sterilants produced by the
nonthermal plasma killed or inactivated a wide range of
organisms, spores and viruses43. The potential advantages
of NTPs over chemical disinfectants include simplicity of
design and operation47, utilization of nontoxic gases, an
absence of toxic residues36 and production of a large
quantity of diverse microbicidal active species. Plasmas are
not only capable of inactivating or killing bacteria and
viruses; they can also dislodge these dead microorganisms
from the surfaces of the objects being sterilized12.

virus,

Introduction

Medically-important viruses continue to survive and evolve
in abiotic environment despite several successful
disinfection strategies to control them. This is primarily due
to the resistance of several viruses to disinfectants and
sterilants, especially to chemical-based ones and
continuous appearance of mutations. Also, the highly
related viruses can exhibit different disinfection kinetics
when treated with the same biocide which makes virus
inactivation complicated 8, 14.
The mode of transmission of several groups of viruses to
humans is through contaminated food, water and air,
person-to-person
transmission
via
contaminated
environmental surfaces or objects and direct person-toperson contact11, 34. It is known that viruses pass into the
environment from clinically ill or carrier hosts although
they do not replicate outside living animals or people; they
are maintained and transported to susceptible hosts33.
Viruses are less tolerant to heat and therefore lose
infectivity rapidly on heat treatment. However, heatinduced inactivation is not always suitable and non-thermal
sterilization methods may be required to deactivate viruses
on thermolabile surfaces or materials and heat-sensitive
foodstuffs. Several non-chemical, non-thermal technologies
have been developed to combat surface-borne, food- and
water-borne viruses. Such methods uses ionizing radiation,

On the other hand, NTPs can be generated at lower
pressures using less power. They are characterized by an
electron temperature much higher than that of the gas
temperature and thus do not present a local thermodynamic
equilibrium. Such plasma can be generated by electric
discharges in lower pressure gases30.
NTPs are further divided into two other categories: lowpressure plasmas (10-4 to 10-2 kPa) and atmosphericpressure plasmas. The atmospheric plasma sources can be
classified regarding their excitation mode into distinct
groups - the DC (direct current) and low frequency
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believed to play a key role in plasma-living cell
interaction15. In direct plasma exposure, both positive and
negative ions have been reported to possess relatively the
same effect. The charged species interact chemically and
not through physical phenomena such as shear stress, ion
bombardment damage or thermal effects. The charged
particles might play a significant role in the rupture of outer
cell membranes, especially in gram-negative bacteria which
possess thin outer membranes and a thin murein layer29.

discharges; the plasmas which are ignited by radio
frequency waves and the microwave discharges41. The DC
and low frequency discharges can work, depending on their
design either with a continuous or a pulsed mode. The arc
plasma torches belong to continuous working mode
whereas corona discharge, dielectric barrier discharge
(DBD) and microplasma belong to pulsed DC discharges.
The NTP technology has potential application for microbial
inactivation on surfaces and other thermally-sensitive
materials.

The specific mechanisms that lead to virus inactivation by
NTPs are also unclear. Previous studies demonstrated that
exposure to NTPs results in modification and/or
degradation of viral proteins and nucleic acids and also
lipids in enveloped viruses. Yasuda et al48 attributed
inactivation of λ phage by atmospheric pressure DBD to
the damage of coat proteins and found DNA damage hardly
contributed to the inactivation. It has been shown that
singlet oxygen 1O2 can cause inactivation of MS2 phage by
rendering the genome nonreplicable and significant genome
decay and also through minor effects on host binding and
genome injection into the host45.

Plasma species responsible for inactivation: In general,
heat is not a major contributor to the sterilization effect
using non-thermal plasmas. In atmospheric pressure
plasmas, UV photons are not the main microbicidal
agents22, 28. On contrary, however, some authors claim that
UV photons, under specific operating conditions, can be the
dominant inactivation species10,31. Several researchers
claimed that the chemically reactive neutral species such as
O, O2*, O3, OH•, NO and NO2 can significantly contribute
to the plasma sterilization process, especially at
atmospheric pressures17, 26, 27. It has been shown that
discharges containing oxygen provide a strong germicidal
effect19, 35. Moreover, discharges containing oxygen also
generate ozone (O3) which is known to have a strong
bactericidal effect27. Also, the presence of moisture in
discharge gas plays a significant role in bactericidal action
by generating hydroxyl (OH) radicals in the plasma which
can chemically attack the outer structures of bacterial cells.
Therefore, the best bactericidal effects were achieved in
moistened oxygen and air24.

It was hypothesized in the case of FCV inactivation by
CGP that both ROS and RNS species can potentially react
with the capsid protein, leading to protein peroxidation and
destruction of the capsid. In addition, reactive species can
damage the viral RNA, leading to reduced gene expression
and elimination of viral RNA, or both1. The degradation of
viral proteins including nucleoprotein, hemagglutinin and
neuraminidase was observed when N2 gas plasma was used
for influenza A and B viruses inactivation37. In addition,
the injury of viral RNA genome and the inactivation of
hemagglutination were observed after N2 gas plasma
treatment. It was concluded that these changes were
possibly due to changes in the viral envelope because of
modification of the lipid content. They also concluded that
oxidation may be the most important factor in the
inactivation, degradation and modification of influenza
virus by N2 gas plasma.

Reactive species of low-temperature plasma are believed to
play a dominant role in hepatitis B virus deactivation
process39. Virucidal action of reactive oxygen species
(ROS) has been demonstrated. Wu et al46 reported that the
ROS species namely OH radicals and atomic oxygen were
associated with the inactivation of MS2 viruses by the
atmospheric-pressure cold plasma. In addition, ROS have
been shown to be implicated in the inactivation of MS2
coliphage
by an
in-house-built
kilohertz-driven
atmospheric pressure, nonthermal plasma jet5. In the case
of feline calicivirus (FCV) inactivation by cold atmospheric
gaseous plasma (CGP), the chemical interaction of ROS
and reactive nitrogen species (RNS) such as singlet oxygen
(O2*), ozone (O3) and superoxide (O2-) or peroxynitrous
acid, has been shown to play a key role1. Sakudo et al37
found that hydrogen peroxide-like molecules which can
create oxidative stress, were predominantly responsible for
inactivation of influenza virus by N2 gas plasma.

Studies on decontamination of viruses using
NTPs

Noroviruses: Noroviruses are frequently implicated in
human gastroenteritis. Noroviruses spread directly from
one person to another and via surfaces, often in crowded
facilities. Disinfection of surfaces that come into contact
with infected humans is essential for the prevention of
cross-contamination and further transmission of the
virus. The use of atmospheric pressure, nonthermal plasmas
is a promising approach to sterilization and/or disinfection
of both viable and nonviable surfaces. The virucidal
efficacy of atmospheric pressure, nonthermal plasma jet
operated at varying helium/oxygen feed gas concentrations
against MS2 bacteriophage, which is widely employed as a
convenient surrogate for human norovirus, has been
investigated5. In this study, the log reductions in MS2
viability after 3 min of the plasma exposure were 3

Inactivation mechanisms: Nonthermal plasma may be
employed to inactivate a wide range of microorganisms
such as bacteria, spores, fungi, viruses and prions. The
mechanism of interaction of plasma with living systems is
complex and is not well known. This is mainly due to the
complexity of biology and partly due to the complexity of
plasma. The charged species of plasma, especially ions, are
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calicivirus (FCV), a surrogate of human norovirus, was
demonstrated1. Exposure of FCV to 1.0, 1.5, 2.0, 2.5 and 3
W Ar plasma for 15 to 180 s led to gradual reductions in
the FCV titer ranging from 0.33 to 2.66, 0.66 to 4.00, 0.88
to 4.66, 0.99 to 5.55 and1.11 to 5.55 log10 TCID50/0.1 ml
respectively. More than 99.999% of FCV was inactivated
(more than 5 log10 TCID50/ 0.1 ml reduction) after exposure
to 2.5 and 3 W plasma for 120 s. Additionally, virucidal
effects of four combinations of plasma gas mixtures (Ar, Ar
plus 1% O2, Ar plus 1% dry air and Ar plus 0.27% water)
were studied. Of these, Ar plus 1% O2 plasma treatment
showed the highest virucidal effect: more than 6.0 log10
units of the virus after 15 s of exposure 1.

log10 (99.9%) and the reductions exceeded 7 log10 after
9 min exposure.
The ability of non-thermal plasma to inactivate human
enteric virus surrogates on stainless steel surfaces has been
investigated40. During the experimental procedure,
cultivable human norovirus surrogates, feline calicivirus
(FCV-F9) and murine norovirus (MNV-1) and
bacteriophage MS2 at ~7 log plaque-forming units
(PFU)/ml were inoculated and dried on sterile stainless
steel coupons. These coupons were treated with the one
atmosphere uniform glow discharge plasma for 0, 1, 2, 5
and10 min. FCV-F9 exhibited reduction of 2.34 and 3.55
log PFU after 1 and 2 min respectively and to nondetectable levels after 5 and 10 min. MNV-1 was reduced
by 0.56, 1.61, 1.95 and3.16 log PFU after 1, 2, 5 and 10
min respectively. And, MS2 was reduced by 2.03 and 5.46
log PFU after 2 and 5 min respectively and to nondetectable levels after 10 min40.

Hepatitis A and B: Hepatitis A virus (HAV) is a small,
foodborne, environmentally stable, single-stranded RNA
containing non-enveloped virus that causes enteric
infections in humans. Atmospheric pressure plasma (APP)
jets were found effective against HAV associated with
fresh meats. After 5–20 min treatment with APP jets, the
reduction in HAV titers (initial inoculums of 106 PFU)
were >1 log10 PFU/ml in the three types of meat (beef loin,
pork shoulder and chicken breast) 6.

The impact of cold atmospheric pressure plasma (CAPP)
on the inactivation of a clinical human outbreak norovirus
(NoV), GII.4, has been investigated2. In this study, NoVpositive stool sample at three different dilutions was
prepared and subsequently treated with CAPP for various
lengths of time, up to 15 min. Increased NoV reduction was
observed with the increase of CAPP treatment time. CAPP
reduced the initial quantity of 2.36×104 genomic
equivalents/ml sample by 1.23 log10 and 1.69 log10 genomic
equivalents/ml after 10 and 15 min exposure respectively
(P<0.01). CAPP treatment of surfaces carrying a lower
viral load reduced NoV by at least 1 log10 after CAPP
exposure for 2 min (P<0.05) and 1 min (P<0.05)
respectively. The results suggest that NoV can be
inactivated by CAPP treatment.

Hepatitis B is a viral infection that attacks the liver and can
cause both acute and chronic disease. Hepatitis B virus
(HBV) is relatively stable in the environment and remains
viable for at least 7 days on environmental surfaces at room
temperature9. Shi et al39 evaluated the effectiveness of lowtemperature plasma (LTP) induced by dielectric barrier
discharge (DBD) for HBV deactivation. LTP was used to
treat HBV in the blood (serum) of hepatitis B patients with
HBsAg, HBeAg and anti-HBc positive at time intervals of
10, 20, 30 and 40 s. A 100 µL of diluted HBV serum was
spread evenly on cover glass for each experiment which is
operated in atmospheric air with the room temperature of
∼20 ◦C and the relative humidity of ∼60%. They found a
gradual decrease of the copy numbers of HBV DNA with
the increase in plasma exposure time. After the 40-s LTP
treatment, a five-order magnitude decrease in the copy
number of HBV DNA, from the original 1.33 × 107 IU/ml
to 0.74 × 102 IU/ml was noted.

Human norovirus is one of the leading causes of viral
foodborne illnesses. NTPs have been used to combat
norovirus contamination in food. In a study, inactivation
effect of atmospheric pressure plasma (APP) jets against
murine norovirus (MNV-1), as a norovirus (NoV)
surrogate, associated with three types of fresh meats-beef
loin, pork shoulder and chicken breast, was investigated by
Bae et al6. The reduction in MNV-1 titers [initial inoculums
of 107 plaque-forming units (PFU)] was >2 log10 PFU/ml in
the three types of meat following the treatment with APP
jets for 5–20 min. Under 5 min treatment time, there were
no significant differences (P>0.05) in the L*, a* and b*
values and the water content (%) value between untreated
and APP jet-treated samples. Although the TBARS values,
an indicator of meat rancidity, gradually increased with
increase of APP jet treatment times, they were below 1.0
mg MA/kg. The results of the study indicate that 5 min of
APP jet treatment was effective in >99% reduction of
MNV-1 titer without concomitant changes in meat quality.

Newcastle disease virus (NDV) and avian influenza
virus (AIV): Newcastle disease (ND) in many species of
birds is commonly caused by highly pathogenic NDV
which can result in 100% mortality4. Avian influenza (AI),
also called bird flu, is an infectious viral disease of birds
caused by avian influenza virus (AIV). Outbreaks of highpathogenicity AI have been reported as a threat to both
humans and animals21. These are two of the most important
pathogens in poultry. In a study, for the purpose of vaccine
preparation, an alternating current (AC) atmospheric
pressure non-thermal plasma (NTP) jet with Ar/O2/N2 as
the operating gas was used to inactivate a Newcastle
disease virus (NDV, LaSota) strain and H9N2 avian
influenza virus (AIV, A/Chicken/Hebei/WD/98)44. The
results showed that complete inactivation could be

In another study, the in vitro virucidal activity of radio
frequency atmospheric pressure plasma jet against feline
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burden of these infections. A new process for the
generation of a cold oxygen plasma (COP) by subjecting
air to high-energy deep-UV light with an effective radiation
spectrum between 180 nm and 270 nm has been developed
by Biozone Scientific Technology. The efficiency of COP
against different airborne respiratory viruses, namely
respiratory syncytial virus (RSV), human parainfluenza
virus type 3 (hPIV-3) and Influenza A (H5N2), was
evaluated. A reduction of 6.5, 3.8 and 4 log (10)
TCID50/ml of the titre of the hPIV-3, RSV and influenza
virus A (H5N2) suspensions respectively was noted42.
Therefore, it has been concluded that the COP technology
is an efficient and innovative strategy to control airborne
virus dissemination.

achieved with 2 min of NTP treatment for both NDV and
AIV.
Adenoviruses: Adenoviruses usually, depending on the
serotype, cause mild diseases ranging from respiratory tract
to gastrointestinal infections. They are double-stranded
DNA viruses without envelope and are physically stable
due to the protein capsid. They can tolerate deviations from
neutral pH, moderate increases in heat and are relatively
resistant to UVC. For disinfection, chlorine bleach or
autoclaving (20 min at 121 ◦C at 1 bar) is used49.
Experiments with cold atmospheric plasma (CAP) to
inactivate adenovirus have been performed. A surface
micro-discharge in air was used as the plasma source.
Within 240 s of CAP treatment, inactivation of up to 6
decimal log levels was achieved49. The results indicate that
the inactivation of adenovirus was achieved by a synergetic
effect of all possible species produced (apart from ozone)
in the non-equilibrium plasma chemistry–electrons,
charged and uncharged particles, excited atoms and
molecules, reactive species and UV light.

Another study showed that N2 gas plasma generated by a
high-voltage pulse using a static induction (SI) thyrister
power supply effectively inactivated influenza virus37. In
this study, influenza virus (A/PR/8/34)-infected allantoic
fluid dried on a cover glass was subjected to treatment with
N2 gas plasma (1.5 kilo pulses per second; 0, 1, 5 min).
Samples were collected with pure water and injected into
embryonated eggs. After incubation for 48 h, no
nucleoprotein of influenza virus was detected in fluid from
embryonated eggs that had been treated with N2 gas plasma
for 5 min. It has been concluded that influenza virus was
inactivated within 5 min of N2 gas plasma treatment.

Herpes Simplex Virus: Herpes keratitis (HK) is a viral
infection of the eye caused by the herpes simplex virus
(HSV). HSV is the common cause of cornea-derived
blindness and infection-associated blindness in developed
nations. Although acyclovir and its derivatives have been
successful in HK patients, the virus prevalence and
emergence of acyclovir-resistant strains of herpes simplex
virus (HSV) are becoming a challenge25, 32. Therefore, for
suppressing HSV infection in the cornea, development of
novel nonpharmacologic methods may be of therapeutic
interest. In a study, Alekseev et al3 have investigated the
antiviral properties of liquids treated with nonthermal
dielectric barrier discharge (DBD) plasma. In this study,
herpes simplex virus type 1 (HSV-1) infected human
corneal epithelial cells and explanted corneas were exposed
to culture medium treated with nonthermal DBD plasma.

Bacteriophages: Antimicrobial activity of the PlasmaSol
nonthermal plasma sterilizer apparatus (PlasmaSol
Corporation, Hoboken, NJ, USA) against temperate λ
bacteriophage C-17 (ATCC 23724-B1) and lytic
bacteriophage (Rambo; Microphage) was examined by
Venezia et al43. Exposure of the both phages at
concentrations of 106 PFUml-1 had resulted in at least 4–6
log10 reduction in viability following 10 min of exposure.
The early stage inactivation of bacteriophage lambda (λ
phage) in the presence of atmospheric pressure cold plasma
was demonstrated by Yasuda et al48. In this study, a DBD
device which generates typical atmospheric cold plasma
was employed to treat the PET film containing λ phage
particles, under neutral pH and near the room temperature.
After 20 s discharge treatment, the number of infectious
phages decreased quickly and 6-orders of magnitude
inactivation was achieved. The time required for one log10
reduction of phages (D value) was about 3 s48.

As a result, a dose-dependent reduction of viral genome
replication, the cytopathic effect and the overall production
of infectious viral progeny were observed. Genome
replication was inhibited more than 90% at the 40-sec
treatment intensity. And, no detrimental effects in
explanted human corneas were reported due to the DBD
plasma treatments which were confirmed by toxicity
studies3. The study results confirmed that nonthermal DBD
plasma can potentially be used to suppress corneal HSV-1
infection in vitro and ex vivo without causing pronounced
toxicity.

In another study, the inactivation effect of atmosphericpressure cold plasma (APCP) against MS2 bacteriophages
was examined. Airborne MS2 bacteriophages were exposed
to APCP produced using the power levels of 20, 24 and 28
W and gas carriers [ambient air, Ar-O2 (2%, vol/vol) and
He-O2 (2%, vol/vol)] for subsecond time intervals. The
APCP treatment, wherein ambient air was used as the gas
carrier at 28 W for 0.12 s, inactivated more than 95% (1.3log reduction) of the viruses in the air46. However, about
the same level of inactivation was achieved for waterborne
MS2 viruses with an exposure time of less than 1 min when

Influenza and paramyxo viruses: Virus-induced
respiratory infections are major causes of upper and lower
respiratory tract infections. Influenza viruses and
paramyxoviruses are the major pathogens involved in such
infections. The mode of transmission is mainly airborne i.e.
by direct transmission through droplets from infected cases.
Systems that can control virus transmission will reduce the
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they were directly subjected to the APCP treatment for up
to 3 min.

9. Bond W.W., Favero M.S., Petersen N.J., Gravelle C.R., Ebert
J.W. and Maynard J.E., Survival of hepatitis B virus after drying
and storage for one week, Lancet, 1, 550-1 (1981)

Conclusion

10. Boudam M.K., Moisan M., Saoudi B., Popovici C., Gherardi
N. and Massines F., Bacterial spore inactivation by atmosphericpressure plasmas in the presence or absence of UV photons as
obtained with the same gas mixture, J. Phys. D: Appl. Phys., 39,
3494-3507 (2006)

All these studies clearly indicate the virucidal effect of
NTPs. Researchers so far have focused on preliminary
studies of inactivation of viruses using NTPs by randomly
choosing clinically-important viruses. However, more
systematic studies are needed to evaluate the relative
susceptibility of the different groups of viruses to NTPs.
The inactivation studies indicate that the degree of
inactivation of a particular virus is completely dependent
on the type of plasma being used, length of plasma
exposure and other experimental conditions. Also,
mechanism of inactivation of the same virus with two
different NTPs seems to vary with the composition of
plasma reactive species. As the number of studies is limited
regarding the inactivation of viruses using NTPs, more
studies are warranted. Future studies need to give more
emphasis to proof-of-mechanism for NTPs-induced
inactivation.
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Abstract
Viruses can infect all cell-based organisms, from bacteria to humans, animals, and
plants. They are responsible for numerous cases of hospitalization, many deaths,
and widespread crop destruction, which all result in an enormous medical,
economical, and biological burden. Each of the currently used decontamination
methods have important drawbacks. Cold plasma has entered this field as a novel,

of

efficient, and clean solution for virus inactivation. Here, we present the recent
developments in this promising field of cold-plasma-mediated virus inactivation, and

ro

describe the applications and mechanisms of the inactivation. This is a particularly

-p

relevant subject as viral pandemics, such as the COVID-19 pandemic, expose the

Jo
ur

na

lP

existing ones.

re

need for alternative viral inactivation methods to replace, complement or upgrade
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When viruses meet plasma
Viruses are the most abundant and diverse microbes on our planet. They have
inhabited the Earth for billions of years [1], so they have adapted to various
environments and are now found across all ecosystems. Viruses have contributed to
the evolution of life on Earth, and can be beneficial for preserving ecosystems and
important natural Earth cycles, such as the carbon cycle in the sea [2]. On the other

of

hand, pathogenic viruses cause tens to hundreds of millions of plant, animal and
human infections annually, which result in high crop losses and numerous deaths

ro

(Box 1). Therefore, inactivating harmful viruses is crucial for better quality of life.

-p

Viruses can be transmitted directly from one infected individual to another, or

re

indirectly via contaminated intermediates, such as surfaces, objects, air, food, and

lP

water. Transmission via contaminated surfaces and aerosols has shown to be of
great importance in the COVID-19 pandemic, caused by severe acute respiratory

na

syndrome coronavirus 2 (SARS-CoV-2) [3]. Water is also becoming an increasingly

Jo
ur

important transmission route for pathogenic viruses. This has arisen from global
climate change and the continued increasing water demand, combined with
inefficient virus removal by traditional water treatments, and with re-use of
wastewater for irrigation purposes [4,5]. Pathogenic waterborne viruses are
important contributors to one of the most important global risks we are facing today,
the scarcity of potable water [6]. Various inactivation methods are used to prevent
viral spread in different matrices but unfortunately, the ideal method has yet to be
discovered (Box 1). Thus, there is an urgent need for an environmentally friendly
treatment that produces neither waste nor toxic by-products, does not use toxic
chemicals, is easy and safe to work with, and is also efficient in terms of viral
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inactivation. The emergence of cold plasma (CP) treatments for virus inactivation
aims to provide a solution to all of these features.
Plasma is the fourth state of matter. It is a partially or fully ionized gas where the
atoms and/or molecules are stripped of their outer-shell electrons (Box 2) [7]. Among
its complex constituents, ultraviolet (UV) radiation and reactive oxygen and/or
nitrogen species (RONS) (see Glossary) provide the most important antimicrobial

of

properties [8]. UV can damage nucleic acids [9], while RONS can oxidize nucleic
acids, proteins, and lipids, with different affinities that depend on the species [10].

ro

These inherent properties of plasma, and more specifically of CP, have motivated

-p

extensive studies on the use of CP for inactivation of various pathogenic

re

microorganisms. Here, the main target has been bacteria, with investigations across

lP

different fields, such as food production [11], medicine, and dentistry [12]. These
have even extended to oncotherapy applications, where cancer cells are targeted

na

instead of pathogenic microorganisms [13].

Jo
ur

The scientific niche of plasma-mediated virus inactivation is a relatively young field of
research (for reviews, see [14,15]), which started only about 20 years ago [16]. This
is despite the decades-old knowledge that ozone that is usually synthesized from O2
subjected to plasma conditions can inactivate viruses [17]. However, over the last
few years, the number of publications in the CP-virus field has doubled, and the
research has expanded from only defining the virucidal properties of plasma to
describing its modes of inactivation.
This review offers a comprehensive overview of the latest progress and
achievements in the CP-virus field. It also describes and discusses the modes of CPmediated virus inactivation, and the reactive species responsible for it.
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Cold plasma inactivation of viruses
Almost every study on CP inactivation of viruses is unique, as they either use a
specific plasma source (e.g. dielectric barrier discharge [DBD], plasma
(micro)jet) (Figure 1) with different characteristics (e.g. power, gas, treatment time),
or they deal with the treatment of different liquid volumes (from microliters to several
milliliters), matrices (e.g. water, other solutions, surfaces, cells), and viruses

of

(surrogates of human viruses, human, animal and plant viruses). Such wide diversity
makes it difficult to directly compare these studies and to define the mechanistic

ro

conclusions or any universal inactivation parameters. To simplify these complexities,

-p

we will consider here the individual types of viruses that have been subjected to CP

Enteric viruses

lP

Human viruses

na

Tables S1 and S2.

re

treatments. For a complete list of the treatments published to date, please see

Jo
ur

CP treatments have been often focused on enteric viruses, such as norovirus,
adenovirus, and hepatitis A virus. These are the leading causes of acute
gastroenteritis, the second most common infectious disease worldwide, which is
responsible for high levels of hospitalization and deaths [18]. Working with human
viruses can pose serious health hazards, thus such studies require specialized
laboratories and equipment. Moreover, infectivity assessments of important enteric
viruses, such as norovirus, have been limited due to a lack of cultivation methods
[19]. For these reasons, these viruses are often replaced by surrogate viruses.
Animal viruses such as feline calicivirus (FCV), murine norovirus (MNV), and Tulane
virus (TV) have been used as surrogates for norovirus due to their similar sizes,
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morphologies and genetic material. Furthermore, these surrogate viruses are easy to
culture/reproduce, and are safe to work with [19]. Opinions are divided over which of
these surrogate viruses best resembles the stability of norovirus, and the final choice
strongly depends on the inactivation method used and the environmental properties
[13–15]. In addition to animal viruses, bacteriophages (viruses that infect bacteria),
can be used as surrogates for enteric viruses, and for other human pathogens (Box

of

3).
Enteric viruses and their surrogates have been successfully treated in aqueous

ro

solutions [20–22] and other liquid media [23], and also on the surfaces of food [24–

-p

26], stainless-steel [25,27], and glass [28,29]. Three of these studies have reported

re

on the comparative use of both surrogates and enteric viruses [23,25,27]. It was

lP

shown that the inactivation of a chosen surrogate virus is more efficient than that of
the target enteric virus [23,27], suggesting that the effects of CP on such surrogates

na

might not always mirror their effects on the enteric virus counterparts, and should

Jo
ur

thus be interpreted with caution.

Norovirus is one of the most, if not the most, problematic enteric virus. Its inactivation
in comparison to FCV as its surrogate has been investigated using CP for diluted
stool samples on a stainless-steel surface and lettuce leaves. As no infectivity
assays are available to date for norovirus, the inactivation was determined using
ethidium-monoazide-coupled reverse-transcriptase quantitative real-time PCR
(EMA-RT-qPCR) [25]. A decrease of ~2.6 log units of gene copies was observed
after 5 min treatment with DBD on both of these surfaces. Here, the inactivation of
the surrogate FCV measured by EMA-RT-qPCR in the same medium on the
stainless-steel surface was similar to that of norovirus, although the cell-culturebased infectivity assays showed complete FCV inactivation after 3 min (also
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confirmed in [20]). The underestimation of FCV inactivation based on EMA-RT-qPCR
in comparison with the infectivity assay might also indicate underestimation of
norovirus inactivation. Since FCV and norovirus were similarly affected by the CP
treatment, FCV can be considered as an appropriate surrogate. However, it still
needs to be determined if this would also apply when using different treatment
conditions.

of

FCV was inactivated by DBD plasma torch also on a glass surface [28], indicating
that both this device, and the previously mentioned DBD, have a good potential to

ro

inactivate enteric viruses on the objects of various surfaces. On the other hand, the

-p

inactivation of adenovirus on a glass surface with a pulsed high-voltage source that

lP

as DBDs for this purpose [29].

re

sustains plasma at 0.5 bar was not as successful and would thus not be as suitable

One of the most successful inactivation in liquid medium, including the work on

na

bacteriophages (Box 3), was achieved by 15 s treatment of FCV using plasma jet

Jo
ur

[21,22]. This extremely short treatment time indicates that such plasma jet could be
an important tool for enteric virus inactivation in liquids, however based on its
present configuration, it would be limited to treatment of smaller objects
contaminated with potentially infected droplets.
Different CP sources were also applied on the surfaces of various foods, such as
blueberries [24], lettuce [25,26], and meat [30], where viruses were successfully
inactivated without altering the appearance of the treated food. It was also shown
that DBD could be used to treat packaged food [26], however, inactivation was not
as good as in case of non-packaged food and therefore this process would require
further improvements before its implementation. Application of CP in food industry
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for decontamination has multiple advantages over the most widely used thermal
processing of food, as it can sustain freshness and quality of food with minimal
impact on the environment due to shorter treatment times and energy requirements
[11]. One must be careful when using CP for treating sensitive material such as food,
as despite CP is in general at room temperature at the point of application, the
temperatures can rise in some cases due to the specific CP generation conditions.
To prevent thermal damage during treatments of sensitive materials, the CP

of

discharge needs to be placed far enough from the treated material [24] and/or have

ro

additional cooling provided. Another option is to use indirect treatments with plasma-

-p

activated liquids.

re

Respiratory viruses

lP

Treatments of the respiratory viruses influenza A and B (for review, see [14]) and
respiratory syncytial virus (RSV) [31] have only been performed with the already

na

mentioned pulsed high-voltage CP source. RSV is the most frequent causative agent

Jo
ur

of lower respiratory tract infections in infants, and it is one of the most important
viruses in pediatric medicine, particularly as it spreads easily through contact with
contaminated surfaces [32]. Even though CP treatment completely inactivated RSV
on a glass surface after 5 min [31], a simpler and more portable plasma configuration
would be needed for efficient decontamination of hospital surfaces, while the
previously described one would be practical only for decontamination of tools and
smaller objects. Some respiratory viruses can also remain stable as aerosols for
longer periods of time, such as SARS-CoV-2, and in order to stop their spread, it is
crucial to treat the air, not just surfaces (see section Animal viruses and Box 3).
Sexually transmitted viruses
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Human immunodeficiency virus (HIV) is one of the most important sexually
transmitted pathogens, and one of the greatest challenges to public health in general
(https://www.who.int/news-room/facts-in-pictures/detail/hiv-aids). Three shots for a
total of 45 s with a plasma jet were applied to macrophages prior to their infection
with HIV [33]. Upon infection, this treatment reduced the viral reverse-transcriptase
activity by over two-thirds, and it impaired the other steps required for successful
virus infection, without any cytotoxic effects on the macrophages. In contrast,

of

another study reported the increasing cytotoxicity of the treated cells with the

ro

decrease of virus concentration [34].

-p

Despite these promising results, there are some limitations for deploying such

re

strategy in real-life scenarios, including the extraction of macrophages from the sick

lP

individual in order to treat them by CP, and their delivery back into the body. Such
issues will need to be solved before CP is to be considered as an alternative HIV

Jo
ur

Animal viruses

na

treatment option in the future.

Three important animal pathogens have been treated by CP: avian influenza virus
(AIV), Newcastle disease virus (NDV), and porcine reproductive and respiratory
syndrome virus (PRRSv). All three viruses pose a significant threat to global food
security and economic stability. Some strains of AIV viruses can cause up to 100%
mortality in chickens (https://www.cdc.gov/flu/avianflu/influenza-a-virussubtypes.htm), and some strains of NDV can cause up to 100% mortality in different
avian species [35]. This is why prevention of their spread by vaccination is essential.
Vaccines for both viruses would benefit from the improvements that would allow
them to be more cost-effective, provide higher immune protection and decrease the
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risks of disease development, by ensuring complete viral inactivation without
affecting the antigens responsible for inducing the immune response [36,37]. For this
purpose, CP was used as a possible inactivation step in vaccine preparation [35].
Complete inactivation was achieved after a 2-min treatment with a plasma jet. This
was shown to be a perfect time for vaccine preparation, as longer treatment times
can alter the antigen determinants responsible for immunogenicity. Both vaccines
have been used to successfully induce the production of specific antibodies, and the

of

NDV vaccine induced even higher antibody titers compared to the traditionally

ro

inactivated vaccines. Additional prevention method to stop the spread of these

-p

viruses would be decontamination of surfaces and tools that are in contact with

re

potentially infected poultry by using CP-activated disinfection solutions. It has been
shown that at specific ratios, CP- activated distilled water, 0.9% NaCl and 0.3% H2O2

lP

completely inactivated viruses, and the chicken embryos attained 100% survival [38].

na

PRRSv is economically one of the most important pathogens in the pork industry that
can be transmitted as aerosols and stay infective after travelling long distances,

Jo
ur

making it a potential threat even to distant barns [39,40]. Most commonly used
methods for air treatment in general rely on either physically limiting virus
transmission (such as various filters) or on lowering virus infectivity (such as UVradiation). CP could potentially achieve both goals, stopping the viral spread and
abolishing virus infectivity, by charge-driven filtration and RONS, respectively [39–
41]. Aerosolized PRRSv has been treated in two studies by different DBDs [39,40].
Promising results with complete virus inactivation (~3.5 log reduction), were
achieved by one DBD system [39], while the other system was only partially
successful [40] and authors have suggested potential improvements that would
increase inactivation efficiency. Based on these and the results on bacteriophages
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(Box 3), we can conclude that CP has great potential to be used for direct air
disinfection, which could also be utilized in the fight against COVID-19-like
outbreaks. Nevertheless, issues such as the high ozone production (Box 3) will have
to be addressed and solved before such treatment becomes a part of a regular
practice.
Plant viruses

of

Plant viruses were the first viruses to be discovered [42]. Although most virus-to-

ro

plant transmission occurs via insects [42], the increasing re-use of untreated
wastewater and the use of closed irrigation systems as an answer to water scarcity

-p

are promoting viral spread. Plant viruses can result in tremendous economic losses

re

that have been estimated at approximately 30 billion US dollars annually [43].

lP

Despite this, there are only two reports on their deactivation by CP treatments.
Inactivation of the most important potato viral pathogen, potato virus Y (PVY), in

na

water samples was achieved using plasma jet [7]. This water-transmissible virus [44]

Jo
ur

was successfully inactivated in polluted and clean water with treatments of only
5-min and 1-min, respectively. Other economically relevant plant viruses that are
highly stable, resistant to classic inactivation methods, and water-transmissible are
the members of the genus Tobamovirus, such as tobacco mosaic virus (TMV).
Despite the inherent stability of TMV, a 10-min treatment by DBD was shown to be
enough to inactivate it [45].
Since enormous quantities of water are being used for irrigation (up to 70% of global
water usage), closed irrigation systems or reuse of wastewater are being
increasingly utilized, enabling the spread of plant pathogens and high crop losses.
Based on the results on efficient inactivation of important resilient plant viral
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pathogens by CP, we believe that the use of plasma as a decontamination tool in
agriculture has a high potential and deserves additional attention, especially in the
upcoming global warming scenario.
Proposed mechanisms of inactivation
An understanding of the underlying mechanisms of virus inactivation by CP is crucial
to be able to fine-tune CP treatments before their deployment in industrial, medical,

of

and agricultural environments, and to more easily predict all possible outcomes,

ro

which include potential formation of undesired by-products that do not contribute to

-p

the inactivation.

re

Reactive species responsible for inactivation

The main consensus between the diverse studies to date is that the formation of

lP

ROS and/or RNS is the main feature of CP that contributes to viral inactivation, while

na

UV radiation and temperature changes remain as minor contributors or have no
effect at all. Different methods have been used to measure and identify the RONS

Jo
ur

(Table 1), which is a challenging task due to their short life span.
Singlet O2 (1O2) was shown to be the most important ROS for inactivation of FCV
[21,22,28] and phage T4 [46]. 1O2 causes oxidative modification of histidine residues
and a shift in molecular mass of methionine residues [21]. It also reacts with
cysteine, tyrosine, and tryptophan, and oxidizes guanine [46]. Ozone (O3) has been
used as the main [20] or an additional inactivation factor [21,22] in FCV treatment,
and it was proposed to also have roles in the inactivation of MS2 [41] and adenovirus
[47]. Hydrogen peroxide (H2O2) has been suggested to be crucial for inactivation of
RSV [31] and influenza A virus [48], but to have a secondary role in inactivation of
FCV [22], PVY [7], and adenovirus [29]. RNS have been proposed as the principal
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inactivation factors only in studies with FCV, where the main RNS species were
ONOOH (in an acidic environment) [22,28], ONOO− [28], or NOx [20]. Other groups
have measured increases in different RONS during CP treatments [7,33,35,45,49]
(Table 1), but these studies did not expand their research to determine the precise
involvement of each of the RONS in virus inactivation.
In summary, RONS are the main contributors to CP-mediated virus inactivation;

of

however, the particular reactive species that have the essential roles vary and are
highly dependent on the experimental conditions, such as the gas used for the CP

ro

generation, the matrix, the virus treated and the method used for RONS

-p

determination. Increased availability and development of more accurate methods for

re

measurement of RONS and UV intensity will enable determination of the exact CP

lP

properties that are crucial for viral inactivation. In addition to determination of the CP
properties that contribute the most to viral inactivation, for a better mechanistic

na

understanding of the inactivation process, it is also important to explore which virus

Jo
ur

component is disrupted.

Modes of virus inactivation

The viral capsid, or envelope, is the first contact point with the host, and for efficient
recognition of a virus by the cell receptors, it is important that their outer structure is
more or less intact. Once in the cells, the viral genome takes over the process of
replication. Therefore, these two components are the most important ones for the
evaluation of virus inactivation (Table 1).
Capsid protein damage and nucleic acid degradation were reported for
bacteriophages T4 [46], MS2 [49] and λ [50], as well as NDV [38] and FCV [21]. In
the case of the enveloped virus influenza A, in addition to capsid and nucleic acid
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damage, changes in lipid components from the envelope have been reported [48].
Only in the case of bacteriophage λ [50] and FCV [21] has it been shown that the
main mode of inactivation was degradation of the capsid proteins, which preceded
the degradation of nucleic acids. In other studies, it was not possible to determine
which degradation path contributed more to the decay in viral infectivity. The
beforementioned detailed study of FCV [21] identified primary targets of the CP
oxidation, which included specific amino acids in different regions of the capsid

of

protein, and specific functional peptide residues in the capsid protein region that

ro

were responsible for virus attachment and entry into the host cell. CP treatments

-p

resulted in nucleic acid degradation for FCV [28] and PVY [7], for which protein

re

degradation was not measured, and for adenovirus [29], RSV [31], and TMV [45],
where nucleic-acid degradation was indicated as the only mode of inactivation (the

lP

viral proteins or their subunits stayed intact).

na

It is evident that the high oxidative power of CP derivatives can disrupt virus integrity
at both the structural and genomic levels by affecting both proteins and nucleic

Jo
ur

acids. Minor disruption or conformational changes of the capsid proteins (or the lipid
envelope when present) caused by RONS can result in loss of viral infectivity, due to
disruption of the virus binding to the receptors on the host-cell surface. In cases
where the genomic nucleic acids are damaged, viruses will no longer be infective, as
an intact genetic material is needed for virus genome translation and replication.
Even in cases where the damage was shown to be inflicted only to nucleic acids, it is
likely that the RONS had also damaged or disrupted the outer protein layer to a
certain extent, as otherwise it would not be possible for the RONS to penetrate the
virus and reach the genetic material.
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One of the challenges for the study of the modes of viral inactivation is the selection
of the appropriate method. Methods used for determination of protein degradation
are either not as sensitive as the molecular methods used to determine nucleic acid
degradation, or they target only specific protein subunits, and hence can sometimes
overlook other changes to the proteins. Future studies using combinations of the
state-of-the-art methods to assess both types of damage will help with more
accurate interpretation of how the damage occurs. These include cryo-electron

of

microscopy, mass spectrometry, and long-read sequencing, along with methods

ro

based on nucleic acid amplification, like quantitative PCR and digital PCR.

-p

Concluding Remarks

re

Diverse CP sources can completely inactivate or significantly reduce the infectivity of

lP

numerous human, animal and plant pathogenic viruses on or in various matrices
(Figure 2, Key Figure). However, as indicated from various studies (Table S1), virus

na

inactivation is highly dependent on the treatment properties, so the optimal

Jo
ur

parameters need to be chosen on a case-by-case basis.
Based on the recent developments in the CP-virus field described here, we
anticipate that CP will be one of the most effective and environmentally friendly tools
for inactivation of different viruses in the near future. Ultimately, its use should lead
to reduced human, animal and plant infections, and along with this, lower economic
and biological burdens. We believe that one of the fields of virus inactivation where
plasma can represent a more significant breakthrough is water decontamination. It
could inactivate problematic enteric viruses and resilient plant viruses for either
human consumption and/or for agricultural purposes. In any case, it will first be
necessary to evaluate the potential adverse genotoxic and cytotoxic effects of
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plasma-activated water on humans and plants. Additionally, a field of CP application
that may gain relevance as a response to viral outbreaks (like SARS-CoV-2), would
in our opinion be CP-mediated air purification and incorporation of CP in protective
masks and respirators (Box 3), which could help to palliate the sanitary burden
caused by any future outbreaks. There is also potential in decontaminating smallsurface objects, such as tools and food. Even with the promising initial results, using

research before their actual implementation.

of

CP in medicinal treatments or vaccine preparation would still require significant

ro

Despite the high efficiency of virus inactivation, the exact modes of action and the

-p

plasma functionality in scaled-up systems remain largely unexplored (see

re

Outstanding Questions), and further research needs to be focused in this direction.

lP

This insufficient knowledge of plasma/virus interaction presents the biggest obstacle
in the expansion of this field. To understand this interaction, it is important to know

na

the flux of reactive species (RONS or radiation) on the surface of the virus, the
probability for the reaction of a particular type of reactive species with the virus, and

Jo
ur

any synergetic effects between different reactive species for viral deactivation. None
of these parameters are currently understood completely. Another issue to be dealt
with is how to scale up CP reactors without altering the composition and amount of
reactive species achieved at small scale. This could be overcome by a scale-out
approach, where several small-scale reactors could be used in parallel, increasing
the amount of treated material but maintaining the desired plasma composition. Such
an approach would also abolish the need for specialized equipment for
characterizing plasma chemistry in scaled-up systems, as they would be the same
as the ones already characterized at laboratory scale.
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In view of environment protection, novel environmentally friendly decontamination
methods are needed. We think that CP should replace current chemical
decontamination practices, as it does not produce excessive waste and can
efficiently inactivate viruses in or on different media and surfaces. CP usage will
likely spread in different directions to help coping with upcoming global challenges,
such as the scarcity of clean water and the detrimental effects of future viral
epidemics or pandemics like COVID-19. CP in combination with other existing

ro

Jo
ur

na

lP

re

-p

providing an ultimate decontamination tool.

of

technologies could help to improve virus inactivation through synergistic effects, thus
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Figure legends
Figure 1: Examples of the most used plasma sources for virus inactivation in
different matrices. These include some different types of (micro)jets (a) and
dielectric barrier discharges (b), and various matrices that have been inoculated with
viruses and treated using cold plasma (c: left to right: meat, blueberries, lettuce,
glass, stainless steel, water, buffer or other liquid medium, air, cells).

of

Figure 2, Key Figure: Inactivation of viruses using cold plasma. (a)

ro

Morphologically different viruses under treatment with cold plasma. (b) Close-up of
the cold-plasma properties that are responsible for viral inactivation. The most

-p

essential particles in virus inactivation are reactive oxygen and/or nitrogen species

re

(RONS), although UV radiation and charged particles (e.g. ions, electrons) can also

lP

have some role. Molecules in the ground state are neutral and do not have any
effects on virus inactivation. Cold plasma can target both the viral proteins and their

na

nucleic acids (or even the virus envelope, when present). (c) After the cold-plasma

Jo
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treatment, the virus particles and nucleic acids are partially or completely degraded
to non-infective particles that cannot cause any harm to their hosts.
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Box 1. Viruses and methods for their disinfection.

Viruses are microscopic agents that can infect all existing forms of cellular life. Their

na

classification as living organisms has historically been a question of interesting,

Jo
ur

almost philosophical debate, but what it is definitely unquestionable is that they are
one of the most powerful engines of evolution on the planet [51]. Most viruses are
not harmful, and some of them are even beneficial for their hosts [52]. In recent
years, viruses have been increasingly used towards human wellbeing. For example,
lentiviruses [53] and adeno-associated viruses [54] are being genetically engineered
to formulate state-of-the-art gene therapies. Nevertheless, viruses have a bad
reputation as causative agents of various human, animal and plant diseases. This is
no surprise, as they were the main players in numerous epidemics and pandemics
throughout history (https://www.who.int/emergencies/diseases/managingepidemics/en/). Several viral agents have contributed to the well-deserved
‘biohazard’ fame of viruses, including influenza, Ebola, HIV and coronavirus SARS
298 | Scientific Dossier
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CoV-2 that causes COVID-19 disease. Despite not being such ‘viral celebrities’,
waterborne viruses pose increasingly serious health and economic burdens in the
present era that is threatened by climate change and scarcity of potable water.
Different physical and chemical treatments have been traditionally applied for
inactivation of viruses. Chlorine, alcohols, acids, alkalis, and bleach are examples of
chemical disinfectants, while UV radiation, filtration, pressure and temperature are

of

among the physical ones [55]. The method of choice depends greatly on the matrix
to be disinfected and on the virus targeted for inactivation. Waterborne viruses,

ro

including enteric viruses [56] and plant tobamoviruses [57], are among the most

-p

stable of the viruses. To inactivate such stable viruses in such a delicate matrix, the

re

disinfection method needs to be strong enough to inactivate the virus, and at the

lP

same time it needs to be non-toxic to maintain the quality and properties of the
water. It is now known that chlorination, a traditionally used method for water

na

disinfection, is not efficient enough for inactivation of certain viruses, and in the long
term, it can pose a risk to human health due to release of toxic by-products [58]. In

Jo
ur

more recent years, novel waterborne viral inactivation technologies have been
developed, such as membrane filtration, reverse osmosis, UV and ozone treatments,
and hydrodynamic cavitation, each of which has their own pros and cons. The
frequent disadvantages of these technologies are cost inefficiency, scalability
problems, and unsustainable power usage. Laboratory scale studies suggest that
cold plasma has the potential to overcome these problems, but actual confirmation
will only arrive with studies focused on pilot or industrial scale deployment of plasmabased disinfection devices.
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Box 2. Let’s talk about plasma
Plasma is the most abundant state of matter in the visible universe, as it comprises
99% of it. The sun and other stars, nebulae, solar winds, lightning, and aurora
borealis are all in plasma state. Plasma TVs, neon and fluorescent lights are the
best-known man-made uses of plasma. Generally, plasma contains free electrons,
atoms, and molecules in neutral, ionized and/or excited states (including reactive

of

oxygen and nitrogen species). Plasma of many gases represents an extensive
source of ultraviolet and vacuum ultraviolet radiation [59]. The possibility to use a

ro

particular or a combination of constituents makes plasma a unique

-p

material-treatment technique.

re

On a rough scale, plasma can be divided into thermal or equilibrium plasma, where

lP

all particles have roughly the same temperature (average kinetic energy of random
motion), and non-thermal, non-equilibrium, or cold plasma, where light electrons

na

have much higher temperatures compared to heavy atoms and molecules, which

Jo
ur

often remain close to room temperature. In other words, cold plasma is at the point
of application at room temperature, and as such, it is suitable for treating any
biological material, be it solid, liquid, or an aerosol. Cold plasma can be further
classified into low pressure and atmospheric pressure. The latter is limited to the
volume where there are large electric fields, while low-pressure plasma spreads in a
large volume [60]. Cold plasma is usually sustained with an electrical discharge. The
gas temperature usually remains almost unaffected, but the chemical reactivity is
huge comparing to the source gas due to the presence of reactive species. In most
cases of virus inactivation, the atmospheric-pressure plasma has been used, for
practical considerations (for more information on various plasma sources used in
microbial decontamination, see [61]).
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Plasmas are used in various industries, mainly for tailoring surfaces of solids (e.g.
oxidation, cleaning, nanostructuring, binding different atom/ molecule groups),
including destruction of microorganisms such as viruses. Plasma can also be used
for treatment of liquids, however, inactivation of viruses in liquid media is much more
challenging, compared to surfaces, as plasma cannot be sustained in liquids, but
only in gaseous bubbles inside the liquid or above the liquid surface. Depending on
the place of their generation, RONS interact with either the surface of bubbles or the

of

surface of liquid, where many dissolve. They can then diffuse within the liquid, and

ro

might eventually interact with the virus. Furthermore, UV radiation penetrates liquids

-p

with a penetration depth that depends enormously on the wavelength, and the

re

concentration and type of impurities [62].There are various techniques for measuring
both long- and short-lived RONS in liquids [63], but they are not used frequently by

lP

authors working on the destruction of viruses. Many authors state the discharge

na

parameters (voltage, current, power) rather than plasma parameters (concentration
of reactive species), which are necessary to compare various plasma sources. The
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plasma-virus scientific niche is therefore in its infancy at present.
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Box 3. Bacteriophages as surrogates and an alternative cold plasma treatment
Bacteriophages are the first choice in many studies to establish proof of concept for
virus inactivation methods, due to their many advantages. They are relatively
inexpensive to culture/produce, easy and safe to work with, they can be produced in
large quantities, and plaque-based infectivity assays are time efficient [64]. However,
care must be taken when interpreting the results, as they might not always correlate

of

with the response of the actual virus to the inactivation method.

ro

The very first study that triggered the expansion of the plasma-virus field was
conducted on bacteriophages [16]. In recent years, bacteriophages have been used

re

waterborne viral pathogens [46,49].

-p

to test the use of CP for air purification [41,49], and to study CP effects on

lP

Bacteriophages have been successfully inactivated in water, where almost complete

na

inactivation of MS2 was obtained after 3 min using a plasma microjet [49].
Waterborne MS2, T4 and ⌽174 were treated directly with surface DBD or indirectly

Jo
ur

with CP-activated water [46]. All three of these phages were successfully inactivated
with both of these treatments, but with shorter treatment times needed for
inactivation of ⌽174 and MS2, compared to T4 (Table S1). In general, CP-activated
liquids are gaining a lot of attention [65], as they can be produced in more controlled
ways compared to direct CP treatments. Such a strategy is likely to be a better
choice when working with irregular and very sensitive samples, as CP-activated
liquids can be applied evenly and can reduce potentially unwanted mechanical
changes in a treated material [66].
Airborne human viral pathogens pose a serious threat to human health. In two
studies, aerosolized MS2 bacteriophages were successfully inactivated by CP after
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only 0.12 s [49] or 0.25 s [41] of contact time of the aerosol with the plasma.
Although these are very promising results, one of the biggest concerns when using
plasma for air purification is the production of ozone, as it can be hazardous at high
concentrations. Every future application of plasma should consider this, and thus aim
to lower ozone concentrations below the recommended limit [67]. Another plasmabased alternative to protect against aerosolized pathogenic viruses would be using a
protective mask equipped with a miniature plasma source. Such a mask would have

of

the potential to stop the spread of various viruses, like SARS-CoV-2, that are

ro

transmitted by droplets, as droplets are ideal for dissolution of radicals due to the

-p

large surface-to-volume ratio. Here, the problem again arises from the fact that the

re

radicals like ozone and nitric oxides would be inhaled so a mask would have to
include a radical catalyzer, or even better, a two-membrane mask, where the first

lP

plasma membrane would inactivate the virus, while the second membrane would

na

serve as a catalyzer for unhealthy plasma created species. We believe that such

Jo
ur

innovative mask configuration could be highly beneficial in future outbreaks.
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Glossary
Acute gastroenteritis: Inflammation of the gastrointestinal tract that is mainly
caused by viruses, especially rotavirus and norovirus. The most common symptoms
are vomiting, diarrhea, and abdominal pain.
Dielectric barrier discharge (DBD): Plasma is created when the processing gas is
guided between an insulator with electrodes on the opposite side.
Ethidium-monoazide-coupled reverse-transcriptase qPCR (EMA-RT-qPCR):
This method combines the nucleic acid intercalating dye that polymerizes nucleic

of

acid upon exposure to light (ethidium monoazide), which prevents the targeted part
of the genome from PCR amplification. As a result, the EMA-RT-qPCR method

ro

should only detect infectious viruses with an intact capsid after treatment. This has

-p

been proposed to be used instead of infectivity assays.

re

Enteric viruses: A very diverse group of human viruses that are most commonly
transmitted via the fecal-oral route (including contaminated food and water),

lP

including norovirus, rotavirus, hepatitis A, sapovirus, astrovirus and adenovirus. They
infect the gastrointestinal tract, where they replicate and are then excreted in high

na

concentrations. They can cause illness at low doses, and they can survive in the
environment for long periods of time, as they are resistant to physiological changes

Jo
ur

like pH and temperature.

Polymerase chain reaction (PCR): A method frequently used in molecular biology
for amplification of targeted parts of nucleic acids. Different versions of PCR can be
used qualitatively and/or quantitively. The most often quantitative methods used are
real-time PCR (qPCR) and the more advanced version, digital PCR (dPCR).
Plasma (micro)jet: Plasma is created by blowing a gas next to or through an
electrode.
Plaque-forming units (PFUs): A measure of the number of viral particles that form
plaques in a certain volume of a sample under examination.
Reactive oxygen and nitrogen species (RONS): ROS (e.g. O3, O, O2*, H2O2, OH˙,
1

O2) are partially reduced or excited forms of oxygen, and RNS (e.g. N, N2*, NO,

NO2, NO2−, NO3−, ONOO−, ONOOH) are the most common nitrogen- and nitric-
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oxide-derived compounds. RONS have crucial and versatile roles in the
maintenance of normal functions of different cells in most organisms.
Virus inactivation: To decrease the infection of a host by a virus. The most reliable
method to determine the inactivation efficiency is an infectivity assay, in which
appropriate hosts (e.g. bacterial or eukaryotic cells, plants, chicken embryos) are
inoculated with a virus. The inoculation is followed by the observation/ measurement
of different factors, such as the formation of plaques, cytopathic effects and

Jo
ur

na

lP

re
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ro

of

symptoms in plants, survival of the embryos or the integrity of viral nucleic acids.
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Outstanding questions

ϭ͘ What cold plasma source conditions will enable optimal efficiency of targeted
virus inactivation in terms of the required treatment times and energy
consumption?
Ϯ͘ Which reactive oxygen and/or nitrogen species are the most relevant for
inactivation of a given virus in a given matrix, how to optimize production of
such relevant RONS, and which methods should be used for their accurate

of

determination?

ro

ϯ͘ Does ultraviolet radiation have a synergetic effect with reactive oxygen and/or

-p

nitrogen species in virus inactivation?

ϰ͘ What are the main viral components that are affected by different cold

re

plasma-mediated virus inactivation strategies, and which viral characterization

lP

methods should be used in each experiment to get a precise answer? Should
a standardized protocol be developed for this purpose?

na

ϱ͘ What is the scale-up potential of cold-plasma treatments?

Jo
ur

ϲ͘ Can cold plasma cause cytotoxic or genotoxic damage when used for virus
inactivation in specific matrices that will come in contact with human, plant,
and animal tissues?

ϳ͘ Would the combination of cold plasma with already established methods,
such as chlorine treatment, or some new environmentally friendly methods
such as cavitation, have a synergistic effect on the virus inactivation? Would
such synergy contribute to shorter treatment times, lower energy consumption
and decreased environmental burden?
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Highlights



Pathogenic viruses are becoming an increasing burden for health, agriculture
and the global economy. Classic disinfection methods have some downsides,
so innovative solutions for virus inactivation are urgently needed.



Cold plasma can be used as an environmentally friendly tool for virus
inactivation. It can inactivate different human, animal, and plant viruses in
various matrices.
When using cold plasma for virus inactivation it is important to set up the right

of



ro

parameters and to choose treatment durations that allow particles to interact



-p

with the contaminated material.

Reactive oxygen and/or nitrogen species have been shown to be responsible

re

for virus inactivation through effects on capsid proteins and/or nucleic acids.

lP

Development of more accurate methods will provide information on which

Jo
ur

affect viruses.

na

plasma particles are crucial in each experiment, and how exactly do they
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Porcine reproductive and respiratory syndrome virus (PRRSv) is one of the most signiﬁcant airborne viruses
impacting the pork industry in the US. Non-thermal plasmas (NTPs) are electrical discharges comprised of reactive radicals and excited species that inactivate viruses and bacteria. Our previous experiments using a packed
bed NTP reactor demonstrated eﬀective inactivation of bacteriophage MS2 as a function of applied voltage and
power. The present study examined the eﬀectiveness of the same reactor in inactivating aerosolized PRRSv. A
PRRSv solution containing ∼105 TCID50/ml of PRRSv VR2332 strain was aerosolized at 3 ml/min by an air-jet
nebulizer and introduced into 5 or 12 cfm air ﬂow followed by NTP exposure in the reactor. Twin impingers
upstream and downstream of the reactor collected samples of the virus-laden air ﬂow for subsequent TCID50
assay and qPCR analyses. An optical particle sizer measured upstream and downstream aerosol size distributions,
giving estimates of aerosol ﬁltration by the reactor. The results showed that PRRSv was inactivated to a similar
degree as MS2 at the same conditions, with the maximum 1.3-log inactivation of PRRSv achieved at 20 kV and
12 cfm air ﬂow rate. The results demonstrate the potential of properly optimized NTPs in controlling PRRSv
transmission.
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1. Introduction

several limitations, including high ﬁlter replacement costs; high pressure drops, and the associated increase in energy consumption of the
HVAC system to maintain desired ventilation rate. In the case of agricultural buildings, there are also high reconstruction costs to achieve an
air-tight building envelope and eliminate potential air inﬁltration
(Pitkin et al., 2009a). Lastly, collection of bioaerosols on HEPA ﬁlters
does not actually inactivate the pathogens, with the possibility of reemitting more environmentally resilient pathogens into the ambient air
during ﬁlter replacement and disposal processes (Miaskiewicz-Peska
and Lebkowska, 2012). Eﬀective UVGI disinfection requires a suﬃciently high light intensity, achieved through a combination of a
number of bulbs and exposure time in a carefully designed ventilation
system. UV inactivation eﬃciency is also to some degree inﬂuenced by
the susceptibility of the pathogen (Bolashikov and Melikov, 2009).
UVGI has been shown to diminish the transmission of Mycobacterium
tuberculosis from patients occupying hospital wards to guinea pigs
raised in an exposure chamber (Riley, 1961), and prevent the spread of
rubella within army barracks (Wheeler et al., 1945). The application of
UVGI in indoor air disinfection is limited by the need to avoid the adverse health eﬀects of UV on humans and livestock. In the indoor environment, UV lights can be installed in the upper regions of the room
near the ceiling to avoid exposing the occupants to UV light. The process, however, is passive in nature and can only inactivate pathogens
transported by upward air currents into the UVGI treatment zone. In
many cases, UV radiation alone is not eﬀective enough in instantaneous
air disinfection, and is often applied in conjunction with HEPA ﬁlters:
airborne pathogens are collected on ﬁlter surfaces and inactivated by
UV radiation (Memarzadeh et al., 2010). However, UV light is unable to
penetrate deeply into HEPA ﬁlters, where collected pathogens may
survive and re-enter the air ﬂow. The energy consumption of the UV
system is also signiﬁcant, and broken bulbs should be detected and
replaced periodically. In all, of the two deﬁning characteristics of infectious aerosols - transport and infectivity (Pitkin et al., 2009b) particulate ﬁlters only address transport and UVGI mainly addresses
infectivity. Non-thermal plasmas (NTPs) address both characteristics by
1) electrostatic removal of larger particles (> 1 μm approx.) and 2)
sterilization of the remaining smaller particles by direct plasma exposure. NTPs are stable electrical discharges containing excited and
ionized species and radicals that are orders of magnitude more reactive
than ozone (O3) (Xiao et al., 2014), the more familiar, less eﬀective, and
more persistent oxidant used by indoor air cleaners. Radicals and excited species are thought to vigorously attack the bacterial cell membrane or virus capsid, leading to damage that causes a loss in structural
integrity and eventual pathogen inactivation. NTPs have already been
proven for surface disinfection, inactivating biological pathogens on the
surfaces of food products (Perni et al., 2008; Noriega et al., 2011) and
treatment of skin diseases (Heinlin et al., 2010). NTPs have also been
thoroughly studied for destruction of gaseous pollutants, the radicals
and excited species having been shown to destroy a wide variety of
gaseous volatile hydrocarbons such as those emitted from industrial
processes (Xiao et al., 2014) as well as gaseous pollutants such as nitrous and sulfurous oxides (NOx and SOx) emitted from combustion
(McAdams, 2001). However, the intersection of these two established
applications of NTPs - disinfection of an air stream - is substantially
complicated by the fact that viruses and bacteria act as charged aerosols
suspended in the gas stream, both the aerosols and the gas responding
separately to the electric ﬁelds and ﬂow of charged ions that form the
foundation of NTPs. Another concern of applying NTP inactivation in
animal conﬁnements is that the elevated concentrations of chemically
reducing species such as NH3 and H2S, common emissions from urine
and manure in animal conﬁnements, have the potential to react with
the plasma-generated oxidative species, possibly reducing the inactivation eﬃciency of NTP.
Our previous research (Xia et al., 2019) has developed a packed bed
NTP reactor and demonstrated inactivation of airborne bacteriophage
MS2 by the reactor as a function of applied voltage and power with a

Airborne transmission of livestock or zoonotic diseases such as
Newcastle disease, avian inﬂuenza, foot-and-mouth disease, and porcine reproductive and respiratory syndrome (PRRS), just to name a few,
greatly threaten global food security, agricultural industry and public
health by causing signiﬁcant losses in production, high mortality, decrease in productivity, stoppage of exports, etc.. This is particularly
signiﬁcant in the face of ongoing climate change, especially for pathogens whose eﬃciency of airborne transmission through the atmosphere may change in counterintuitive ways. In addition, animals can
experience a greater degree of exposure to ambient atmospheric conditions or unconditioned outdoor air compared to humans. Foot and
mouth disease is considered as the top foreign animal disease threat to
US agriculture (Colby, 2013), and the 2014–2015 outbreak of highly
pathogenic avian inﬂuenza in the US caused an average of 50,000 bird
losses per operation for turkeys and over 1 million bird losses per operation for table-egg laying chickens where the disease was conﬁrmed
(Ramos et al., 2017).
In the case of the pork industry, porcine reproductive and respiratory syndrome virus (PRRSv), an enveloped virus that appeared in
the US in the 1980s (Keﬀaber, 1989), has drawn increasing research
attention due to its signiﬁcant impact on pork production and ability to
be transmitted in air over kilometers. It was estimated that in 2011 the
outbreaks of PRRSv in the US national breeding- and growing-pig herd
overall cost $664 million annually due to productivity losses, 45 % of
which occurred in the breeding herd (Holtkamp et al., 2013). Outbreaks
of PRRSv in China caused great economic losses and gained public
concern due to the emergence of highly pathogenic strains. In 2006, a
highly pathogenic PRRSv disease outbreak emerged in China, with its
clinical signs being prolonged high fever, red discoloration of the body,
and blue ears associated with high mortality of infected pigs. It quickly
spread to 12 provinces and signiﬁcantly impacted the country’s pork
industry (Tian et al., 2007). In 2014, another novel NADC30-like strain
of PRRSv emerged in China (Zhou et al., 2015), which was virulent to
pigs but is less pathogenic than the highly virulent PRRSv discovered in
2006 (Sun et al., 2016). Since late 1990s, research has shown that
PRRSv can survive in aerosols and be transmitted through airborne
pathways. PRRSv can be released in aerosols from infected pig barns
and has been found in aerosols generated when swine manure collection tanks are pumped out (Millerick-May et al., 2016). Once released,
the virus can be transmitted in ambient air over several kilometers (up
to 9.1 km as reported) from the source (Otake et al., 2010) and can
potentially cause outbreaks in distant barns. The airborne transmission
of PRRSv can be aﬀected by many environmental factors, such as
aerosol concentration, aerosol size distribution, ambient temperature,
relative humidity (RH), and solar radiation. It is reported that PRRSv
can survive longer in aerosols at lower ambient temperature and lower
relatively humidity (Hermann et al., 2007). Open-air factors with unidentiﬁed chemical nature (Hood, 2009) may also have adverse eﬀects
to the survival of viruses in aerosols. In 2019, Arruda et al. gave a
detailed and comprehensive literature review on the previous research
projects, ﬁndings and current knowledge gaps of PRRSv aerosols and
airborne PRRSv transmission (Arruda et al., 2019).
The most commonly applied technologies to control airborne pathogens in both human-occupied buildings and animal conﬁnements
are the collection of bioaerosols on ﬁlters, such as HEPA, MERV 14 and
MERV 16 ﬁlters, and UV germicidal irradiation (UVGI). HEPA ﬁltration
has been proven to be very eﬀective in removal of bioaerosols from
airstreams. (Farnsworth et al. (2006)) reported 96.5 ± 1.5 % bacterial
collection eﬃciency of B. subtilis by HEPA ﬁltration. The study also
examined HEPA ﬁltration of three virus species, and reported no viable
virus recovered from the downstream sampler. A study by (Dee (2011))
found that new PRRSv outbreaks were recorded at 20 % of farms with
ventilation air ﬁlters installed as compared to 92 % of farms without
such ﬁlters in the control group. The use of HEPA ﬁlters comes with
2
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Fig. 1. Schematic of the small-scale wind tunnel setup at University of Minnesota with the NTP reactor mounted in the middle test section. One OPC is indicated with
a dashed box since only one OPC instrument was available, its location alternated between upstream and downstream sampling probes during each test.

maximum inactivation of 2-log at 30 kV peak-to-peak voltage and
2.08 W (734 J/m3 at 170 LPM)). The objective of the present study is to
measure the inactivation of aerosolized PRRSv by the same packed bed
NTP reactor and compare the results with our previous bacteriophage
MS2 inactivation results to investigate if the packed bed NTP reactor
has diﬀerent performance inactivating an enveloped airborne virus
(PRRSv) versus a non-enveloped virus (bacteriophage MS2). Using virus
stocks and wind tunnel facilities provided by the University of Minnesota, the packed bed NTP reactor was tested for eﬀectiveness in inactivating aerosolized PRRSv.

dispersion air at a volumetric ﬂow rate of 1.5 L per minute (LPM) was
directed into the dispersion air inlet of the atomizer to help aerosolize
the virus solution reaching the atomizer nozzle. After aerosolization,
the PRRSv aerosols were diluted and dried with lab air drawn into the
wind tunnel, and the air was mixed thoroughly using a downstream
oriﬁce mixing plate, which generates turbulence to achieve uniform
aerosol distribution in the air ﬂow. Isokinetic probes were installed
upstream and downstream of the packed bed NTP reactor to extractively sample from the wind tunnel ﬂow at 2.8 LPM, and the droplet
number concentrations in the sampled air were measured by a portable
optical particle counter (OPC, TSI AeroTrak model 9306-V2). An
aerosol diluter was used to prevent coincidence errors in the OPC. Two
additional isokinetic probes were installed as well upstream and
downstream of the packed bed NTP reactor at the same locations as the
OPC probes, which extractively sampled the wind tunnel air ﬂow at a
nominal volumetric ﬂow rate of 9 LPM. The sampled air was drawn by a
vacuum pump through two identical liquid impingers (Ace Glass, Inc.
125 mL 24/25 Impinger), leading to collection of infectious and inactivated PRRSv aerosols in the 20 mL impinger collection ﬂuid
(Dulbecco's Modiﬁed Eagle Medium (DMEM)). The pressure drop across
the NPT reactor was measured by another diﬀerential pressure transmitter (Omega P X 653-03D5V).

2. Materials and methods
2.1. Experimental apparatus
The tests of PRRSv inactivation by NTP were conducted using a
small-scale non-recirculating wind tunnel located at the University of
Minnesota. A schematic of the experimental setup is shown in Fig. 1.
The wind tunnel has an inside duct diameter of 3.5″, an overall length
of 96″ and can operate in a volumetric ﬂow rate range from approximately 3–30 cfm. An induced draft (ID) fan is connected at the outlet of
the wind tunnel and the volumetric ﬂow rate is maintained by measuring the pressure drop (OMEGA Diﬀerential Pressure Transmitter
P X 653-10D5V) across a calibrated oriﬁce meter installed near the
tunnel exit and applying the necessary voltage to the vacuum pump
downstream of the tunnel. Temperature and relative humidity in the
tunnel and absolute pressure are measured and taken into account in
the volumetric ﬂow rate measurements. The ﬂow rate is calculated and
maintained using Proportional-Integral-Derivative (PID) feedback control in LabView. Data acquisition by the LabView software is facilitated
by a National Instruments USB-6001 DAQ. A HEPA ﬁlter is installed at
the exit of the tunnel to prevent contamination or release of the PRRSv
into the laboratory.
The packed bed NTP reactor was mounted in the test section of the
wind tunnel (shown in Fig. 1) and was tested at volumetric ﬂow rates of
5 and 12 cfm. The design and schematic of the dielectric barrier discharge (DBD) packed bed NTP reactor are described in detail in our
previous paper (Xia et al., 2019a). The Plexiglas tube wall serves as the
dielectric barrier which would promote microdischarge generation.
Two grounded electrodes, compressing 500 inert borosilicate glass
beads (0.25-inch diameter) in between, formed the packed bed setup
which can further enhance the microdischarge by partial discharges at
the contact points between the glass beads for more eﬀective plasma
species-viral aerosol interactions.
An air-jet large particle generator (LPG) atomizer was installed at
the entrance of the tunnel and used to generate PRRSv challenge
aerosols. A PRRSv solution from a 65 ml syringe was feed into the LPG
atomizer using a syringe pump set (New Era Pump Systems Inc. NE300) at a constant liquid feed rate of 3 mL/min. Dry and ﬁltered

2.2. Experimental procedure
2.2.1. NTP inactivation testing procedure
The tests of airborne PRRSv inactivation by the packed bed NTP
reactor took place in two phases, in May and August 2017, over the
course of four months to allow time for samples collected in the ﬁrst
phase to be analyzed by the Veterinary Diagnostic Lab at Univ. of
Minnesota. The two-phase tests were designed because there was initial
concern that the sensitivity of PRRSv titration, which is limited by the
initial titer of infective PRRSv that is aerosolized, might lead to a situation where no infective virus was detected downstream of the reactor, resulting in uncertainty as to whether such a result represented a
100 % inactivation or evidence of reaching the lower detection limit. As
a result, Phase 1 employed the lowest voltages to make sure to the
extent possible that as little of the virus was inactivated. Test conditions
in the second phase employed higher voltages after analyses showed the
results of Phase 1 yielded partial inactivation.
In the ﬁrst phase (May data), the NTP reactor was operated at
voltages of 12, 16, and 20 kV, and the highest NTP discharge power was
0.56 W achieved at 20 kV. In the second phase (August data), voltages
of 30 kV were applied in the reactor using a second power supply, resulting in about 2.08 W discharge power in the NTP reactor (Xia et al.,
2019a). For each voltage setting, the PRRSv inactivation by the packed
bed NTP reactor was examined under two air ﬂow rates (5 cfm and 12
cfm), and all tests were conducted in triplicate. In both Phase 1 and
Phase 2 (May and August), two control tests, either with the reactor
3
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to 1 × 106 copies/μL was used to determine the RNA copy number/mL.
The copy number/mL results were consecutively converted to copies/
m3 of air. The detection limit of PRRSv quantitative RT-qPCR is approximately 1000 copies/mL, which is equivalent to approximately
8 × 104 copies/m3 of air in this study.

deactivated (no voltage supplied) or with the reactor removed from the
wind tunnel, were also conducted in duplicate. At the beginning of each
test, the vacuum pump downstream of the sampling train was turned on
to reach a constant desired ﬂow rate though the wind tunnel, after
which the syringe pump and compressed air supplied to the air-jet
nebulizer were turned on to initiate PRRSv aerosolization. When consistent mist was observed emitting from the nebulizer, the packed bed
NTP reactor was activated (for reactor-on tests only), and the sampling
pumps downstream of the impingers were turned on to start the 20minute impinger sampling. Only one OPC was available for this study,
which was switched between upstream and downstream sampling
probes, consecutively making a 5-minute upstream particle size distribution (PSD) measurement, a 5-minute downstream PSD measurement, and then another 5-minute upstream PSD measurement during
the 20-minute testing period. The two 5-minute upstream PSD data
were averaged as an estimation of the synchronous upstream PSD when
the downstream PSD was actually measured. The OPC had six particle
size bins (set to 0.3 μm, 0.5 μm, 1 μm, 3 μm, 5 μm and 10 μm) and was
set to report the diﬀerential particle number concentrations between
adjacent bin sizes. It was assumed that the log-average of the two adjacent bin sizes was the average droplet size for the corresponding
measured diﬀerential number concentrations.

2.2.4. Sample titration
Samples were serially diluted 5-fold. 100 u L of the serial dilution
was plated onto 96-wells plates containing MARC-145 cells in 4 replicates. Plated samples were incubated for 7 days at 37 °C with 5 %
CO2. At day 7, plates were removed and cytophatic eﬀect (CPE) was
read and recorded. TCID50/mL was calculated using the SpearmanKarber method and consecutively converted to TCID50/m3 of air. The
detection limit of PRRSv TCID50 is 1.43 TCID50/100 μL, which is
equivalent to approximately 1200 TCID50/m3 of air in this study.
2.2.5. Testing the eﬀects of liquid accumulation on NTP performance
During the experiment, it was observed that compared with the
previous bacteriophage MS2 inactivation tests (Xia et al., 2019a), more
virus solution droplets (mainly DMEM in this study) reached and impacted on the packed bed and accumulated in the reactor between the
glass beads, likely due to higher RH conditions of the supplied air,
shorter distance between the atomizer and the packed bed NTP reactor,
and potentially larger droplets produced by the air-jet large particle
generator. The accumulated virus solution may have promoted virus
aerosol ﬁltration by the packed bed, but could also have led to reemission of viral aerosols from the reactor into the region downstream.
In addition, increase of RH and accumulation of liquid inside the
packed bed may change the NTP discharge scenario, serve as a protective reservoir for suspended viruses, and aﬀect reactive species formation by the reactor. To examine the eﬀects of accumulated DMEM
solutions, another set of tests was conducted at the University of
Michigan using bacteriophage MS2 as the target virus. 5 mL and 10 mL
DMEM solution were sprayed directly into the packed bed before each
test and the reduction of airborne infectious MS2 from upstream to
downstream of the DMEM-soaked packed bed NTP reactor were examined with the reactor powered by the 20 kV power supply at 170
LPM air ﬂow rate. The setup of the sampling line, the methodology of
MS2 ultrasonic atomization, and the virus sample analysis methods
were described in detail in our previous paper (Xia et al., 2019a).

2.2.2. PRRS virus preparation, aerosolization and collection
PRRSv VR2332 reference strain was propagated in MARC-145 cells
and titrated to 105 TCID50/mL (50 % Tissue Culture Infectious Dose per
milliliter). The virus was aliquoted and frozen at −80 °C until used. For
each test, a syringe was ﬁlled with 65 mL of PRRSv at 105 TCID50/mL,
placed into a New Era pump system, model NE-1000 multi-phaser, and
aerosolized into the testing chamber at 3 mL/min via an air-jet nebulizer for 20 min. Room temperature and relative humidity (RH) level
were measured during each test by a portable humidity/temperature
pen (Traceable 4093). During each test, air samples were collected with
twin impingers, placed upstream and downstream of NTP reactor, for
20 min. Each impinger was ﬁlled with 20 mL of DMEM supplemented
with 1.5 mg/mL of bovine serum albumin fraction V 7.5 %, 1X antibiotic-antimycotic, 0.0015 mg/mL of Trypsin-TPCK, and 0.05 mg/mL of
gentamicin. After 20 min sampling time, the volume of supplemented
DMEM in each impinger was measured, recorded, aliquoted into 3
tubes and frozen at −80 °C until tested. The collected impinger samples
were submitted to the Veterinary Diagnostic Lab at the University of
Minnesota for quantitative RT-PCR analysis and TCID50 assay analysis.

3. Results and discussion

2.2.3. Quantitative RT-PCR (RT-qPCR)
Samples were quantiﬁed for PRRSv using quantitative RT-PCR as
previously described (Cho et al., 2006). A standard curve based on
transcript RNA with a quantitative linear range from 1 × 103 copies/μL

3.1. Droplet size distribution
For all powered-reactor tests, particle size distributions (PSD) were
measured both upstream and downstream of the packed bed NTP

Fig. 2. Average droplet size distributions both upstream and downstream of the reactor in each test program phase (Phase 1 and Phase 2) for wind tunnel ﬂow rates
of (a) 12 cfm and (b) 5 cfm.
4
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reactor under two ﬂow rates, and the results were averaged for each
phase of the test program and each ﬂow rate (Fig. 2). From Fig. 2 it is
evident that the OPC measurements were quite consistent with small
conﬁdence intervals, indicating that the virus solution aerosolization
process was repeatable and the packed bed had relatively consistent
ﬁltration eﬃciencies regardless of the applied voltage level (which is
proved by PSD data comparison between diﬀerent applied voltages in
the same test program phase with the same ﬂow rate). The PSD plots
conﬁrm that aerosols generated by air-jet nebulizers are polydisperse in
size with large proportions of droplets over 5 μm in diameter, which
agrees with other reports on aerosol PSDs generated by air-blast atomization (Lorenzetto and Lefebvre, 1977; Steckel and Eskandar, 2003).
The upstream sampling probe was installed about 40″ (101.6 cm)
downstream of the air-jet nebulizer, which was only about a quarter of
the distance between the ultrasonic atomizer and upstream sampling
port (144″, 365.8 cm) in our previous bacteriophage MS2 inactivation
setup (Xia et al., 2019a). The shorter distance led to more incomplete
aerosol evaporation, and as a result more coarse droplets (with droplet
diameter dp ranging from 2.5–10 μm) would reach the reactor where
they would be ﬁltered by the packed bed and accumulate as a bulk
liquid in the reactor. This inference was proved by experimental observations: during all PRRSv inactivation tests in both test program
phases, bulk virus solution was found accumulating between the glass
beads in the packed bed NTP reactor, while for all MS2 tests conducted
in University of Michigan, no liquid accumulation was found with an
ultrasonic atomizer expected to generate aerosols with smaller and
more uniform size distribution (Steckel and Eskandar, 2003) and using
a dry (RH typically < 10 %) compressed air supply. It should be noted
in interpreting the results that the accumulated virus solution is undesirable since it may cause reemission of aerosols from the packed bed,
change the NTP discharge phenomena, serve as a protective reservoir
for suspended viruses, and impact reactive species formation by the
reactor.
The two plots in Fig. 2 illustrate how virus solution aerosolization
and packed bed ﬁltration would change with changing ﬂow rate and
ﬂow relative humidity. In the same test program phase, the upstream
droplet number concentration is generally higher at 5 cfm (Fig. 2b) than
that at 12 cfm ﬂow rate (Fig. 2a), due to reduced dilution and slower
droplet evaporation at lower air ﬂow rate. The average RH of the ambient room air (which was the major air source of the wind tunnel ﬂow)
in Phase 2 was 49 %, higher than the ambient condition in Phase 1 (38
%), while the air temperature remained relatively constant (22.2 ℃ in
Phase 1 and 23.2 ℃ in Phase 2). Higher inlet RH in Phase 2 caused
slower droplet evaporation, and as a result more droplets in all sizes
were found upstream of the reactor in Phase 2 in both Fig. 2a and 2b.
Comparison between upstream and downstream PSD in both plots
provides a measure of the packed bed ﬁltration eﬀects on various size
droplets. Fig. 2a showed that the number concentrations of droplets
larger than 1 μm reduced signiﬁcantly from upstream to downstream of
the reactor, which should be mainly due to ﬁltration by the packed bed
and size reduction through evaporation, and larger droplets had more
signiﬁcant decreases in number concentration due to their low mobility
and large surface area and thus rapid evaporation. Concentrations of
submicron droplets (droplets smaller than 1 μm), however, increased
from upstream to downstream of the reactor, potentially due to reaerosolization of virus solutions accumulated in the packed bed, and
evaporation of super micron droplets to submicron sizes. Fig. 2b
showed similar droplet number concentration changing trends, while
concentrations of droplets between 1 μm and 7 μm, especially in Phase
2, showed less reduction compared with the 12 cfm data. This should be
due to slower evaporation of droplets larger than 7 μm to this size range
at 5 cfm. At 12 cfm, these droplets may evaporate faster and fall into the
submicron region before reaching the downstream sampling probe.
These observations and hypotheses are conﬁrmed by comparing droplet
penetration (downstream concentration divided by upstream concentration) in the two phases at two ﬂow rates (Fig. 3). From Fig. 3, it is

Fig. 3. Penetration of particles (downstream number concentration / upstream
number concentration) in each OPC size bin measured at two ﬂow rates in the
two test program phases.

evident that in Phase 1 droplets had similar penetration through the
reactor at both ﬂow rates, and 1 μm–5 μm droplets had slightly higher
penetration at 5 cfm. In Phase 2 at 12 cfm, the penetration of droplets
smaller than 4 μm had similar values as the Phase 1 data, while droplets
larger than 4 μm had less penetration, likely due to the increased
amount of virus solution accumulated in the packed bed at higher RH.
At 5 cfm in Phase 2, the penetration curve was quite diﬀerent from the
other three, with signiﬁcantly higher droplet penetration in the range
2 μm–7 μm. It is likely that at this air-to-water mass ﬂow ratio, the RH
in the wind tunnel exceeded the critical RH predicted by our previous
droplet evaporation numerical model (Xia et al., 2020), which prevented rapid liquid evaporation and led to more 2 μm–7 μm droplets
reaching the downstream sampling probe. Based on the OPC data and
assuming spherical droplets, the average volumetric droplet penetration through the packed bed was 10.6 % in Phase 1 at 12 cfm, 13.7 % in
Phase 1 at 5cfm, 6.2 % in Phase 2 at 12 cfm, and 22.2 % in Phase 2 at 5
cfm.
3.2. PRRSv ﬁltration and inactivation by the packed-bed NTP
In this study, TCID50 analysis of the twin upstream and downstream
impinger samples collected in each test provided a measure of the reduction in viable PRRSv for all mechanisms. qPCR analysis of the upstream and downstream samples was performed with TCID50 analysis
and provided a measure of the reduction in the PRRSv genome irrespective of changes in viability caused by NTP exposure; in the context
of the present study, reductions in the abundance of the PRRSv genome
were interpreted as packed bed ﬁltration. Such ﬁltration eﬀects could
also be inferred from TCID50 analyses showing reductions in viable
PRRSv between the upstream and downstream impinger samples collected when the reactor was not powered. The latter method, however,
were not applied in this study since it can yield greater uncertainties
with two groups of tests (reactor-on and reactor-oﬀ) conducted separately, which might have experienced diﬀerent RH conditions, varied
virus solution aerosolization and evaporation phenomena, or have
diﬀerent viable PRRSv concentration in the initial solution ﬁlled into
the syringe pump. In addition, the previous bacteriophage MS2 inactivation study used qPCR data as the indication of packed bed ﬁltration, so it is preferable to apply the same analytical method in order
to compare results between the two studies. Reductions in viable PRRSv
from TCID50 analyses, after correcting for packed bed ﬁltration according to the qPCR data, yielded the inactivation of PRRSv by the
reactor solely due to NTP exposure.
Table 1 summarizes the measured abundance of PRRSv genome
copies (in RNA copies/m3) and abundance of infective PRRSv (in
TCID50/m3) in the tunnel air ﬂow before- (upstream, U) and after(downstream, D) NTP treatment. Averages of 8.1–73.5 × 1010 RNA
5
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Table 1
Summary of the measured abundance of PRRSv genome copies (in RNA copies/m3) and abundance of infective PRRSv (in TCID50/m3) in the tunnel air ﬂow before(upstream, U) and after- (downstream, D) NTP treatment.
Phase

Voltage (kV)

Tunnel air ﬂow Rate (cfm)

Replicates

Acceptable Replicates

1

20

12

3

1

1

16

12

3

3

1

12

12

3

1

1

20

5

3

2

1

16

5

3

1

1

12

5

3

2

2

30

12

3

2

2

20

12

6

3

2

30

5

3

1

2

20

5

6

3

U
D
U
D
U
D
U
D
U
D
U
D
U
D
U
D
U
D
U
D

1010 RNA copies/m3

SD

105 TCID50/m3

SD

8.10
1.87
12.32
1.88
16.73
5.96
73.47
6.19
36.90
9.11
28.87
8.71
14.57
0.70
8.67
0.62
18.57
1.95
18.38
3.37

——
——
5.65
1.78
——
——
69.43
2.70
——
——
1.45
3.33
2.31
0.05
2.91
0.11
——
——
4.02
0.83

167.62
0.53
5.42
0.20
8.73
0.88
108.10
1.27
11.48
0.57
44.47
2.02
26.20
0.19
20.53
0.35
16.62
0.68
22.05
1.54

——
——
2.92
0.15
——
——
146.73
0.59
——
——
2.96
1.51
26.46
0.03
19.45
0.20
——
——
21.24
1.41

(SD: standard deviation; U: upstream; D: downstream).

copies/m3 were detected in the air ﬂow upstream of NTP treatment,
and 0.6–9.1 × 1010 RNA copies/m3 were detected downstream. In
terms of infective PRRSv concentration, 5.4–167.6 × 105 TCID50/m3
were detected upstream of NTP and 0.2–2.0 × 105 TCID50/m3 were
detected in the downstream ﬂow. Comparing the TCID50 results with
qPCR at the upstream location, there was ∼5-log inactivation of PRRSv
in the aerosols before reaching the reactor, which is comparable with
our previous research (Xia et al., 2019a) and should be due to the
evaporation of droplets and intensive air-jet nebulization (Niven et al.,
1995). Three to six replicates were conducted for each applied voltage
and tunnel ﬂow rate combination, however, only one to three replicates
yielded physical results. The rejected replicates yielded unphysical results with either the abundance of infective PRRSv or the number of
genome copies higher at the downstream location than at the upstream
location. Degradation of the airborne PRRSv by attack from reactive
species within the non-thermal plasma would not be expected to result
in either an increase in TCID50 or an increase in the number of PRRSv
genome copies at the downstream sampling location. The increase in
TCID50 or PRRSv genome copies data could be due to sampling or
analysis errors or accumulation of virus solution in the packed bed and
the resulting potential re-aerosolization of PRRSv into the downstream
ﬂow. Repeating tests may not reduce these errors with the present experimental design, since each replicated test may experience diﬀerent
RH conditions, varied virus solution aerosolization and evaporation
phenomena, or have diﬀerent viable PRRSv concentration in the initial
solution ﬁlled into the syringe pump. As shown in Table 1, tests with
two to three replicates may result in average values with relatively
large standard deviations and thus fail to reduce the uncertainty level.
The inherent errors and uncertainties of this study is acknowledged in
the following discussions and ﬁgures.
The PRRSv inactivation eﬃciency by NTP was calculated based on
the ratio of downstream to upstream abundance of viable PRRSv, normalized by the ratio of downstream to upstream abundance of PRRSv
genome copies determined by qPCR. The results are plotted in Fig. 4.
For data acquired in Phase 1 (May), the ﬁgure illustrates the increasing
trend in inactivation eﬃciency with increasing applied voltage, as expected, and the generally lower inactivation eﬃciency at the higher air
ﬂow rate (12 cfm) as compared to the lower air ﬂow rate (5 cfm). These
trends are as expected and agree with those observed in previous results
involving inactivation of bacteriophage MS2 conducted at University of
Michigan (Xia et al., 2019a). The measured PRRSv inactivation levels

Fig. 4. Comparison of Phase 1 (May) and Phase 2 (August) PRRSv inactivation
by NTP treatment at two air ﬂow rates (5cfm and 12 cfm) and four voltages (12,
16, 20, and 30 kV).

by NTP are close to the relevant NTP inactivation levels reported by
other research groups using diﬀerent NTP reactor designs inactivating
diﬀerent bioaerosol species (Vaze et al., 2010; Wu et al., 2015). Vaze
et al. constructed a 28 kV 600 μs pulse dielectric barrier grating discharge NTP reactor, which achieved 29 %–97 % inactivation (0.15–1.5
log) of aerosolized E. coli during the 10 s treatment time (Vaze et al.,
2010). Wu et al. applied 14 kV 10 kHz AC power to a miniature wirecylinder DBD reactor, and the reactor achieved ∼80 % inactivation (0.9
log) of aerosolized bacteriophage MS2 during a 0.12 s treatment time
(with 20 W power) (Wu et al., 2015). Evident from the Phase 1 data
presented in Fig. 4 is the fact that under similar experimental conditions, the eﬀectiveness of the NTP in inactivating PRRSv aerosols was
somewhat higher than the demonstrated eﬀectiveness for inactivating
MS2 with the same device at the same conditions; however, the large
uncertainty in the results as indicated by the large conﬁdence intervals
allows only for a conclusion that the two viruses were likely inactivated
comparably. Data acquired in Phase 2 (August), however, showed reduced inactivation eﬃciency. With 20 kV supplied voltage, the measured inactivation eﬃciency at both ﬂow rates in Phase 2 was 30 %–50
% lower than the values acquired in Phase 1 or in the MS2 inactivation
6
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study (Xia et al., 2019a). When the supplied voltage was increased from
20 kV to 30 kV, and the estimated discharge power was increased from
0.56 W at 20 kV (237 J/m3 at 5 cfm) to 2.08 W at 30 kV (881 J/m3 at 5
cfm), the packed bed NTP reactor showed increased PRRSv inactivation
eﬃciencies at both ﬂow rates, which were still lower than the values
acquired with 20 kV power supply in Phase 1 or during the MS2 inactivation study (Xia et al., 2019a). It was found in our previous study
that the bacteriophage MS2 inactivation by the packed bed NTP reactor
with 30 kV power supply can lead to at least 2-log (99 %) viable MS2
reduction (Xia et al., 2019a), which was signiﬁcantly higher than the
30 kV results presented in Fig. 4. It is likely that the reduced NTP inactivation eﬃciency observed in Phase 2, as well as the large conﬁdence intervals for all PRRSv inactivation results in both phases of the
PRRSv test program, were due to increased accumulation of bulk virus
solution (in this study DMEM) in the packed bed.
As discussed in previous paragraphs, incomplete evaporation of the
PRRSv-laden droplets of DMEM was consistent throughout both Phase 1
and Phase 2 tests, while prior tests involving MS2 inactivation achieved
complete or near complete droplet evaporation after several modiﬁcations to the experimental apparatus: lengthening the distance between
the introduction of the droplets into the airstream and the NTP reactor;
supplementing ambient air with dry compressed air (RH < 10 %), and
thereby lowering relative humidity and speeding evaporation; and
producing smaller droplets via an ultrasonic atomizer. These remedies
were not available or not possible for the current project. As a result,
the signiﬁcant unanswered question regarding the present results is the
impacts, if any, of the persistent presence of liquid DMEM in ﬁne droplets exposed to the non-thermal plasma and accumulating in the NTP
reactor itself. DMEM is a solution of glucose in water. One hypothesis is
that residual DMEM on aerosols or as aerosols passing through the NTP
reactor may have the eﬀect of protecting PRRSv from oxidation by the
reactive species generated by the plasma. Whereas H2O alone, when
dissociated, produces additional reactive species in the form of H+ and
OH−,hydrocarbons would act more as a sink for the plasma-generated
species, consuming them in the course of their complete oxidation.
There exists a separate branch of plasma environmental remediation
that involves using plasmas to oxidize chemical contaminants in water
supplies or wastewater. Support for this hypothesis came from preliminary tests prior to Phase 1. Prior testing at University of Michigan
using MS2 phage determined that ozone (O3) produced by the NTP
reactor had the potential to accumulate in the downstream impinger
ﬂuid, a phosphate buﬀered saline (PBS) consisting of small amounts of
sodium and phosphorous salts dissolved in water. The dissolved ozone
was found to continuously inactivate MS2 phage in the impinger during
and after testing, potentially leading to a high bias in inactivation efﬁciency results. To compensate for this, sodium sulﬁte was routinely
added to the PBS during MS2 testing, serving to consume O3 and prevent inactivation of MS2 phage while in the impinger. However, when
similar tests were conducted exposing PRRSv in DMEM to dissolved O3,
the results showed no inactivation of PRRSv in DMEM by O3, suggesting
that O3 was consumed by oxidation reactions with the hydrocarbons in
DMEM and therefore unavailable to chemically attack the PRRSv in
solution. A second potential eﬀect of residual DMEM could be in inﬂuencing the electrical properties of the packed bed and the strength or
distribution of the plasma therein. In the packed bed, the plasma exists
in the voids between the beads where the electric ﬁeld increases above
the threshold where electrical breakdown occurs in air. Accumulation
of DMEM (approximate conductivity σ = 1.4 S/m (Chen et al., 2009))
in these spaces could provide a conductive electrical pathway that
prevents such electric ﬁelds from forming. This, too, would be expected
to reduce the apparent inactivation eﬃciency of tests involving DMEM
as compared to tests in which evaporation of the liquid phase was more
complete.
In order to test these hypotheses and the potential eﬀects of accumulated DMEM, experiments were conducted after Phase 2 in which
the packed bed NTP reactor was pre-soaked with known amounts of

Fig. 5. Reduction (ﬁltration + inactivation) of viable bacteriophage MS2 in
response to 5 ml and 20 ml of DMEM added to and held within the NTP packed
bed.

DMEM (5 mL or 10 mL), and the inactivation of MS2 aerosols by the
“wet” reactor was measured. Fig. 5 shows the results of these tests in
the form of viable MS2 reduction, comprising both physical ﬁltration
and NTP inactivation (with 20 kV), comparing samples collected at the
upstream pre-treatment location against those collected at the downstream post-treatment location. The degree of viable MS2 reduction
induced by the 20 kV reactor when dry was acquired from the previous
bacteriophage MS2 inactivation study. With 5 mL DMEM sprayed into
the packed bed, the viable MS2 reduction decreased from 88 % (dry
reactor) to 79 %, and with 10 mL DMEM added, the viable MS2 reduction was further reduced to 46 %. The ﬁgure proves that increasingly accumulated DMEM in the packed bed would reduce viable MS2
reduction from upstream to downstream locations of the packed bed
NTP reactor, potentially by quenching reactive plasma species or preventing electric ﬁeld build up for NTP discharge. With regard to the
electrical eﬀects, it seemed that the residual DMEM in the packed bed
NTP reactor can increase the amplitude of transmitted current without
changing the amplitude and waveform of the applied voltage. With
20 kV applied to the dry packed bed NTP reactor, the current had an
amplitude of 0.40 mA. The addition of 5 ml of MEM to the packed bed
increased the current amplitude to 0.48 mA, and the addition of 10 ml
of MEM to the packed bed further increased the current amplitude to
0.56 mA. This was reasonable since the accumulation of liquid in the
packed bed could reduce the overall resistance of the reactor and thus
increasing the transmitted current. This discharge environment, however, may not be favorable for plasma generation, since more current
would pass through the conductive liquid without ionizing air in the
packed bed.
4. Conclusion
In summary, this study provides the ﬁrst demonstration of NTP inactivation of an airborne pathogen relevant to livestock. Both the nonenveloped bacteriophage MS2, and the enveloped PRRS virus were
likely inactivated to comparable degrees. The highest PRRSv inactivation eﬃciency was 98.6 % achieved in Phase 1 (May) with 20 kV voltage supplied to the packed bed NTP reactor at the wind tunnel ﬂow
rate of 12 cfm. However, size, composition of DMEM droplets and relative humidity were all likely contributors to variability in measured
inactivation. Accumulated DMEM bulk liquid in the packed bed can
reduce the reactor’s eﬃciency on viable PRRSv reduction, potentially
through quenching reactive plasma species or preventing electric ﬁeld
build up for NTP discharge. Future studies with improved virus aerosolization methods and more consistent and dryer inlet air supply
should be conducted to further examine how non-enveloped and enveloped viruses react to NTP inactivating environment. Overall, the
results show promising results to inactivate airborne PRRSv by NTP and
oﬀer potential alternatives to pork producers to enhance their
7
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Destruction of hydrogen sulﬁde using dielectric barrier discharge plasma in a coaxial cylindrical reactor
was carried out at atmospheric pressure and room temperature. Three types of DBD reactor were
compared in terms of speciﬁc energy density (SED), equivalent capacitances of the gap (Cg) and the
dielectric barrier (Cd), energy yield (EY), and H2S decomposition. In addition, byproducts during the
decomposition of H2S and destruction mechanism were also investigated. SED for all the reactors
depended almost linearly on the voltage. In general, Cg decreased with increasing voltage and with the
existence of pellet material, while Cd displayed the opposite trend. The removal efﬁciency of H2S
increased substantially with increasing AC frequency and applied voltage. Longer gas residence times
also contributed to higher H2S removal efﬁciency. The choice of pellet material was an important factor
inﬂuencing the H2S removal. The reactor ﬁlled with ceramic Raschig rings had the best H2S removal
performance, with an EY of 7.30 g/kWh. The likely main products in the outlet efﬂuent were H2O, SO2,
and SO3.
 2011 Elsevier B.V. All rights reserved.
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1. Introduction
There is a growing concern that malodorous pollution at sewage
and industrial wastewater treatment plants is not only a nuisance
in the ambient environment but may also produce adverse health
effects in humans. The odors are mainly caused by sulfurous
compounds such as hydrogen sulﬁde (H2S), which has an extremely
low odor threshold, is highly toxic and has a characteristic rottenegg smell [1]. Prolonged exposure to a concentration of 300 ppm of
H2S in the air has caused death, and concentrations exceeding
2000 ppm can be fatal to humans are exposed for only a few
minutes [2]. Therefore, the effective removal of these sulfur
compounds from air is highly desired.
Traditional methods to control the emissions of gaseous odorcausing materials into the atmosphere include absorption (wet
scrubbing), adsorption, incineration (either thermal or catalytic),
masking and bioﬁltration [3e10]. Unfortunately, all these technologies may have limitations when removing odor-causing substances
from gas streams. Absorption and adsorption transfer odor-causing
materials from the gas phase to scrubbing liquids or solid adsorbents, potentially causing other forms of pollution while resolving

* Corresponding author. Tel.: þ86 10 67392080.
E-mail address: liangwenj1978@hotmail.com (W.-J. Liang).

the odor problems. Incineration can be effective in controlling odorcausing substances. However, the possibility of generating other air
pollutants such as NOx, potential poisoning of the catalyst, and
relatively high cost associated with this technology should be taken
into account. The technical and economic limitations of traditional
odor control methods are particularly important for low concentration odor abatement. Nowadays, some new oxidation technologies such as microwave discharge [11] and photocatalytic oxidation
[12e14] are also used to remove odor gases.
Due to some unique advantages (rapid reaction at ambient
temperature under atmospheric pressure and achievement of high
electron energies within a short residence time) as well as ease of
operation, non-thermal plasma (NTP) processing has received
considerable attention. Recent progress in applying NTP technology
to the control of polluting gases such as acidifying components (SO2
[15,16], NOx [17,18]) and volatile organic compounds [19e22] is
very encouraging. While plasma technology has been used to
remove H2S [18,23e26], in our opinion, the combination of plasma
and pellets in the reactor is likely to be more effective. There are
also opportunities for further work e very few studies have been
carried out using AC of 100e400 Hz, and reports on the byproducts
formed during H2S decomposition in dielectric barrier discharge
(DBD) systems are few. Many literatures reported the pollutants
removal with plasma reactor, in which the spherical ceramic pellets
were ﬁlled.

0304-3886/$ e see front matter  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.elstat.2011.03.011
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2. Experimental setup
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The schematic diagram of the experimental setup for the present
study is shown in Fig. 1. The setup consisted of a DBD plasma reactor,
an AC power supply (0e100 kV, 50e500 Hz, sine wave), a continuous ﬂow gas supply system and electric and gaseous analytical
systems. H2S (99.9%, Beijing Zhaoge Special Gas Co.) was mixed with
compressed air through a mixing chamber and then introduced into
the DBD reactor. The ﬂow rate and H2S concentration were adjusted
by mass ﬂow controllers (MFC). The coaxial cylindrical DBD reactor
was made of PMMA with an inner diameter of 28 mm and wall
thickness of 2 mm wrapped with an iron mesh, 20 cm long, which
acted as a ground electrode. The inner discharge electrode was
a tungsten wire, 1.25 mm diameter, placed on the axis of the reactor.
The relative humidity in the reactor was controlled at 30% with
a thermohygrometer. Ceramic Raschig rings or glass pellets were
chosen as pellets and were packed randomly packed into the DBD
reactor. When a sufﬁciently high voltage was applied to the reactor,
micro-discharges began, initiating a series of chemical reactions.
2.2. Analyses and procedures
The concentrations of H2S before and after plasma treatment
were determined by a spectrophotometric method. H2S in the gas
stream was absorbed by a solution of N,N-dimethyl-p-phenylenediamine in acid, to which FeCl3 was added afterward to form
methylene blue. H2S was then determined by measuring absorbance at 665 nm with a spectrophotometer (UV/vis 2000, Shanghai
Precision & Scientiﬁc Instrument CO., LTD, China). A typical standard curve relating absorbance to the mass of H2S in solution is
shown in Fig. 2. A linear relationship between absorbance and mass
of H2S in solution was observed with a correlation coefﬁcient of
0.999. The initial concentration of H2S was 30 ppm and the gas ﬂow
rate in the reactor was 8e18 L/min.
The H2S removal efﬁciency is calculated as:

Cin � Cout
� 100
Cin

0.5

0.1

2.1. Experimental apparatus

hH2 S ð%Þ ¼

0.6

Absorbance

In the present paper, we present a new DBD plasma reactor,
ﬁlled with glass beads or ceramic Raschig rings as “pellets”. The
main objective of this study is to compare the decomposition of H2S
with and without the pellets. The electrical parameters during the
discharge process and the energy efﬁciency for H2S removal were
investigated at the same time. The byproducts during the decomposition of H2S were also evaluated, enabling destruction mechanisms to be discussed.
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Fig. 2. Typical standard curve for light absorbance with the mass of H2S.

where Cin and Cout denote the inlet and outlet concentrations
(mg/m3) of H2S respectively.
The products of the reaction were detected by GCeMS (Trace
DSQ, USA). Intermediate product analysis was done using EI mode,
70 eV and full scan. The byproducts were also analyzed by an ion
chromatography (IC) (Metrohm 861, Switzerland).
The surface areas of the pellets used in the experiment were
measured using gas adsorption principles (Detected by Micromeritics, NOVA 1000, USA).
2.3. Electrical measurements
The plasma was generated at atmospheric pressure and room
temperature. The voltage and current waves were measured by an
oscilloscope (Tektronix 2014). To investigate the electric characteristics of the discharge, the voltage applied to the reactor was
sampled by a 12500:1 voltage divider. The current was determined
from the voltage drop across a shunt resistor (R3 ¼ 10 kU) connected in series with the ground electrode. In order to obtain the
total charge and discharge power simultaneously, a capacitor
(Cm ¼ 2 mF) was inserted between the reactor and the ground. The
electrical power provided to the discharge was measured using the
V-Q Lissajous diagram [27]. The discharge power is directly
proportional to the area of the parallelogram in the diagram, and
can be calculated according to the relation:

P ¼ f $Cm $S

(2)

where Cm is the 2 mF measuring capacitance, f is the frequency and S
is the area of the parallelogram.
In addition to energy consumption, the equivalent capacitance
during the discharge process is an important parameter. The two
gradients of the parallelogram of the V-Q Lissajous diagram

Fig. 1. Schematic diagram of the experimental setup 1. Air compressor 2. H2S gas cylinder 3. Mixing chamber4. DBD reactor 5. AC power supply 6. Oscillograph 7. Spectrophotometer
8. MFC 9. Needle valve 10. Gas ﬁltration system 11. Absorbent.
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Fig. 3. Waveforms of applied voltage and discharge current (13 kV applied voltage,
300 Hz frequency).

represent the capacitances in the equivalent circuit of the reactor. In
this paper, C, Cd, and Cg denote the total equivalent capacitance, the
equivalent capacitance of the dielectric barrier and the equivalent
capacitance of the gap, respectively. The relationship between them
can be expressed as:

Cd � Cg
C ¼
Cd þ Cg

(3)

The speciﬁc energy density (SED) was deﬁned as the average
power dissipated in the discharge, divided by the total gas ﬂow
rate:

Fig. 4. Typical Lissajous ﬁgures for three kinds of dielectric barrier discharge (13 kV
applied voltage, 300 Hz frequency).

�.�
SED J l ¼

PðWÞ
�
� � 60
Q l=min

(4)

where P and Q denote the discharge power (W) and gas ﬂow rate
(l/min).
As a measure of the energy efﬁciency, the energy yield (EY) was
deﬁned:
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(5)

where Cin and Cout denote the inlet and outlet concentrations
(mg/m3) of H2S respectively.
3. Results and discussion
3.1. Electrical discharge characteristics
Typical applied voltage and discharge current waveforms for
various reactors are shown in Fig. 3. The applied voltage was 13 kV
(300 Hz, sinusoidal waveform), and was slightly distorted by the
microdischarge current, especially when the reactor contained
pellets. These micro-discharges, which were uniformly distributed
over the surface of the dielectric, were of nanosecond duration and
generated radicals, excited atomic or molecular species that initiate
plasma chemical reactions. Obviously, the number of microdischarge pulses in the presence of pellets was much larger than
without pellets. The number of microdischarge is directly related to
the pollutant decomposition via non-thermal plasma. The discharge
voltage and current showed typical barrier discharge waveforms;
that is, the microdischarge current appeared when the applied
voltage passed through certain values (discharge onset voltages) to
the positive or negative maximum, which is in agreement with the
literature [27]. Typically, the voltage charge Lissajous ﬁgure of the

glass beads

H2S Removal Efficiency (%)

Gap capacitance (pF)

80

no pellets

20

ceramic Raschig rings

15
10

5
0

three kinds of reactors was shaped like a parallelogram, as shown in
Fig. 4. The area of this parallelogram was equal to the energy dissipated during one period of the voltage [28]. Fig. 5 shows the variation in SED as a function of applied voltage in the presence and
absence of pellets. The SED values for reactors with different pellets
were generally in the order: ceramic Raschig rings reactor > glass
beads reactor > no pellets reactor under the same experimental
conditions. When the applied voltage was below 13 kV, the SED of
the ceramic Raschig rings reactor was slightly higher than that of the
glass beads reactor and the no pellets reactor. At an applied voltage
of 13 kV, the SEDs for the three reactors were 21 J/l (no pellets), 45 J/l
(glass beads) and 96 J/l (ceramic Raschig rings). This order was
maintained with further increase in voltage, as the SED increased
substantially for all reactors, particularly those containing pellets. As
the applied voltage increased from 13 to 21 kV, the SED of the
reactors increased from 21 J/l to 178 J/l (no pellets), 45 J/l to 315 J/l
(glass beads), and 96 J/l to 459 J/l (ceramic Raschig rings). In an
electric ﬁeld, materials such as ceramics and glass are able to store
energy. The relative dielectric constants of the ceramic and glass at
normal temperature and pressure were 9.16 and 4.10, which meant
that the energy storage ability of the ceramic was higher than that of
glass. At low applied voltage, there was little effect of the materials
in the electric ﬁeld, and the plasma was mainly of the type referred
to as corona discharge, which occurs in regions of high electric ﬁeld
near electrically stressed wire edges. When the voltage was high
enough, dielectric barrier discharge began to occur, and the pellets
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Fig. 7. Variation of dielectric barrier capacitance as a function of applied voltage.

Fig. 5. Variation of SED as a function of applied voltage.
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stored more energy as the electric ﬁeld strength increased. More
micro-discharges appeared under these electric ﬁelds, which
resulted in initiation of chemical reactions between H2S molecules,
radicals and electrons.
For DBD plasma, the plasma reactor can be regarded as equivalent
to a capacitive load, so the equivalent capacitance of the gap (Cg) and
the equivalent capacitance of the dielectric barrier (Cd) are important
parameters. In accordance with methods in literature [29,30], Cg and
Cd for our experiments were calculated using V-Q Lissajous
diagrams. Fig. 6 shows the equivalent gap capacitance (Cg) as
a function of applied voltage for the different kinds of DBD reactor. In
general, Cg decreased gradually with increasing applied voltage. At
the same time, Cg of the DBD reactor with ceramic Raschig rings
decreased sharply when the applied voltage was 10e16 kV. For the
reactor with ceramic Raschig rings, when the applied voltage
increased from 10 to 21 kV, Cg decreased from 19 pF to 6 pF. This is
consistent with the observations reported by Takaki et al. [30].
The equivalent capacitance of the dielectric barrier (Cd, obtained
by V-Q Lissajous diagrams) as a function of applied voltage is shown
in Fig. 7. All the reactors displayed the same general trend, with Cd
increasing with higher applied voltage. Cd values for the various
reactors were in the order: no pellets reactor > glass beads
reactor > ceramic Raschig rings reactor. When the applied voltage
increased from 10 kV to 21 kV, the Cd values changes as follows: no
pellets reactor increased from 600 pF to 847 pF; ceramic Raschig rings
reactor increased from 151 pF to 441 pF; glass beads reactor increased

60

80

100

H2S Removal Efficiency (%)
Fig. 11. Relationship between energy yield and H2S removal Inlet concentration was
30 ppm; gas residence time was 0.8 s; and frequency was 300 Hz.

from 330 pF to 690 pF. According to the investigation by Takaki et al.
[30], a small capacitance of the reactor has some advantages: 1) the
capacity of the power supply required to drive the DBD reactor can be
reduced and 2) the dielectric loss in the barrier can be decreased. In
summary, the DBD reactor with ceramic Raschig rings had the best
discharge characteristics of the three reactors investigated.
3.2. H2S decomposition in the plasma
3.2.1. Effect of applied frequency on H2S decomposition
Experiments were conducted to determine the dependence of
H2S removal efﬁciency on AC frequency and applied voltage, as
shown in Fig. 8. Both the number and average energy of electrons and
active radicals apparently increased with increasing applied voltage
and AC frequency, leading to higher H2S removal efﬁciency. When the
frequency was lower than 300 Hz, H2S removal efﬁciency increased
slowly with frequency, while it increased sharply when frequency
was higher than 300 Hz. The dependence of hH2 S on applied voltage
was similar to the dependence on frequency. An increase in AC
frequency from 100 Hz to 400 Hz, resulted in an increase in H2S
removal efﬁciency from 6.8% to 7.8% with for an applied voltage of
10 kV, and a very signiﬁcant increase from 40.4% to 82.8% was
observed when the applied voltage was 21 kV. When the amplitude
of the applied voltage is low, the voltage across the discharge gap is
not high enough to ignite the plasma. Once the voltage was high
enough to cause breakdown of the gas, the charge was phase shifted
with respect to the voltage due to resistive losses in the charge [29].
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These resistive losses arise as free electrons or radicals transfer all or
part of their kinetic energy to the target molecules through inelastic
collisions, leading to destruction of the target molecule.
According to the investigation by Xia et al. [17], when their
plasma system was operated for a long enough time, the temperature of the whole plasma zone was observed to increase from
150  C to 250  C with peak voltage rising from 3 kV to 9 kV and
ﬁxed frequency of 20 kHz. In our experiment, during the course of
plasma discharge, the temperature of the plasma zone was only
5e8  C higher than room temperature.
3.2.2. Effect of gas residence time on H2S decomposition
Fig. 9 presents the inﬂuence of gas residence time and SED on H2S
decomposition. Similar trends were observed for different gas residence times. It is found that the effect of increasing the gas residence
time depends on the SED e a sharp increase in removal efﬁciency was
observed when the SED was lower than 87.9 J/l while only a slight
increase resulted when the SED was higher than 87.9 J/l. Longer gas
residence times result in a larger probability of collisions between
H2S molecules and electrons and radicals, and hence enhance the
removal of H2S. Furthermore, with increasing SED, the energy
throughout the entire discharge volume was increasing, leading to
micro-discharges throughout the reactor and stimulating the
chemical reactions between H2S molecules and electrons and radicals. Similar experiment results were obtained by Xia et al. [11,17].
3.2.3. Effect of pellets on H2S removal
Fig. 10 represents the H2S removal process for DBD reactors
containing different pellets as a function of applied voltage. The H2S

removal efﬁciencies followed the same trend, that is, hH2 S was
enhanced with increasing applied voltage. The H2S removal efﬁciency of three reactors was in the order ceramic Raschig rings
reactor > glass beads reactor > no pellets reactor for the same
experimental conditions. For example, at 10 kV applied voltage, the
efﬁciency values were: 20.2% (ceramic Raschig rings reactor), 14.5%
(glass beads reactor) and 7.4% (no pellets reactor), while at 21 kV
applied voltage, the values were 93.3%, 79.7% and 69.3% respectively. Durme et al. [31] indicated that packing pellets are helpful
for expanding the discharge region because the streamers (or
micro-discharges) are apt to propagate along the solid surfaces. Our
experiment results demonstrate that the packing material is an
important factor inﬂuencing H2S removal. In our experiment, the
BET surface areas of the ceramic Raschig rings and glass beads were
0.2461 m2/g and 0.0353 m2/g. This implies that more H2S molecules, electrons and radicals could react with one another on the
ceramic pellet surface than on the glass pellet surface. And both
reactors with pellets had higher H2S decomposition ability than the
no pellets reactor. As mentioned above in Fig. 5, we observed that
the SED values of the different pellet reactors were in the order
ceramic Raschig rings reactor > glass beads reactor > no pellets
reactor under the same experimental conditions, which means
more energetic electrons and radicals were generated in the
ceramic Raschig rings reactor than the other reactors, which is
consistent with the observed higher H2S removal efﬁciency.
3.3. Energy efﬁciency for H2S removal
We have used the energy yield (EY) to characterize the H2S
removal ability of each plasma reactor. From Equation (5), it can be
seen that EY is inversely proportional to SED. Fig. 11 illustrates the
relationship between EY and H2S removal efﬁciency for the three
reactors. Obviously, as the H2S removal efﬁciency increased, the
energy yield decreased for all reactors. The highest EY was 7.30 g/
kWh for the ceramic Raschig rings reactor. Once the removal efﬁciency ratio for the glass beads reactor and ceramic Raschig rings
reactor exceeded 35%, the EY stabilized at about 1.8 g/kWh, double
the energy efﬁciency of the no pellets reactor.
The decomposition rate of H2S molecules depends on both the
concentration of H2S itself and the concentrations of the active
species generated in the reactor. The concentrations of active

Fig. 14. Mass spectrogram of inlet and outlet products.
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species generated are proportional to the discharge power. This
leads to the important relationship between H2S removal and
discharge power, as shown in Equation (6).

h ¼ SED � Kd þ b

(6)

where Kd is the reaction rate constant, and b is the intercept.
Variation in h as a function of SED is given in Fig. 12. The reaction
rate constants for ceramic, glass and no pellet reactors were 0.3982,
0.3453 and 0.3397, respectively. The ceramic Raschig rings reactor
had the best H2S decomposition capability of all the reactors.
3.4. Destruction mechanism for H2S and analysis for by-products
A DBD plasma generates electrons with sufﬁcient energy to
cause the formation of gas-phase radicals, thereby driving the
reactions of decomposition and oxidation of H2S to form end
products including H2O, SO2, and SO3. The removal of H2S probably
depends on two mechanisms: (a) direct removal caused by the
collision of electrons and (b) reaction between H2S molecules and
gas-phase radicals (indirect gas-phase radical reaction). Gas-phase
radicals may consist of O�, OH�, HO,2 and O3. Suggested reactions at
normal temperature and pressure are shown in Equations (7)e(18)
[11,14e16,25,26].

SO2 þ HO,2 /SO3 þ OH,

(18)

It can be seen from these reactions that generation of HS radicals
is a very important step resulting in further oxidation and removal
of H2S molecules. The dominant pathways for the removal of H2S
are described in Fig. 13.
In our experiments, the contents of both the inlet gas and outlet
efﬂuent were conﬁrmed through GC-MS. From the mass spectrograms of inlet and outlet gases in Fig. 14A and B, we could determine that the main components of the inlet gas were O2, H2S and
CO2, while in the outlet gas, the main products were O2, less H2S,
CO2, SO2 and SO3. The assignment of the peaks at m/z ¼ 39.94, 68.09
and 69.86 requires further investigation.
To conﬁrm the products of H2S decomposition, the gas products
were sampled into distilled water and the ion chromatography (IC)
technique was employed to analyze products qualitatively. As
2�
shown in Fig. 15, the main anions were Cl�, NO3�, SO2�
3 and SO4 ,
and no other anions were detected in the sample using IC. The SO2
and SO3 in outlet gas are the products of H2S decomposition, while
the NO3� is assumed to result from nitrogen oxides in the efﬂuent.
The origin of Cl� is unclear at this stage.
4. Conclusions
The abatement of H2S with non-thermal DBD plasma was
experimentally investigated in a coaxial cylindrical reactor. The
main results are that the efﬁciencies (as measured by the SED) for
reactors containing different pellets were in the order: ceramic
Raschig rings reactor > glass beads reactor > no pellets reactor
under the same experimental conditions. Cg generally decreased
gradually with increasing applied voltage, but Cd increased with
higher applied voltage. Both the number and average energy of the
electrons and active radicals increased with increased applied
voltage or AC frequency, which led to higher H2S removal efﬁciency.
Longer gas residence times (which result in greater collision probability between H2S molecules and electrons and radicals) enhanced
the removal of H2S, as did the choice of pellet material. The highest
EY was 7.30 g/kWh for the ceramic Raschig rings reactor. The likely
major products in the outlet efﬂuent were H2O, SO2, and SO3.

H2S þ e / H� þ HS�

(7)

H2S þ OH� / HS�þH2O

(8)

H2S þ O� / HS� þ OH�

(9)

HS� þ OH� / SO2 þ H�

(10)

HS� þ O� / SO2 þ H�

(11)

HS� þ O3 / SO2 þ OH�

(12)

HS, þ HO,2 /SO2 þ H,

(13)

HS� þ O� / SO3 þ H�

(14)

HS� þ O3 / SO3 þ H�

(15)

SO2 þ O� / SO3

(16)
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 The treatment of 7 dilute VOCs vapors

in air using non-thermal plasma was
investigated.
 Very fast degradation rates were
obtained.
 Benzene and MEK were most difficult
to degrade while hexane was the
easiest.
 Large residual ozone concentrations
were observed.
 Tar-like deposits was observed when
treating ethylbenzene and toluene.

a r t i c l e

i n f o

Article history:
Received 13 January 2016
Received in revised form 29 February 2016
Accepted 1 March 2016
Available online 5 March 2016
Keywords:
Non-thermal plasma
Dielectric barrier discharge
Deposits
VOCs removal
Air pollution control

a b s t r a c t
Non-thermal plasma (NTP) is an emerging technology for the treatment of volatile organic compounds
(VOCs) in polluted point source air streams. Here, a dielectric barrier discharge NTP was used to evaluate
the treatment efficiency of several common VOCs at constant experimental conditions (gas residence
time of 0.016 s in the plasma zone, 95–100 ppmv average inlet VOC concentration in air). When treated
as single pollutant with a specific input energy (SIE) of 350 J L1, the removal efficiency of the VOC followed the following sequence: methyl ethyl ketone (50%), benzene (58%), toluene (74%), 3-pentanone
(76%), methyl tert-butyl ether (80%), ethylbenzene (81%), and n-hexane (90%). The effects of pollutant
structure on VOC removal efficiency were investigated. The highest removal efficiencies were observed
for compounds with the highest percentage of hydrogen in their molecular structures. During treatment
of toluene and ethylbenzene vapors, a dark brown, tar-like deposit formed inside the plasma reactor. The
deposit formation rate depended on both treated VOCs as well as on experimental conditions such as VOC
concentration, and SIE.
 2016 Elsevier B.V. All rights reserved.

1. Introduction
The emission of volatile organic compounds (VOCs) from
anthropogenic sources is an important factor associated with
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human and environmental health, and has both local and global
impacts. For example, benzene emissions have been linked to
childhood leukemia in Houston, TX [1], a high correlation between
VOC emissions and some types of cancer (i.e., brain, endocrine system, and skin) has been reported [2] and many VOCs are precursors
to ozone formed by photochemical reactions leading to increased
asthma [3].
Different technologies have been used for controlling VOCs,
including adsorption, incineration, condensation and biological
treatment [4–6]. Adsorption is generally cost-effective only for
low concentrations of VOCs, whereas incineration and condensation are best used for high VOC concentrations [7]. For air streams

http://dx.doi.org/10.1016/j.cej.2016.03.002
1385-8947/ 2016 Elsevier B.V. All rights reserved.
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with medium to low concentrations of VOCs, biological treatment
methods (e.g., biofiltration) have proven to be effective, however
biofiltration is only applicable to the treatment of biodegradable
pollutants [4].
An emerging air pollution control technology is non-thermal
plasma (NTP) which has the potential to treat high flows for both
low (<100 ppmv) to high (>1000 ppmv) concentrations of pollutants [8–11]. In particular, NTP or cold plasma has been used to
treat air contaminated with elemental mercury, H2S, SO2, NOx,
odors, and VOCs such as toluene, benzene, acetone, and trichloroethylene [12–19].
In NTP, electrons and their surroundings are not in thermal
equilibrium. Electric discharges in the gas heat the electrons
instead of the gas itself, and the resulting high energy electrons,
active radicals and ions promote numerous chemical reactions in
the ionized zones thus produced. While NTP is a very promising
development for a variety of applications [20,21], it also has some
drawbacks, notably low energy efficiency, incomplete oxidation of
the pollutants undergoing treatment, and the formation of undesired by-products [22–24]. For example, the low selectivity of the
oxidation reactions can lead to toxic by-product formation such
as CO, NOx, and O3 [25,26] and typical values for VOC conversion
to CO2 are only 30–70% [27,28]. In light of this, the original motivation for the present study was to explore and demonstrate the
feasibility of combining NTP treatment with a biotrickling filter,
as a possible means for effective treatment of low concentrations
of selected VOCs (including recalcitrant ones such as hexane) in
air. The vision was that NTP would only provide partial breakdown
of the VOC and that incompletely oxidized by-products would subsequently be removed biologically in a biotrickling filter. This
would capitalize on the high efficiency of NTP for initial breakdown
of hard to biodegrade VOCs and rely on effective biotreatment for
completing treatment similar to other studies combining advanced
oxidation with biological treatment [29,30]. Thus, experiments
were conducted with a NTP operated at a very short gas residence
time and treating selected VOCs vapors. However, these experiments revealed that the treated VOCs were preferably converted
to all the way to CO2 without the formation of partially oxidized
volatile intermediates suggesting that the NTP as used was unsuitable as a pretreatment to a biotrickling filter. On the other hand, a
significant amount of solid was found to deposit inside our NTP
reactor, and thus the focus of the study was shifted toward characterizing the fate of common VOCs while undergoing treatment and
understanding NTP’s critical limitations.

2. Materials and methods
2.1. NTP reactor, conditions, and analytical
NTP was generated using a dielectric discharge barrier (DBD)
consisting of a cylindrical quartz tube (9 mm inner diameter,
266 mm length, 3.5 mm thick) fitted with an aluminum cylindrical
sleeve (5 cm long, 3.2 mm thick) serving as the external electrode.
The internal high voltage electrode was a stainless steel rod
(6.32 mm outer diameter, 40 cm long) positioned in the center of
the quartz tube running along the axial direction of the reactor.
Thus, the discharge gap was 1.34 mm, and the total volume of
the plasma zone in the reactor was 1.6 mL. Note that the plasma
reactor did not include any catalyst or packing materials. A schematic of the experimental setup is shown in Fig. 1. The excitation
frequency for the DBD was kept constant at 22 kHz and the voltage
was varied ranging from 7 to 10 kV using a PVM500 dielectric
barrier corona driver (Information Unlimited, Amherst, NH).
The synthetic VOC-laden air stream (6.6 L min1) was produced
using compressed air from our central laboratory air system which
produces dry and oil-free compressed air from ambient air. A
metered stream of compressed air was passed through the
headspace of a 500 mL flask containing small vials filled with the
selected VOC. This VOC-laden stream was then diluted with
another metered stream of compressed air at room temperature
to the prescribed VOC concentration (95 ppmv or 100 ppmv). For
experiments with humid air, the main air stream was split prior
to being mixed with the VOC vapor and part of it was sparged in
a container filled with deionized water. The dry and moist air
streams were combined such that the resulting air reached the
target relative humidity of 30% at 20–22 C.
The VOC concentrations at the inlet and outlet of the plasma
reactor were determined using a GC (Shimadzu 2014, Kyoto, Japan)
equipped with flame ionization detector (FID). The concentrations
of CO2 in the reactor influent and effluent were determined using a
non-dispersive infrared portable CO2 meter (Vaisala Carbon
Dioxide Meter-GMP70, Louisville, CO). Carbon monoxide effluent
concentrations were determined using Dräeger tubes (Sugarland,
TX), and the ozone concentration was measured by the iodometric
method (Iodometric Method, Standardized Procedure 001/96,
International Ozone Association) after absorption of a metered
air stream into solutions of KI. Elemental analysis of the deposits
was conducted by the Duke Environmental Stable Isotope Laboratory using a Carlo Erba Elemental Analyzer. The temperature of the

Fig. 1. General schematic of the experimental set up (see Figs. SM-1 and SM-2 for power monitoring setup).
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discharge zone was measured with a surface mounted K-type thermocouple attached to the outer electrode. Another thermocouple
was placed in the effluent air downstream of the plasma reactor.
The thermocouples were connected to a data logger to record temperature at 5-s intervals. Average temperatures were reported.

mass of deposit was performed at selected SIEs ranging from 50 to
300 J L�1. Subsequently, VOCs that caused the formation of deposits
inside the plasma reactor were tested at a constant inlet concentration (100 ppmv), flow rate (6.6 L min�1), and SIE (360 J L�1) in order
to determine the relationship between VOC removal, the rate of
deposit formation, and the time until reactor clogging.

2.2. Electrical measurements
One of the most important parameters for assessing plasma
reactors for air or gas treatment is the specific input energy (SIE),
which is the power dissipated in the plasma divided by the gas
flow rate and thus has units of J L�1. The SIE was determined using
Eq. (1) [31].

SIE ðJ L�1 Þ ¼

Power ðWÞ
Flow Rate ðL s�1 Þ

ð1Þ

The discharge power was determined using the charge (Q) accumulated on a non-inductive capacitor (C = 0.22 lF) calculated
(using V = Q/C) from the voltage measured using a high frequency
data acquisition (Nationals Instruments, NI, USB-5132) (see
Fig. SM-1 in supplementary information). Plotting Q vs. the voltage
measured across the capacitor allows calculation of the power (i.e.,
the so-called Q–V Lissajous method). The multiplication of frequency with the area of the parallelogram formed by Q vs. V is
equal to the discharge power in the DBD reactor (Fig. SM-2).
Real-time calculation of the discharge power was carried out by
a custom LabView (National Instruments, Austin, TX) code using
Matlab sub-routines.
2.3. Experimental protocol
All experiments were carried out at room temperature
(20–22 C) and atmospheric pressure. The selected VOCs were
toluene, benzene, ethylbenzene, methyl ethyl ketone (MEK), methyl
tert-butyl ether (MTBE), 3-pentanone, and n-hexane. These VOCs
were selected to determine the effect of the molecular structure
(e.g., aromatics, ketones, or alkanes) on the removal of these VOCs
in the NTP reactor and because of their frequent occurrence as air
pollutants. Experiments were conducted at a constant air flow rate
(6.6 L min�1 corresponding to a contact time of 0.016 s in the plasma
zone) and a constant inlet concentration of VOCs (95 ppmv). Determination of the VOC removal, effluent CO2, O3 concentrations, and

3. Results and discussion
3.1. Influence of SIE on VOC removal efficiency
The effect of SIE on the removal efficiency (RE) of VOCs was investigated first. Many studies have reported that when keeping the SIE
constant, increasing the VOC concentration and/or the air flow rate
decreased the RE, and that increasing the SIE at a constant air flow
rate and inlet pollutant concentration increased pollutant removal
[7,32]. As will be discussed in more details in Section 3.4, the VOCs
were primarily converted to CO2 and some unaccounted fraction
(possibly CO), and no partially degraded volatile organics were
detected by GC. The absence of partially oxidized by-products had
been explained by Nunez et al. [14] by the fact that once the reaction
is initiated, the heat of the reaction is generally sufficient to sustain
the completion of the oxidation to CO2. Fig. 2 shows the removal efficiency of the seven VOCs tested as a function of SIE. Clearly, the RE
increased proportionally with SIE, however, both the removal of
the VOCs and the effect of the SIE depended on the specific compound being treated. Selected results of this study are summarized
and compared to others in Table 1. Holzer et al. [28] investigated
the treatment of MTBE and toluene vapors; the addition of a catalyst
in their NTP system resulted in much higher removal efficiencies
(P90%) even at very high inlet concentrations (240 and 450 ppmv).
Delagrange et al. [24] reported that the oxidation of high concentrations of toluene required higher SIEs in the absence of a catalyst. In
non-catalyst applications, Mista and Kacprzyk [33] focused on the
removal of toluene using a direct current (DC) back corona discharge
reactor at room temperature and found very low RE (15%), despite
using relatively high SIE (400 J L�1). One likely reason for the lower
removal may be the additional electrode (described as a passive
electrode used for the back-ionization process), which could have
resulted in non-homogenous distribution of energetic electrons.
Differences in experimental conditions can also cause differences
in reactor performance, hence the interest in systematic studies like

Fig. 2. Removal efficiencies (REs) of selected VOCs as a function of applied specific input energy (SIE) for a flow rate of 6.6 L min�1 and an inlet VOCs concentration of
95 ppmv.
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Table 1
Comparison of selected removal efficiencies (RE) for this and other studies (some using a catalyst). Cin = inlet concentration, RE = removal efficiency, SIE = specific input energy,
V = voltage, ND = no data.
VOCs

Cin (ppmv)

RE (%)

SIE (J L�1)

Gap (mm)

V (kV)

Catalyst

g VOC removed/kW h

References

Toluene
Toluene
Toluene
Toluene
Toluene
MTBE
MTBE

95
200
50
450
240
95
200

74
15
95.9
90
55
80
�100

360
400
756
2400
172
360
1300

1.3
ND
8.0
1.5–10
6.0
1.3
1.5–10

7–10
12 (DC)
30
0–35
0–40
7–10
0–35

None
None
MnO2
BaTiO3 and LaCoO3
MnO2/AC
None
BaTiO3 and LaCoO3

2.6
1.0
0.86
2.3
10.4
2.7
2.0

This study
[33]
[34]
[28]
[24]
This study
[28]

Fig. 3. Calculated reaction rate constants of the VOCs as a function of the hydrogen weight fraction H% (w/w) for the tested VOCs for a constant inlet concentration (95 ppmv
in dry air) and SIE (360 J L�1).

ours for comparison purposes. Guo et al. [34] reported that higher
oxygen content in the gas stream resulted in slightly lower removal
of toluene. Overall, our removal data seem to indicate yields better
than most (but not all) of the selected NTP studies (see the column
(g VOC removed per kWh) in Table 1), although in absolute terms,
the energy demand for VOC treatment in NTP remains quite high.
One possible explanation for the lower yield is that significant
amounts of ozone were formed in our experiments as discussed
below, and that parasitic discharges occurred on the outer electrode
(in some instances, ozone could be detected in the laboratory). Both
account for some of the energy input not converted into beneficial
reactions.
3.2. Determination of the overall reaction rate constants
Knowing the overall reaction rate constant is important to compare systems and to predict the removal of VOCs in NTP reactors. A
previously published first-order kinetic model was used [35,36].
This model (Eqs. (2) and (3)) is semi-empirical and does not
attempt to describe the detailed chemistry occurring in the plasma
reactor. Instead, it lumps all processes into a simple equation that
often provides an adequate overall kinetic relationship. The model
has been shown to be generally applicable when the VOC removal
does not exceed 95% [37].
k
O_ þ ½VOC� ! products

ð2Þ

½VOC�
¼ e�SIE=b
½VOC�0

ð3Þ
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where O_ represents the oxygen radicals produced in the discharge
zone of the plasma, and [VOC]0 is the inlet concentration of the
VOC. The b (J L�1) parameter is thus determined by regression of
the natural logarithm of VOC/VOC0 vs. SIE. The slope of the straight
line (�1/b) is (minus) the reaction rate constant k (L J�1). The k and
b values obtained for the seven VOCs that were tested (for the dry
air condition) are reported in Table SM-1. Similar reaction rate constants values were reported for some of the VOCs by others
([23,38]). The reaction rate values reported in Table SM-1 allow
direct comparison of the reactivity of the tested VOCs since all conditions were kept the same. The results highlight that important differences exist in the reactivity of the VOCs that were selected in our
study, allowing some examination of structure-activity
relationships.
It has been suggested that the hydrogen weight fraction of the
pollutant undergoing treatment is an important factor affecting
the reactivity of VOCs in NTP reactors [39]. This is believed to be
because molecules with a greater number of methyl groups tend
to be more reactive, with a proton lost or gained at the methyl
group [14]. In Fig. 3, the reaction rate constant for each VOC was
plotted vs. the hydrogen weight fraction. Indeed, the trend shows
that a greater hydrogen fraction generally resulted in a greater
reaction rate (in particular k for hexane far exceeded all others).
This trend and proposed mechanism might explain why simple
hydrocarbons are better removed compared to aromatics or
ketones. In addition, removal of aromatic compounds (e.g.,
ethylbenzene, toluene and benzene) seem to follow their own
trend with respect to the their hydrogen fractions. Overall, this
was not unexpected. For example, Cho et al. found that molecules
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Fig. 4. SIE impact on effluent ozone concentration at a flow rate of 6.6 L min1. Typical standard deviations for the ozone measurements were 40–60 ppmv.

with oxygen or chlorine lead to formation of volatile products in
the plasma, which in turn enhanced the decomposition of VOCs
[39]. Another correlation was attempted between k and the ionization potentials as a measure of how easily the electrons in a molecule respond to a perturbation. The results are shown in Fig. SM-3
did not lead to any obvious trend adding further evidence that
reaction mechanisms are complex. Clearly, in order to develop better predictive models based on chemical structures, many more
VOCs should be tested in a systematic and quantitative manner.

needed to confirm and quantify the contribution of each of these
mechanisms. Obviously, both NOx and ozone are unwanted in the
effluent of an air pollution control device and their formations also
reduce the energy efficiency of the process. One approach to lower
ozone generation is to use a catalyst in situ or post plasma applications. For example, using a MnOx/SMF catalyst in-situ decreased
ozone formation from 800 ppmv to 500 ppmv [32]. Another study
also concluded that MnO2 catalyst (this time post-plasma)
decreased ozone production while increasing the removal of benzene vapors [15].

3.3. Influence of SIE on ozone production
3.4. Formation of deposit
Ozone production was quite important, with outlet concentrations ranging from 300 to 900 ppmv depending on the specific conditions (Fig. 4). Production of O3 was greater in the absence of VOCs
at higher SIE (>200 J L1) because ozone is consumed by the oxidation of VOCs. Using this logic, one would expect ozone concentrations to be lower when treating pollutants that are well removed,
but this was not the case, highlighting the fact that degradation of
the VOC vapor follows complex mechanisms. A similar decrease in
ozone concentration during VOC treatment was reported by Holzer
et al. [28], while Oda [23] observed that presence of VOC (i.e., TCE)
first decreased the ozone concentration (4000 ppmv–1000 ppmv),
and then remained constant. Two likely reasons for the difference
between studies are (1) the different types of high voltage rods
(bolt type or coil type) and/or (2) that a lower SIE could cause different trends in ozone production and consumption. These different types of electrodes (e.g., wire, rod or a bold) in barrier
discharge reactors might change the stability of the discharge from
the electrode to the dielectric wall (barrier). Here, as expected,
ozone production increased with increasing SIE up to 200 J L1
(Fig. 4), but at higher SIE (>200 J L1), ozone production decreased.
This decrease may be caused by different mechanisms. One possible explanation is that the temperature in the NTP increased (by
about 10 C; temperature in discharge zone was 40 ± 6 C) with
greater SIEs, and ozone is known to decompose faster at higher
temperatures [23]. Another possible explanation proposed by
Liang et al. [40] is that at higher SIE, a greater density of high
energy electron reacts with ozone thereby lowering its concentrations. Finally, it is possible that NOx (in particular NO2) were
formed at high SIE as was described by several authors (see e.g.,
Shin and Yoon, 2013) [41]. Unfortunately, NOx were not measured
in the reactor effluent. In any case, detailed studies would be

The treatment of toluene and ethylbenzene vapors resulted in a
deposit forming inside the plasma zone, whereas no deposit was
observed during the treatment of the other five VOCs tested.
Deposits were observed first as color changes (yellow–brown) to
solid surfaces (electrodes, outlet tubing) as well as a significant
amount of small dark brown particles accumulating at the exit port
of the plasma reactor (see Graphical Abstract, Figs. SM-4 and SM5). These deposits were dark brown in color and gave off a
petroleum- or tar-like odor. This came as a surprise, since the
NTP published literature is relatively silent on the formation of
such deposits. Only a few papers [34,42,43] briefly mention similar
observations, but thorough and quantitative determinations are
lacking. Guo et al. [34] reported that a yellow product was
observed after the treatment of toluene vapors in a DBD, and
described it as an aromatic polymer. A few reports exist on deposit
formation after the treatment of VOCs with non-thermal plasma
and catalyst hybrid systems [44–46]. They generally described
the deposits as polymeric substances, or carbonaceous deposits,
some were identified as benzoic acid crystals. Deposit formation
increased with decreasing flow rate or reducing the SIE. Another
study by Demidiouk et al. [42] found that solid particles formed
during the treatment of toluene vapors, but not during butyl acetate. These papers only focused on the qualitative aspects of the
deposits.
Thus, an important question was to determine what percentage
of the treated pollutant was transformed into these deposits. The
carbon content in the deposit was determined to be 54 ± 1% by
mass and nitrogen was 2.9 ± 0.1%. As shown in Fig. 5, between
1% and 3% (as carbon) of the toluene or ethylbenzene fed to the
reactor was recovered as deposit. This number still leaves a fairly
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Fig. 5. Fate of influent pollutant (as carbon mass fraction) during VOC treatment under dry and humid air conditions. (a) Toluene, dry air; (b) toluene, 30% RH; (c)
ethylbenzene, dry air; (d) ethylbenzene, 30% RH. Experimental conditions: constant inlet concentration (100 ppmv), flow rate (6.6 L min1), and SIE (360 J L1).

Fig. 6. Pressure drop determined as a function of time. Experimental conditions were 360 J L1 SIE, a gas flow rate of 6.6 L min1, and 100 ppmv inlet concentration.

large fraction of the carbon unaccounted; it is quite possible that
some semi- or non-volatiles left via the exhaust instead of being
deposited, and thus could be part of the carbon labeled as ‘‘unaccounted”. It was reported that higher concentrations of treated
VOCs (i.e., 1000 ppmv styrene) produced more (60–70%) deposits
inside a plasma reactor [35]. In our experiments, the CO concentration in the exhaust was measured, but was always below our
detection limit of 20 ppmv. It is only in selected experiments (not
shown) conducted at SIE >700 J L1 that CO in the exhaust rose
to about 50 ppmv. Because of the relatively high detection limit
of CO, CO could well be a major fraction of the carbon unaccounted
for in Fig. 5. If this was indeed the case, it would be consistent with
the large amount of CO observed by Yu-fang et al. [47].
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The time required for the deposit to cause significant clogging
was determined by measuring the pressure drop over the reactor
(Fig. 6). An increase in the pressure drop across the reactor could
cause serious malfunctions, leakages, or fractures in the dielectric
tubes. As shown in Fig. 6, a greater deposit formation was observed
in humid conditions while no deposit was observed with benzene.
This contrasts with Cal et al. [48] who reported deposit formation
during benzene vapor treatment and could easily dissolve it with a
small amount of water. Here, the deposit was different in nature
from that of Cal et al.; it was not water soluble, and required an
organic solvent (ethanol or methanol) to remove it. In addition to
the greater amount of deposit yield in humid conditions, the
structure and visual aspects of the deposit in humid conditions
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was different than in dry conditions. Under humid air condition,
the deposit formed a more compact than under dry air conditions
and some (unidentified) crystals could be seen (see Fig. SM5). The
results of Fig. 6 show that when deposits occur, they can cause
reactor malfunction if not managed properly. Solutions can include
special reactor designs and/or specific operating procedures. For
example, Zhang et al. [49] demonstrated that increasing the volume of the discharge zone and placing additional dielectric tube
(i.e., double tube dielectric barrier discharge reactor) could overcome the solid deposit accumulation inside the plasma zone.
4. Conclusions
In this study, the treatment of selected volatile organic vapors
in a DBD-type non-thermal plasma reactor was evaluated. Experiments conducted at the same operating conditions for all VOCs
allowed to determine how the treatment performance was affected
by the nature of the pollutant and by the SIE.
The main findings can be summarized as follows:
(i) Removal of 95 ppmv of the tested VOCs at 350 J L1 followed
the following sequence: methyl ethyl ketone (50%), benzene
(58%), toluene (74%), 3-pentanone (76%), methyl tert-butyl
ether (80%), ethylbenzene (81%), and n-hexane (90%). The
treated VOCs were primarily oxidized to CO2.
(ii) The solid deposits that formed when treating toluene and
ethylbenzene vapors can be problematic. About 1–3% of
the total inlet carbon was recovered as a deposit for the
treatment of 100 ppmv ethylbenzene and toluene at
360 J L1. When humid air was treated, a greater fraction
of the treated pollutant was recovered as deposit and reactor
clogging happened sooner. However, deposits from treating
benzene were minor and did not clog the reactor within the
duration of the experiments.
(iii) Deposits also accumulated downstream the dielectric tube.
They did not change the reactor’s removal efficiency, but
caused clogging problems over time.
(iv) The hydrogen content of the molecules undergoing treatment was a reasonable predictor for the trends in VOC reaction rate constants (k). Molecules with a greater hydrogen
content were more reactive and better removed.
(v) As a by-product, effluent ozone concentrations increased
with the SIE, but leveled off or decreased at high SIEs
(>200 J L1). The high outlet ozone concentrations (200–
900 ppmv) decrease the process’s energy efficiency and need
further consideration.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2016.03.002.
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a b s t r a c t
Total oxidation of mixture of dilute volatile organic compounds was carried out in a dielectric barrier
discharge reactor with various transition metal oxide catalysts integrated in-plasma. The experimental
results indicated the best removal efﬁciencies in the presence of metal oxide catalysts, especially MnOx ,
whose activity was further improved with AgOx deposition. It was conﬁrmed water vapor improves the
efﬁciency of the plasma reactor, probably due to the formation of hydroxyl species, whereas, in situ
decomposition of ozone on the catalyst surface may lead to nascent oxygen. It may be concluded
that non-thermal plasma approach is beneﬁcial for the removal of mixture of volatile organic compounds than individual VOCs, probably due to the formation of reactive intermediates like aldehydes,
peroxides, etc.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Volatile organic compounds (VOCs) are one of the major contributors to the atmospheric pollution and may have adverse
effects on human health [1]. Technical VOC mixtures of different chemical character such as aromatic hydrocarbons, alkanes,
alcohols, acetates and ketones are utilized for commercial and
industrial applications such as paints, chemical plants, and printing

∗ Corresponding author. Tel.: +91 40 23016050; fax: +91 40 23016032.
E-mail address: csubbu@iith.ac.in (Ch. Subrahmanyam).

industries. Exposure to VOCs has implications in a number of
human diseases, including cancer, cardiovascular and several
insusceptible diseases [2]. As some of the VOCs are carcinogenic
more rigorous environmental regulations have to be followed
in order to reduce the VOCs emission [1–3]. There are many
conventional methods for VOCs reduction including adsorption,
absorption, catalytic oxidation and thermal incineration. These
techniques are not effective, especially for dilute concentrations
(<1000 ppmv), where non-thermal plasma (NTP) generated at
atmospheric pressure may be energy saving due to fast ignition
response and generation of highly energetic electrons that may
contribute to plasma chemistry reactions [2–6]. Further, a synergy
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between NTP and catalytic action is expected with suitable catalyst
integration with plasma in order to overcome the low selectivity
problems of NTP [4–6]. As the typical industrial emissions comprise a blend of VOCs, an effective technology for the oxidative
decomposition of VOCs is desirable [7,8]. Catalytic NTP technique
has often been tested for the removal of various single component
VOCs, but reports on VOCs mixture are limited [9,10]. During the
present study, a mixture of VOCs of different nature was tested with
NTP combined with MnOx and AgOx /MnOx catalysts and results
were compared with NTP alone. Inﬂuence of various parameters
like design of the reactor, catalyst, presence of water vapor, concentration of VOCs, nature of the by-products formed and ozone
formation inside the NTP reactor has been studied.
2. Experimental set-up
2.1. Materials
Toluene (TOL), benzene (BZ) chlorobenzene (CB), manganese
acetate tetrahydrate and silver nitrate were also purchased from
Conversion of CB (%) =

[CB]in − [CB]out
× 100%
[CB]in

Conversion of TOL (%) =
Conversion of BZ (%) =

[TOL]in − [TOL]out
× 100%
[TOL]in

[BZ]in − [BZ]out
× 100%
[BZ]in

Global selectivity of CO SCO =

[CO]out
× 100%
6 × ([BZ]in − [BZ]out ) + 7 × ([TOL]in − [TOL]out ) + 6 × ([CB]in − [CB]out )

Global selectivity of CO2 SCO2 =
SCOx = SCO + SCO2

discharge gap was ﬁxed at 2.5 mm during the destruction of VOCs.
V-Q Lissajous method was used to determine the discharge power
(W) from which speciﬁc input energy (SIE) was calculated by dividing power (W) with ﬂow rate (l/s). SIE in the present study was
varied in between 60 and 650 J/l by changing the amplitude of AC
high voltage (14–22 kV/50 Hz). The VOCs BZ, CB and TOL were introduced with a motor driven syringe pump and were mixed with air
at a ﬂow rate of 250 ml/min at standard temperature and pressure
and were fed into the plasma reactor with a Teﬂon tube. Conversion at each voltage was measured after 30 min. The concentration
of VOCs at the outlet of reactor was measured with a gas chromatograph (Varian 450) equipped with a ﬂame ionization detector and
a VF1 capillary column (50 m length, 0.25 mm thickness), whereas
an on-line GC–MS (Thermo Fisher Scientiﬁc) was used to identify
the by-products formed. The formation of CO2 and CO was simultaneously monitored with an online infrared gas analyser (Analyser
Instruments Company, India), whereas ozone formed in the plasma
reactor was measured with UV absorption ozone monitor (API-450
NEMA). As the volume change due to chemical reactions is negligible, global selectivity of CO2 and COx was deﬁned as follows:

[CO2 ]out
× 100%
6 × ([BZ]in − [BZ]out ) + 7 × ([TOL]in − [TOL]out ) + 6 × ([CB]in − [CB]out )
where all concentrations are in ppmv.

Merck (Germany). All the solutions were prepared with deionized
water. Sintered metal ﬁber (SMF) ﬁlters made of stainless steel consisting of thin uniform metal ﬁbers of diameter 30 m, wetness
capacity of ∼30 wt% and porosity of ∼80% were acquired, Southwest
Screens and Filters SA, Belgium.
2.2. Catalyst supported SMF preparation
Manganese oxide and silver supported manganese oxide on SMF
were prepared by wet chemical route. The SMF was ﬁrst oxidized
at 873 K for 3 h, followed by impregnation with manganese acetate
aqueous solutions of desired concentration. Then it was dried at
room temperature followed by calcination in air at 773 K for 5 h
to obtain MnOx /SMF, whereas, AgOx /MnOx /SMF were prepared by
deposition of AgNO3 and drying at room temperature followed by
calcination at 773 K for 5 h. Finally, SMF ﬁlters were subjected to an
electrical hot press to shape them into cylindrical form giving the
desired discharge gap of 2.5 mm.
2.3. Experimental procedure
A detailed description of the reactor has been given elsewhere
[11]. Brieﬂy, the dielectric discharge was generated in a cylindrical quartz tube with an inner diameter of 18.5 mm. One end of the
SMF electrode was connected through a stainless steel rod to AC
high voltage, whereas the other end was connected to the inlet
gas stream through a Teﬂon tube. The gas after passing the discharge zone diffuses through the SMF and was analyzed with a gas
chromatograph at the outlet. The discharge length was 10 cm and
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3. Results and discussion
The present study has been aimed at the removal of mixture of VOCs of different nature. However, in order to understand
the oxidation behavior of VOCs in a mixture, initial experiments
were carried out with single component VOCs over MnOx /SMF,
AgOx /MnOx /SMF and SMF and the results are presented in Fig. 1.
As seen in Fig. 1a, SMF showed least conversion compared to modiﬁed catalysts. At 60 J/l, MnOx /SMF showed conversion of 30, 50
and 60%, respectively for CB, BZ and TOL and with increasing SIE to
650 J/l, conversion increased up to 90, 90 and 100%, respectively.
Interestingly, AgOx /MnOx /SMF catalyst showed higher conversion
compared to MnOx /SMF in the entire SIE range. Even at 60 J/l,
AgOx /MnOx /SMF showed 45, 60 and 75% for CB, BZ and TOL.
Even though, during the decomposition of VOCs total oxidation is
desired, in general, NTP leads to the formation of undesired products and the selectivity to CO2 may not be 100%. As seen in Fig. 1b,
selectivity to COx (CO + CO2 ) was never 100%, indicating the formation of by products along with carbonaceous deposits on the walls of
the reactor. For the VOCs tested in the present study, the selectivity
to CO2 followed the order SMF < MnOx < AgOx /MnOx /SMF.
3.1. Plasma-catalytic oxidation of mixture of VOCs
The performance of various catalytic electrodes during the
destruction of 200 ppm of mixture of VOCs (50 ppm CB, 100 ppm BZ
and 50 ppm TOL) in the SIE range of 60–650 J/l was tested. As seen in
Fig. 2a, SMF without any modiﬁcation showed ∼100% conversion
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Fig. 1. Inﬂuence of SIE and SMF modiﬁcation during the destruction of VOCs. (a) Conversion and (b) selectivity (SIE 60–650 J/l and 100 ppm of VOCs).

of TOL even at 60 J/l, whereas, under the same input energy
conversion of BZ and CB was only around 65%. Nearly the same
results were observed for MnOx /SMF, whereas, AgOx /MnOx /SMF
showed better performance than SMF and MnOx /SMF, where the
conversion of BZ and CB increased to 70 and 80%, respectively. SMF
showed complete conversion of BZ and CB only at 530 J/l, whereas,
with AgOx /MnOx /SMF the same result was obtained even at 400 J/l.
AgOx /MnOx /SMF showed better activity over SMF and MnOx /SMF
throughout the range of the present study. Among all electrodes,
AgOx /MnOx /SMF under dry condition showed the high activity
for all the VOCs. Interesting observation is that AgOx /MnOx /SMF
under humid conditions showed 100% conversion of the mixture
of VOCs at 300 J/l, whereas, relatively high energy (420 J/l) was
needed with unmodiﬁed SMF.
Fig. 2b presents the global selectivity of COx (CO + CO2 ) for various catalysts during the destruction of 200 ppm of VOCs mixture.
As seen in Fig. 2b, increasing SIE leads to higher COx selectivity
and among the catalysts studied, AgOx /MnOx electrodes showed
best selectivity (up to ∼85–95%), whereas, SMF showed only 65%
even at 650 J/l. Fig. 2b also presents the CO2 selectivity that also followed a similar trend to that of conversion, where AgOx /MnOx /SMF
showed the highest selectivity of close to 80% under dry condition.
Hence, for the mixture of VOCs, SMF showed poor carbon balance
for VOCs mixture. During the present study trace amounts of by
products (aldehyde, aromatic acids, alcohol etc.) were detected at
the reactor outlet.
Most of the industrial oxidation processes produce ﬂue gases
containing water vapor, thus the effect of water vapor on VOC
oxidation process always needs careful investigation [12,13]. The
effect of water vapor on oxidation of VOCs mixture has been examined by employing a feed gas containing 50–100 ppm of each VOC
in 2% of water vapor (20,000 ppmv). Fig. 2a and b shows the conversion and selectivity to COx as a function of SIE. As seen from
Fig. 2, AgOx /MnOx /SMF under humid conditions showed ∼85–90%
conversion even at 60 J/l, especially for CB and BZ, against 70 and
80% conversion under dry conditions. The complete conversion
was achieved with AgOx /MnOx /SMF/humid air at SIE of 280 J/l. COx

and CO2 selectivity was always high under humid conditions over
AgOx /MnOx /SMF. For example at 650 J/l, AgOx /MnOx /SMF showed
∼95% selectivity to CO2 under humid conditions, whereas for dry
mixture, it was around 80%. A similar trend was earlier reported by
Gerasimov and Kim during the destruction of VOCs, where on addition of water vapor conversion increased due to in situ formation
of OH radicals [5,12].
3.2. Decomposition of ozone on metal oxide catalysts
During the present study, SMF electrode modiﬁed by transition
metal oxides shifted the product distribution toward total oxidation. It was generally believed that ozone decomposition on the
metal oxide surface may lead to the formation of a strong oxidant
atomic oxygen that may improves the selectivity to total oxidation
[11,14–19]. In order to understand the role of ozone during the
oxidation of mixture of VOCs, its concentration at the outlet was
measured. It has been observed that 850, 450 and 350 ppm of ozone
formed at 260 J/l (Fig. 3) with SMF, MnOx /SMF and AgOx /MnOx /SMF,
respectively, whereas under humid conditions ozone concentration
with AgOx /MnOx /SMF catalyst was zero. This decrease in the ozone
concentration under humid air suggests the formation of atomic
oxygen [Eqs. (3) and (4)] on the catalyst surface that may improve
the CO2 selectivity [12,20].
e−

H2 O−→H2 O∗ → H• + HO•

(1)

H• + O3 → HO• + O2

(2)

HO• + O3 → HO2 • + O2

(3)

HO2 • + O3 → HO• + 2O2

(4)

Also, even in dry conditions, MnOx and AgOx /MnOx /SMF
decreased ozone conversion, which is in agreement with the better performance over SMF, which changed the product distribution
toward the total oxidation of mixture (Fig. 3). Even though MnOx
facilitates the ozone decomposition leading to formation of atomic
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oxygen, AgOx /MnOx on humid conditions destroyed ozone completely and showed the best performance.
Some transition-metal oxides may deactivate in NTP due to
the poisoning effect of carbonaceous deposit, whereas, during the
present study, the reactivity of AgO was stable. The oxygen species
produced on Ag may be remarkably active in the oxidative process
compared with other transition-metal oxides. Reactions (5) and (6)
are envisaged to proceed via the dissociative adsorption of O3 on
AgO, which decomposes to atomic oxygen [21,22]:
2Ag + O3 → Ag2 O + O2

(5)

Ag2 O + O3 → Ag Ag O2 + O2

(6)

O3 → O2 + Oads

(7)

I

III

The distribution of oxygen atom on Ag surface followed by the
formation of chemisorbed oxygen is thermodynamically favored
over bulk oxide [22]. The heat of adsorption of oxygen on Ag
(H = −177.2 kJ mol−1 O2 ) is larger than the enthalpy of formation of silver oxides (H = −60.6 kJ mol−1 O2 ) [21]. Once the surface
is completely covered, the formation of silver oxides from ozone
decomposition becomes thermodynamically favored as shown in
Eq. (6). Exposure of oxide catalysts to water vapor results in adsorption of H2 O molecules that may then dissociates into OH− and H+ ,
forming surface hydroxyl group.
3.3. Performance of the reactor on individual and mixture of
VOCs decomposition

Fig. 2. Inﬂuence of SIE and SMF modiﬁcation during the destruction dry and humid
air of mixture VOCs. (a) Conversion and (b) selectivity (SIE 60–650 J/l and 200 ppm
of VOCs).

Fig. 3. Activity of SMF electrodes in plasma reactor during ozone decomposition
with dry and humid air and inﬂuence of ozone concentration in the reactor on
decomposition of mixture of VOCs at 260 J/l.
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In order to understand the nature of individual VOCs (100 ppm)
and its presence in the mixture (100 ppm each) was tested in the SIE
range 60 and 650 J/l with SMF electrode modiﬁed with AgOx /MnOx
and the results are presented in Fig. 4a and b. The experiment was
performed under dry conditions. Interesting observation is that
conversion of any individual VOC is less than that in the mixture.
For example conversion of TOL was 75% at 60 J/l, whereas it was
close to 100% in the mixture at the same input energy. A similar
trend was observed for BZ and CB where higher conversion was
observed in the mixture. At 60 J/l, the removal efﬁciencies for the
mixture was 100, 60 and 50%, whereas, for individual VOCs it was
only 75, 60 and 40%, respectively for TOL, BZ and CB. Selectivity to
the COx was shown in Fig. 4b. As seen from Fig. 4b, selectivity to
COx for individual VOC was around 80% at 650 J/l, against ∼95% for
the mixture. Hence, during the destruction of individual and mixture of VOCs, individual VOC demands high energy than mixture. A
single component VOC may generate reactive intermediates. However, number of such reactive species generated in a mixture may
be more, hence a higher probability to form reaction intermediates/radicals. As seen from the data presented in the manuscript;
conversion of any VOC was higher in a mixture when compared to
individual one. Hence, it may be concluded that treatment of VOCs
mixture may enhance the utilization efﬁciency of active species
generated in NTP like high energy electrons and or radicals. This
may be due to the possible reactions taking place with excited
and/or partially decomposed molecules in the mixture.
In order to understand the observed phenomena, two fundamental types of chemisorption processes on the catalyst surface
can be proposed namely, molecular or associative chemisorption, in
which all bonds of the adsorbate molecules are retained. Whereas,
dissociative chemisorption proceeds via cleavage of adsorbate
molecules and fragmented species will be adsorbed on the catalyst
surface. As the dissociative chemisorption is always exothermic,
the reaction enthalpy is large and positive. Similar observation was
made by some authors that the VOCs can be easily activated in a
mixture [23–25]. Piotrowska and Syczewska found that the oxidation of n-butyl acetate was high in a mixture of aromatics and
alcohols [25]. These activations are probably due to the exothermic
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Fig. 4. Inﬂuence of single VOCs and mixture of VOCs on AgOx –MnOx /SMF electrode.
(a) Conversion and (b) selectivity to COx and CO2 .

character of the complete oxidation reaction, which would raise
locally the surface temperature of the catalyst [24]. Conversion at
each voltage was recorded only after 30 min and the surface area
of 5 wt% of catalyst on SMF was less than 10 m2 /g, hence the activation of VOCs in NTP is due to exothermic nature of the oxidation
reactions.
3.4. Performance of the reactor for conversion of VOCs at higher
initial concentrations
During the present study, concentration of VOCs mixture
was changed from 200 to 400 ppm in order to understand
the performance of the reactor at higher concentration
of VOCs. The experiment was performed under dry conditions. Fig. 5a presents the activity of various catalytic
electrodes during the conversion of 400 ppm of VOCs
mixture in the SIE range 60–650 J/l. As seen in Figs. 2a and 5a,
with increasing the mixture of VOCs concentration from 200 to
400 ppm, the conversion of CB decreased from 80 to 60% at SIE
of 60 J/l with AgOx /MnOx /SMF. However, as seen from Fig. 5a
SMF modiﬁcation with MnOx and AgOx /MnOx showed slightly
better conversion than unmodiﬁed SMF. For 400 ppm of VOCs
mixture the activity of the studied catalysts followed the trend
AgOx /MnOx /SMF > MnOx /SMF > SMF. Selectivity to the COx was

Fig. 5. Activity of SMF electrodes for higher VOC concentrations. (a) Conversion and
(b) selectivity to COx and CO2 .

shown in Fig. 5b. As seen from Figs. 2b and 5b, for 400 ppm of
VOC mixture ∼40% selectivity to COx was observed at 260 J/l,
whereas under the same conditions, for 200 ppm of VOCs mixture,
selectivity to COx was around 70% for AgOx /MnOx /SMF. Hence,
during the destruction of 200 ppm of VOC mixture, at any SIE,
selectivity to COx and CO2 was high. For 400 ppm of VOCs mixture, SMF showed ∼35% selectivity to CO2 at 260 J/l, whereas
AgOx /MnOx /SMF showed around 40% CO2 selectivity even at
260 J/l and reached 65% at 650 J/l. A similar trend was observed
on MnOx /SMF. Hence, selectivity toward total oxidation of VOCs
mixture increases with metal oxide integrated NTP reactor and
among the catalysts, AgOx /MnOx /SMF under humid conditions
showed improved performance toward total oxidation.
3.5. Reaction products and mechanism of mixture of VOCs
decomposition
The chromatogram and GC–MS spectra for the identiﬁcation of
intermediate products during the degradation of mixture of VOCs
are given in the supporting information. All detected compounds
were identiﬁed using the NIST98 library database with ﬁt values
higher than 35–95% probability (Table S1 in the supporting information).
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Catalytic oxidation of mixture of VOCs was studied over modiﬁed SMF catalysts and it was observed that carbon balance was not
100%. High removal efﬁciencies not always accompanied by high
COx or CO2 selectivity and formation of by-products like NOx , ozone,
partially fragmented products (benzaldehyde, ethyl benzene, aromatic or higher aliphatic hydrocarbons, aliphatic acids, aromatic
acids and alcohols) were observed by GC–MS. Little amounts of
polymeric deposits are formed on the walls of the plasma reactor
and on the inner electrode, however, they were not analyzed. MnOx
and AgOx /MnOx catalysts integration to plasma not only increased
the selectivity to CO2 , but also decreased the by-products like aromatic and aliphatic acids and alcohols. Besides these by-products,
the formation of HCl and Cl2 is also expected from chlorobenzene
[26,27]. Close to 60 ppm of NO was detected under dry conditions at SIE of 260 J/l, whereas, under humid conditions it increased
to ∼150 ppm. With increasing SIE to >400 J/l, NO concentration
approached zero, probably due to chemical reactions of NO with
active species like O, OH radicals and O3 that may lead to the formation of HNO3 . Nitric acid formation was conﬁrmed by acid–base
titration of the water after bubbling gas stream for 4 h. It has been
reported that in NTP process, NO molecules may be oxidized to NO2
and ﬁnally to HNO3 [14,28].
Concerning the reaction mechanism responsible for the removal
of VOCs mixture in plasma, decomposition by direct electron
impact is unlikely, due to the low concentration of mixture of
VOCs in air. Urashima and Chang, and Vandenbroucke et al. suggested that VOCs oxidation takes place by either radicals, negative
or positive ions [2,29]. It is proposed that the initial steps of VOCs
decomposition differ depending on the plasma regime applied,
however, it is generally accepted that ionic reaction may be favored
in both dry and humid conditions. The presence of mixture has a
beneﬁcial effect on the amount and type of undesired side products,
notably ozone and NOx . Thus, VOC mixture reduces the formation
of ozone and promotes the conversion of NOx to HNO3 . The formation of nitric acid, a desirable side product which is more readily
disposed than the NOx is favored. NO2 is formed from oxidation
of NO coupled to the conversion of organic peroxyradicals (ROO• )
to the corresponding oxy radicals (RO• ) and may promote the VOC
oxidation to CO2 [2,29,30].
In the same context, MnOx and AgOx facilitate the formation
of atomic oxygen by ozone decomposition. As observed from the
data presented, AgOx /MnOx on humid conditions destroyed ozone
completely and showed the best performance. Hence, a possible
decomposition mechanism expected to be VOC derived radicals
such organic radicals (R• ) generated during plasma reactions are
trapped by molecular oxygen (via ozone decomposition on catalytic oxide surface) to form a peroxy radical (ROO• ) and oxyradical
(RO• ) [31–36]. The reactions of such radicals either via hydrogen
abstraction by molecular oxygen and/or fragmentation lead to carbonyl derivatives, notably aldehydes and ketones. These carbonyl
intermediates may form the ultimate oxidation products, CO2 and
water [37,38]. Earlier studies found that the catalytic oxidation and
degree of destruction for a compound may also depend on VOCs
mixture [38–41].

4. Conclusions
In this work, the enhanced removal of mixture of VOCs in air
using a DBD reactor operating at ambient conditions was reported.
The present study reveals that NTP is an energy-efﬁcient technology for complete diminution of dilute VOCs of different nature.
It also reveals that plasma catalytic approach not only enhances
the conversion of mixture of VOCs, but also improves the product
selectivity to total oxidation. The experimental results during
the oxidation of dilute VOCs mixture indicated that the removal

342 | Scientific Dossier

efﬁciencies of mixture of VOCs enhanced signiﬁcantly in the
presence of metal oxide catalysts, especially MnOx , whose activity
was further improved with AgOx deposition. Water vapor may
facilitate the formation of strong oxidant hydroxyl radical on the
catalyst surface. It may be concluded that NTP assisted removal of
VOCs from a mixture appeared to be beneﬁcial than the individual
VOCs, probably due to the formation of reactive intermediates
like aldehydes, peroxides, etc. However, the selectivity to total
oxidation needs further improvement. These ﬁndings implied that
NTP is a promising technique for the removal of mixture of VOCs
with MnOx and AgOx /MnOx catalysts integration.
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This review describes the history and current status of dielectric barrier discharge (DBD) non-thermal plasma
(NTP) for volatile organic compounds (VOCs) abatement. Firstly, the history of DBD, the formation of microdischarge and its environmental applications were presented. Next, the status quo of DBD for VOCs removal was
discussed in detail from four aspects: reactor structure (include electrode material and conﬁguration, discharge
gap and length, dielectric material and thickness, and number of dielectrics), power supplies (include applied
voltage, frequency and pulsed power supply), packing materials (include packed position, properties of packing
material, loaded catalyst on support and synergy of plasma and catalysis) and gas properties (include target
reactants, gas ﬂow rate, initial concentration, oxygen content and humidity level). The description of these
factors is mainly based on their eﬀects on discharge characteristics and VOCs decomposition in DBD.
Subsequently, a number of aspects related to the practical implementation of DBD for VOCs treatment were
described. Finally, future trends were suggested based on the existing research works.

1. Introduction
As the pollution of particulate matter, SOx and NOx gradually decreases, the abatement of volatile organic compounds (VOCs) emitted
from various industries is becoming a matter of wider concern for

⁎

researchers and environmentalist. Most VOCs have high photochemical
reactivity and react easily with NOx to form ozone [1,2]. Meanwhile
VOCs are key precursor of secondary organic aerosols, which are signiﬁcant components of ﬁne particulate matter [3–5]. In addition to the
adverse eﬀects on the environment, VOCs also have hazards for human
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changes can be realized in NTP at low temperature, while they are only
possible in combustion systems and thermal discharge at much higher
temperature (> 1000 K) [36]. NTP can be produced through various
ways, including dielectric barrier discharge [40–42], pulsed/AC/DC
corona discharge [43,44], electron-beam [45,46], gliding arc discharge
[47,48], microwave plasma [49,50], etc. Among them, DBD (include
silent, surface and dielectric packed bed discharge) reactor is considered to have the following advantages: (1) Its geometrical conﬁguration is very simple; (2) It can be scaled up for industrial application
without additional diﬃculties; (3) It is available to get reliable, eﬃcient
and aﬀordable power supplies; (4) It requires no vacuum chambers
with delicate windows like electron beam; (5) The plasma conditions in
DBD are stable and reproducible [51,52]. Theoretically, DBD plasma
has lower energy eﬃciency compared to other types of plasma such as
gliding arc. However, this demerit can be compensated by optimizing
reactor conﬁguration and packing the reactor with suitable catalysts. In
addition, most of the current researchers on VOCs removal by NTP use
DBD reactors, especially in the presence of catalysts. However, there are
few reviews focusing on the application of DBD in VOCs abatement.
Therefore, it is necessary to pay special attention to DBD rather than
various discharge types to gain insight into VOCs removal by NTP.
This review presents an overview of the applications of dielectric
barrier discharge NTP in VOCs abatement. In the ﬁrst part, an introduction of DBD is given, including the history, microdischarge formation and environmental applications of DBD. In the next four parts,
the inﬂuence of reactor structure (including electrode material and
conﬁguration, discharge gap and length, dielectric material and thickness, and number of dielectrics), power supplies (including applied
voltage, frequency and pulsed power supply), packing materials (including packed position, properties of packing material, loaded catalyst
on support and synergy of plasma and catalysis) and gas properties
(including target reactants, gas ﬂow rate, initial concentration, oxygen
content and humidity level) on discharge characteristics and VOCs removal in DBD reactor are discussed. Subsequently, a number of aspects
associated to the practical application of DBD for VOCs abatement are
discussed. In the last part, conclusions and future trends for this promising technique are described.

health. Many VOCs are carcinogenic, aﬀecting the central nervous
system, causing respiratory diseases [6–8], etc.
In order to reduce the emission of VOCs, three techniques have been
developed, namely source, process and terminal control. Although the
ﬁrst two techniques can decrease the production or emission of VOCs,
end-of-pipe solution is still essential. End-of-pipe techniques include the
recovery and destruction of VOCs. The former refers to the transfer or
concentration of VOCs from exhaust gas, including adsorption [9,10],
condensation [11], absorption [12] and membrane separation [13].
The latter means decomposing VOCs into harmless substances such as
CO2 and H2O, including thermal oxidation [14], biological treatment
[15,16], catalytic oxidation [17–19], photocatalysis [20–22], thermal
plasma [23] and non-thermal plasma [24,25]. Recent reviews have
highlighted the beneﬁts and drawbacks of diﬀerent techniques available for VOCs removal [26–29]. Among these techniques, adsorption
and thermal oxidation are the most widely applied ones in the industrial sector. However, for the adsorption, the saturated adsorbents
need to be desorbed and the desorbed gas requires further treatment,
and thermal oxidation is high in energy consumption by heating a large
amount of gas [30]. Alternatively, non-thermal plasma (NTP) is widely
deemed to have the following merits: (1) Its energy eﬃciency is higher
than that of thermal oxidation. (2) It operates at atmospheric pressure
and room temperature. (3) It can be easily integrated with various
packing materials. (4) It can be quickly switched on/oﬀ [31–33].
Although Francis Hauksbee created the ﬁrst gas discharge in 1705
and Siemens invented the ﬁrst silent discharge (also referred to as dielectric barrier discharge) device for producing ozone in 1857 [34],
until 1928, the term ‘plasma’ was proposed by Irving Langmuir to describe a ‘region containing balanced charges of ions and electrons [35].
In other words, plasma is a partially or fully ionized gas consisting of
electrons, atoms, ions and ground state, metastable and excited molecules. It is worth noting that not all balanced charges of ionized gas are
plasma. In plasma, the spatial scale of the ‘region’ should be much
larger than Debye length (λD) and the density of charged species should
be suﬃciently large. The term of temperature is commonly used to
quantitatively describe plasma. In thermal plasma, the temperature of
heavy particles (ions, atoms, molecules and radicals) and electrons is
similar, indicating that almost all its species are at thermal equilibrium.
In non-thermal plasma, the temperature is beyond thermal equilibrium,
and the temperature of electrons (104-105 K) is much higher than heavy
particles (300–1000 K) due to the diﬀerences in their mass [36]. For
environmental pollution control, thermal plasma processes are used for
the decontamination of solids like sludge, ﬁlter ash, municipal waste
and hospital waste [37], while non-thermal plasma is mainly applied to
the control of gaseous pollutants like SOx, NOx and VOCs [38].
Accelerated in an electric ﬁeld, electrons in NTP reach a temperature of 10000 K to 250000 K (1–20 eV) due to their light mass [39].
Bombarded by these high-energy electrons, the ground state molecules
(e.g. N2, O2) become metastable (N2m, O2m) or excited (N2*, O2*).
These metastable and excited state particles collide with each other and
with ground state molecules or are again bombarded by electrons, and
processes such as ionization, dissociation and Penning dissociation
occur in the electric ﬁeld. Through these multi-step physical and chemical reactions, free radicals and ions are formed. These free radicals
(e.g. ·O, ·OH) are ideal oxidants that react with gaseous contaminants
and intermediates generated from the collision of electrons and precursors to form harmless products like CO2 and H2O. These chemical

2. What is dielectric barrier discharge?
2.1. History
It has been over 150 years since the invention of dielectric barrier
discharge by W. Siemens in 1857 [53]. The ﬁrst DBD device focused on
the ozone generation and it was the earliest environmental application
of an NTP. As presented in Fig. 1, the device consists of two coaxial
cylindrical glass tubes and high voltage and ground electrodes, which
were attached on the inner surface of the inner tube and the outer
surface of the outer tube, respectively. Air or oxygen passed through a
narrow annular gap between two glass tubes, where discharge happened. Since then, DBD was primarily applied to generate ozone for
water disinfection. In addition to industrial application, the processes of
ozone and nitrogen oxide formation in DBD became a signiﬁcant research area for many decades [54]. An important work was made by K.
Buss (1932), who photographed the traces of current ﬁlaments on dielectric plates (as depicted in Fig. 2) and pointed out that air breakdown occurs in these ﬁlaments [55]. Then, a lot of works on these
Fig. 1. Historic ozonator of W. Siemens, 1857 [53].
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Fig. 2. Photographic footprints of current ﬁlaments [55].

current ﬁlaments was documented. Another considerable step was
taken in 1943 by T. C. Manley, who proposed a method for determining
the dissipated power in DBD by measuring closed Lissajous ﬁgures [56].
Around 1970, extensive studies were conducted to better understand
the physical and chemical processes in DBD. These research eﬀorts not
only improved the performance of ozone generator, but also promoted
the application of DBD in other ﬁelds, including surface modiﬁcation,
excimer UV lamps, CO2 lasers, plasma display panels, contamination
control and greenhouse gas recycling and utilization [57]. The abatement of VOCs with DBD began around 1990. More details about the
history of DBD can be found in Kogelschatz’s reviews [51,57–60].
2.2. Micro-discharge formation
Dielectric barrier discharge is characterized by inserting one or
more dielectrics between the high voltage and the ground electrode. As
illustrated in Fig. 3, there are two common DBD reactor conﬁgurations,
namely panel and cylinder. Since DC cannot pass through insulating
dielectric, the power applied to a DBD should be AC or pulsed high
voltage power. The gas discharge characteristics between the two
electrodes will change due the presence of the dielectric. An intact dielectric can limit the amount of accumulated charge and avoid spark or
arc in the discharge gap. The material commonly used as a dielectric
barrier is glass or silica glass, and in some special cases ceramics or
polymer layers are also used.
When the electric ﬁeld strength of the discharge gap is large enough
to cause breakdown, the electron density at certain regions reaches a
critical value, and a large number of independent short-lived current
ﬁlaments (i.e. micro-discharge) are produced. The common appearance
of micro-discharges in a DBD at atmospheric pressure is shown in Fig. 4.

Fig. 4. End-on view of microdischarges in atmospheric-pressure air [51].

Each micro-discharge has an approximately cylindrical plasma channel
with a radius about 100 μm. A single micro-discharge develops rapidly
in few nanoseconds to tens of nanoseconds and propagates at the dielectric surface to form a surface discharge, which has a larger radius
than the original current ﬁlaments channel. As a result, the transferred
charge accumulates on the surface and decreases the electric ﬁeld
strength. As the electric ﬁeld is further weakened, the micro-discharge
extinguished when the attachment of electrons exceeded ionization.
Every time the polarity of the AC voltage changes, a new micro-discharge is created at the original position. Fig. 5 depicts the model of an
individual micro-discharge. The charges transported by a single micro-

Fig. 3. Illustrations of various DBD reactors.

Fig. 5. The shape of a single microdischarge [64] .
3
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discharge are in the order of 100 pC and the energies are in order of μJ
[61].
It is noteworthy that ﬁlamentary discharge is not the only form of
discharge in DBD. There are various discharge types such as ﬁlamentary, regularly patterned or diﬀuse, laterally homogeneous discharges
that can exist in DBD [62]. In the study by Starostin et al. [63], diﬀerent
types of DBD were observed, including stationary ﬁlaments, Townsend
discharge, non-stationary microdischarges and glow. They investigated
the pathways of formation and temporal evolution of the diﬀuse glowlike DBD at atmosphere pressure by means of optical (fast imaging
camera) and electrical diagnostics.

research of VOCs abatement. In the past two decades, extensive research on catalysts in DBD has been carried out, such as diﬀerent
packing materials and metal supported catalysts, the location of the
catalyst, and the like. In addition to its combination with catalysts,
some researchers have focused their attention on conﬁguration improvements in DBD reactor and the destruction of mixture of various
VOCs. Since organic by-products are unavoidable in the degradation
process of VOCs, it is necessary to use mineralization rate (also refers to
as COx selectivity) and CO2 selectivity rather than just removal eﬃciency as evaluation index. The type of organic by-products generated
during VOCs degradation has not been discussed detailly in this review,
as it is mainly used to speculate about the VOCs decomposition pathways. It is also worth noting that some pilot scale experiments have
been carried with gas ﬂow rates of several hundred m3/h, which is of
great signiﬁcance for the practical application of DBD.

2.3. Environmental application
Ozone production: Since 1857, ozonizer has been the most widely
used application of DBD. The formation of ozone involves two steps.
First, the oxygen was bombarded by electrons and dissociated into
oxygen atoms, and then oxygen reacts with these atoms to form ozone.
Usually, a third collision partner like O2, N2 will participate in the latter
reaction. The time scale for ozone formation during atmospheric discharge is about 10 μs in oxygen and 100 μs in air. The yield of ozone is
aﬀected by the feed gas composition, supply voltage, gas temperature,
dielectric thickness and electrode conﬁguration [65,66]. Since the low
stability of ozone requires operation at low temperatures, an eﬀective
cooling system is necessary in an ozonizer. The development of power
supply units and process control has greatly contributed to the improvement of ozonizer performance. For example, at a ﬁxed input
power, the use of high frequency power makes it possible to operate at a
lower voltage. Recently, a substantial progress in an eﬀective ozone
generation was achieved by a pulse discharge usage [67,68]. As the
fundamental physical and chemical processes of DBD are similar, some
research results on ozonizer can inspire other environmental applications.
Air pollution control: The application of DBD on air pollution control
primarily involves the abatement of gaseous contaminants like NOx,
SO2, H2S and VOCs. Depending on the chemical process, there are two
strategies for removing NOx: oxidation and reduction. Whether it is a
stationary source (e.g. coal-ﬁred fuel gas) or a mobile source (e.g. diesel
and gasoline exhaust), the most widely used technique of removing
NOx at present is selective catalyst reduction (SCR). However, activation of the SCR catalyst requires high temperature conditions (about
300℃). Instead, DBD can be operated at room temperature without
heating bulk gas. In addition, the possibility of ammonia leakage, catalyst poisoning or blockage and the construction of solution stations
will aﬀect the use of SCR [69–71]. For a stationary source like coal-ﬁred
power plants, the SCR and wet ﬂue gas desulfurization (WFGD) could
eﬀectively eliminate NOx and SOx. However, the separate treatment
system has the demerit of complicated treatment process, large construction space and high investment cost [72]. Non-thermal plasma is a
promising technique for simultaneous removal of SO2 and NOx. Recent
studies have shown that DBD can eﬀectively remove SO2 and NOx simultaneously at low energy consumption [73–75]. DBD can also be
applied to remove H2S, which emit from sewage industrial wastewater
treatment plants [76,77].
Unlike SO2, NOx and H2S, VOCs involve many kinds of organic
substances and their molecular structure are usually more complex.
Using DBD for VOCs abatement starts from around 1990, because the
concern for the pollution of VOCs was realized later than SO2 and NOx.
Table 1 gives an overview of researches on the degradation of VOCs by
DBD in past 30 years. In the early years, packed bed reactor meant
packing a dielectric material in an AC corona discharge reactor and it
can be considered as a special dielectric barrier discharge. Before 2000,
most of the experiments on DBD degradation of VOCs were without
packing materials or catalyst, and the removal eﬃciency was used as
the main evaluation index of reactor performance. Subsequently,
combining the catalyst with DBD opened a new window for the

2.4. Summary
Dielectric barrier discharge was invented some 150 years ago, i.e.,
over a century earilier than its application in VOCs abatement. In the
past 100 years, the physical characteristics and chemical processes of
DBD have been extensively investigated, and tremendous achievements
were obtained. The chemical reaction channels in DBD are provided by
a large number of current ﬁlaments (micro-discharges) and their formation process and physical characteristics have been clariﬁed.
However, ﬁlamentary discharge is not the only discharge mode in DBD.
In fact, DBD can be operated in the form of ﬁlamentary, regularly
patterned or diﬀuse, laterally homogeneous discharges. Studying how
VOCs are degraded in discharge forms other than ﬁlamentary discharge
may provide a new window for VOCs removal in DBD. Although VOCs
abatement is an emerging ﬁeld in DBD application, there are a large
number of experimental and theoretical studies on DBD itself or on
ozone generation, which are available in history for reference.
Therefore, while focusing on the status quo and looking into the future,
we should also review history, and there may be some serendipity can
be found. On the other hand, there is also a lot of research on SOx and
NOx removal as well as energy applications (e.g. CO2 conversion [78],
dry reforming of methane [79,80] and ammonia synthesis [81,82]) in
DBD, which may provide inspiration for VOCs abatement.
3. 3. Eﬀect of reactor structure
3.1. Electrode material and conﬁguration
The material and structure of the high voltage and ground electrodes directly aﬀect the discharge characteristics of DBD reactor,
thereby aﬀecting the degradation performance of VOCs. The high voltage electrode can be made of stainless steel [115], tungsten [116],
molybdenum [94], copper [117], nickel [118], brass [119], iron, metallic oxide [120], sintered metal ﬁber [121] or MWNTs (Multi-walled
carbon nanotubes)/sponge [122] with a structure of wire [123], rod
[124], bolt [125] and coil [126]. The discharge current and electrical
ﬁeld distribution of plasma reactor is directly aﬀected by work function
and secondary electron emission of the cathode [127]. Jin et al. [128]
used a plasma reactor with diﬀerent high voltage electrodes (tungsten,
copper and steel) to degrade toluene and xylene, indicating that the
removal eﬃciency of VOCs is positively correlated with the secondary
electron emission coeﬃcient of electrodes. Jahanmiri et al. [119] investigated the inﬂuence of electrode material on naphtha cracking
through a pulsed DBD plasma reactor and found that process energy
eﬃciency was in the order of: steel > Al ≫brass > Fe > Cu. Yao
et al. [120] observed a remarkable discharge currents increase in the
reactor with MgO/NiO/Ni cathode and NiO/Ni cathode than the one
with Ni cathode and discharges with oxide cathodes displayed better
toluene decomposition performance than the one with Ni cathode. The
geometry of inner electrode aﬀects the formation of micro-discharge
4
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50 Hz, 5–8 kV
50 Hz, 3–11 W

10–27 kV

50 Hz
60 Hz, 12–21 kV
50 Hz, 12.5 kV

Packed bed
Packed bed, sequential

Double DBD & packed bed

Packed bed
Packed bed DBD
Packed bed DBD, PPC &
IPC

0–60 kV
30 kV, 50 Hz

11 kV, 350–750 Hz
10.1 kHz

Sliding DBD
TiO2/UV-DBD

Packed bed DBD
Packed bed DBD

7–10 kV, 22 kHz

DBD

0–30 kV, 50 Hz
15–24 W

15–20 kV, 50–500 Hz
50 Hz, 0–15 kV
5–9 kV, 10 kHz

Packed bed DBD
Packed bed DBD
Packed bed DBD

DBD
Packed bed DBD

50 Hz, 14–22 kV

DBD, catalytic electrode

1 kHz

16.5–17.5 kV,
10.25–13.25 kHz
9–12 kV, 2 kHz

15–19 kV

Silent discharge

Packed bed DBD, PPC &
IPC
Packed bed DBD,
sequential
Packed bed DBD, PPC &
IPC

60 Hz, 18 kHz, 3–16.4 kV

14–16 kV
100–600 Hz
50 Hz
12.5–22.5 kV, 200– 450 Hz

0.2 L/min
0.3–1 L/min
0.3–1 L/min
3 L/min, 3–12 s

60 Hz, 16–19 kV
50 Hz, 5–50 kHz, 4.5–30 kV

DBD
Dielectric & surface
discharge
Packed bed

DBD
Packed bed DBD
Packed bed DBD
DBD, catalytic electrode

1.0–2.0 L/min
0.35 L/min, 2.7 s

4.5 kHz
5,10 kHz, 6,8 kV

Silent discharge
Surface discharge

3

TiO2
Halloysite
LaMO3 (M: Mn, Fe, Co)

1000 m3/h
1 L/min

CeO2-MnOx

BaTiO3, TiO2/ Al2O3
MnxOy/SBA-15
CeO2/HZSM-5, CuO/MnO2, Ag/
TiO2

MnOx, AgOx/Sintered metal ﬁber

Ba–CuO–Cr2O3/Al2O3

BaTiO3, γ-Al2O3,Ag2O, MnO2/
Al2O3
Ag/HZSM-5

Ag/TiO2
NaY, HY, Ferrierite, HMordenite
MnOx, CoOx/Sintered metal ﬁber

BaTiO3, Al2O3
γ-Al2O3
γ-Al2O3, α-Al2O3, silica gel, quartz
powder

BaTiO3
BaTiO3, Al2O3, Ag,Co,Cu,Ni/
Al2O3
BaTiO3

BaTiO3

BaTiO3

Packing materials

0.3 L/min
1, 2 m3/h

250–500 m / h
0.13–0.4 L/min

6.6 L/min

8.7 L/min
0.3 L/min
3–15 s

0.25 L/min

0.6 L/min (ad), 0.06 L/min
(de)
0.5 L/min

1 L/min

0.5–1.5 L/min
4 L/min
0.5 L/min
0.5 L/min

0.2 L/min
1.0–2.0 L/min
0.1 L/min

1 L/min

0.5–1.5 L/min, 3.0–8.9 s
0.2 L/min

0.2,0.8 L/min
7.9 s
7.9 s
10 L/min
1.5, 3.6, 8.0 s

60 Hz

Packed bed

Flow rate /residence time

Power supply

Reactor type

Table 1
An overview of researches on the degradation of VOCs by DBD.

Toluene (100)
Butyraldehyde (11–90)
Ammonia (11–90)
VOCs from compost plant (13.1–21.5)
Ethyl acetate (1 0 0)

~62
40
83
62.9
98.8

95.94

50–90

~70
100
90
90
~75
94
~99

Dichloromethane (200)
Toluene (1 0 0)
Benzene (1 0 0)
Chlorobenzene (100)
Toluene (243)
Toluene (1 0 0)
Chlorobenzene (50–250)
Toluene, benzene, ethylbenzene, methyl ethyl ketone, methyl tertbutyl ether, 3-pentanone, and n-hexane (95)
Isovaleraldehyde (2–10)
Toluene (500–2500)

~97

~100

100

Toluene (200)

Benzene (7.6 µmol)

Toluene (500)

100
~85
87
100

69

p-terphenyl
Toluene (200)
p-xylene (0–500)
Benzene (203–210)
Toluene (200)
Toluene (100–1000)

100
100
98.1
80
80
94

Toluene (57–234)
o-xylene (200)
TCE (200)
Toluene (50–400)
MEK (125)
Butane (1000)
Benzene (200)

95
80
97
99
100

100
95
67
~90
90
99
97
99

Toluene (23–235)
CH2Cl2 (500,1000)
CFC-113 (500,1000)
TEC (500)
CFC-22(1000)
CFC-113(100)
Formaldehyde (40–120)
Trichloroethylene (1000)

Benzene (500), Toluene (480), Xylene (480), Cumene (450),
Diethylether (500, 800), Dichlormethane (460)
Benzene (200)
Acetaldehyde (1000)
n-eicosane

RE

Target pollutant (ppm)

[112]
[113]

[110]
[111]

2018
2019

2018
2018

2016
2017

2016

[107]
[108]
[109]

2013
2014
2015

2012

2010

2009

2007

2003
2004
2005
2006

2000
2001
2002

[104]
[105]
[106]

[103]

[102]

[101]

[100]

[96]
[97]
[98]
[99]

[93]
[94]
[95]

1999

1998
1999

[90]
[91]
[92]

1997

1996

1995
1996

1993
1993

1992

Year

[89]

[88]

[86]
[87]

[84]
[85]

[83]

Ref.

(continued on next page)

78.6

54–63
(SCO2)
5–35
90.73
(SCO2)
~80 (SCO2)
72

~82
61.7

~82
~85
~82

~100

~80

63
95
76 (SCO2)

MR/SCO2
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100
Toluene (61.35 μmol)

96.83

[114]

2019

and the discharge gap. For example, the sharp edge of bolt electrode
can distort the surrounding electric ﬁeld, resulting in more high-energy
electrons than the rod and wire one [129]. The coil electrode exhibits
lower gap capacitance than rod and bolt electrodes, indicating that the
dielectric loss in the barrier can be decreased by coil electrode [130]. As
the diameter of inner electrode increases, the discharge gap reduces,
thereby increasing the average electric ﬁled strength, resulting in more
active species. Also, a large diameter means a large surface area, resulting in more secondary electron emission [131].
The materials that make up the ground electrodes are similar to the
high voltage electrodes, but the structure is diﬀerent, especially for
cylindrical reactors. Typically, the ground electrode is a wire, tape,
sheet or mesh that wrapped around the surface of dielectric. Some researchers also used silver paste as a ground electrode [132,133]. Bahri
et al. [134] investigated the eﬀect of ground electrode conﬁguration on
ozone production. The results showed that Agpaste has higher energy
yield than Alfoil and stainless-steelmesh. There is no secondary electron
emission at ground electrode, so the diﬀerence between various electrodes is mainly due to its structure rather than material. When a foil or
mesh used as ground electrode, streamers or corona discharges are
formed in the void between electrode and dielectric [97]. The energy
used to ionize air in the outer of dielectric can be considered as “wasted
energy”, meaning that it does not contribute to the degradation of VOCs
or the production of ozone. Using sliver paste as ground electrode, the
gap between electrode and dielectric barrier can be eliminated
[133,135]. Thereby more energy is used to ionize the gas inside reactor,
resulting in higher energy yield and better degradation of VOCs.
3.2. Discharge gap and length
A suitable discharge gap is signiﬁcant for VOCs abatement in DBD.
On the one hand, increasing the discharge gap increases the gas residence time, which facilitates the removal of VOCs. On the other hand,
increasing the discharge gap reduces the average electric ﬁeld strength,
which is detrimental to the abatement of VOCs. In addition, if the
discharge gap is changed by changing the diameter of cathode, the
secondary electron emission of the cathode also aﬀects the degradation
of VOCs. The discharge gap of DBD reactor in laboratory usually ranges
from 1 to about 15 mm. Magureanu et al. [136] compared the removal
eﬃciency of trichloroethylene (TCE) for various discharge gap in the
range of 1–5 mm. The results showed that shorter gap (1–3 mm) is more
favorable for the conversion of TCE. However, in the dry reforming of
methane experiments conducted by Khoja et al [137], the conversion of
methane and CO2 increased ﬁrst and then decreased with the increase
of discharge gap (1–5 mm). A higher power density can be achieved at a
constant discharge power, and current ﬁlaments are more likely to
cover the entire discharge volume with a small gap [138]. But if the gap
is too short, arc or spark discharge may occur, and the interaction between target contamination molecule and active species might be limited due to a short residence time. Therefore, to obtain a good performance of DBD for VOCs abatement, both discharge gap and the
residence time should be considered.
The discharge length also plays a signiﬁcant role in DBD degradation of VOCs. By increasing the eﬀective discharge length, lower voltage is required to achieve the plasma ignition. An increase of the
discharge length leads to a higher eﬀective electrode surface, resulting
in more micro-discharge inside the reactor, which increases the probability of gas breakdown [134]. In addition, increasing the discharge
length will increase the residence time of VOCs in the plasma zone,
which is advantageous for the decomposition of VOCs due to the increased chance of collision between VOCs molecule and energetic
electrons and other reactive species. Chang et al. [139] investigated the
degradation of styrene with various discharge length (10, 20, 30, 40,
50, 60 cm) and found that the input power increased linearly with
discharge lengths. The selectivity of CO2 also improved with the increase of discharge length. The same experimental results were

RE: removal eﬃciency, MR: mineralization rate, SCO2: selectivity of CO2

10 kHz
Packed bed DBD,
sequential

0.5 L/min (ad), 0.5–1.2 L/
min (de)

Ag/ZSM-5

RE
Power supply
Reactor type

Table 1 (continued)

Flow rate /residence time

Packing materials

Target pollutant (ppm)

MR/SCO2

Ref.

Year
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obtained by Zhang et al. [140]. However, at a ﬁxed input power, a long
discharge length means a smaller power density due to the enlarged
plasma region. Moreover, increasing the discharge length results in
higher energy loss due to heat dissipation of dielectric barrier [141]. As
a result, increasing the discharge length may reduce energy eﬃciency.
3.3. Dielectric material and thickness
The insulating dielectric material in DBD reactor can be glass [142],
quartz [143], plexiglas [144], pyrex [145], alumina [146], mullite
[147], ceramics [148], polytef [149], polyethylene therephtalate [150],
teﬂon and epoxy resin [151]. Among these materials, quartz is the most
widely used due to its moderate price and commercial availability. The
dielectric permittivity aﬀects the discharge characteristics of DBD,
which aﬀects the degradation of VOCs. Since the dielectric capacitance
and the gas gap capacitance are connected in series in the circuit, increasing the dielectric capacitance increases the electric ﬁeld strength
of the discharge gap which results in more micro-discharge. Zhu et al.
[152] investigated the inﬂuence of dielectric material on toluene removal and found that the discharge current and toluene removal rate of
the 99-ceramic reactor were higher than that of quartz reactor. They
attributed this diﬀerence to the higher relative permittivity of 99ceramic (5–10) than quartz (3.5–4.5). In the study of Khoja et al. [137],
it was observed that the conversion of methane and CO2 of aluminum
dielectric reactor were slightly higher than that of quartz. They believe
this is because the surface of aluminum reactor is porous and rough,
which increases the gas residence time. Therefore, the longer residence
time in aluminum reactor allowed more collision between gas molecules and energetic electrons due to its porous peculiarity. Moreover,
Meiners et al. [153] found that the reactor with MgO dielectric has
higher electron densities than that of aluminum reactor at the same
input energy. They attributed this to the higher secondary electron
emission of MgO (0.11) than that of alumina (0.099).
The performance of the DBD reactor is also aﬀected by the thickness
of dielectric barrier, which typically ranges from 1 to 3 mm. As the
thickness of the dielectric barrier increases, the required plasma ignition voltage increases and the current pulses reduces [153]. Mei et al.
[138] investigated the inﬂuence of dielectric material thickness on CO2
conversion and they pointed out that increasing the thickness of the
quartz dielectric reduced the conversion of CO2 at a ﬁxed speciﬁc energy input due to a decreased transferred charge. Interestingly, Ozkan
et al. [147] observed the opposite results. In their study, a thick dielectric is more conducive to CO2 conversion due to the formation of
more micro-discharge. Therefore, the inﬂuence of dielectric thickness
on the performance of DBD reactor is not certain, but it is related to
other conditions of the system. In addition, the thickness of the dielectric barrier cannot be chosen at will. Because most dielectric material are fragile, electrical breakdown may occur if it is too thin.

Fig. 6. Conﬁguration of DDBD reactors.

regions, which may be more advantageous for the decomposition of
VOCs. In the study by Jiang et al. [130], it was demonstrated that
benzene could be degraded in both discharge regions and the highest
benzene removal eﬃciency could be obtained while utilizing two regions simultaneously.
Some studies have shown that VOCs can be eﬃciently removed in
DDBD [154,155], but there are not many studies comparing DDBD with
traditional SDBD. Fig. 7 presented the current and voltage waveforms of
DDBD and SDBD. Obviously, the current pulses in SDBD are more than
DDBD, which means more micro-discharges are formed in SDBD. Since
micro-discharge is developed from the cathode, the inner dielectric
barrier of DDBD will prevent the advancement of micro-discharge to
the inner surface of the outer dielectric. As a result, SDBD consumes
much more power than DDBD (Fig. 8). However, a large input power
does not mean that the removal eﬃciency of VOCs is destined to be
higher. Because there is a lot of energy that is dissipated in the form of
heat, which heats the gas and dielectric barrier. Zhang et al. [156] used
DBD to degrade styrene and found that DDBD has higher mineralization
rate and energy utilization eﬃciency than SDBD. In fact, since DDBD
has a strong and a weak discharge zone with one power supply, it can
be considered as a special two-stage reactor that achieves high mineralization of VOCs and inhibits the generation of by-product like ozone
and NOx. Much of the information about VOCs removal in DDBD is still
not clear enough and further research is needed.

3.5. Summary
Although the geometry of DBD reactor is simple, its speciﬁc structure is diverse. Various structural features, such as electrode material
and conﬁguration, discharge gap and length, dielectric material and
thickness, and number of dielectrics will aﬀect the discharge characteristic of DBD, and thus inﬂuence VOCs removal performance. In
most case, optimization of these structures will result in enhanced
electric ﬁeld or increased discharge current, which will increase the
removal and mineralization rate of VOCs. However, by-products such as
residual O3 and NOx will also increase without a suitable catalyst.
Exceptionally, in double dielectric barrier discharge (DDBD) reactor,
the discharge current will be signiﬁcantly reduced compared with a
single barrier reactor, but the VOCs removal eﬃciency may be increased. This could be due to a change in discharge type in DDBD reactor. Actually, in the area of VOCs abatement by DBD, there is not
much research on the optimization of reactor structure compared with
plasma-catalysis. Moreover, most of these existing studies do not explain explicitly how the discharge characteristics are altered by these
factors. This is largely due to the lack of electrical diagnostics for discharge behaviors and the complexity of gas discharges. In the near
future, the application of advanced plasma diagnostics (such as intensiﬁed charge coupled device (ICCD) imaging) and ﬂuid modeling
will provide new opportunities for investigating how these reactor
structures aﬀect VOCs removal.

3.4. Number of dielectrics
Although most of the current DBD reactors contain only one dielectric, the ﬁrst DBD reactor created by Siemens consisted of two dielectrics. An important reason why double dielectric barrier discharge
(DDBD) is less of concern is that its structure is more complicated than
single dielectric barrier discharge (SDBD). The electric ﬁeld strength of
discharge gap is uniform in planar DBD, whereas in cylindrical DBD it is
related with the distance to high voltage electrode. As a result, the
diﬀerence between DDBD and SDBD is more remarkable for cylindrical
reactor than for planar reactor. Therefore, the DDBD discussed later is
mainly used for cylindrical reactors. As depicted in Fig. 6, there are two
diﬀerent conﬁgurations of DDBD reactors, one of which is that the high
voltage electrode is separated from inner dielectric barrier and the
other is closely attached. For latter, both electrodes are not in contact
with plasma, so the electrodes can be protected from plasma corrosion
and etching. However, the former contains two diﬀerent discharge
7

Scientific Dossier | 357

Chemical Engineering Journal 388 (2020) 124275

S. Li, et al.

Fig. 7. Voltage and current waveform of DDBD and SDBD.

Therefore, VOCs are more easily removed at high voltages. Because the
chemical bonds of VOCs molecules are more easily destroyed by higher
energy electrons, and a large number of actives species means that
VOCs can be more fully decomposed. Although enhancing the applied
voltage can increase the removal eﬃciency and mineralization rate of
VOCs, however, it is not the case that the higher the voltage the better.
Firstly, a high voltage means more ozone and nitrogen oxides
[157,158], which are considered as undesirable by-products in the
exhaust. Secondly, if the voltage is too high, arc or spark discharge may
occur [159], and the dielectric barrier may be broken down. Finally, a
high voltage causes more energy to be dissipated as thermal energy by
heating a large amount of gas and dielectric barrier, which may result
in reduced energy eﬃciency of VOCs removal [160–162]. Hence,
choosing a suitable voltage is signiﬁcant for the abatement of VOCs in
DBD.
4.2. Frequency

Fig. 8. The input power of DDBD and SDBD.

The frequency of AC applied to DBD for removing VOCs ranges from
several tens of Hz to several tens of kHz. The same number of identical
micro-discharges is produced in each period. Therefore, a higher frequency means that more micro-discharges are generated in a ﬁxed time
[51]. Therefore, a higher frequency means that more micro-discharges
are generated in a ﬁxed time, which is beneﬁcial to the decomposition
of VOCs. At a frequency of 200 to 450 Hz, Subrahmanyam et al. [163]
found that the COx selectivity of toluene destruction increased with
elevating frequency. In the study by Liang et al. [131], the removal
eﬃciency of toluene raised with increasing frequency from 10 to
35 kHz, but the energy yield decreased. However, Ozkan et al. [164]
used DBD to split carbon dioxide and observed that the conversion of
CO2 decreased slightly with increasing frequency (16.2–28.6 kHz).
They thought this may be due to a drop in the electron density involved
in CO2 splitting. In each half-cycle, the number of current pulses at low

4. Eﬀect of power supplies
4.1. Applied voltage
The applied voltage is one of the most signiﬁcant parameters for
DBD removal of VOCs. The voltage applied to DBD reactor is in the
range of few kV to around 30 kV. At a ﬁxed discharge gap, a high applied voltage means a strong electric ﬁeld strength. Therefore, an increase in voltage causes an increase in the kinetic energy of free electrons, causing an increase in the collision cross section of electrons with
other particles, meaning that the gaseous molecule or atom is more
susceptible to ionization and dissociation. As depicted in Fig. 7, both
the number and intensity of current pluses increase with rising voltage,
which means more micro-discharges are formed at a high voltage.
8
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In contrast, for pulsed DBD, the discharge is homogeneous and without
any bright spot or irregular distribution mode. In [170], Yuan et al.
reported that both ·OH formation and energy eﬃciency of bipolar pulse
power were superior than those driven by AC power. Wang et al. [171]
investigated the eﬀect of power supply mode on removal of benzene
and found that at the same input power, the removal eﬃciency and CO2
selectivity of benzene of bipolar pulsed power were higher than those of
AC power. For pulsed discharge DBD, in addition to applied voltage and
frequency, pulse rise time, pulse-forming capacitance and pulsed modes
also aﬀect its discharge characteristics. Chirumamilla et al. [172] investigated the inﬂuence of microsecond (ms) and nanosecond (ns) pulse
on NO abatement and observed that the nanosecond is more eﬃcient
for NO conversion. The energy transfer eﬃciency is closed related with
the pulse-forming capacitor (Cp). In [149], Jiang et al. reported that the
toluene decomposition eﬃciency increases and the energy yield reduces with the increase of Cp. Jiang et al. [110] also researched the
eﬀect of pulsed modes on toluene destruction, indicating that the removal eﬃciency and energy yield decrease is in the order of: ±
pulse > +pulse > − pulse. Although pulsed DBD seems to be superior to AC DBD in VOCs abatement, AC power supply is widely applied due to economic reasons.
4.4. Summary
The power supply has a signiﬁcant eﬀect on VOCs removal in a
given DBD reactor. Generally, increasing the applied voltage amplitude
will increase the removal and mineralization rate of VOCs, but more byproducts (O3 and N2O) will be generated. In addition, a high voltage
amplitude can also lead to low energy eﬃciency. Increasing the frequency will result in more micro-discharges in a ﬁxed time, leading an
increase in removal and mineralization rate of VOCs, but also a raise in
residual O3 and NOx formation and a decrease in energy eﬃciency.
Therefore, it is imperative to choose a proper applied voltage amplitude
and frequency to trade oﬀ removal eﬃciency, mineralization rate, byproducts formation, and energy yield. Compared with AC power, a
much higher pulsed current can be obtained in a short time for pulsed
power at the same applied voltage. In addition, the discharge is more
homogeneous in pulsed DBD than AC DBD. Although pulsed DBD exhibits good VOCs abatement performance, it is not widely used for
economic reasons. In the future, using DBD to remove VOCs may
beneﬁt from the development of new power supplies.

Fig. 9. Typical voltage and current waveforms of (a) nanosecond pulsed discharge and (b) AC discharge [173].

frequency is more than higher frequency [164–166]. At high frequencies, multiple breakdowns do not occur during discharge due to
insuﬃcient time in between the voltage cycles [166]. Moreover, the
formation of micro-discharge may be choked if the electron transit time
is longer than voltage cycle. Therefore, the input power is positively
correlated with frequency but not proportional. In addition, the energy
eﬃciency of VOCs abatement reduces with elevating frequency [131].
Another notable feature of high frequencies is that it can reduce the
breakdown voltage at a ﬁxed input power. Because by operating at high
frequencies, the DBD discharge exhibits a high memory voltage due to
the accumulation of charge on the surface of dielectric [167]. In summary, the choice of a suitable frequency is important and it may also
refer to the applied voltage.

5. Eﬀect of packing materials
In order to improve the removal eﬃciency of VOCs by DBD, several
approaches have been developed, such as optimizing the reactor conﬁguration, electrode or power supplies. However, most of these approaches increase VOCs removal eﬃciency at the expense of producing
more undesired by-products (O3 and NOx), which hinder the industrial
application of DBD. In addition to the above approaches, packed bed
DBD has also been extensively investigated and it is considered to be
the most promising method because it can simultaneously increase removal eﬃciency of VOCs and suppress by-products at low energy
consumption. In packed bed DBD reactors, a packing material is positioned in plasma zone or downstream of plasma zone. In the former
case, there are synergistic eﬀects between plasma and packing material,
which promotes the degradation of VOCs. The electrical and morphological properties and the loaded catalyst of packing material all inﬂuence the characteristics of plasma and thus aﬀect VOCs removal efﬁciency as well as by-product production.

4.3. Pulsed power supply
In addition to sinusoidal alternating current, pulsed high voltage
power can also be applied in DBD reactors to generate non-thermal
plasma at atmospheric pressure. The typical voltage and current waveform of AC and pulse discharges is signiﬁcantly diﬀerent (Fig. 9). For
AC discharge, many comb-like ﬁlaments (also known as localized
micro-discharge) appear on the edge of the voltage polarity reversal,
indicating that AC discharge is ﬁlamentary mode. The discharges
mainly occur at the ﬁrst peaks of both positive and negative pulse
voltage, this means that only the ﬁrst peaks are eﬀective for discharge.
However, the peak current of pulsed discharge is much higher than that
of AC discharge at the same applied voltage. As a result, the deposition
power of pulse discharge is much higher than that of AC discharge at
the same repetition rates and applied voltage [168]. Although the
threshold voltage of discharge is relatively low for AC DBD, but its
discharges are inhomogeneous and consist of some bright spots [169].

5.1. Packed position
As illustrated in Fig. 10, the common types of packed bed DBD reactor include one- and two-stage conﬁgurations. In one-stage system (a)
(also referred to as in plasma catalysis-IPC), the packing material is
9
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Fig. 10. Types of packed bed DBD reactors according to packing material position.

positioned in the plasma region of DBD reactor. In contrast, packing
material is located in the downstream of plasma zone in two-stage
system (b) (also referred to as post plasma catalysis-PPC). In PPC conﬁguration, only long-lived species like O3 and metastable particles can
reach the packing region, while short-lived species such as electrons
and radicals are quenched before interacting with packing material.
Conversely, for an IPC system, both short-lived and long-lived species
will interact with the packing material and, more importantly, the
packing material will inﬂuence the discharge characteristic of DBD
reactor. As a result, there is the chance of contributions from electronand photon-induced processes, surface discharge, radicals and excited
species [174], which are signiﬁcant for VOCs degradation. There is no
doubt that the PPC system has an advantage in ozone suppression for
VOCs abatement. However, as concerned for the removal eﬃciency of
VOCs, it is diﬃcult to assert which conﬁguration is better. Although in
most cases, IPC conﬁguration is superior to PPC in VOCs removal
[100,157,175–180], some studies have shown that PPC system is better
than IPC [102,181]. Moreover, in the research by Durme et al. [182],
IPC or PPC system is better related to the type of catalyst.
Besides the location of packing material, operational process is another important basis for packed bed DBD reactor classiﬁcation.
According to whether the plasma is turned on when VOCs-containing
gas enters the reactor, there are continuous and sequential processes. In
a sequential operating system, VOCs are ﬁrst adsorbed onto the packing
material and then plasma is switched on to degrade adsorbed VOCs. A
signiﬁcant advantage of sequential process is that its energy eﬃciency
is higher than for continuous operation [183]. A fact that cannot be
ignored is that both IPC and PPC conﬁguration can be operated continuously or sequentially. Therefore, the packed bed DBD reactor includes four systems, namely continuous IPC (CIPC), continuous PPC
(CPPC), sequential IPC (SIPC) and sequential PPC (SPPC). In a CPPC
system, VOCs are partially decomposed and then reach the downstream
packing region if the VOCs-containing gas stream passes through discharge zone. For the SPPC system, VOCs are only degraded in the
packed area since VOCs have been adsorbed before plasma is turned on.
In some studies of CPPC system [102,181], the VOCs-containing gas
stream is in parallel with the gas stream through DBD reactor, and the
two gas streams were mixed and then passed through packed zone.
Hence, in CPPC system and SPPC system with parallel gas ﬂow, the DBD
reactor acts as an ozone generator.
Anyhow, the combination of plasma and catalyst exhibits multiple
advantages in terms of removal eﬃciency, mineralization rate and energy eﬃciency of VOCs abatement. In an IPC conﬁguration, a better
understanding of the interaction between plasma and catalyst is signiﬁcantly important for further optimization of a given system.
Therefore, the discussion of the next few sections is based on the IPC

Fig. 11. Waveforms of voltage and current for various dielectric constant of
sphere pellet at 14 kVpp applied voltage [190].

system.

5.2. Properties of packing material
Usually the materials packed in DBD reactor include ferroelectrics
(BaTiO3, CaTiO3, SrTiO3), metal oxides (CeO2, γ-Al2O3, MnOx), semiconductors (TiO2, WO3) and zeolites (ZSM, HY, 13X, SBA, MCM). These
materials can be ﬁlled alone in the reactor or after loading with metal
catalyst. The electrical, surface and morphological properties of these
materials signiﬁcantly aﬀect the discharge characteristics of DBD and
the performance of VOCs decomposition.
Dielectric constant: DBD reactor is actually a capacitor in which the
capacitance of the dielectric and the gas are connected in series in an
equivalent circuit. The introduction of a packing material means that a
new capacitor is added to the series circuit. Since the packing material
generally has a dielectric constant greater than that of air, a packed bed
reactor can store more energy than DBD alone during a single discharge. At the same applied voltage, there is a greater discharge current
when DBD is packed with a material with a high permittivity, as illustrated in Fig. 11. In addition, material with high permittivity reduce
breakdown voltage and enhance local electric ﬁeld strength, thereby
increasing VOCs removal eﬃciency [184]. In [185], benzene conversion increased with increasing dielectric constant (20 to 1100), but the
conversion is not obviously aﬀected when the permittivity is in the
range of 1600–15000. Gallon et al. [186] pointed out that the eﬀect of
permittivity in the range of less than 100 plays a very minor role in the
reduction of breakdown voltage in DBD. Therefore, dielectric constant
of packing material will only have a signiﬁcant eﬀect on the performance of DBD under a certain range. Recently, some ﬂuid model studies
have provided more information for understanding the discharge
characteristics of packed bed DBD. In a ﬂuid model investigation by
Laer et al. [187], the results indicated that the enhancement of permittivity on electric is limited to a certain value of permittivity, being 9
for a micro-gap and 100 for a mm-gap. Also, the enhanced electric ﬁeld
results in a higher electron temperature, but a lower electron density. In
[188], Zhang et al. reported that smaller pore sizes only yield enhanced
10
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ionization for smaller dielectric constants (i.e., up to εr = 200, 150, and
50 for pore sizes of 50, 30, and 10 μm). This means that plasma is more
easily formed inside pores of low permittivity materials. Hence, the
porosity of packing material cannot be neglected when investigating
the inﬂuence of permittivity on VOCs removal. Moreover, the dielectric
constant of packing material is aﬀected by temperature and humidity,
both of which are variable in DBD. As the temperature increases, the
packing material becomes more resistive rather than capacitive [189],
which is conﬁrmed by the fact that the shape of V-Q Lissajous ﬁgure
changes from a parallelogram to an ellipse [51]. Therefore, an increase
in temperature lowers dielectric constant, which may result in a decrease of VOCs removal eﬃciency.
Surface properties: DBD reactor packed with porous material is more
favorable for the decomposition of VOCs than with non-porous materials because porous material has a strong adsorption capacity, and
micro-discharge may be formed in its inner pores. Gandhi et al. [191]
examined the performance of porous and nonporous α-alumina (αAl2O3) for the degradation of ethylene in a DBD reactor and the results
indicated that the decomposition eﬃciency obtained with the porous αalumina was higher than that with the nonporous one. For porous
packing materials, their surface properties such as speciﬁc surface area
and pore size play a signiﬁcant role in VOCs decomposition by DBD.
The surface area of material is directly related to its adsorption capacity
for VOCs, which aﬀects the residence time of VOCs in reactor and the
probability of collision between VOCs and active species. As the SBET of
ﬂake-like HZSM-5 decreased from 366 to 341 m2/g, the carbon balance
of toluene removal reduced signiﬁcantly from 81.9% to 65.8% [118]. In
study by Wang et al. [109], the highest removal eﬃciency of toluene
and CO2 selectivity were obtained in a catalyst (Ce1Mn1) with the
largest surface area (84.1 m2/g). However, a high surface area does not
necessarily mean a high VOCs removal performance. For example, ZSM5 (306.6 m2/g) has a larger surface area than γ-Al2O3 (175.1 m2/g), but
γ-Al2O3 has a higher toluene mineralization rate than ZSM-5 [192].
This is because γ-Al2O3 has a higher dielectric constant than ZSM-5 and
thus has a better discharge performance. Moreover, the surface area is
reduced after metal is loaded on the support, but VOCs removal eﬃciency is improved [193,194]. Wang et al. [195] investigated toluene
degradation over diﬀerent MnO2 polymorphs and found that α‐MnO2
showed the best toluene conversion, but its surface area is lower than γMnO2 and δ‐MnO2. Therefore, in addition to surface area, the dielectric
constant and crystal structure of packing material and the presence of
metal catalyst all signiﬁcantly aﬀect the degradation of VOCs.
Porous material is more susceptible to adsorbing molecules that are
smaller in size than its pore size. Compared to ferrierite, benzene is
more easily assimilated into the micropore in HY [132]. Because the
molecular size of benzene is 5.9 Å, which is smaller than the pore size of
HY (7.4 Å) but greater than ferrierite (4.3–5.3 Å). As the pore size of
HZSM-5 decreased from 0.533 to 0.522 nm, the equilibrium adsorption
capacity of toluene decreased from 39.70 to 30.32 mg/g, and removal
eﬃciency decreased from 84.9% to 79.8% [118]. In contrast, the pore
size of γ-Al2O3 is larger than that of 13X zeolite, but the adsorption
capacity of γ-Al2O3 is poor [143]. Therefore, the pore size of packing
material should not be too large nor too small, and pore size slightly
larger than the target molecular size is preferable. Considering that
both discharge enhancement and adsorption capacity are important for
VOCs removal, combining materials with diﬀerent properties may give
a better performance. After mechanically mixing ZSM-5 and γ-Al2O3,
TiO2 or BaTiO3, the mineralization of toluene is signiﬁcantly improved
compared to ZSM-5 alone [115]. In addition, the shape of pores will
also inﬂuence the electric ﬁeld enhancement and thus the plasma
properties. In the study by Zhang et al. [196], the strongest electric ﬁeld
enhancement occurs at the opening and bottom corners of the conical
pore with small opening, at the bottom of the conical pore with large
opening and at the bottom corners of cylindrical pore.
Size and shape: Since the micro-discharge mainly occurs near the
contact point of packing material, increasing the size of packing

material decreases the number of contact points and causes a decrease
in the number of micro-discharges. However, the amount of charge
transferred by a single micro-discharge will be intensiﬁed [197]. Ogata
et al. [185] studied the inﬂuence of BaTiO3 pellets size on benzene
degradation and the result indicated that the benzene decomposition
eﬃciency was: 1 mm ≈ 2 mm > 3 mm. For a given pellet size, the
total contact points between packing material will be aﬀected by the
reactor size. Therefore, the optimum packing material size may vary for
diﬀerent reactors. In addition, it should be noted that these low particle
sizes may be optimal at lab scale conditions but not adequate to pilot or
industrial scaled system due to the higher gas velocities.
Although spherical particles are the most widely used packing materials, they are not morphologically advantageous for enhancing discharge. Because a strong local electric ﬁeld is more likely to appear near
sharp edges. In the study by Chang et al. [198], three diﬀerent shapes
were tested for BaTiO3. The discharge current has a relationship of the
order: small hollow > large hollow > cylinder > sphere, which
indicates that reactor ﬁlled with hollow BaTiO3 may be more eﬃcient
for VOCs removal. Takaki et al. [190] researched the inﬂuence of
BaTiO3 shapes on C2F6 degradation. The sequence of discharge current
was as follows: hollow cylinder > cylinder > sphere. As a result, the
energy eﬃciency for C2F6 abatement in the reactor with hollow cylinder and sphere were 3.7 and 2.5 g/kWh, respectively. Furthermore,
the pressure drops of the reactor with hollow cylindrical is lower than
that with sphere [198], which is advantageous for industrial applications.
5.3. Loaded catalyst on support
Although most packing material can improve the removal of VOCs
by discharge enhancement and/or adsorption, metal catalysts are still
necessary to obtain desired performance, such as suppressing residual
ozone. An important part of plasma catalyzed removal of VOCs is to
ﬁnd a suitable combination of metal (e.g.: Ag, Co, Ni, Fe, Mn, Ce and
Cu) and support. Fig. 12 illustrated a plausible pathway of VOCs degradation in a plasma-driven catalysts system. According to Kim [126],
the VOCs decomposition process occurs primarily on the surface of
packing material rather than on the loaded metal catalyst. However, the
supported metal catalyst facilitates further oxidation of CO and carbon
balance.
The type, loading amount, shape and size of supported metal catalyst will aﬀect VOCs abatement. Although there has been a lot of research on plasma catalytic abatement of VOCs, it has not been concluded so far which catalyst is the best for a given target pollutant.
Table 2 gives an overview of VOCs removal by diﬀerent catalysts in
plasma. It is clear that the sequence of catalyst for VOCs degradation is
not consistent in diﬀerent studies. For example, for the decomposition
of benzene, Ag is superior to Cu in [144] but the opposite result was
obtained in [178]. This means that the performance of catalyst in
plasma in not only related to the target pollutant, but also to the reactor
conﬁguration, packing position, type of support and the like. The difference between various metal catalysts at a given condition depends
primarily on their ability to decompose ozone in to oxygen radicals
(O2−, O22−, O−), which are indispensable in the degradation of VOCs.
Ozone molecules are adsorbed and decomposed in oxygen vacancies,
which are electron-deﬁcient as Lewis acid sites [199].
The loading amount of metal catalyst has an optimum value. Below
this value, the increase in the amount is beneﬁcial to VOCs degradation,
and greater than this value is unfavorable. This is because a large
loading amount can provide more active sites, however, an amount
above a certain value will reduce the surface area of the catalyst. In
[144], the benzene removal eﬃciency increased with the increase of Ag
loading in the range of 4–15 wt%, and then decreased at higher loading
amount. Wu et al. [201] investigated the eﬀect of Ni loading of NiO/γAl2O3 on toluene abatement and the result indicated that 5 wt% is the
optimum value. When the loading of Ni exceeded a certain value,
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Fig. 12. Plausible mechanism for the plasma-driven catalysis of VOCs [126].

better promotion of surface-active oxygen migration in Ag-Mn(F)/ γAl2O3.

multilayer or bulk NiO may occur, resulting in a decrease of active
component area exposed to air.
In the study by Peng et al. [203], the shape eﬀect of Pt/CeO2 catalysts on catalytic oxidation of toluene was elucidated. The immobilized Pt particles on nanorods, nanoparticles, and nanocubes CeO2.
Pt/CeO2-rods achieved the best catalytic performance due to its best
reducibility and highest concentration of surface oxygen vacancies.
Further, they found the size eﬀect of Pt nanoparticles in the range of 1.3
to 2.5 nm [204]. Due to the optimum balance of Pt dispersion and
concentration of oxygen vacancy in CeO2, Pt/CeO2-1.8 exhibited the
best catalytic activity. Although the two studies applied catalytic oxidation, the results are useful for plasma-catalytic process.
Recently, some studies have shown that more eﬀective degradation
of VOCs can be obtained by combining two diﬀerent metal catalysts
such as Mn–Co [160,205], Ag-Mn [117,123,193], Mn–Ce
[109,193,202,205,206], Mn-Cu [202], Ag–Ce [207], Cu–Ce [208]. The
molar ratio of two metals will signiﬁcantly aﬀect the activity of catalyst.
The optimum molar ration of Ag-Mn was 1:2 for xylene abatement in
[117], which is due to the higher proportion of surface-adsorbed O and
better reducibility through the synergy between Ag and Mn. In [109],
the best ratio of Ce-Mn was 1:1 for toluene destruction. This is because
Ce1Mn1 catalyst has higher surface area, more oxygen vacancies and
higher mobility of oxygen species. In addition to mixing ratio, the impregnation sequence of diﬀerent metals will also aﬀect the degradation
of VOCs if catalyst is prepared by impregnation method. For example,
when Mn is ﬁrst impregnated [Ag-Mn(F)/ γ-Al2O3], a longer breakthrough time and better mineralization rate of toluene was observed
compared to ﬁrst Ag impregnation and co-impregnation [209]. This is
attributed to the larger amount of Ag+ on catalyst surface and the

5.4. Synergy of plasma and catalysis
Eﬀect of catalyst on plasma. The discharge characteristics of DBD
reactor are obviously changed after the introduction of catalytic/noncatalytic packing materials in plasma region. In a fully packed bed DBD,
the discharge mode partially changes from bulk streamers to more intense surface streams that is distributed along the surface of packing
material. This phenomenon has been conﬁrmed by Kim et al.
[210–212] through ICCD imaging and several numerical investigations
[213,214]. The formation of micro-discharge will also be aﬀected. The
propagation of micro-discharge will be limited between the voids of
packing material particles rather than the entire discharge gap. As a
result, the number and intensity of micro-discharges increase, which
leads to an elevation in the average energy of electrons and thus promoting the degradation of VOCs. Since most packing materials are
porous, it is possible for micro-discharges to form in these pores. Holzer
et al. [95] demonstrated the formation of short-lived active species in
intra-particle volume by comparing the degradation of VOCs in porous
and non-porous alumina. Moreover, Zhang et al. [215] investigated
micro-discharge formation inside catalyst pore by a ﬂuid model and
believed that plasma species can be formed in micron-sized pores.
Packing material also reduces the breakdown voltage, thereby increasing energy eﬃciency. In was observed that the breakdown voltage
decreased from 3.3 to 0.75 kV with the addition of Ni/Al2O3 catalyst in
a DBD reactor [216]. In addition to physical properties, the chemical
characteristics of plasma are also altered by the presence of catalyst. For

Table 2
VOCs removal by diﬀerent type of catalyst.
Reactor

Target pollutant

Support

CIPC
Ethyl acetate
CPPC
Benzene
γ-Al2O3
CIPC
Acetone
γ-Al2O3
SPPC
Toluene
HZSM-5
CIPC
Toluene
γ-Al2O3
CIPC/CPPC
Toluene
Al2O3
SIPC/SPPC
Benzene
HZ
CPPC
Methanol
γ-Al2O3
Here MR and RE refer to mineralization rate and removal eﬃciency, respectively.
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Reference

LaCoO3 > LaMnO3 > LaFeO3 (MR)
AgOx > MnOx > CuOx > FeOx (RE)
CuOx > MnOx ≈ CoOx > NiOx > CeOx (RE)
Ag–Mn > Ce–Mn > Mn > Ag > Ce (MR)
NiO > MnO2 > CeO2 > Fe2O3 > CuO (RE)
Au > Ag > Cu > Co (RE)
Ce > Cu > Zn > Ag > Fe > Mn > Ni > Co (MR)
Mn-Cu > Mn-Ce > Mn > Cu ≥ Ce (RE)

[113]
[144]
[200]
[193]
[201]
[177]
[178]
[202]
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instance, ozone is easily decomposed by catalysts to produce oxygenated radicals, which have higher oxidation activity, thus enhancing
the decomposition of VOCs [109,217].
Eﬀect of plasma on catalyst: Since NTP can be applied as a material
surface modiﬁcation technique, in can also be used for catalyst preparation. When the catalyst is exposed to plasma, active sites will be
more uniform and particle size will be decreased, thereby increasing the
activity and stability of catalyst [39,218]. Smaller Pt particle size and
higher dispersion of nanoparticles were observed on Pt/CeO2 after
plasma treatment [219]. In addition, a change in the concentration of
oxygen vacancies and Ce3+ in Pt/CeO2 indicates that the oxidation
state of catalyst can be changed by plasma. After 8 h of plasma process,
parent Ti–O bonds in TiO2 was reduced [174]. The energy of the
Pd–support bond increases during plasma treatment, causing a rise in
the degree of dispersion and sintering resistance of Pd, thereby a higher
stability [220]. The adsorption behavior of catalyst in plasma is different from conventional thermal catalytic process. Compared to molecules, atoms and radicals are more susceptible to adsorption by catalysts due to their lower energy barriers. For thermal catalysis, atoms
and radicals can only be produced by dissociative chemisorption of
stable precursors. However, in plasma catalyst, a large amount of radicals and atoms around the boundary layer can be directly adsorbed
with a low energy [36]. Therefore, plasma catalysis will provide new
reaction pathways, which leads to reduced activation energy and higher
reaction rate [189]. In addition to aﬀecting the process of adsorption
and surface reactions, plasma also promotes the desorption of products
by electron and ion bombardment. The gas temperature in NTP is typically less than 400 K, which generally does not result in thermocatalytic activation. However, hotspots can be created between corners
of adjacent pellets and sharp edges due to local intense electric ﬁelds
[39]. Furthermore, the metal particles dispersed on the support have a
high electrical conductivity, and Joule heating is generated as discharge
spreads along the surface [221]. Hence, VOCs may be degraded partially through thermal catalysis.

Fig. 13. Evolution of toluene and adsorbed intermediates surface coverage on
CeO2 as a function of post situ (a) and in situ (b) NTP exposure time [175].

concentration of benzyl alcohol in IPC increased faster than that in PPC
and the formation of nitrobenzene in IPC was observed. In addition, IPC
showed a higher reaction rate of toluene decomposition than PPC
system. This was attributed to the fact that the toluene on catalytic
surface is simultaneously exposed to long- and short-lived species in
IPC, while only long-lived species contributed to toluene degradation.
Although in situ detection can provide more reliable and detailed
information about the intermediates on catalyst surface, it is still hard
to sketch the real map of VOCs degradation. Based on these experimental results, using computational chemistry to obtain the reaction
pathways can lead to a better understanding of reaction dynamics in
plasma-catalysis systems. To our best knowledge, there is currently no
research on the application of computational chemistry to plasma-catalyzed oxidation of VOCs. However, in other ﬁelds of plasma catalysis,
some studies can be referenced. Shirazi et al. [223] conducted a density
functional theory (DFT) study of Ni-catalyzed plasma dry for methane
reforming. They inspected many activation barriers, from the early
stage of adsorption of major chemical fragments derived from CH4 and
CO2 molecules up to the formation of value-added chemicals at the
surface. The results indicated that the hydrogenation of a chemical
fragment on the hydrogenated crystalline surface is energetically favored compared to the simple hydrogenation of the chemical fragment
at the bare Ni (1 1 1) surface. The surface-bound H atoms and the remaining chemical fragments at the crystalline surface will facilitate the
catalytic conversion of the fragments generated from CH4 and CO2.
They believed that the retention of methane fragments, especially CH3,
in the presence of surface bound H atoms can be regarded as an identiﬁer for the choice of a suitable catalyst.

5.5. VOCs decomposition mechanisms
In order to verify the degradation pathway of VOCs in packed-bed
DBD, various surface analysis techniques such as gas chromatographymass spectrometry (GC–MS), X-ray photoelectron spectroscopy (XPS),
Raman and infrared were used to identify the species that are present
on catalytic surface during plasma processing. However, these analyses
were performed when the catalyst was removed from the DBD reactor.
Therefore, some weakly adsorbed intermediates may have been lost
before detection, so that only limited information on the catalyst surface can be obtained. The application of in-situ detection technique will
provide more real and detailed information about the intermediates. Xu
et al. [222] used an in-situ FT-IR spectroscopy to evaluate toluene
abatement process in continuous and sequential systems with NiO/
Al2O3 packed. The results indicated that toluene was gradually removed
and organic intermediates were mostly destructed after 90 min reaction
in sequential system, while the types of organic by-products accumulated on catalyst surface in continuous system, and eventually impeded
the further steps of toluene decomposition. In order to investigate the
diﬀerence in degradation of adsorbed toluene in IPC and PPC systems,
Jia et al. [175] used two complementary in situ diagnostics (diﬀuse
reﬂectance infrared fourier transform spectroscopy (DRIFTS) and
transmission fourier transform infrared spectroscopy using Sorbent
track (ST) device) to dynamically probing toluene surface coverage and
adsorbed intermediates on CeO2. As depicted in Fig. 13 (a), for PPC
system, the toluene surface coverage decreased as soon as the plasma
was turned on and the surface concentrations of benzyl alcohol and
benzaldehyde gradually increased until plateau was reached. Diﬀerent
from benzyl alcohol and benzaldehyde, the production of surface benzoic acid started beyond 500 s. Compared to PPC system, some similar
trends were observed in IPC conﬁguration (Fig. 13 (b)). However, the

5.6. Summary
Plasma catalysis is considered as the most promising way to improve the performance of DBD in VOCs abatement due to its excellent
capability in the enhancement of mineralization rate and energy
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eﬃciency as well as the suppression of by-products. There are four
types of packed-bed DBD system according to the catalyst packing position and operation process, namely CIPC, CPPC, SIPC and SPPC. For
an IPC system, the properties of packing material (such as dielectric
constant, surface properties, size and shape) will directly aﬀect the
discharge characteristics of DBD and VOCs decomposition performance.
These eﬀects can be partially conﬁrmed by measuring the discharge
characteristics, represented by the current–voltage waveforms and
Lissajous ﬁgures obtained by an oscilloscope. Recently, the application
of ICCD imaging and ﬂuid modeling has made it possible to gain a
deeper insight of discharge characteristics. It is foreseeable that eﬀects
such as packing material shape on discharge characteristics will be
explored by these advanced methods. Since temperature plays a signiﬁcant role in plasma catalyst system, investigating the change and
distribution of temperature in packed-bed DBD through ﬂuid modeling
may yield some vital ﬁndings. The loading of metal catalyst on packing
material will further improve VOCs removal performance, which is
aﬀected by the type, loading amount, shape and size of supported metal
catalyst. In a plasma catalysis system, there are synergistic eﬀects between the catalyst and plasma. However, the fundamental physical and
chemical processes of the interactions between plasma and catalyst are
still not well understood. As a result, the selection of catalyst and operating conditions in plasma process is still based on trial and error
approach. The dynamically monitoring of intermediates on catalyst
surface through in situ detection technique can provide a deeper understanding about VOCs decomposition mechanism in plasma catalysis
system. Combined with the results from in situ analysis, computational
chemistry makes it possible to tailor the catalyst for a speciﬁc chemical
reaction process. More details about the synergy of plasma and catalyst
can be accessed in recent reviews [34,36,39,61,79,189,218,224–230].

potential and hydrogen content (mass percentage). Karatum et al. [107]
chose methyl ethyl ketone, benzene, toluene, 3-pentanone, methyl tertbutyl ether, ethylbenzene, and n-hexane as target reactants to degrade
in a DBD reactor. The results showed that the molecule (n-hexane) with
the highest hydrogen content has the highest removal eﬃciency (90%).
The reaction rate constants of diﬀerent VOCs are signiﬁcantly positively
correlated with their hydrogen weight fraction. Moreover, aromatic
compounds follow their own trend with respect to their hydrogen
content. In [231], a higher hydrogen content results in higher removal
eﬃciency for aromatic hydrocarbons (benzene, toluene and xylene),
ketones (propanone, 2-butanone and 2-pentanone) and esters (ethyl
acetate, ethyl propionate and ethyl butyrate) but the results were in the
reverses order for alkanes (n-pentane, n-hexane and cyclohexane).
However, there is no obvious relationship between removal eﬃciency
and hydrogen content when considering all four types of VOCs. Hence,
the relationship between hydrogen content and removal eﬃciency may
only be applicable to diﬀerent VOCs with similar chemical structures.
Further, the lower the ionization potential, the higher the reactivity of
VOCs and radicals, which gives rise to the higher degradation eﬃciency
of VOCs. In addition, the three alkanes deviate from the main trend due
to their inclusion of more single bonds, which are more easily destructed in NTP. In the study by Kim et al. [232], no correlation between
the ionization potential and VOCs degradation was observed in plasma
driven catalyst reactor, which indicates that the decomposition mechanism of VOCs in packed bed reactor is diﬀerent from NTP alone.
Moreover, the eﬀect of chemical structure on removal rate is not negligible, e.g., the presence of double or triple bonds of CC are beneﬁcial
for initial activation during VOCs destruction [233]. In terms of total
energy demand, single bonds are cracked more easily than double
bonds. However, the second bond of a double bond needs low energy
levels to be activated and, afterwards, transformation of the activated
single bonded compounds is preferred in comparison to the non-activated single bond compound. Hill et al. found that at an input energy of
100 J/ L, the removal rates were 16% and 68% for propane and propene, respectively [234]. This is due to the limited number of available
pathways to initiate propane removal. The inﬂuence of functional
groups is also noteworthy. For example, the reason why the toluene
removal rate is greater than that of benzene is more likely due to the
presence of methyl group in toluene than its higher hydrogen content.

6. Eﬀect of gas properties
6.1. Target pollutants
There are > 100 kinds of VOCs emitted from various industrial
processes, which is a major diﬃculty in VOCs abatement. Table 3
summarizes the abatement of diﬀerent common VOCs as well as odors
(such as dimethylamine, dimethyl sulﬁde, acetaldehyde) by DBD reactor. According to the diﬀerence in chemical structure, these VOCs
include aromatics, ketones, aldehydes, alcohols, esters, alkanes, alkenes
and halocarbons. The degree of diﬃculty for various VOCs decomposition in DBD may be related to its chemical structure, ionization

6.2. Gas ﬂow rate
The gas ﬂow rate signiﬁcantly aﬀects the performance of VOCs

Table 3
Overview of various VOCs degraded by DBD.
Classiﬁcation

VOCs

Reference

Aromatics

Toluene
Benzene
Styrene
Xylene
Acetone
Formaldehyde
Acetaldehyde
Methanol
Ethanol
Ethyl acetate
Methane
Propane
Ethylene
Propene
Dichloromethane
Tetrachloromethane
Chlorobenzene
Triﬂuoromethane
Trichloroethylene (TCE)
Dimethylamine, dimethyl sulﬁde, acetaldehyde, ammonia, dimethyl sulphide, thiols, hydrothion

[33,109,114,118,143,149,157,161,235–239]
[101,129,178,207,240–243]
[116,139,140,156,232,244]
[96,117,232,245–247]
[41,200,248–250]
[86,179,208,251,252]
[94,145,253]
[42,202,206,254]
[255,256]
[113,154,231]
[155,180,257,258]
[234,259–264]
[176,191,265]
[234,258,259,266]
[267–271]
[272–274]
[103,106,133,205,275,276]
[148,277–279]
[136,272,280–285]
[112,233,286–290]

Ketones
Aldehydes
Alcohols
Esters
Alkanes
Alkenes
Halocarbons

Odors
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degradation in DBD reactor. A higher gas ﬂow rate means that more
VOCs molecules pass through the reaction zone per unit time, resulting
in a reduction in the number of active species available for each molecule. In addition, a higher gas ﬂow rate results in a shorter residence
time, which reduces the probability of collision between VOCs molecules and active particles. As a result, increasing the gas ﬂow rate leads
to a decrease in VOCs removal eﬃciency and CO2 selectivity. For example, in [109], when the gas ﬂow rate varies from 0.13 to 0.4 L/ min,
the residence time is reduced from 4.3 s to 1.4 s, the toluene decomposition eﬃciency is reduced from 93.39% to 80.84%, and the CO2
selectivity is lowered from to 92.53% to 72.18%. However, increasing
the gas ﬂow rate signiﬁcantly enhances the energy eﬃciency for a given
system [206], as the active species can be more fully utilized at a high
gas ﬂow rate. If VOCs are decomposed by a sequential processing, the
eﬀect of gas ﬂow rate will be diﬀerent from continuous processing. In
sequential treatment, VOCs are ﬁrst adsorbed on packing material and
then degraded by plasma. On the one hand, if the discharge gas ﬂow
rate is too low, there may be insuﬃcient oxygen active species to react
with the adsorbed VOCs, resulting in a decrease in mineralization rate
and CO2 selectivity. On the other hand, as the discharge gas ﬂow rate
increases, the speciﬁc input energy and residence time are reduced,
which is detrimental to the degradation of VOCs. In [114], the toluene
mineralization rate and CO2 selectivity with discharge gas ﬂow rate of
1.0 L/min are higher than that of 0.5 and 1.2 L/min. Interestingly, in
[291], as the discharge gas ﬂow rate (0.025, 0.05, 0.1 and 0.2 L/min)
increases, the CO2 selectivity increases while the CO selectivity decreases, and the mineralization rate (or COx selectivity) remains constant. Therefore, the eﬀect of gas ﬂow rate on VOCs degradation in
sequential treatment is dependent on the speciﬁc experimental conditions.

collision with electrons and active metastable nitrogen atoms and molecules. After adding oxygen, the active oxygen atoms and molecules as
well as OH radicals participate in the decomposition of VOCs, thereby
enhancing the removal eﬃciency of VOCs [268]. However, when the
oxygen content exceeds a certain value, the formation of NOx and O3
begins to prevail, which consumes a large amount of active species
derived from oxygen and nitrogen, resulting in less degradation of
VOCs. In addition, the reaction rate of O3 towards VOCs is too small to
contribute to VOCs degradation.
Several studies have reported the dependence of VOCs decomposition on oxygen content in DBD and the maximum eﬃciency was obtained at 5% O2 for toluene [292], 4% for dichloromethane [268], 2%
for triﬂuoromethane [148], 3–5% for benzene [126], 5% for p-xylene
[96]. The inﬂuence of oxygen content on COx selectivity is diﬀerent
from VOCs removal eﬃciency. In [293], the selectivity of CO2 and COx
increased with the increase of oxygen concentration, but according to
Kim [126], the selectivities of CO and CO2 were much less aﬀected by
the partial pressure of O2 compared with decomposition eﬃciency.
Unlike DBD alone, a high oxygen content enhances VOCs decomposition in packed bed reactor. After introducing catalyst, reactive oxygen
species (such as ·O, O2– and O-) can be produced from lattice oxygen
and interaction with ozone. As the oxygen concentration increases, a
large amount of ozone is formed, most of which is decomposed into
active oxygen species on the surface of catalyst, thereby increasing the
decomposition eﬃciency and COx selectivity of VOCs. In [126], the
increase of O2 concentration elevated both the degradation eﬃciency of
benzene and CO2 selectivity regardless of the type of catalysts (TiO2, γAl2O3, zeolites). If the target reactant contains oxygen atoms, the eﬀect
of oxygen content on VOCs decomposition may diﬀer from the above
results. In [249], the removal eﬃciency of acetone is decreased with
increasing oxygen concentration with or without packing materials (γAl2O3, α-Al2O3 and glass beads). This is because acetone is less reactive
with oxygen species than other VOCs such as toluene and benzene.

6.3. Initial concentration
DBD is primarily applied to treat low concentration VOCs, typically
less than 1000 ppm. Under a given operating condition, the amount of
active species such as high-energy electrons and radicals generated in
the DBD reactor is constant. Therefore, increasing the initial concentration of VOCs leads to a decrease in the number of active species
that react with each molecule, resulting in a decrease in removal eﬃciency and mineralization rate of VOCs. In [161], the initial toluene
concentration increased from 25 to 125 ppm, the removal eﬃciency
and mineralization rate decreased from 70.58% to 39.32% and from
19.60% to 6.68%, respectively. However, increasing the initial concentration will increase the amount of VOCs removed [106], thereby
increasing energy eﬃciency. This is because the probability of collision
between VOCs active species is higher when a higher number of VOCs
are introduced into the reactor per unit time. In [248], the energy efﬁciency increased from 0.56 to 1.18 g/kWh when the initial concentration of acetone increased from 100 to 300 ppm. For sequential
processing, the performance of VOCs removal is related to the amount
of stored VOCs rather than the initial concentration. In [114], as the
toluene storage increased from 53.17 to 65.44 μmol, the carbon balance
decreased from 98.26% to 92.36%, and the energy eﬃciency increased
from 1.925 to 2.369 g/kWh. The reason for this result is similar to the
inﬂuence of initial concentration on VOCs decomposition in continuous
treatment. In addition, increasing the concentration or adsorbed
amount of VOCs will cause more active species to contribute to VOCs
decomposition. As a result, the formation of O3 and NOx is suppressed.

6.5. Humidity level
Since industrial VOCs containing exhaust gases usually contain
water vapors, the eﬀect of humidity on the degradation of VOCs in DBD
is not negligible. The presence of water vapor cannot be neglected in
VOCs removal by NTP since it can be decomposed into ·OH , which has
a stronger oxidation power than other active species such as oxygen
atoms and metastable nitrogen molecules and atoms. In a DBD reactor
with photo-catalytic electrode (SMF/TiO2), the concentration of ·OH at
a relative humidity (RH) of 80% is approximately three times than that
at 10% RH [294]. The discharge characteristics of DBD are aﬀected by
the presence of water. Water vapor may cover the surface of the dielectric, resulting in reduced surface resistance and increased dielectric
capacitance, which leads to decline of total transferred discharge [295].
Similar to oxygen, the addition of suitable water may facilitate the
decomposition of VOCs due to the high oxidizing power of ·OH.
However, if too much water is introduced, the high-energy electrons
will be quenched by the electronegative water molecules, so that the
density and average energy of electrons are lowered, resulting in a
decrease in the number of active species. Many studies have reported
that the highest VOCs removal eﬃciency can be obtained at a suitable
humidity level. For example, at 20% RH for toluene [296], at 30% for
benzene [207], at 70% for ethanethiol [297]. In other studies
[93,181,201,298,299], the decomposition of VOCs is decreased with
the increase of humidity level. The diﬀerence in these ﬁndings may be
due to the variety of VOCs and experimental conditions. Fan et al.
[300], found that diﬀerent VOCs have diﬀerent sensitivity to water
vapor. Humidity suppressed benzene removal, while toluene decomposition was slightly enhanced by increasing RH from 30% to 50–80%
and p-xylene conversion was insensitive to water vapor. In packed bed
DBD reactor, the presence of water vapor may poison the catalyst by
covering a portion of active sites, which are available for VOCs and O3

6.4. Oxygen content
Since oxygen plays a signiﬁcant role in the degradation of VOCs in
DBD, the oxygen content in the discharge gas signiﬁcantly aﬀects the
performance of VOCs abatement. For DBD process alone, the degradation eﬃciency of VOCs generally increases ﬁrst and then decreases with
the increase of oxygen content. In pure nitrogen, VOCs are removed by
15

Scientific Dossier | 365

Chemical Engineering Journal 388 (2020) 124275

16

366 | Scientific Dossier

[233]
11 kV, 520 Hz, 1.5–1.6 kW
DBD + zeolite+Biotrickling ﬁlter

1000

25–80

~95

40.5–59.2
57–90
~25–90
~26–71
65,55,75,25

Benzene (2050.8–3243 mg/m3)
Emissions of water treatment plants(odor 96300–265100 OU/m3)
Toluene 100 mg/m3
Oil shale processing plant:butyl acetate (30–110 ppm)
Animal quartering centers: isobutyraldehyde, isovaleraldehyde,2-methylbutyraldehyde,and dimethyl disulﬁde,
30 mg /m3(total)
Emissions of sludge centrifugation(odor 200–1400 OU/m3)
3–10.5 kV, 1.12–3.4 kW
7–8 kV, 350–400 Hz,0.3–0.6 kW
25–100 kV,1 kHz
10 kV, 1 kHz, 150 W
0–30 kV, 50 Hz
DBD (10 tubes)
DBD+post catalyst
DBD (40 tubes)
DBD
DBD+photocatalyst

Although DBD exhibits various merits for VOCs abatement, its
commercial implementation is still scarce. There are barriers that need
to be addressed, such as the formation of stable organic by-products,
residual O3 and NOx, and the sensibility to humidity. Theoretically, the
presence of suitable catalysts can alleviate these problems, which has
been conﬁrmed in many laboratory experiments. However, the performance of plasma catalysis for the treatment of industrial VOCscontaining exhaust gas is still uncertain. Therefore, before the industrial
application of DBD (with or without catalyst) for VOCs removal, a large
number of pilot experiments should be performed. Table 4 presents
some scale-up experiments on DBD removal of VOCs. In these experiments, VOCs-containing exhaust gas come from industrial processes or

Power supply

7. Practical application

Equipment

Table 4
Scaled-up experiments of DBD system for VOCs abatement.

Flow rate m3/
h

RH

In a given DBD reactor, VOCs removal performance is aﬀected by
various gas properties, such as the type of target pollutants, gas ﬂow
rate, initial concentration, oxygen content and humidity level. The
degree of diﬃculty for diﬀerent VOCs decomposition in DBD may be
related to its chemical structure, functional groups, ionization potential
and hydrogen content. In continuous systems, an increase in gas ﬂow
rate will reduce the gas retention time, which lead to a reduction in
VOCs removal and mineralization rates, but will increase energy eﬃciency. In sequential systems, the inﬂuence of gas ﬂow rate on VOCs
removal is dependent on speciﬁc experimental conditions. Similarly,
increasing the initial concentration leads to a decrease in removal and
mineralization rate of VOCs, but an increase in energy eﬃciency. For
sequential processing, what matters is the amount of stored VOCs rather
than the initial concentration. A appropriate level of oxygen content
and water vapor will facilitate the decomposition of VOCs due to the
formation of highly oxidizing species (such as ·O and ·OH). An increase
in oxygen content will lead to an increase in ozone, which is hard to
oxidize VOCs but is easily decomposed into strong oxidizing species by
catalyst. In contrast, too much water vapor will cover the active sites of
the catalyst, thereby poising the catalyst. These results about the eﬀect
of gas properties on VOCs abatement are of great signiﬁcance for the
practical application of DBD. However, most of these results were obtained from laboratory-scale experiments. In the future, more eﬀorts
should focus on using DBD to remove VOCs-containing gases which are
close to industrial conditions.

509
196
100
2.5–5
350

6.6. Summary

50
–
–
40
53

RE
Pollutant

Reference

adsorption [299]. Therefore, the resistance to water should be considered when choosing a catalyst.
As for the inﬂuence of water vapor on COx selectivity, the results
reported by various studies are also diﬀerent. In [161] and [207], the
highest COx yield and CO2 selectivity were obtained at 30% RH, which
is consistent with the eﬀect of humidity on decomposition eﬃciency. In
other studies [93,240,296], increasing humidity enhances CO2 selectivity due to the further oxidation of intermediates by ·OH. The
presence of catalyst aﬀects the inﬂuence of humidity on CO2 selectivity.
In [300], the CO2 selectivity by DBD alone increased while that by
packed bed DBD decreased with the increase of RH. The humidity level
also aﬀects the formation of O3 and NOx. Generally, an increase in
humidity results in a decrease in O3 concentration due to the quench of
high energy electrons by water molecular, which led to the decrease of
atomic oxygen, and then decreased the amount of ozone in the plasma
[201]. Intriguingly, Jiang et al. observed a reverse trend in a PPC
system and they attributed it to the competitive adsorption between
H2O and O3 molecules on the catalyst [207]. For NO2, its concentration
decreases with increasing humidity level in both NTP alone and PPC
systems [207]. This was because high water vapor in discharge plasma
tends to induce electron attachment reaction and thereby reduce the
energetic electron density and mean electron energy, resulting in a
decreased total production of active species.

[301]
[290]
[303]
[305]
[302]
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laboratories, and in most cases the gas ﬂow rate is about several hundred cubic meters. These industrial waste gases are emitted from water
treatment plants, oil shale processing plant, animal quartering centers
and sludge centrifugation. Most of these experiments were conducted in
the bypass of the emission duct during the industrial process. Unlike
laboratory, the conditions of the process gases to be treated were
varying (ﬂuctuation of pollutants concentration, humidity and ﬂow
rate). As a result, the performance of DBD may be poorer than the results obtained from laboratory, in which the gas conditions are carefully
controlled and are generally single-component. Nevertheless, it is not
diﬃcult to meet the local legislative limitations since the inlet gas
concentration is usually relatively low. In addition, multiple DBD systems can be arranged in series to improve VOCs removal eﬃciency. In
the study by Ye et al. [301], the removal rates of benzene increased
from 58.2% with one DBD system to 92.7% with three DBD system in
series at 10.5 kV. Surely, this was achieved at the expense of increasing
constructional and operational costs.
Upon inspection of these scale-up experiments, DBD system appeared to exhibit high potential for odor elimination. Over 90% of odor
abatement were achieved in several studies [233,290], in which DBD
system was combined with other techniques such as catalyst, adsorber
and biotrickling ﬁlter. At the same time, the destruction of methane
[233] and dimethyl disulﬁde (DMDS) [302] was unsatisfactory, which
is consistent with the results obtained from laboratory experiments. For
the degradation of diﬀerent VOCs in laboratory and in the case of real
gases, the degree of diﬃculty should be the same. In other words, the
results gained in laboratory are signiﬁcant for the treatment of industrial VOCs despite the diﬀerent gas conditions.
During the scale-up experiment, some unpredictable situations may
occur due to the changes in operating conditions. Therefore, the comparison of lab-scale and pilot-scale test is imperative. Liang et al. [303]
evaluated the performance of toluene decomposition in two DBD reactors with diﬀerent scale. They found that the toluene removal rate in
lab-scale reactor was higher than that in pilot-scale reactor at the same
applied voltage. This was due to the fact that the discharge gap of pilotscale reactor (6 mm) is larger than that of lab-scale reactor (2.5 mm).
However, the pilot-scale reactor exhibited a higher energy eﬃciency
than lab-scale reactor at the same amount of exhaust gas. They attributed this to the much weaker wall eﬀect in pilot-scale reactor compared
to lab-scale reactor. Assadi et al. [108] investigated the capacities of
isovaleraldehyde (3-methylbutanal) removal in laboratory scale (planar
and cylindrical reactor) and pilot scale reactors and they believed that
the plasma reactor scale-up for pollutant removal can be feasible.
The feasibility of industrial application for DBD to remove VOCs is
not only relates to pollutants degradation performance, but also depends on its construction and operational costs. Ye et al. [301] calculated the treatment cost of benzene destruction in DBD (509 m3/h,
RH = 50%) and concluded that the cost ranged from 0.24 to 0.52 $/103
m3 at the voltage of 6–10.5 kV. Dobslaw et al. [233] estimated the
construction and operational costs of using the combined NTP-mineral
adsorber – biotrickling ﬁlter process to treat waste gas from sludge
centrifugation in a waste water treatment plan. For treatment of
20,000 m3/h of waste gas at an annual operation time of 8000 h, the
construction and operational costs were 11.17 $/(m3/h) and 0.53 $/103
m3, respectively. Martini et al. [304] have made hypotheses on ﬁxed
and variable costs for a Q = 50,000 m3/h BDB system and concluded
that the DBD ﬁxed cost and the annual variable cost were 33.99 $/(m3/
h) and 0.0112 $/103 m3, respectively. The costs in the above two studies were calculated based on original data and the exchange rate of €
and $ (1€ =1.1175$). It should be pointed out that Dobslaw’s research
included the construction and operational costs of adsorber and biotrickling ﬁlter, which was not considered in Martini’s economic analysis. Even if the two costs are added in Martini’s study, the results of
the two economic analyses are still very diﬀerent, which may be correlated to the balance between ﬁxed and variable costs. Currently,
economic data on the application of DBD for VOCs abatement is scarce.

Therefore, more research is needed to illustrate the economic viability
of DBD.
Based on the above-mentioned pilot scale studies, the prospects for
the application of DBD in VOCs abatement are clearer. There are a
number of aspects which are correlated to the practical use and targets
for DBD systems can be discussed.
Adaptability to gas conditions The real gas conditions are more
complicated than those in laboratories. Since many industrial waste
gases contain ﬁne particles or aerosols, so a ﬁlter for dust retention is
necessary before the gas enters DBD reactors. In the industrial process,
the pollutant concentration, moisture and ﬂow rate of the exhaust gas
ﬂuctuate randomly. Hence, the DBD equipment’s capability for pollutants treatment should be able to adjust as the gas conditions change.
This can be achieved by adjusting the applied voltage. Speciﬁcally,
when the pollutant load is at a low level, the DBD can work at a lower
voltage to save energy and prevent over oxidation, which results in a
large amount of O3 and NOx formation. Similarly, the voltage should be
raised with the increase of pollutant load to ensure removal rate.
Various industrial processes such as printing and painting are operated
intermittently, which means that the waste gas is not continuously
generated. Therefore, VOCs treating equipment should be able to be
turned on and oﬀ at any time. For DBD, this requirement is easily met
because there is no warm-up stage.
Acceptable construction and operational cost Construction costs
mainly include pipes, DBD casing, DBD stacks, DBD power supply and
ventilator. Among these ﬁxed costs, DBD stacks and power supply account for the majority. The operational cost will be dictated predominately by electricity cost, which consists of power supply and
ventilator consumption. For plasma catalysis systems, the cost of catalyst purchase and disposal needs to be considered. The price of commercially viable catalysts ranges from several $ to hundreds $ per kg.
Therefore, in practical applications, there should be a compromise between the cost and eﬃciency of the catalyst. In addition, the disposal of
deactivated catalyst after a long period of use cannot be ignored. For
commercial applications, with or without a catalyst, the total cost of
DBD for VOCs abatement should be comparable to thermal oxidation
technique.
By-products formation The formation of undesired by-products is
inevitable during the degradation of VOCs in DBD. The mineralization
rate of VOCs in DBD is generally less than 50% in the absence of catalysts. This means that more than half of initial pollutants are converted
into organic by-products. Some of these by-products are emitted in a
gaseous form, and the rest are deposited in the form of aerosols on
dielectric barrier surface or electrodes. The long-term accumulation of
these aerosols will inevitably aﬀect the normal operation of DBD and
may even cause accidents. Hence, these deposited by-products should
be cleaned in due course of time. The presence of catalysts can reduce
but cannot eliminate the formation of organic by-products. As a result,
the catalyst may be deactivated by the gradual deposition of by-products. Currently, there are few studies related to the deactivation of
catalysts during VOCs removal in DBD. Although ozone is an oxidant, it
hardly reacts with VOCs in the absence of catalysts. This is why a large
amount of ozone can be detected in the exhaust gas while the mineralization rate is low. Depending on the reactor conﬁguration and applied voltage, the residual ozone concentration ranges from tens to
thousands of ppm. Nevertheless, the residual ozone can be easily decomposed if a suitable catalyst is located downstream of the discharge
zone in both IPC and PPC systems. As for nitrogen oxides, they can also
be reduced by appropriate catalysts.
Safety The security risks in the operation of DBD equipment cannot
be ignored. Firstly, the concentration of VOCs to be treated should be
below the explosion limit. Secondly, ﬁne particles such as oil or paint
mist should be eﬀectively ﬁltered before the exhaust gas enters DBD.
These particles can be deposited on the electrode or the dielectric
surface and may cause accidents during discharge. Thirdly, insulators
on the high-voltage input should be protected from contamination and
17
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condensation to avoid creepage and creeping discharge. Lastly, the
organic by-products deposited in the equipment should be cleaned in
due course of time. These deposits may be ignited by local high temperature during discharge and cause accidents. Most of these deposits
can be cleaned by alcohol. Therefore, maintenance and cleaning of the
DBD equipment during VOCs treatment are signiﬁcant for its safe operation.
Modularity DBD reactor can be easily scaled up based on actual
demands. In order to treat high gas ﬂows, several modules can be used
in series or in parallel, which provides a high degree of ﬂexibility. The
number of modules required depends on the gas volume and the
treatment capacity of single modules. The connection mode of each
module can be determined according to the space of the site. Other
beneﬁts of modularity include the ﬂexibility of transportation and high
utilization of space.
These beneﬁts, requirements and associated issues are helpful in
identifying the applicability of DBD for VOCs abatement and smooth
operation of DBD equipment in industrial setting.

short to be detected. Recently, the application of direct in situ detection
has provided more information for understanding the mechanism for
VOCs decomposition. Further, the results obtained by in situ measurements can be used in conjunction with computational chemistry such as
DFT (Density Functional Theory) to gain a better insight into the reaction pathways of packed-bed DBD systems.
Although a deep insight into the mechanisms of discharge and VOCs
degradation can provide theoretical guidance for reactor optimization
and catalyst tailoring, it is a diﬃcult task to unveil these mechanisms
due to the complexity of plasma behavior, especially in the presence of
catalysts. Therefore, in addition to theoretical research, we can also
focus on practical aspects to promote the industrial application of DBD
in VOCs abatement through process improvement and scale-up experiments. The possible research areas that needs to be explored are as
follows:
1) Since real exhaust gas contains many types of VOCs, it is useful to
investigate the performance of DBD on mixed VOCs removal.
2) Many studies have shown that sequential DBD process (adsorption with plasma oﬀ and oxidation with plasma on) exhibits high energy eﬃciency. Therefore, it is necessary to undertake research work in
this ﬁeld to testify the practical performance of this operation process.
3) It is promising to combine DBD with other waste air treatment
techniques to develop more energy eﬃcient systems. For instance, DBD
can be operated as a pre-treatment stage to decompose VOCs into hydrophilic substances, which can be eﬀectively removed by a subsequent
biological treatment. More research eﬀorts are needed to identify the
potential of these combined systems.
4) In most case, high mineralization rates can be obtained in IPC
systems, while PPC system is eﬀective for the suppression of residual
ozone. The addition of a downstream catalyst to an IPC system may
provide a pragmatic solution to treat VOCs eﬃciently while ensuring a
low residual ozone level. On the other hand, it may be diﬃcult for a
single catalyst to eﬀectively remove various types of VOCs simultaneously. A multistage arrangement with diﬀerent catalysts may be a
valid option to address this issue. Therefore, the investigation of multistage catalytic systems is crucial in terms of both residual ozone
elimination and complex VOCs mixtures treatment.
5) At present, pilot-scale experiments on industrial VOCs removal
by DBD are scarce, which has led to insuﬃcient information and guidance for its practical implementation. In order to promote the commercial application of DBD in VOCs abatement, more scale-up experiments and economic analysis need to be performed in the future.

8. Conclusions and perspectives
The application of dielectric barrier discharge non-thermal plasma
in VOCs abatement was discussed along with the history, micro-discharge formation and environmental application of DBD. Subsequently,
the eﬀect of reactor conﬁguration, power supplies, packing materials
and gas properties on discharge characteristics and VOCs degradation
in DBD were presented. A desirable DBD reactor should have high VOCs
removal eﬃciency and mineralization rate, as well as low by-products.
In order to achieve this goal, various aspects, such as optimization of
reactor structure, application of advanced power supply and the introduction of catalysts need to be considered. In addition, investigating
the inﬂuence of gas properties such as initial concentration, ﬂow rate
and humidity level on VOCs abatement can provide an important reference for the industrial applications of DBD. Based on several pilot
scale experiments, a number of aspects associated to the practical implementation and targets for DBD systems were discussed.
In the past three decades, a huge number of researches have been
implemented and great achievements have been made, which paved for
the practical application of DBD in VOCs abatement. However, the
mechanisms behind these experimental results are still veiled, and
commercial applications of DBD on VOCs removal are still scarce.
Therefore, future work should be carried out from both theoretical and
practical aspects.
In terms of theory, it mainly lies in the understanding of the discharge process and the degradation pathways of VOCs in the presence
or absence of a catalyst. In the early days, the discharge process information such as consumed power was mainly obtained through oscilloscopes. Recently, the application of fast imaging technique has
made it possible to directly observe the discharge behavior such as the
propagation of streamers on catalyst surface. Further, the information
about variation and distribution of the temperature and density of
electrons during discharge can be gained through ﬂuid modeling.
Through these advanced means, a better insight into the discharge
behavior could be obtained, such as electric ﬁeld enhancement in
packed bed DBD reactors, plasma streamer propagation in packed bed
DBD reactors and plasma streamer penetration in catalyst pores. In the
near future, the discharge mechanism of packed bed DBD will be more
fully understood. Unexpectedly, few researchers have focused on the
impact of reactor structure on discharge behavior through these advanced means and methods.
About VOCs decomposition mechanisms, most of them were
speculated from the information obtained by ex situ detection techniques. To date, the underlying physical and chemical processes of VOCs
degradation with or without catalyst are still not clear enough. This is
mainly because the survival time of reactive species such as radicals and
electrons in plasma and the intermediates generated from VOCs are too

Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgments
This work was ﬁnancially supported by National Key R&D Program
of China (No. 2017YFC0212204), Shaanxi Key R&D Program (No.
2018ZDCXL-SF-02-04), Youth Talents Lifting Project of Science and
Technology Association in Shaanxi Provinces Universities and Colleges
(No. 20190703), Special Research Project of Education Department of
Shaanxi Province (No. 19JK0453), Key Research and Development
Program of Shaanxi Province (No. 2018-ZDXM3-01).
References
[1] Z. Tan, K. Lu, M. Jiang, R. Su, H. Dong, L. Zeng, S. Xie, Q. Tan, Y. Zhang, Exploring
ozone pollution in Chengdu, southwestern China: A case study from radical
chemistry to O3-VOC-NOx sensitivity, Sci. Total. Environ. 636 (2018) 775–786.
[2] Y. Yan, L. Peng, R. Li, Y. Li, L. Li, H. Bai, Concentration, ozone formation potential
and source analysis of volatile organic compounds (VOCs) in a thermal power
station centralized area: A study in Shuozhou, China, Environ. Pollut. 223 (2017)

18

368 | Scientific Dossier

Chemical Engineering Journal 388 (2020) 124275

S. Li, et al.
295–304.
[3] L. Hui, X. Liu, Q. Tan, M. Feng, J. An, Y. Qu, Y. Zhang, N. Cheng, VOC characteristics, sources and contributions to SOA formation during haze events in
Wuhan, Central China, Sci. Total. Environ. 650 (2019) 2624–2639.
[4] W. Wei, Y. Li, Y. Wang, S. Cheng, L. Wang, Characteristics of VOCs during haze
and non-haze days in Beijing, China: Concentration, chemical degradation and
regional transport impact, Atmos. Environ. 194 (2018) 134–145.
[5] R.J. Huang, Y. Zhang, C. Bozzetti, K.F. Ho, J.J. Cao, Y. Han, K.R. Daellenbach,
J.G. Slowik, S.M. Platt, F. Canonaco, P. Zotter, R. Wolf, S.M. Pieber, E.A. Bruns,
M. Crippa, G. Ciarelli, A. Piazzalunga, M. Schwikowski, G. Abbaszade, J. SchnelleKreis, R. Zimmermann, Z. An, S. Szidat, U. Baltensperger, I. El Haddad,
A.S. Prevot, High secondary aerosol contribution to particulate pollution during
haze events in China, Nature 514 (2014) 218–222.
[6] R. Hu, G. Liu, H. Zhang, H. Xue, X. Wang, Levels, characteristics and health risk
assessment of VOCs in diﬀerent functional zones of Hefei, Ecotox. Environ. Safe.
160 (2018) 301–307.
[7] M.A. Bari, W.B. Kindzierski, Ambient volatile organic compounds (VOCs) in
Calgary, Alberta: Sources and screening health risk assessment, Sci. Total. Environ.
631–632 (2018) 627–640.
[8] D. Wang, L. Nie, X. Shao, H. Yu, Exposure proﬁle of volatile organic compounds
receptor associated with paints consumption, Sci. Total. Environ. 603–604 (2017)
57–65.
[9] X. Zhang, B. Gao, A.E. Creamer, C. Cao, Y. Li, Adsorption of VOCs onto engineered
carbon materials: A review, J. Hazard. Mater. 338 (2017) 102–123.
[10] H. Wang, B. Wang, J. Li, T. Zhu, Adsorption equilibrium and thermodynamics of
acetaldehyde/acetone on activated carbon, Sep. Purif. Technol. 209 (2019)
535–541.
[11] B. Belaissaoui, Y.L. Moullec, E. Favre, Energy eﬃciency of a hybrid membrane/
condensation process for VOC (Volatile Organic Compounds) recovery from air: A
generic approach, Energy 95 (2016) 291–302.
[12] A.S.R. Castillo, P.F. Biard, S. Guihéneuf, L. Paquin, A. Amrane, A. Couvert,
Assessment of VOC absorption in hydrophobic ionic liquids: Measurement of
partition and diﬀusion coeﬃcients and simulation of a packed column, Chem. Eng.
J. 360 (2019) 1416–1426.
[13] W. Yang, H. Zhou, C. Zong, Y. Li, W. Jin, Study on membrane performance in
vapor permeation of VOC/N2 mixtures via modiﬁed constant volume/variable
pressure method, Sep. Purif. Technol. 200 (2018) 273–283.
[14] X. Hao, R. Li, J. Wang, X. Yang, Numerical simulation of a regenerative thermal
oxidizer for volatile organic compounds treatment, Environ. Eng. Res. 23 (2018)
397–405.
[15] H. Wu, H. Yan, Y. Quan, H. Zhao, N. Jiang, C. Yin, Recent progress and perspectives in biotrickling ﬁlters for VOCs and odorous gases treatment, J. Environ.
Manage. 222 (2018) 409–419.
[16] D. Dobslaw, J. Schöller, D. Krivak, S. Helbich, K.H. Engesser, Performance of
diﬀerent biological waste air puriﬁcation processes in treatment of a waste gas mix
containing tert-butyl alcohol and acetone: A comparative study, Chem. Eng. J. 355
(2019) 572–585.
[17] Z. Zhang, Z. Jiang, W. Shangguan, Low-temperature catalysis for VOCs removal in
technology and application: A state-of-the-art review, Catal. Today 264 (2016)
270–278.
[18] C. Yang, G. Miao, Y. Pi, Q. Xia, J. Wu, Z. Li, J. Xiao, Abatement of various types of
VOCs by adsorption/catalytic oxidation: A review, Chem. Eng. J. 370 (2019)
1128–1153.
[19] J. Guo, C. Lin, C. Jiang, P. Zhang, Review on noble metal-based catalysts for
formaldehyde oxidation at room temperature, Appl. Surf. Sci. 475 (2019)
237–255.
[20] W. Zou, B. Gao, Y.S. Ok, L. Dong, Integrated adsorption and photocatalytic degradation of volatile organic compounds (VOCs) using carbon-based nanocomposites: A critical review, Chemosphere 218 (2019) 845–859.
[21] Z. Shayegan, C.S. Lee, F. Haghighat, TiO2 photocatalyst for removal of volatile
organic compounds in gas phase – A review, Chem. Eng. J. 334 (2018) 2408–2439.
[22] A.H. Mamaghani, F. Haghighat, C.S. Lee, Photocatalytic oxidation technology for
indoor environment air puriﬁcation: The state-of-the-art, Appl. Catal. B: Environ.
203 (2017) 247–269.
[23] S.H. Chen, O. Živný, A. Mašláni, S.W. Chau, Abatement of ﬂuorinated compounds
in thermal plasma ﬂow, J. Fluorine Chem. 217 (2019) 41–49.
[24] J.C. Whitehead, Plasma catalysis: A solution for environmental problems, Pure
Appl. Chem. 82 (2010) 1329–1336.
[25] S.K.P. Veerapandian, N.D. Geyter, J.M. Giraudon, J.F. Lamonier, R. Morent, The
Use of Zeolites for VOCs Abatement by Combining Non-Thermal Plasma,
Adsorption, and/or Catalysis: A Review, Catalysts 9 (2019).
[26] A.K.G.F.I. Khan, Removal of Volatile Organic Compounds from polluted air, J. Loss
Prevent. Proc. 13 (2000) 527–545.
[27] G.R. Parmar, N.N. Rao, Emerging Control Technologies for Volatile Organic
Compounds, Crit. Rev. Env. Sci. Tec. 39 (2008) 41–78.
[28] A. Luengas, A. Barona, C. Hort, G. Gallastegui, V. Platel, A. Elias, A review of
indoor air treatment technologies, Rev. Environ. Sci. Bio. 14 (2015) 499–522.
[29] C. Dai, Y. Zhou, H. Peng, S. Huang, P. Qin, J. Zhang, Y. Yang, L. Luo, X. Zhang,
Current progress in remediation of chlorinated volatile organic compounds: A
review, J. Ind. Eng. Chem. 62 (2018) 106–119.
[30] K.H. Kim, J.E. Szulejko, P. Kumar, E.E. Kwon, A.A. Adelodun, P.A.K. Reddy, Air
ionization as a control technology for oﬀ-gas emissions of volatile organic compounds, Environ. Pollut. 225 (2017) 729–743.
[31] F. Thevenet, L. Sivachandiran, O. Guaitella, C. Barakat, A. Rousseau,
Plasma–catalyst coupling for volatile organic compound removal and indoor air
treatment: a review, J. Phys. D: Appl. Phys. 47 (2014).

[32] A. Bogaerts, E.C. Neyts, Plasma Technology: An Emerging Technology for Energy
Storage, ACS Energy Lett. 3 (2018) 1013–1027.
[33] B. Lee, D.W. Kim, D.W. Park, Dielectric barrier discharge reactor with the segmented electrodes for decomposition of toluene adsorbed on bare-zeolite, Chem.
Eng. J. 357 (2019) 188–197.
[34] E.C. Neyts, K.K. Ostrikov, M.K. Sunkara, A. Bogaerts, Plasma Catalysis: Synergistic
Eﬀects at the Nanoscale, Chem. Rev. 115 (2015) 13408–13446.
[35] R.N. Franklin, N.S.J. Braithwaite, 80 Years of Plasma, Plasma Sources Sci. T. 18
(2009).
[36] J.C. Whitehead, Plasma–catalysis: the known knowns, the known unknowns and
the unknown unknowns, J. Phys. D: Appl. Phys. 49 (2016).
[37] T. Hammer, Application of Plasma Technology in Environmental Techniques,
Contrib. Plasma Phys. 39 (1999) 441–462.
[38] R. McAdams, Prospects for non-thermal atmospheric plasmas for pollution
abatement, J. Phys. D: Appl. Phys. 34 (2001) 2810–2821.
[39] A.M. Vandenbroucke, R. Morent, N.D. Geyter, C. Leys, Non-thermal plasmas for
non-catalytic and catalytic VOC abatement, J. Hazard. Mater. 195 (2011) 30–54.
[40] W.A. Saoud, A.A. Assadi, M. Guiza, S. Loganathan, A. Bouzaza, W. Aboussaoud,
A. Ouederni, S. Rtimi, D. Wolbert, Synergism between non-thermal plasma and
photocatalysis: Implicationsin the post discharge of ozone at a pilot scale in a
catalytic ﬁxed-bed reactor, Appl. Catal. B: Environ. 241 (2019) 227–235.
[41] X. Li, T. Guo, Z. Peng, L. Xu, J. Dong, P. Cheng, Z. Zhou, Real-time monitoring and
quantiﬁcation of organic by-products and mechanism study of acetone decomposition in a dielectric barrier discharge reactor, Environ. Sci. Pollut. Res. Int. 26
(2019) 6773–6781.
[42] C. Norsic, J.M. Tatibouët, C.B. Dupeyrat, E. Fourré, Methanol oxidation in dry and
humid air by dielectric barrier discharge plasma combined with MnO2–CuO based
catalysts, Chem. Eng. J. 347 (2018) 944–952.
[43] X. Zhang, F. Feng, S. Li, X. Tang, Y. Huang, Z. Liu, K. Yan, Aerosol formation from
styrene removal with an AC/DC streamer corona plasma system in air, Chem. Eng.
J. 232 (2013) 527–533.
[44] J.V. Durme, J. Dewulf, W. Sysmans, C. Leys, H.V. Langenhove, Abatement and
degradation pathways of toluene in indoor air by positive corona discharge,
Chemosphere 68 (2007) 1821–1829.
[45] J.H. Park, J.W. Ahn, K.H. Kim, Y.S. Son, Historic and futuristic review of electron
beam technology for the treatment of SO2 and NOx in ﬂue gas, Chem. Eng. J. 355
(2019) 351–366.
[46] Y.S. Son, T.H. Kim, C.Y. Choi, J.H. Park, J.W. Ahn, T.V. Dinh, Treatment of toluene
and its by-products using an electron beam/ultra-ﬁne bubble hybrid system,
Radiat. Phys. Chem. 144 (2018) 367–372.
[47] F. Zhu, X. Li, H. Zhang, A. Wu, J. Yan, M. Ni, H. Zhang, A. Buekens, Destruction of
toluene by rotating gliding arc discharge, Fuel 176 (2016) 78–85.
[48] H. Zhang, F. Zhu, X. Li, R. Xu, L. Li, J. Yan, X. Tu, Steam reforming of toluene and
naphthalene as tar surrogate in a gliding arc discharge reactor, J. Hazard. Mater.
369 (2019) 244–253.
[49] Y. Qin, G. Niu, X. Wang, D. Luo, Y. Duan, Status of CO2 conversion using microwave plasma, J. CO2 Util. 28 (2018) 283–291.
[50] A.G. Zherlitsyn, V.P. Shiyan, P.V. Demchenko, Microwave plasma torch for processing hydrocarbon gases, Resource Eﬃcient Technol. 2 (2016) 11–14.
[51] U. Kogelschatz, Dielectric-barrier Discharges Their History, Discharge Physics, and
Industrial Applications, Plasma Chem. Plasma P. 23 (2003) 1-46.
[52] Plasma Chem Plasma Process 34 (5) (2014) 1033–1065, https://doi.org/10.1007/
s11090-014-9562-0.
[53] W. Siemens, Ueber die elektrostatische Induction und die Verzögerung des Stroms
in Flaschendrähten, Ann. Phys. Chem. 178 (1857) 66–122.
[54] B. Eliasson, M. Hirth, U. Kogelschatz, Ozone synthesis from oxygen in dielectric
barrier discharges, J. Phys. D: Appl. Phys. 20 (1987) 1421–1437.
[55] K. Buss, Die elektrodenlose Entladung nach Messung mit dem
Kathodenoszillographen, Archiv für Elektrotechnik 26 (1932) 261–265.
[56] T.C. Manley, The Electric Characteristics of the Ozonator Discharge, J.
Electrochem. Soc. 84 (1943) 83–96.
[57] U. Kogelschatz, B. Eliasson, W. Egli, Dielectric-Barrier Discharges. Principle and,
Applications, J. PHYS IV FRANCE 4 (1997) 46–66.
[58] B. Eliasson, U. Kogelschatz, Modeling and Applications of Silent Discharge
Plasmas, IEEE T. Plasma Sci. 19 (1991) 309–323.
[59] U. Kogelschatz, B. Eliasson, W. Egli, From ozone generators to ﬂat television
screens: history and future potential of dielectric-barrier discharges, Pure Appl.
Chem. 71 (1999) 1819–1828.
[60] U. Kogelschatz, Fundamentals and applications of dielectric-barrier, discharges
(2000).
[61] Plasma Chem Plasma Process 36 (1) (2016) 185–212, https://doi.org/10.1007/
s11090-015-9662-5.
[62] U. Kogelschatz, Collective phenomena in volume and surface barrier discharges, J.
Phys. Conf. Series 257 (2010).
[63] S.A. Starostin, P.A. Premkumar, M. Creatore, E.M. van Veldhuizen, H. de Vries,
R.M.J. Paﬀen, M.C.M. van de Sanden, On the formation mechanisms of the diﬀuse
atmospheric pressure dielectric barrier discharge in CVD processes of thin silicalike ﬁlms, Plasma Sources Sci. Technol. 18 (2009).
[64] H.E. Wagner, R. Brandenburg, K.V. Kozlov, A. Sonnenfeld, P. Michel, J.F. Behnke,
The barrier discharge: basic properties and applications to surface treatment,
Vacuum 71 (2003) 417–436.
[65] Y. Sun, F. Zhang, Investigation of inﬂuencing factors in ozone generation using
dielectric barrier discharge, Proceedings of the 9th International Conference on
Properties and Applications of Dielectric Materials, 2009, pp. 614–617.
[66] K. Takaki, Y. Hatanaka, K. Arima, S. Mukaigawa, T. Fujiwara, Inﬂuence of electrode conﬁguration on ozone synthesis and micro-discharge property in dielectric

19

Scientific Dossier | 369

Chemical Engineering Journal 388 (2020) 124275

S. Li, et al.
barrier discharge reactor, Vacuum 83 (2008) 128–132.
[67] S. Jodzis, M. Zięba, Energy eﬃciency of an ozone generation process in oxygen,
Analysis of a pulsed DBD system, Vacuum 155 (2018) 29–37.
[68] L.S. Wei, D.K. Yuan, Y.F. Zhang, Z.J. Hu, G.P. Dong, Experimental and theoretical
study of ozone generation in pulsed positive dielectric barrier discharge, Vacuum
104 (2014) 61–64.
[69] P. Talebizadeh, M. Babaie, R. Brown, H. Rahimzadeh, Z. Ristovski, M. Arai, The
role of non-thermal plasma technique in NOx treatment: A review, Renew. Sust.
Energ. Rev. 40 (2014) 886–901.
[70] Z. Adnan, S. Mir, M. Habib, Exhaust gases depletion using non-thermal plasma
(NTP), Atmos. Pollut. Res. 8 (2017) 338–343.
[71] M. Babaie, P. Davari, P. Talebizadeh, F. Zare, H. Rahimzadeh, Z. Ristovski,
R. Brown, Performance evaluation of non-thermal plasma on particulate matter,
ozone and CO2 correlation for diesel exhaust emission reduction, Chem. Eng. J.
276 (2015) 240–248.
[72] S. Ma, Y. Zhao, J. Yang, S. Zhang, J. Zhang, C. Zheng, Research progress of pollutants removal from coal-ﬁred ﬂue gas using non-thermal plasma, Renew. Sust.
Energ. Rev. 67 (2017) 791–810.
[73] S. Cui, R. Hao, Dong Fu, Integrated method of non-thermal plasma combined with
catalytical oxidation for simultaneous removal of SO2 and NO, Fuel 246 (2019)
365–374.
[74] S. Cui, R. Hao, D. Fu, An integrated system of dielectric barrier discharge combined with wet electrostatic precipitator for simultaneous removal of NO and SO2:
Key factors assessments, products analysis and mechanism, Fuel 221 (2018)
12–20.
[75] B.M. Obradovic, G.B. Sretenovic, M.M. Kuraica, A dual-use of DBD plasma for
simultaneous NO(x) and SO2 removal from coal-combustion ﬂue gas, J. Hazard.
Mater. 185 (2011) 1280–1286.
[76] W.J. Liang, H.P. Fang, J. Li, F. Zheng, J.X. Li, Y.Q. Jin, Performance of nonthermal DBD plasma reactor during the removal of hydrogen sulﬁde, J.
Electrostat. 69 (2011) 206–213.
[77] X. Dang, J. Huang, L. Kang, T. Wu, Q. Zhang, Research on Decomposition of
Hydrogen Sulﬁde Using Nonthermal Plasma with Metal Oxide Catalysis, Energy
Procedia 16 (2012) 856–862.
[78] R. Snoeckx, A. Bogaerts, Plasma technology - a novel solution for CO2 conversion?
Chem. Soc. Rev. 46 (2017) 5805–5863.
[79] A.H. Khoja, M. Tahir, N.A.S. Amin, Recent developments in non-thermal catalytic
DBD plasma reactor for dry reforming of methane, Energ. Convers. Manage. 183
(2019) 529–560.
[80] W.C. Chung, M.B. Chang, Review of catalysis and plasma performance on dry
reforming of CH4 and possible synergistic eﬀects, Renew. Sust. Energ. Rev. 62
(2016) 13–31.
[81] P. Peng, P. Chen, C. Schiappacasse, N. Zhou, E. Anderson, D. Chen, J. Liu,
Y. Cheng, R. Hatzenbeller, M. Addy, Y. Zhang, Y. Liu, R. Ruan, A review on the
non-thermal plasma-assisted ammonia synthesis technologies, J. Clean. Prod. 177
(2018) 597–609.
[82] J. Hong, S. Prawer, A.B. Murphy, Plasma Catalysis as an Alternative Route for
Ammonia Production: Status, Mechanisms, and Prospects for Progress, ACS
Sustain. Chem. Eng. 6 (2017) 15–31.
[83] T. Yamamoto, K. Ramanathan, P.A. Lawless, D.S. Ensor, J.R. Newsome, N. Plaks,
G.H. Ramsey, C.A. Vogel, L. Hammel, Control of Volatile Organic Compounds by
an ac Energized Ferroelectric Pellet Reactor and a Pulsed Corona Reactor, IEEE
Trans. Ind. Appl. 28 (1992) 528–534.
[84] D. Evans, L.A. Rosocha, G.K. Anderson, J.J. Coogan, M.J. Kushner, Plasma remediation of trichloroethylene in silent discharge plasmas, J. Appl. Phy. 74 (1993)
5378–5386.
[85] T. Oda, T. Takahashi, H. Nakano, S. Masuda, Decomposition of Fluorocarbon
Gaseous Contaminants by Surface Discharge-Induced Plasma Chemical Processing,
IEEE Trans. Ind. Appl. 29 (1993) 787–792.
[86] M.B. Chang, C.C. Lee, Destruction of Formaldehyde with Dielectric Barrier
Discharge Plasmas, Environ. Sci. Techno. 29 (1995) 181–186.
[87] T. Oda, R. Yamashita, T. Takahasi, S. Masuda, Atmospheric Pressure Discharge
Plasma Processing for Gaseous Air Contaminants, IEEE Trans, Ind. Appl. 32 (1996)
227–232.
[88] T. Yamamoto, J.S. Chang, A.A. Berezin, H. Kohno, S. Honda, A. Shibuya,
Decomposition of Toluene, o-Xylene, Trichloroethylene, and Their Mixture Using
a BaTiO3 Packed-Bed Plasma Reactor, J. Adv. Oxid. Technol. 1 (1996) 67–78.
[89] M.B. Chang, C.C. Chang, Destruction and Removal of Toluene and MEK from Gas
Streams with Silent Discharge Plasmas, Aiche J. 43 (1997) 1325–1330.
[90] S. Futamura, A. Zhang, G. Prieto, T. Yamamoto, Factors and Intermediates
Governing Byproduct Distribution for Decomposition of Butane in Nonthermal
Plasma, IEEE Trans. Ind. Appl. 34 (1998) 967–974.
[91] A. Ogata, K. Yamanouchi, K. Mizuno, S. Kushiyama, T. Yamamoto, Decomposition
of Benzene Using Alumina-Hybrid and Catalyst-Hybrid Plasma Reactors, IEEE T.
Ind. Appl. 35 (1999) 1289–1295.
[92] J. Chae, S. Moon, H. Sun, K. Kim, V.A. Vassiliev, E.M. Mikholap, A Study of
Volatile Organic Compounds Decomposition with the Use of Non-Thermal Plasma,
KSME Int. J. 13 (1999) 647–655.
[93] A. Ogata, N. Shintani, K. Yamanouchi, S. Kushiyama, K. Mizuno, T. Yamamoto,
Eﬀect of Water Vapor on Benzene Decomposition Using a Nonthermal-Discharge
Plasma Reactor, Plasma Chem. Plasma P. 20 (2000) 453-467.
[94] M.B. Chang, H.M. Lee, Gas-Phase Removal of Acetaldehyde via Packed-Bed
Dielectric Barrier Discharge Reactor, Plasma Chem. Plasma P. 21 (2001) 329-343.
[95] F. Holzer, U. Roland, F.D. Kopinke, Combination of non-thermal plasma and
heterogeneous catalysis for oxidation of volatile organic compounds Part 1.
Accessibility of the intra-particle volume, Appl. Catal. B: Environ. 38 (2002)

163–181.
[96] H.M. Lee, M.B. Chang, Abatement of Gas-phase p-Xylene via Dielectric Barrier
Discharges, Plasma Chem. Plasma P. 23 (2003) 541-558.
[97] H.H. Kim, S.M. Oh, A. Ogata, S. Futamura, Decomposition of benzene using
AgTiO2 packed plasma-driven catalyst reactor inﬂuence of electrode conﬁguration
and Ag-loading amount, Catal. Lett. 96 (2004) 189–194.
[98] S.M. Oh, H.H. Kim, A. Ogata, H. Einaga, S. Futamura, D.W. Park, Eﬀect of zeolite
in surface discharge plasma on the decomposition of toluene, Catal. Lett. 99
(2005) 101–104.
[99] C. Subrahmanyam, M. Magureanu, A. Renken, L. Kiwi-Minsker, Catalytic abatement of volatile organic compounds assisted by non-thermal plasma, Appl. Catal.
B: Environ. 65 (2006) 150–156.
[100] Vladimir Demidyuk, J. Christopher Whitehead, Inﬂuence of temperature on gasphase toluene decomposition in plasma-catalytic system, Plasma Chem. Plasma
Process 27 (1) (2007) 85–94, https://doi.org/10.1007/s11090-006-9045-z.
[101] H.Y. Fan, C. Shi, X.S. Li, D.Z. Zhao, Y. Xu, A.M. Zhu, High-eﬃciency plasma catalytic removal of dilute benzene from air, J. Phy. D Appl. Phy. 42 (2009) 1–5.
[102] Atsushi Ogata, Keiichi Saito, Hyun-Ha Kim, Masami Sugasawa, Hirofumi Aritani,
Hisahiro Einaga, Performance of an Ozone Decomposition Catalyst in Hybrid
Plasma Reactors for Volatile Organic Compound Removal, Plasma Chem Plasma
Process 30 (1) (2010) 33–42, https://doi.org/10.1007/s11090-009-9206-y.
[103] J. Karuppiah, E.L. Reddy, P.M. Reddy, B. Ramaraju, R. Karvembu,
C. Subrahmanyam, Abatement of mixture of volatile organic compounds (VOCs) in
a catalytic non-thermal plasma reactor, J. Hazard. Mater. 237–238 (2012)
283–289.
[104] W.J. Liang, L. Ma, H. Liu, J. Li, Toluene degradation by non-thermal plasma
combined with a ferroelectric catalyst, Chemosphere 92 (2013) 1390–1395.
[105] Plasma Chem Plasma Process 34 (5) (2014) 1141–1156, https://doi.org/10.1007/
s11090-014-9556-y.
[106] R. Zhu, Y. Mao, L. Jiang, J. Chen, Performance of chlorobenzene removal in a
nonthermal plasma catalysis reactor and evaluation of its byproducts, Chem. Eng.
J. 279 (2015) 463–471.
[107] O. Karatum, M.A. Deshusses, A comparative study of dilute VOCs treatment in a
non-thermal plasma reactor, Chem. Eng. J. 294 (2016) 308–315.
[108] A.A. Assadi, A. Bouzaza, D. Wolbert, Comparative study between laboratory and
large pilot scales for VOC's removal from gas streams in continuous ﬂow surface
discharge plasma, Chem. Eng. Res. Des. 106 (2016) 308–314.
[109] B. Wang, C. Chi, M. Xu, C. Wang, D. Meng, Plasma-catalytic removal of toluene
over CeO2 -MnOx catalysts in an atmosphere dielectric barrier discharge, Chem.
Eng. J. 322 (2017) 679–692.
[110] N. Jiang, L. Guo, C. Qiu, Y. Zhang, K. Shang, N. Lu, J. Li, Y. Wu, Reactive species
distribution characteristics and toluene destruction in the three-electrode DBD
reactor energized by diﬀerent pulsed modes, Chem. Eng. J. 350 (2018) 12–19.
[111] W.A. Saoud, A.A. Assadi, M. Guiza, A. Bouzaza, W. Aboussaoud, I. Soutrel,
A. Ouederni, D. Wolbert, S. Rtimi, Abatement of ammonia and butyraldehyde
under non-thermal plasma and photocatalysis: Oxidation processes for the removal of mixture pollutants at pilot scale, Chem. Eng. J. 344 (2018) 165–172.
[112] D. Dobslaw, O. Ortlinghaus, C. Dobslaw, A combined process of non-thermal
plasma and a low-cost mineral adsorber for VOC removal and odor abatement in
emissions of organic waste treatment plants, J. Environ. Chem. Eng. 6 (2018)
2281–2289.
[113] Y. Cai, X. Zhu, W. Hu, C. Zheng, Y. Yang, M. Chen, X. Gao, Plasma-catalytic decomposition of ethyl acetate over LaMO3 (M = Mn, Fe, and Co) perovskite catalysts, J. Ind. Eng. Chem. 70 (2019) 447–452.
[114] Mohammad Sharif Hosseini, Hassan Asilian Mahabadi, Rasoul Yarahmadi,
Removal of Toluene from Air Using a Cycled Storage-Discharge (CSD) Plasma
Catalytic Process, Plasma Chem Plasma Process 39 (1) (2019) 125–142, https://
doi.org/10.1007/s11090-018-9938-7.
[115] C. Qin, H. Guo, P. Liu, W. Bai, J. Huang, X. Huang, X. Dang, D. Yan, Toluene
abatement through adsorption and plasma oxidation using ZSM-5 mixed with γAl2O3, TiO2 or BaTiO3, J. Ind. Eng. Chem. 63 (2018) 449–455.
[116] H. Zhang, K. Li, L. Li, L. Liu, X. Meng, T. Sun, J. Jia, M. Fan, High eﬃcient styrene
mineralization through novel NiO-TiO2-Al2O3 packed pre-treatment/treatment/
post-treatment dielectric barrier discharge plasma, Chem. Eng. J. 343 (2018)
759–769.
[117] N. Jiang, C. Qiu, L. Guo, K. Shang, N. Lu, J. Li, Y. Zhang, Y. Wu, Plasma-catalytic
destruction of xylene over Ag-Mn mixed oxides in a pulsed sliding discharge reactor, J. Hazard. Mater. 369 (2019) 611–620.
[118] W. Xu, K. Lin, D. Ye, X. Jiang, J. Liu, Y. Chen, Performance of Toluene Removal in
a Nonthermal Plasma Catalysis System over Flake-Like HZSM-5 Zeolite with
Tunable Pore Size and Evaluation of Its Byproducts, Nanomaterials (Basel) 9
(2019).
[119] A. Jahanmiri, M.R. Rahimpour, M.M. Shirazi, N. Hooshmand, H. Taghvaei,
Naphtha cracking through a pulsed DBD plasma reactor: Eﬀect of applied voltage,
pulse repetition frequency and electrode material, Chem. Eng. J. 191 (2012)
416–425.
[120] X. Yao, N. Jiang, J. Li, N. Lu, K. Shang, Y. Wu, An improved corona discharge
ignited by oxide cathodes with high secondary electron emission for toluene degradation, Chem. Eng. J. 362 (2019) 339–348.
[121] J. Karuppiah, R. Karvembu, C. Subrahmanyam, The catalytic eﬀect of MnOx and
CoOx on the decomposition of nitrobenzene in a non-thermal plasma reactor,
Chem. Eng. J. 180 (2012) 39–45.
[122] Y. Zhang, J. Nie, C. Yuan, Y. Long, M. Chen, J. Tao, Q. Wang, Y. Cong, CuO@Cu/
Ag/MWNTs/sponge electrode-enhanced pollutant removal in dielectric barrier
discharge (DBD) reactor, Chemosphere 229 (2019) 273–283.
[123] C. Qin, X. Dang, J. Huang, J. Teng, X. Huang, Plasma-catalytic oxidation of

20

370 | Scientific Dossier

Chemical Engineering Journal 388 (2020) 124275

S. Li, et al.

[124]

[125]

[126]

[127]
[128]

[129]
[130]

[131]

[132]

[133]
[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]
[149]

[150]

[151]

[152]

adsorbed toluene on Ag–Mn/γ-Al2O3: Comparison of gas ﬂow-through and gas
circulation treatment, Chem. Eng. J. 299 (2016) 85–92.
M. Bahri, F. Haghighat, S. Rohani, H. Kazemian, Metal organic frameworks for
gas-phase VOCs removal in a NTP-catalytic reactor, Chem. Eng. J. 320 (2017)
308–318.
M.S. Gandhi, Y.S. Mok, S.B. Lee, H. Park, Eﬀect of various parameters for butane
decomposition under ambient temperature in a dielectric barrier discharge nonthermal plasma reactor, J. Taiwan Inst. Chem. E. 44 (2013) 786–794.
H.H. Kim, A. Ogata, S. Futamura, Oxygen partial pressure-dependent behavior of
various catalysts for the total oxidation of VOCs using cycled system of adsorption
and oxygen plasma, Appl. Catal. B: Environ. 79 (2008) 356–367.
H. Baránková, L. Bárdos, Eﬀect of the electrode material on the atmospheric
plasma conversion of NO in air mixtures, Vacuum 84 (2010) 1385–1388.
X. Jin, Y. Zhang, X. Jiang, R. Wang, Analysis of electrode material eﬀect on organic exhaust gas decomposition by pulse plasma, China Environ. Sci. 18 (1998)
213–217.
N. Jiang, N. Lu, J. Li, Y. Wu, Degradation of Benzene by Using a Silent-Packed Bed
Hybrid Discharge Plasma Reactor, Plasma Sci. Technol. 14 (2012) 140–146.
N. Jiang, N. Lu, K. Shang, J. Li, Y. Wu, Eﬀects of electrode geometry on the performance of dielectric barrier/packed-bed discharge plasmas in benzene degradation, J. Hazard. Mater. 262 (2013) 387–393.
W. Liang, J. Li, J. Li, Y. Jin, Abatement of toluene from gas streams via ferroelectric packed bed dielectric barrier discharge plasma, J. Hazard. Mater. 170
(2009) 633–638.
H.H. Kim, A. Ogata, S. Futamura, Eﬀect of diﬀerent catalysts on the decomposition
of VOCs using ﬂow-type plasma-driven catalysis, IEEE T. Plasma Sci. 34 (2006)
984–995.
L. Sivachandiran, J. Karuppiah, C. Subrahmanyam, DBD plasma reactor for oxidative decomposition of Chlorobenzene, Int. J. Chem. React. Eng. 10 (2012).
M. Bahri, F. Haghighat, S. Rohani, H. Kazemian, Impact of design parameters on
the performance of non-thermal plasma air puriﬁcation system, Chem. Eng. J. 302
(2016) 204–212.
H.H. Kim, S.M. Oh, A. Ogata, S. Futamura, Decomposition of gas-phase benzene
using plasma-driven catalyst (PDC) reactor packed with Ag/TiO2 catalyst, Appl.
Catal. B: Environ. 56 (2005) 213–220.
M. Magureanu, N.B. Mandache, V.I. Parvulescu, C. Subrahmanyam, A. Renken,
L. Kiwi-Minsker, Improved performance of non-thermal plasma reactor during
decomposition of trichloroethylene Optimization of the reactor geometry and introduction of catalytic electrode, Appl. Catal. B: Environ. 74 (2007) 270–277.
A.H. Khoja, M. Tahir, N.A.S. Amin, Dry reforming of methane using diﬀerent dielectric materials and DBD plasma reactor conﬁgurations, Energ. Convers.
Manage. 144 (2017) 262–274.
D. Mei, X. Tu, Conversion of CO2 in a cylindrical dielectric barrier discharge reactor: Eﬀects of plasma processing parameters and reactor design, J. CO2 Util. 19
(2017) 68–78.
Chung-Liang Chang, Hsunling Bai, Shu-Jen Lu, Destruction of Styrene in an Air
Stream by Packed Dielectric Barrier Discharge Reactors, Plasma Chem Plasma
Process 25 (6) (2005) 641–657, https://doi.org/10.1007/s11090-005-6818-8.
H. Zhang, K. Li, T. Sun, J. Jia, Z. Lou, L. Feng, Removal of styrene using dielectric
barrier discharge plasmas combined with sol–gel prepared TiO2 coated γ-Al2O3,
Chem. Eng. J. 241 (2014) 92–102.
B. Wang, W. Yan, W. Ge, X. Duan, Methane conversion into higher hydrocarbons
with dielectric barrier discharge micro-plasma reactor, J. Energ. Chem. 22 (2013)
876–882.
U. Roland, F. Holzer, F.D. Kopinke, Combination of non-thermal plasma and
heterogeneous catalysis for oxidation of volatile organic compounds, Appl. Catal.
B: Environ. 58 (2005) 217–226.
C. Qin, H. Guo, W. Bai, J. Huang, X. Huang, X. Dang, D. Yan, Kinetics study on
non-thermal plasma mineralization of adsorbed toluene over γ-Al2O3 hybrid with
zeolite, J. Hazard. Mater. 369 (2019) 430–438.
N. Jiang, C. Qiu, L. Guo, K. Shang, N. Lu, J. Li, Y. Wu, Post Plasma-Catalysis of Low
Concentration VOC Over Alumina-Supported Silver Catalysts in a Surface/PackedBed Hybrid Discharge Reactor, Water Air Soil Poll. 228 (2017) 113.
A.S. Chiper, N.B. Simiand, F. Jorand, S. Pasquiers, G. Popa, C. Postel, Inﬂuence of
water vapour on acetaldehyde removal eﬃciency by DBD, J. Optoelectron. Adv.
M. 8 (2006) 208–212.
J.H. Byeon, J.H. Park, Y.S. Jo, K.Y. Yoon, J. Hwang, Removal of gaseous toluene
and submicron aerosol particles using a dielectric barrier discharge reactor, J.
Hazard. Mater. 175 (2010) 417–422.
A. Ozkan, T. Dufour, A. Bogaerts, F. Reniers, How do the barrier thickness and
dielectric material inﬂuence the ﬁlamentary mode and CO2 conversion in a
ﬂowing DBD? Plasma Sources Sci. T. 25 (2016).
M.S. Gandhi, Y.S. Mok, Decomposition of triﬂuoromethane in a dielectric barrier
discharge non-thermal plasma reactor, J. Environ. Sci. 24 (2012) 1234–1239.
Nan Jiang, Cheng Qiu, Lianjie Guo, Kefeng Shang, Na Lu, Jie Li, Yan Wu,
Improved Performance for Toluene Abatement in a Continuous-Flow Pulsed
Sliding Discharge Reactor Based on Three-Electrode Conﬁguration, Plasma Chem
Plasma Process 39 (1) (2019) 227–240, https://doi.org/10.1007/s11090-0189939-6.
A.S. Chiper, A. Nastuta, G. Rusu, G. Popa, Electrical characterisation of a double
DBD in He at atmospheric pressure used for surface treatments, J. Optoelectron.
Adv. M. 9 (2007) 2926–2931.
H. Ma, P. Chen, M. Zhang. X. Lin, R. Ruan, Study of SO2 Removal Using Nonthermal Plasma Induced by Dielectric Barrier Discharge (DBD), Plasma Chem.
Plasma P. 22 (2002) 239-254.
T. Zhu, J. Li, W.J. Liang, Y.Q. Jin, Experimental Research on Toluene

Decomposition with High Frequency DBD, High Voltage Eng. 35 (2009) 359–363.
[153] A. Meiners, M. Leck, B. Abel, Eﬃciency enhancement of a dielectric barrier plasma
discharge by dielectric barrier optimization, Rev. Sci. Instrum. 81 (2010) 113507.
[154] M.F. Mustafa, X. Fu, Y. Liu, Y. Abbas, H. Wang, W. Lu, Volatile organic compounds
(VOCs) removal in non-thermal plasma double dielectric barrier discharge reactor,
J. Hazard. Mater. 347 (2018) 317–324.
[155] M.F. Mustafa, X. Fu, W. Lu, Y. Liu, Y. Abbas, H. Wang, M.T. Arslan, Application of
non-thermal plasma technology on fugitive methane destruction: Conﬁguration
and optimization of double dielectric barrier discharge reactor, J. Clean. Prod. 174
(2018) 670–677.
[156] H. Zhang, K. Li, C. Shu, Z. Lou, T. Sun, J. Jia, Enhancement of styrene removal
using a novel double-tube dielectric barrier discharge (DDBD) reactor, Chem. Eng.
J. 256 (2014) 107–118.
[157] K.L. Pan, M.B. Chang, Plasma catalytic oxidation of toluene over double perovskite-type oxide via packed-bed DBD, Environ. Sci. Pollut. Res, Int, 2019.
[158] Z. Bo, H. Hao, S. Yang, J. Zhu, J. Yan, K. Cen, Vertically-oriented graphenes
supported Mn3O4 as advanced catalysts in post plasma-catalysis for toluene decomposition, Appl. Surf. Sci. 436 (2018) 570–578.
[159] H. Zhang, K. Li, T. Sun, J. Jia, X. Yang, Y. Shen, J. Wang, Z. Lou, The removal of
styrene using a dielectric barrier discharge (DBD) reactor and the analysis of the
by-products and intermediates, Res. Chem. Intermediat. 39 (2012) 1021–1035.
[160] T. Chang, Z. Shen, Y. Huang, J. Lu, D. Ren, J. Sun, J. Cao, H. Liu, Post-plasmacatalytic removal of toluene using MnO2–Co3O4 catalysts and their synergistic
mechanism, Chem. Eng. J. 348 (2018) 15–25.
[161] T. Chang, J. Lu, Z. Shen, Y. Huang, D. Lu, X. Wang, J. Cao, R. Morent, Simulation
and optimization of the post plasma-catalytic system for toluene degradation by a
hybrid ANN and NSGA-II method, Appl. Catal. B: Environ. 244 (2019) 107–119.
[162] T. Zhu, Y.D. Wan, J. Li, X.W. He, D.Y. Xu, X.Q. Shu, W.J. Liang, Y.Q. Jin, Volatile
organic compounds decomposition using nonthermal plasma coupled with a
combination of catalysts, Int. J. Environ. Sci. Tech. 8 (2011) 621–630.
[163] C. Subrahmanyam, A. Renken, L. Kiwi-Minsker, Catalytic abatement of volatile
organic compounds assisted by non-thermal plasma, Appl. Catal. B: Environ. 65
(2006) 157–162.
[164] A. Ozkan, T. Dufour, T. Silva, N. Britun, R. Snyders, A. Bogaerts, F. Reniers, The
inﬂuence of power and frequency on the ﬁlamentary behavior of a ﬂowing
DBD—application to the splitting of CO2, Plasma Sources Sci. T. 25 (2016)
025013.
[165] I. Radu, R. Bartnikas, M.R. Wertheimer, Frequency and voltage dependence of
glow and pseudoglow discharges in helium under atmospheric pressure, IEEE T.
Plasma Sci. 31 (2003) 1363–1378.
[166] S. Gadkari, S. Gu, Numerical investigation of co-axial DBD: Inﬂuence of relative
permittivity of the dielectric barrier, applied voltage amplitude, and frequency,
Phys. Plasmas 24 (2017) 053517.
[167] R.V. Barrientos, J.P. Sotelo, M.P. Pacheco, J.S.B. Read, R.L. Callejas, Analysis and
electrical modelling of a cylindrical DBD conﬁguration at diﬀerent operating
frequencies, Plasma Sources Sci. T. 15 (2006) 237–245.
[168] J.M. Williamson, D.D. Trump, P. Bletzinger, B.N. Ganguly, Comparison of highvoltage ac and pulsed operation of a surface dielectric barrier discharge, J. Phys.
D: Appl. Phys. 39 (2006) 4400–4406.
[169] H. Jiang, T. Shao, C. Zhang, Z. Niu, Y. Yu, P. Yan, Y. Zhou, Comparison of AC and
Nanosecond-Pulsed DBDs in Atmospheric Air, IEEE T. Plasma Sci. 39 (2011)
2076–2077.
[170] D. Yuan, S. Tang, J. Qi, N. Li, J. Gu, H. Huang, Comparison of hydroxyl radicals
generation during granular activated carbon regeneration in DBD reactor driven
by bipolar pulse power and alternating current power, Vacuum 143 (2017) 87–94.
[171] H. Wang, D. Li, Y. Wu, J. Li, G. Li, Eﬀect of Power Supply Mode on Removal of
Benzene by DBD-Catalysis, High Voltage Eng. 35 (2009) 2759–2763.
[172] V.R. Chirumamilla, W.F.L.M. Hoeben, F.J.C.M. Beckers, T. Huiskamp, E.J.M. Van
Heesch, A.J.M. Pemen, Experimental Investigation on the Eﬀect of a Microsecond
Pulse and a Nanosecond Pulse on NO Removal Using a Pulsed DBD with Catalytic
Materials, Plasma Chem Plasma Process 36 (2) (2016) 487–510, https://doi.org/
10.1007/s11090-015-9670-5.
[173] S. Zhang, W. Wang, P. Jiang, D. Yang, L. Jia, S. Wang, Comparison of atmospheric
air plasmas excited by high-voltage nanosecond pulsed discharge and sinusoidal
alternating current discharge, J. Appl. Phys. 114 (2013) 163301.
[174] A.E. Wallis, J.C. Whitehead, K. Zhang, Plasma-assisted catalysis for the destruction
of CFC-12 in atmospheric pressure gas streams using TiO2, Catal. Lett. 113 (2007)
29–33.
[175] Z. Jia, X. Wang, F. Thevenet, A. Rousseau, Dynamic probing of plasma-catalytic
surface processes: Oxidation of toluene on CeO2, Plasma Process. Polym. 14
(2017) 1600114.
[176] Q.H. Trinh, Y.S. Mok, Eﬀect of the adsorbent/catalyst preparation method and
plasma reactor conﬁguration on the removal of dilute ethylene from air stream,
Cataly. Today 256 (2015) 170–177.
[177] H.T. Quoc An, T. Pham Huu, T. Le Van, J.M. Cormier, A. Khacef, Application of
atmospheric non thermal plasma-catalysis hybrid system for air pollution control:
Toluene removal, Cataly. Today 176 (2011) 474–477.
[178] Hong-Yu Fan, Xiao-Song Li, Chuan Shi, De-Zhi Zhao, Jing-Lin Liu, Yan-Xia Liu, AiMin Zhu, Plasma Catalytic Oxidation of Stored Benzene in a Cycled StorageDischarge (CSD) Process: Catalysts, Reactors and Operation Conditions, Plasma
Chem Plasma Process 31 (6) (2011) 799–810, https://doi.org/10.1007/s11090011-9320-5.
[179] X. Fan, T. Zhu, Y. Sun, X. Yan, The roles of various plasma species in the plasma
and plasma-catalytic removal of low-concentration formaldehyde in air, J. Hazard.
Mater. 196 (2011) 380–385.
[180] T.P. Huu, S. Gil, P.D. Costa, A.G. Fendler, A. Khacef, Plasma catalytic hybrid

21

Scientific Dossier | 371

Chemical Engineering Journal 388 (2020) 124275

S. Li, et al.
reactor Application to methane removal, Cataly. Today 257 (2015) 86–92.
[181] H. Huang, D. Ye, X. Guan, The simultaneous catalytic removal of VOCs and O3 in a
post-plasma, Cataly. Today 139 (2008) 43–48.
[182] J. Van Durme, J. Dewulf, W. Sysmans, C. Leys, H. Van Langenhove, Eﬃcient toluene abatement in indoor air by a plasma catalytic hybrid system, Appl. Catal. B:
Environ. 74 (2007) 161–169.
[183] L. Sivachandiran, F. Thevenet, A. Rousseau, Isopropanol removal using MnXOY
packed bed non-thermal plasma reactor: Comparison between continuous treatment and sequential sorption/regeneration, Chem. Eng. J. 270 (2015) 327–335.
[184] S. Veerapandian, C. Leys, N. De Geyter, R. Morent, Abatement of VOCs Using
Packed Bed Non-Thermal Plasma Reactors: A Review, Catalysts 7 (2017).
[185] A. Ogata, N. Shintani, K. Mizuno, S. Kushiyama, T. Yamamoto, Decomposition of
Benzene Using a Nonthermal Plasma Reactor Packed with Ferroelectric Pellets,
IEEE T. Ind. Appl. 35 (1999) 753–759.
[186] H.J. Gallon, X. Tu, J.C. Whitehead, Eﬀects of Reactor Packing Materials on H2
Production by CO2 Reforming of CH4 in a Dielectric Barrier Discharge, Plasma
Process. Polym. 9 (2012) 90–97.
[187] K.V. Laer, A. Bogaerts, Inﬂuence of Gap Size and Dielectric Constant of the Packing
Material on the Plasma Behaviour in a Packed Bed DBD Reactor A Fluid Modelling
Study, Plasma Process. Polym. 14 (2017) 1600129.
[188] Y.R. Zhang, E.C. Neyts, A. Bogaerts, Inﬂuence of the Material Dielectric Constant
on Plasma Generation inside Catalyst Pores, J. Phys. Chem. C 120 (2016)
25923–25934.
[189] Hyun-Ha Kim, Yoshiyuki Teramoto, Atsushi Ogata, Hideyuki Takagi,
Tetsuya Nanba, Plasma Catalysis for Environmental Treatment and Energy
Applications, Plasma Chem Plasma Process 36 (1) (2016) 45–72, https://doi.org/
10.1007/s11090-015-9652-7.
[190] K. Takaki, K. Urashima, J.S. Chang, Ferro-Electric Pellet Shape Eﬀect on C2F6
Removal by a Packed-Bed-Type Nonthermal Plasma, Reactor, IEEE T. Plasma Sci.
32 (2004) 2175–2183.
[191] M.S. Gandhi, A. Ananth, Y.S. Mok, J. Song, K.H. Park, Eﬀect of porosity of aalumina on non-thermal plasma decomposition of ethylene in a dielectric-packed
bed reactor, Res. Chem. Intermed. 40 (2014) 1483–1493.
[192] S. Li, X. Yu, X. Dang, H. Guo, P. Liu, C. Qin, Using non-thermal plasma for decomposition of toluene adsorbed on γ-Al2O3 and ZSM-5: Conﬁguration and optimization of a double dielectric barrier discharge reactor, Chem. Eng. J. 375 (2019)
122027.
[193] W. Wang, H. Wang, T. Zhu, X. Fan, Removal of gas phase low-concentration toluene over Mn, Ag and Ce modiﬁed HZSM-5 catalysts by periodical operation of
adsorption and non-thermal plasma regeneration, J. Hazard. Mater. 292 (2015)
70–78.
[194] W. Xu, X. Xu, J. Wu, M. Fu, L. Chen, N. Wang, H. Xiao, X. Chen, D. Ye, Removal of
toluene in adsorption–discharge plasma systems over a nickel modiﬁed SBA-15
catalyst, RSC Advances 6 (2016) 104104–104111.
[195] T. Wang, S. Chen, H. Wang, Z. Liu, Z. Wu, In-plasma catalytic degradation of
toluene over diﬀerent MnO2 polymorphs and study of reaction mechanism,
Chinese J. Catal. 38 (2017) 793–803.
[196] Y.R. Zhang, E.C. Neyts, A. Bogaerts, Enhancement of plasma generation in catalyst
pores with diﬀerent shapes, Plasma Sources Sci. T. 27 (2018).
[197] H.L. Chen, H.M. Lee, S.H. Chen, M.B. Chang, Review of Packed-Bed Plasma
Reactor for Ozone Generation and Air Pollution Control, Ind. Eng. Chem. Res. 47
(2008) 2122–2130.
[198] J.S. Chang, A. Chakrabart, K. Urashima, M. Arai, The Eﬀects of Barium Titanate
Pellet Shapes on the Gas Discharge Characteristics of Ferroelectric Packed Bed
Reactors, Proc. Conf. Electr. Insul. Dielectr. Phenom. (1998).
[199] J. Li, H. Na, X. Zeng, T. Zhu, Z. Liu, In situ DRIFTS investigation for the oxidation
of toluene by ozone over Mn/HZSM-5, Ag/HZSM-5 and Mn–Ag/HZSM-5 catalysts,
Appl. Surf. Sci. 311 (2014) 690–696.
[200] X. Zhu, X. Gao, X. Yu, C. Zheng, X. Tu, Catalyst screening for acetone removal in a
single-stage plasma-catalysis system, Cataly. Today 256 (2015) 108–114.
[201] J. Wu, Y. Huang, Q. Xia, Z. Li, Decomposition of Toluene in a Plasma Catalysis
System with NiO, MnO2, CeO2, Fe2O3, and CuO Catalysts, Plasma Chem. Plasma
P. 33 (2013) 1073–1082.
[202] C. Norsic, J.M. Tatibouët, C.B. Dupeyrat, E. Fourré, Non thermal plasma assisted
catalysis of methanol oxidation on Mn, Ce and Cu oxides supported on γ-Al2O3,
Chem. Eng. J. 304 (2016) 563–572.
[203] R. Peng, X. Sun, S. Li, L. Chen, M. Fu, J. Wu, D. Ye, Shape eﬀect of Pt/CeO2
catalysts on the catalytic oxidation of toluene, Chem. Eng. J. 306 (2016)
1234–1246.
[204] R. Peng, S. Li, X. Sun, Q. Ren, L. Chen, M. Fu, J. Wu, D. Ye, Size eﬀect of Pt
nanoparticles on the catalytic oxidation of toluene over Pt/CeO2 catalysts, Appl.
Catal. B: Environ. 220 (2018) 462–470.
[205] H. Song, F. Hu, Y. Peng, K. Li, S. Bai, J. Li, Non-thermal plasma catalysis for
chlorobenzene removal over CoMn/TiO2 and CeMn/TiO2: Synergistic eﬀect of
chemical catalysis and dielectric constant, Chem. Eng. J. 347 (2018) 447–454.
[206] X. Zhu, S. Liu, Y. Cai, X. Gao, J. Zhou, C. Zheng, X. Tu, Post-plasma catalytic
removal of methanol over Mn–Ce catalysts in an atmospheric dielectric barrier
discharge, Appl. Catal. B: Environ. 183 (2016) 124–132.
[207] N. Jiang, J. Hu, J. Li, K. Shang, N. Lu, Y. Wu, Plasma-catalytic degradation of
benzene over Ag–Ce bimetallic oxide catalysts using hybrid surface/packed-bed
discharge plasmas, Appl. Catal. B: Environ. 184 (2016) 355–363.
[208] X. Zhu, X. Gao, R. Qin, Y. Zeng, R. Qu, C. Zheng, X. Tu, Plasma-catalytic removal
of formaldehyde over Cu–Ce catalysts in a dielectric barrier discharge reactor,
Appl. Catal. B: Environ. 170–171 (2015) 293–300.
[209] C. Qin, X. Huang, X. Dang, J. Huang, J. Teng, Z. Kang, Toluene removal by sequential adsorption-plasma catalytic process: Eﬀects of Ag and Mn impregnation

sequence on Ag-Mn/gamma-Al2O3, Chemosphere 162 (2016) 125–130.
[210] H.J. Gallon, H.H. Kim, X. Tu, J.C. Whitehead, Microscope–ICCD Imaging of an
Atmospheric Pressure CH4 and CO2 Dielectric Barrier Discharge, IEEE T. Plasma
Sci. 39 (2011) 2176–2177.
[211] H.H. Kim, Y. Teramoto, T. Sano, N. Negishi, A. Ogata, Eﬀects of Si/Al ratio on the
interaction of nonthermal plasma and Ag/HY catalysts, Appl. Catal. B: Environ.
166–167 (2015) 9–17.
[212] H.H. Kim, A. Ogata, Nonthermal plasma activates catalyst: from current understanding and future prospects, Eur. Phys. J. Appl. Phys. 55 (2011) 13806.
[213] W. Wang, H.H. Kim, K.V. Laer, A. Bogaerts, Streamer propagation in a packed bed
plasma reactor for plasma catalysis applications, Chem. Eng. J. 334 (2018)
2467–2479.
[214] S. Gadkari, S. Gu, Inﬂuence of catalyst packing conﬁguration on the discharge
characteristics of dielectric barrier discharge reactors: A numerical investigation,
Phys. Plasmas 25 (2018) 063513.
[215] Y.R. Zhang, K. Van Laer, E.C. Neyts, A. Bogaerts, Can plasma be formed in catalyst
pores? A modeling investigation, Appl. Catal. B: Environ. 185 (2016) 56–67.
[216] X. Tu, H.J. Gallon, M.V. Twigg, P.A. Gorry, J.C. Whitehead, Dry reforming of
methane over a Ni/Al2O3catalyst in a coaxial dielectric barrier discharge reactor,
J. Phy. D: Appl. Phy. 44 (2011) 274007.
[217] Z. Wu, Z. Zhu, X. Hao, W. Zhou, J. Han, X. Tang, S. Yao, X. Zhang, Enhanced
oxidation of naphthalene using plasma activation of TiO2/diatomite catalyst, J.
Hazard. Mater. 347 (2018) 48–57.
[218] B. Wang, X. Xu, W. Xu, N. Wang, H. Xiao, Y. Sun, H. Huang, L. Yu, M. Fu, J. Wu,
L. Chen, D. Ye, The Mechanism of Non-thermal Plasma Catalysis on Volatile
Organic Compounds Removal, Catal. Surv. Asia 22 (2018) 73–94.
[219] B. Wang, B. Chen, Y. Sun, H. Xiao, X. Xu, M. Fu, J. Wu, L. Chen, D. Ye, Eﬀects of
dielectric barrier discharge plasma on the catalytic activity of Pt/CeO2 catalysts,
Appl. Catal. B: Environ. 238 (2018) 328–338.
[220] A.S. Pribytkov, G.N. Baeva, N.S. Telegina, A.L. Tarasov, A.Y. Stakheev,
A.V. Tel’nov, V.N. Golubeva, Eﬀect of electron irradiation on the catalytic properties of supported Pd catalysts, Kinet. Catal. 47 (2006) 765–769.
[221] S. Kameshima, K. Tamura, Y. Ishibashi, T. Nozaki, Pulsed dry methane reforming
in plasma-enhanced catalytic reaction, Cataly. Today 256 (2015) 67–75.
[222] W. Xu, N. Wang, Y. Chen, J. Chen, X. Xu, L. Yu, L. Chen, J. Wu, M. Fu, A. Zhu,
D. Ye, In situ FT-IR study and evaluation of toluene abatement in diﬀerent plasma
catalytic systems over metal oxides loaded γ-Al2O3, Catal. Commun. 84 (2016)
61–66.
[223] M. Shirazi, E.C. Neyts, A. Bogaerts, DFT study of Ni-catalyzed plasma dry reforming of methane, Appl. Catal. B: Environ. 205 (2017) 605–614.
[224] E.C. Neyts, A. Bogaerts, Understanding plasma catalysis through modelling and
simulation—a review, J. Phy. D: Appl. Phy. 47 (2014).
[225] H.H. Kim, Y. Teramoto, N. Negishi, A. Ogata, A multidisciplinary approach to
understand the interactions of nonthermal plasma and catalyst: A review, Cataly.
Today 256 (2015) 13–22.
[226] E.C. Neyts, K. Ostrikov, Nanoscale thermodynamic aspects of plasma catalysis,
Cataly. Today 256 (2015) 23–28.
[227] X. Feng, H. Liu, C. He, Z. Shen, T. Wang, Synergistic eﬀects and mechanism of a
non-thermal plasma catalysis system in volatile organic compound removal: a
review, Catal. Sci. Technol. 8 (2018) 936–954.
[228] H.L. Chen, H.M. Lee, S.H. Chen, M.B. Chang, S.J. Yu, S.N. Li, Removal of Volatile
Organic Compounds by Single-Stage and Two-Stage Plasma Catalysis Systems: A
Review of the Performance Enhancement Mechanisms, Current Status, and
Suitable Applications, Environ. Sci. Technol. 43 (2009) 2216–2227.
[229] H. Puliyalil, D. Lašič Jurković, V.D.B.C. Dasireddy, B. Likozar, A review of plasmaassisted catalytic conversion of gaseous carbon dioxide and methane into valueadded platform chemicals and fuels, RSC Adv. 8 (2018) 27481–27508.
[230] W.C. Chung, D.H. Mei, X. Tu, M.B. Chang, Removal of VOCs from gas streams via
plasma and catalysis, Catal. Rev. 61 (2018) 270–331.
[231] X. Zhao, X. Liu, J. Liu, J. Chen, S. Fu, F. Zhong, The eﬀect of ionization energy and
hydrogen weight fraction on the non-thermal plasma volatile organic compounds
removal eﬃciency, J. Phy. D: Appl. Phy. 52 (2019).
[232] H.H. Kim, A. Ogata, S. Futamura, Atmospheric plasma-driven catalysis for the low
temperature decomposition of dilute aromatic compounds, J. Phy. D: Appl. Phy.
38 (2005) 1292–1300.
[233] D. Dobslaw, A. Schulz, S. Helbich, C. Dobslaw, K.-H. Engesser, VOC removal and
odor abatement by a low-cost plasma enhanced biotrickling ﬁlter process, J.
Environ. Chem. Eng. 5 (2017) 5501–5511.
[234] S.L. Hill, H.H. Kim, S. Futamura, J.C. Whitehead, The Destruction of Atmospheric
Pressure Propane and Propene Using a Surface Discharge Plasma Reactor, J. Phys.
Chem. A 112 (2008) 3953–3958.
[235] J. Li, H. Zhang, D. Ying, Y. Wang, T. Sun, J. Jia, In Plasma Catalytic Oxidation of
Toluene Using Monolith CuO Foam as a Catalyst in a Wedged High Voltage
Electrode Dielectric Barrier Discharge Reactor: Inﬂuence of Reaction Parameters
and Byproduct Control, Int. J. Environ. Res. Public Health 16 (2019).
[236] X. Yao, J. Zhang, X. Liang, C. Long, Plasma-catalytic removal of toluene over the
supported manganese oxides in DBD reactor: Eﬀect of the structure of zeolites
support, Chemosphere 208 (2018) 922–930.
[237] B. Wang, S. Yao, Y. Peng, Y. Xu, Toluene removal over TiO2-BaTiO3 catalysts in an
atmospheric dielectric barrier discharge, J. Environ. Chem. Eng. 6 (2018)
3819–3826.
[238] B. Dou, D. Liu, Q. Zhang, R. Zhao, Q. Hao, F. Bin, J. Cao, Enhanced removal of
toluene by dielectric barrier discharge coupling with Cu-Ce-Zr supported ZSM-5/
TiO2/Al2O3, Catal. Commun. 92 (2017) 15–18.
[239] X. Xu, P. Wang, W. Xu, J. Wu, L. Chen, M. Fu, D. Ye, Plasma-catalysis of metal
loaded SBA-15 for toluene removal: Comparison of continuously introduced and

22

372 | Scientific Dossier

Chemical Engineering Journal 388 (2020) 124275

S. Li, et al.

reactor, Environ. Sci. Technol 48 (2014) 558–565.
[269] A.E. Wallis, J.C. Whitehead, K. Zhang, The removal of dichloromethane from atmospheric pressure nitrogen gas streams using plasma-assisted catalysis, Appl.
Catal. B: Environ. 74 (2007) 111–116.
[270] A.E. Wallis, J.C. Whitehead, K. Zhang, The removal of dichloromethane from atmospheric pressure air streams using plasma-assisted catalysis, Appl. Catal. B:
Environ. 72 (2007) 282–288.
[271] C. Fitzsimmons, F. Ismail, J.C. Whitehead, J.J. Wilman, The Chemistry of
Dichloromethane Destruction in Atmospheric-Pressure Gas Streams by a Dielectric
Packed-Bed Plasma Reactor, J. Phys. Chem. A 104 (2000) 6032–6038.
[272] B. Ulejczyk, Decomposition of Halocarbons in the Pulsed Dielectric Barrier
Discharge, International Conference on Optimization of Electrical & Electronic
Equipment (2014) 1053–1059.
[273] K. Krawczyk, B. Ulejczyk, H.K. Song, A. Lamenta, B. Paluch, K. Schmidt-Szałowski,
Plasma-catalytic Reactor for Decomposition of Chlorinated Hydrocarbons, Plasma
Chem Plasma Process 29 (1) (2009) 27–41, https://doi.org/10.1007/s11090-0089159-6.
[274] A.A. Gushchin, V.I. Grinevich, T.V. Izvekova, E.Yu. Kvitkova, K.A. Tyukanova,
V.V. Rybki, The Destruction of Carbon Tetrachloride Dissolved in Water in a
Dielectric Barrier Discharge in Oxygen, Plasma Chem, Plasma P, 2019.
[275] L. Jiang, G. Nie, R. Zhu, J. Wang, J. Chen, Y. Mao, Z. Cheng, W.A. Anderson,
Eﬃcient degradation of chlorobenzene in a non-thermal plasma catalytic reactor
supported on CeO2/HZSM-5 catalysts, J. Environ. Sci. (China) 55 (2017) 266–273.
[276] F.G. Shahna, A. Bahrami, I. Alimohammadi, R. Yarahmadi, B. Jaleh, M. Gandomi,
H. Ebrahimi, K.A. Abedi, Chlorobenzene degeradation by non-thermal plasma
combined with EG-TiO2/ZnO as a photocatalyst: Eﬀect of photocatalyst on CO2
selectivity and byproducts reduction, J. Hazard. Mater. 324 (2017) 544–553.
[277] D.H. Kim, Y.S. Mok, S.B. Lee, Eﬀect of temperature on the decomposition of triﬂuoromethane in a dielectric barrier discharge reactor, Thin Solid Films 519
(2011) 6960–6963.
[278] D.B. Nguyen, W.G. Lee, Eﬀects of ambient gas on cold atmospheric plasma discharge in the decomposition of triﬂuoromethane, RSC Adv. 6 (2016)
26505–26513.
[279] D.H. Kim, Y.S. Mok, S.B. Lee, S.M. Shin, Nonthermal Plasma Destruction of
Triﬂuoromethane Using a Dielectric- Packed Bed Reactor, J. Adv. Oxid. Technol.
13 (2010) 36–42.
[280] S. Sultana, A.M. Vandenbroucke, M. Mora, C. Jiménez-Sanchidrián, F.J. RomeroSalguero, C. Leys, N. De Geyter, R. Morent, Post plasma-catalysis for trichloroethylene decomposition over CeO2 catalyst: synergistic eﬀect and stability
test, Appl. Catal. B: Environ. 253 (2019) 49–59.
[281] A.M. Vandenbroucke, M.T. Nguyen Dinh, N. Nuns, J.M. Giraudon, N. De Geyter,
C. Leys, J.F. Lamonier, R. Morent, Combination of non-thermal plasma and Pd/
LaMnO3 for dilute trichloroethylene abatement, Chem. Eng. J. 283 (2016)
668–675.
[282] M.T. Nguyen Dinh, J.M. Giraudon, A.M. Vandenbroucke, R. Morent, N. De Geyter,
J.F. Lamonier, Manganese oxide octahedral molecular sieve K-OMS-2 as catalyst in
post plasma-catalysis for trichloroethylene degradation in humid air, J. Hazard.
Mater. 314 (2016) 88–94.
[283] M.T.N. Dinh, J.M. Giraudon, A.M. Vandenbroucke, R. Morent, N. De Geyter,
J.F. Lamonier, Post plasma-catalysis for total oxidation of trichloroethylene over
Ce–Mn based oxides synthesized by a modiﬁed “redox-precipitation route”, Appl.
Catal. B: Environ. 172–173 (2015) 65–72.
[284] S. Sultana, Z. Ye, S.K.P. Veerapandian, A. Löfberg, N. De Geyter, R. Morent, J.M. Giraudon, J.-F. Lamonier, Synthesis and catalytic performances of K-OMS-2,
Fe/K-OMS-2 and Fe-K-OMS-2 in post plasma-catalysis for dilute TCE abatement,
Cataly. Today 307 (2018) 20–28.
[285] A.M. Vandenbroucke, M. Mora, C. Jiménez-Sanchidrián, F.J. Romero-Salguero,
N. De Geyter, C. Leys, R. Morent, TCE abatement with a plasma-catalytic combined system using MnO2 as catalyst, Appl. Catal. B: Environ. 156–157 (2014)
94–100.
[286] F. Holzer, F.D. Kopinke, U. Roland, Non-thermal plasma treatment for the elimination of odorous compounds from exhaust air from cooking processes, Chem.
Eng. J. 334 (2018) 1988–1995.
[287] J. Chen, J. Yang, H. Pan, Q. Su, Y. Liu, Y. Shi, Abatement of malodorants from
pesticide factory in dielectric barrier discharges, J. Hazard. Mater. 177 (2010)
908–913.
[288] T. Kuwahara, M. Okubo, T. Kuroki, H. Kametaka, T. Yamamoto, Odor removal
characteristics of a laminated ﬁlm-electrode packed-bed nonthermal plasma reactor, Sensors (Basel) 11 (2011) 5529–5542.
[289] C.W. Park, J.H. Byeon, K.Y. Yoon, J.H. Park, J. Hwang, Simultaneous removal of
odors, airborne particles, and bioaerosols in a municipal composting facility by
dielectric barrier discharge, Sep. Purif. Technol. 77 (2011) 87–93.
[290] M. Hołub, R. Brandenburg, H. Grosch, S. Weinmann, B. Hansel, Plasma Supported
Odour Removal from Waste Air in Water Treatment Plants: An Industrial Case
Study, Aerosol Air Qual. Res. 14 (2014) 697–707.
[291] J.S. Youn, J. Bae, S. Park, Y.K. Park, Plasma-assisted oxidation of toluene over Fe/
zeolite catalyst in DBD reactor using adsorption/desorption system, Catal.
Commun. 113 (2018) 36–40.
[292] Y.F. Guo, D.Q. Ye, K.F. Chen, J.C. He, W.L. Chen, Toluene decomposition using a
wire-plate dielectric barrier discharge reactor with manganese oxide catalyst in
situ, J. Mol. Catal. A: Chem. 245 (2006) 93–100.
[293] M. Lu, R. Huang, J. Wu, M. Fu, L. Chen, D. Ye, On the performance and mechanisms of toluene removal by FeOx/SBA-15-assisted non-thermal plasma at
atmospheric pressure and room temperature, Cataly. Today 242 (2015) 274–286.
[294] J. Chen, Z. Xie, J. Tang, J. Zhou, X. Lu, H. Zhao, Oxidation of toluene by dielectric
barrier discharge with photo-catalytic electrode, Chem. Eng. J. 284 (2016)

adsorption-discharge plasma system, Chem. Eng. J. 283 (2016) 276–284.
[240] L. Mao, Z. Chen, X. Wu, X. Tang, S. Yao, X. Zhang, B. Jiang, J. Han, Z. Wu, H. Lu,
T. Nozaki, Plasma-catalyst hybrid reactor with CeO2/γ -Al2O3 for benzene decomposition with synergetic eﬀect and nano particle by-product reduction, J.
Hazard. Mater. 347 (2018) 150–159.
[241] S. Hamada, H. Hojo, H. Einaga, Eﬀect of catalyst composition and reactor conﬁguration on benzene oxidation with a nonthermal plasma-catalyst combined
reactor, Cataly, Today, 2018.
[242] J. Hu, N. Jiang, J. Li, K. Shang, N. Lu, Y. Wu, Degradation of benzene by bipolar
pulsed series surface/packed-bed discharge reactor over MnO2 –TiO2/zeolite catalyst, Chem. Eng. J. 293 (2016) 216–224.
[243] X. Dang, C. Qin, J. Huang, J. Teng, X. Huang, Adsorbed benzene/toluene oxidation
using plasma driven catalysis with gas circulation: Elimination of the byproducts,
J. Ind. Eng. Chem. 37 (2016) 366–371.
[244] X. Zhang, Y. Huang, Z. Liu, K. Yan, Aerosol emission and collection in styrenecontaminated air remediation with a multi-stage plasma system, J. Electrostat. 76
(2015) 31–38.
[245] T. Shou, N. Xu, Y. Li, G. Sun, M.T. Bernards, Y. Shi, Y. He, Mechanisms of Xylene
Isomer Oxidation by Non-thermal Plasma via Paired Experiments and Simulations,
Plasma Chem, Plasma P, 2019.
[246] Plasma Chem Plasma Process 36 (6) (2016) 1501–1515, https://doi.org/10.1007/
s11090-016-9741-2.
[247] T. Kuroki, K. Hirai, R. Kawabata, M. Okubo, T. Yamamoto, Decomposition of
Adsorbed Xylene on Adsorbents Using Nonthermal Plasma With Gas Circulation,
IEEE T. Ind. Appl. 46 (2010) 672–679.
[248] X. Zhu, X. Tu, D. Mei, C. Zheng, J. Zhou, X. Gao, Z. Luo, M. Ni, K. Cen,
Investigation of hybrid plasma-catalytic removal of acetone over CuO/γ-Al2O3
catalysts using response surface method, Chemosphere 155 (2016) 9–17.
[249] C. Zheng, X. Zhu, X. Gao, L. Liu, Q. Chang, Z. Luo, K. Cen, Experimental study of
acetone removal by packed-bed dielectric barrier discharge reactor, J. Ind. Eng.
Chem. 20 (2014) 2761–2768.
[250] H.Q. Trinh, Y.S. Mok, Plasma-catalytic oxidation of acetone in annular porous
monolithic ceramic-supported catalysts, Chem. Eng. J. 251 (2014) 199–206.
[251] K. Saulich, S. Müller, Removal of formaldehyde by adsorption and plasma treatment of mineral adsorbent, J. Phy. D: Appl. Phy. 46 (2013).
[252] D.Z. Zhao, X.S. Li, C. Shi, H.Y. Fan, A.M. Zhu, Low-concentration formaldehyde
removal from air using a cycled storage–discharge (CSD) plasma catalytic process,
Chem. Eng. Sci. 66 (2011) 3922–3929.
[253] C. Klett, X. Duten, S. Tieng, S. Touchard, P. Jestin, K. Hassouni, A. Vega-Gonzalez,
Acetaldehyde removal using an atmospheric non-thermal plasma combined with a
packed bed: role of the adsorption process, J. Hazard. Mater. 279 (2014) 356–364.
[254] D.H. Lee, T. Kim, Eﬀect of Catalyst Deactivation on Kinetics of Plasma-Catalysis for
Methanol Decomposition, Plasma Process. Polym. 11 (2014) 455–463.
[255] S. Lovascio, N. Blin-Simiand, L. Magne, F. Jorand, S. Pasquiers, Experimental
Study and Kinetic Modeling for Ethanol Treatment by Air Dielectric Barrier
Discharges, Plasma Chem Plasma Process 35 (2) (2015) 279–301, https://doi.org/
10.1007/s11090-014-9601-x.
[256] I. Aouadi, J.-M. Tatibouët, L. Bergaoui, MnOx/TiO2 Catalysts for VOCs Abatement
by Coupling Non-thermal Plasma and Photocatalysis, Plasma Chem Plasma
Process 36 (6) (2016) 1485–1499, https://doi.org/10.1007/s11090-016-9740-3.
[257] H. Lee, D.H. Lee, Y.H. Song, W.C. Choi, Y.K. Park, D.H. Kim, Synergistic eﬀect of
non-thermal plasma–catalysis hybrid system on methane complete oxidation over
Pd-based catalysts, Chem. Eng. J. 259 (2015) 761–770.
[258] T.P. Huu, L. Sivachandiran, P. Da Costa, A. Khacef, Methane, Propene and Toluene
Oxidation by Plasma-Pd/γ-Al2O3 Hybrid Reactor: Investigation of a Synergetic
Eﬀect, Top. Catal. 60 (2016) 326–332.
[259] Tarryn Blackbeard, Vladimir Demidyuk, Sarah L. Hill, J. Christopher Whitehead,
The Eﬀect of Temperature on the Plasma-Catalytic Destruction of Propane and
Propene: A Comparison with Thermal Catalysis, Plasma Chem Plasma Process 29
(6) (2009) 411–419, https://doi.org/10.1007/s11090-009-9189-8.
[260] J. Tang, W. Zhao, Y. Duan, In-Depth Study on Propane-Air Combustion
Enhancement With Dielectric Barrier Discharge, IEEE T. Plasma Sci. 38 (2010)
3272–3281.
[261] P.V. Julien Jarrige, Plasma-enhanced catalysis of propane and isopropyl alcohol at
ambient temperature on a MnO2-based catalyst, Appl. Catal. B: Environ. 90 (2009)
74–82.
[262] C. Trionfetti, A. Ağıral, J.G.E. Gardeniers, L. Leﬀerts, K. Seshan, Oxidative
Conversion of Propane in a Microreactor in the Presence of Plasma over MgOBased Catalysts An Experimental Study, J. Phys. Chem. C 112 (2008) 4267–4274.
[263] Olivier Aubry, Jean-Marie Cormier, Improvement of the Diluted Propane
Eﬃciency Treatment Using a Non-thermal Plasma, Plasma Chem Plasma Process
29 (1) (2009) 13–25, https://doi.org/10.1007/s11090-008-9161-z.
[264] A. Ağıral, C. Trionfetti, L. Leﬀerts, K. Seshan, J.G.E. Gardeniers, Propane
Conversion at Ambient Temperatures C-C and C-H Bond Activation Using Cold
Plasma in a Microreactor, Chem. Eng. Technol. 31 (2008) 1116–1123.
[265] Q.H. Trinh, S.B. Lee, Y.S. Mok, Removal of ethylene from air stream by adsorption
and plasma-catalytic oxidation using silver-based bimetallic catalysts supported on
zeolite, J. Hazard. Mater. 285 (2015) 525–534.
[266] T. Pham, H. Bui, A. Khacef, Oxidation of propene from air by atmospheric plasmacatalytic hybrid system, J. Serbian Chem. Soc. 83 (2018) 641–649.
[267] V. Gaikwad, E. Kennedy, J. Mackie, C. Holdsworth, S. Molloy, S. Kundu,
M. Stockenhuber, B. Dlugogorski, Reaction of dichloromethane under non-oxidative conditions in a dielectric barrier discharge reactor and characterisation of the
resultant polymer, Chem. Eng. J. 290 (2016) 499–506.
[268] Z.A. Allah, J.C. Whitehead, P. Martin, Remediation of dichloromethane (CH2Cl2)
using non-thermal, atmospheric pressure plasma generated in a packed-bed

23

Scientific Dossier | 373

Chemical Engineering Journal 388 (2020) 124275

S. Li, et al.
166–173.
[295] Z. Falkenstein, J.J. Coogan, Microdischarge behaviour in the silent discharge of
nitrogen - oxygen and water - air mixtures, J. Phys. D: Appl. Phys. 30 (1997)
817–825.
[296] H.P. Nguyen, M.J. Park, S.B. Kim, H.J. Kim, L.J. Baik, Y.M. Jo, Eﬀective dielectric
barrier discharge reactor operation for decomposition of volatile organic compounds, J. Clean. Prod. 198 (2018) 1232–1238.
[297] Chengzhu Zhu, Ying Liu, Jun Lu, Zhe Yang, Yunxia Li, Tianhu Chen,
Decomposition of Ethanethiol Using Dielectric Barrier Discharge Combined with
185 nm UV-Light Technique, Plasma Chem Plasma Process 35 (2) (2015)
355–364, https://doi.org/10.1007/s11090-014-9609-2.
[298] H. Huang, D. Ye, D.Y.C. Leung, Abatement of Toluene in the Plasma-Driven
Catalysis: Mechanism and Reaction Kinetics, IEEE T. Plasma Sci. 39 (2011)
877–882.
[299] J. Wu, Q. Xia, H. Wang, Z. Li, Catalytic performance of plasma catalysis system
with nickel oxide catalysts on diﬀerent supports for toluene removal: Eﬀect of
water vapor, Appl. Catal. B: Environ. 156–157 (2014) 265–272.
[300] X. Fan, T. Zhu, Y. Wan, X. Yan, Eﬀects of humidity on the plasma-catalytic removal

of low-concentration BTX in air, J. Hazard. Mater. 180 (2010) 616–621.
[301] Z. Ye, Y. Zhang, P. Li, L. Yang, R. Zhang, H. Hou, Feasibility of destruction of
gaseous benzene with dielectric barrier discharge, J. Hazard. Mater. 156 (2008)
356–364.
[302] A.A. Assadi, A. Bouzaza, I. Soutrel, P. Petit, K. Medimagh, D. Wolbert, A study of
pollution removal in exhaust gases from animal quartering centers by combining
photocatalysis with surface discharge plasma: From pilot to industrial scale, Chem.
Eng. Process. 111 (2017) 1–6.
[303] P. Liang, W. Jiang, L. Zhang, J. Wu, J. Zhang, D. Yang, Experimental studies of
removing typical VOCs by dielectric barrier discharge reactor of diﬀerent sizes,
Process Saf. Environ. 94 (2015) 380–384.
[304] L.M. Martini, G. Coller, M. Schiavon, A. Cernuto, M. Ragazzi, G. Dilecce, P. Tosi,
Non-thermal plasma in waste composting facilities: From a laboratory-scale experiment to a scaled-up economic model, J. Clean. Prod. 230 (2019) 230–240.
[305] M. Schmidt, I. Jõgi, M. Hołub, R. Brandenburg, Non-thermal plasma based decomposition of volatile organic compounds in industrial exhaust gases, Int. J.
Environ. Sci. Te. 12 (2015) 3745–3754.

24

374 | Scientific Dossier

NON THERMAL PLASMA
AND VIRUS
Scientific Dossier | 375

376 | Scientific Dossier

Journal of Physics D: Applied Physics

PAPER

Inactivation of airborne viruses using a packed bed
non-thermal plasma reactor
To cite this article: T Xia et al 2019 J. Phys. D: Appl. Phys. 52 255201

View the article online for updates and enhancements.

Recent citations
- A short review of bioaerosol emissions
from gas bioreactors: Health threats,
influencing factors and control
technologies
Xu-Rui Hu et al
- Factors influencing the antimicrobial
efficacy of Dielectric Barrier Discharge
(DBD) Atmospheric Cold Plasma (ACP) in
food processing applications
Ehsan Feizollahi et al
- Rapid inactivation of airborne porcine
reproductive and respiratory syndrome
virus using an atmospheric pressure air
plasma
Gaurav Nayak et al

This content was downloaded from IP address 194.184.227.210 on 19/05/2020 at 14:01

Scientific Dossier | 377

Journal of Physics D: Applied Physics
J. Phys. D: Appl. Phys. 52 (2019) 255201 (12pp)

https://doi.org/10.1088/1361-6463/ab1466

Inactivation of airborne viruses using a
packed bed non-thermal plasma reactor
T Xia1,3 , A Kleinheksel1, E M Lee2, Z Qiao1, K R Wigginton1
and H L Clack1
1

Department of Civil and Environmental Engineering, University of Michigan, Ann Arbor, MI,
United States of America
2
Department of Mechanical, Materials, and Aerospace Engineering, Illinois Institute of Technology,
Chicago, IL, United States of America
E-mail: xiatian@umich.edu
Received 28 November 2018, revised 25 March 2019
Accepted for publication 28 March 2019
Published 23 April 2019
Abstract

Outbreaks of airborne infectious diseases such as measles or severe acute respiratory syndrome
can cause significant public alarm. Where ventilation systems facilitate disease transmission to
humans or animals, there exists a need for control measures that provide effective protection
while imposing minimal pressure differential. In the present study, viral aerosols in an airstream
were subjected to non-thermal plasma (NTP) exposure within a packed-bed dielectric barrier
discharge reactor. Comparisons of plaque assays before and after NTP treatment found
exponentially increasing inactivation of aerosolized MS2 phage with increasing applied voltage.
At 30 kV and an air flow rate of 170 standard liters per minute, a greater than 2.3 log reduction
of infective virus was achieved across the reactor. This reduction represented ~2 log of the MS2
inactivated and ~0.35 log physically removed in the packed bed. Increasing the air flow rate
from 170 to 330 liters per minute did not significantly impact virus inactivation effectiveness.
Activated carbon-based ozone filters greatly reduced residual ozone, in some cases down to
background levels, while adding less than 20 Pa pressure differential to the 45 Pa differential
pressure across the packed bed at the flow rate of 170 standard liters per minute.
Keywords: non-thermal plasma, bioaerosol inactivation, bacteriophage MS2, ozone, plaque
assay, qPCR
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Introduction

very short distances; however, pathogen transmission over
longer distances can also occur. The SARS outbreak within the
Amoy Gardens housing complex in Hong Kong [1] was spread
between apartments by sewer main gases drawn in by improperly sized ventilation fans and poorly maintained drains.
Livestock diseases such as Newcastle disease, avian influenza, hoof-and-mouth disease, porcine reproductive and respiratory syndrome (PRRS), and African swine flu are potential
threats to global food security. In pork and poultry production,
biosecurity measures for preventing the introduction of pathogens into animal confinement buildings primarily protect
against disease spread through direct contact between animals
and from pathogen-contaminated surfaces. PRRS and avian

Airborne infectious disease outbreaks such as measles, tuberculosis, and severe acute respiratory syndrome (SARS) can cause
risk of infection by the essential and involuntary action of respiration. Airborne disease transmission, the processes governing
it, and the development of protective measures against it, are
less understood than transmission via water, food, arthropod
vectors, and direct contact with infected individuals. Disease
transmission among humans and animals often involves either
direct contact with an infected individual or transport across
3
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and porcine influenza are two examples of high impact diseases for which biosecurity measures have been implemented
to prevent airborne transmission. The virus that causes PRRS
is understood to survive transmission through the atmosphere
in greater numbers when atmospheric conditions are cool,
damp, or cloudy [2]. Long-term changes in climate and their
influences on infectious disease outbreaks vary by route of
transmission and are highly uncertain [3]. While increasing
vector populations with increasing annual average temperature and precipitation could increase vector-borne transmission, the influences of changing meteorological conditions on
airborne transmission of pathogens are unclear.
In contexts where humans or animals move freely, the potential for disease transmission through direct contact is greater,
reducing the importance of airborne transmission and greatly
limiting the utility of airborne pathogen inactivation. However,
where airborne transmission is or is suspected of being an
important transmission route, few mitigation technologies exist.
Disinfection by UV irradiation requires UV doses involving a
combination of radiative fluxes and exposure times that have
been established [4], which are difficult to implement in air.
Upper-room UV irradiation relies on natural air circulation
patterns within a room to transport airborne pathogens into
the illumination zone of a wall-mounted, upward facing UV
fixture near the ceiling. Upper room UV was proven effective
in reducing TB transmission in hospital wards [5] and rubella
transmission within army barracks [6]. UV germicidal irradiation (UVGI) directs UV radiation onto conventional particulate filters within ventilation systems to inactivate bacteria and
viruses captured on the filter surfaces [7]; however, viruses and
bacteria that migrate into the filter media or that are shielded
from the UV source as subsequent particles are collected,
are inactivated with lower efficiencies [7]. The US EPA concludes that there is insufficient evidence, and no standard test
procedures, for assessing UVGI performance and that UVGI
provides virtually no additional protection over the use of conventional HEPA filtration alone [8]. Conventional filtration presents several drawbacks, including the low fluid permeability
needed for high particle collection efficiency, which inherently
increases the differential pressure across the filter and promotes
infiltration of untreated air into indoor spaces at partial vacuum.
In buildings not constructed to an air-tight standard, this can
lead to high costs of building reconstruction and retrofit.
Two factors govern the potential for disease transmission
of airborne pathogens such as viruses and bacteria: aerosol
transport and aerosol infectivity [9]. UV radiation alone
only addresses aerosol infectivity and particle filtration only
addresses aerosol transport. Unlike filtration and UV irradiation, non-thermal plasmas (NTPs) can address both transport (by charge-driven filtration) and infectivity (by reaction
with reactive plasma species) of airborne pathogens. NTP is
a result of electrical discharges within a neutral gas under
atmospheric conditions and mainly consists of electrons, ions,
and radicals. Unlike thermal plasma, where all constituents
are in thermal equilibrium, a NTP in comparison is always
in a state of non-equilibrium because the electrons with very
light masses can reach higher temperatures (104–2.5 × 105 K)
and attain higher kinetic energy (1–20 eV) than the rest of

the NTP constituents, which are heavier and at lower temperatures [10]. On these bases, an NTP is also known as nonequilibrium plasma or cold plasma. A commonly applied NTP
reactor type is the dielectric barrier discharge (DBD) reactor.
DBD or silent discharge refers to the electrical discharge
through a dielectric barrier, such as glass, quartz, or alumina.
A high voltage AC source is commonly used in a DBD reactor,
because the changing polarity of AC is essential to sustain the
electrical discharge in a DBD reactor. The dominant electrical
discharge mode in a DBD reactor is microdischarge, which
is in a form of filaments with nanosecond lifespan. When the
microdischarge reaches a dielectric barrier, the dielectric surface allows for the spreading and accumulation of the charges
and thus reduces the electric field until the field is completely
quenched. The use of an AC source repeats the cycle by generating microdischarge with a different electrical polarity. In
studying the effectiveness of removing air pollutants such as
methyl tert-butyl ether (MTBE) by NTP, Holzer et al [11]
utilized a gaseous plasma generated by a DBD reactor using
different dielectric barriers including glass, Al2O3, and TiO2.
Kuwahara et al [12] developed a DBD reactor using polyesterlaminated electrodes to evaluate the removal characteristics
of odorous compounds, including NH3 and NH3 mixed with
CH3CHO, by NTP. In studying oil mist-to-gas conversion,
Park et al [13] developed a DBD reactor using thin copper
electrodes (0.05 mm thickness) where each electrode was
sandwiched in between by two dielectric plates made of alumina (1 mm thickness).
A packed-bed reactor provides a more efficient way of
treating trace air pollutants by adding pellets between the
electrodes in a corona reactor or a DBD reactor. A typical air
pollutant has a concentration in the range of parts per million
by volume (ppmv), so direct interactions between the electrons and air pollutants are usually negligible under ambient
conditions [10]. In a packed-bed reactor, the electron-impact
reactions serve as the main plasma chemistry for air pollutant
decomposition [14]. By packing the pellets, electron generation takes place through partial discharges at the pellet contact points within a packed-bed reactor. More specifically,
an external electric field applied between the pellets and the
electrodes enables polarization, which in turn induces partial
discharges and subsequently the electron-impact reactions.
While a packed-bed arrangement can provide evenly distributed flows, it can also lead to a higher pressure drop across
the packed-bed. Perovskite pellets, such as BaTiO3 and Al2O3
are commonly used dielectric materials for packed-bed reactors. The addition of catalytically active materials can further improve the selectivity of a packed-bed reactor. Mizuno
et al [15, 16] discovered that a ferroelectric pellet packedbed reactor was not only capable of collecting particles, but
also destroying yeast cells. In studying organic solvents (e.g.
MTBE, toluene, and acetone), Holzer et al [11] evaluated
three packed-bed materials (i.e. glass beads, BaTiO3, and
PbZrO3–PbTiO3) and one catalyst (i.e. LaCoO3) using various
cylindrical DBD reactors designs, which showed that the ferroelectric packed-bed reactor using BaTiO3 pellets significantly increased the conversion of MTBE and toluene to COx.
Kuwahara et al [12] used a ferroelectric packed-bed reactor
2
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the addition of a facility-supplied stream of dry compressed
air (<10% RH; figure 1). The DBD reactor is powered by
one of the two AC voltage amplifiers, namely a variable 0 to
20 kV (peak-to-peak) high voltage amplifier (Trek Model610E) and a 30 kV neon transformer (France 15030 P5G-2UE
ServiceMaster). The variable 0 to 20 kV high voltage amplifier is coupled with a digital function generator (BK Precision
Model-4052), which outputs 60 Hz sinusoidal AC voltage. The
amplifier can output applied voltage (U) signals at 1 V/1000 V
and two current (I) signals, total current and return current,
at 1 V/200 µA, which can be monitored directly by a digital
oscilloscope (BK Precision Model-2190D). For the 30 kV
neon transformer, a high voltage probe (Cal Test Electronics
CT2700, 1 V/1000 V) and a Pearson current coil (Model
6585, 1V/1A) are connected to one of the power supply’s high
voltage electrodes (the schematic is illustrated in figure S1 in
the supplementary information, available online (stacks.iop.
org/JPhysD/52/255201/mmedia)), whose output signals are
monitored by the digital oscilloscope. The power (P) of the
reactor was therefore calculated according to the equation:
ˆ
1
P=
U × Idt
(1)
T T

to study the decomposition of odorous compounds (i.e.
NH3) by adding BaTiO3 pellets to the previously developed
DBD reactor, which used polyester-laminated electrodes.
The results showed that the DBD reactor with ferroelectric
packed-bed pellets could decompose NH3 at a much faster
rate than the DBD reactor alone.
Researchers [17, 18] have reported reductions in infective
airborne pathogen concentrations as a result of NTP treatment, results that included confounding effects of extended
exposure of viral aerosols to ozone [17] or loss of viral aerosols by charge-driven filtration [18]. In one study, a DBD NTP
reactor with 10 s plasma exposure and a very high air flow rate
(25 l s−1) resulted in 97% Escherichia coli inactivation
[17]. The research group found that the synergetic action of
short-living plasma agents, such as hydroxyl radicals, and
plasma-generated ozone, achieved the previously measured 97% in-flight inactivation of aerosolized E. coli [19].
Another research group constructed a 12 mm diameter DBD
NTP device and reported >95% inactivation of bacteria and
85%–98% inactivation of fungal species with a 24 W reactor
energy output and a flow rate of 28.3 LPM (liters per minute)
[20]. That same team examined NTP inactivation of MS2 and
reported over 95% MS2 airstream inactivation with a 28 W
reactor energy output at 12.5 LPM flow rate [18]. None of
these research, however, examined the airstream inactivation
performance of a reactor with a pack-bed feature.
In this study, we describe the development and performance of a packed-bed NTP in-flight airstream disinfection
process. A DBD NTP reactor was constructed to treat an
air stream seeded with viral aerosols. Aerosols of bacteriophage MS2 were generated by the evaporation of fine mists
produced by ultrasonic atomization. Plaque assay and quantitative polymerase chain reaction (qPCR) analyses were
conducted to determine the abundance of infective and total
MS2 aerosols, respectively, in the pre- and post-treatment
samples. Ultimately, the ability to remove residual ozone with
carbon filters was assessed. A maximum of 2.3 log reduction
of infective MS2 virus was achieved by the reactor, demonstrating NTP is a viable technology for in-flight disinfection
and the prevention of airborne virus transmission.

where T is the period of the AC voltage. A honeycomb-structured ozone filter (figure 1; Burnett Process Inc. BP-4810) is
located downstream of the reactor to remove ozone from the
exhaust. Two impingers installed upstream and downstream
(figure 1) of the reactor enabled the quantification of virus
inactivation by the NTP reactor.
NTP and reactor design

The NTP reactor developed in the present study utilizes the
characteristics of DBD and packed-bed discharge for the
application of viral aerosol inactivation. Figure 2 is a closeup schematic of the DBD packed-bed reactor. The reactor
is composed of one larger Plexiglas tube (10.2 cm (4-inch)
OD, 9.5 cm (3.75-inch) ID, 20.3 cm (8-inch) length) and two
smaller tubes (8.9 cm (3.5-inch) OD, 7.6 cm (3-inch) ID,
30.5 cm (12-inch) length). The smaller tubes slide freely relative to the larger tube due to a clearance of 0.3 cm (0.125-inch).
Two rubber O-rings, which sit in the grooves on the OD of the
smaller tube permit an air-tight sliding mechanism. As indicated in figure 2, a circular perforated brass plate is installed
at the end of each sliding tube to serve as the ground electrode
and to evenly distribute the inlet and outlet flow of the reactor.
The design of the sliding electrode allows for packed bed
depth adjustment ranging between 0.6 and 12.7 cm (0.25 and
6 inches). A brass ring (0.9 mm (0.035-inch) thickness, 2.5 cm
(1-inch) width) adhered to the OD of the larger Plexiglas tube
serves as the high voltage electrode for the AC high voltage
supply. Two flow plugs made of styrofoam (6.35 cm (2.5-inch)
OD) are positioned at the center of the reactor to direct the
airflow with viral aerosols through an annular region in which
the plasma is concentrated (figure 2). The DBD reactor utilizes the microdischarge generated through a dielectric barrier
made of Plexiglas. The packed-bed, consisting of 500 inert
borosilicate glass beads (0.6 cm (0.25-inch) diameter), further

Materials and methods
Experimental setup

The experimental apparatus (figure 1) for NTP inactivation
of viral aerosols includes: (1) an induced draft (ID) fan, (2)
a DBD reactor, (3) an aerosol generator, (4) a digital oscilloscope, (5) a high voltage amplifier, and (6) a digital function
generator. The aerosol generator is a modified consumergrade cool-mist humidifier (Vicks V5100-N) that piezoelectrically atomizes virus buffer solution containing MS2,
a single-stranded RNA bacteriophage. A 10.2 cm (4-inch) ID
fan at the end of the apparatus draws ambient air (25%–36%
RH) into a flexible duct (8.9 cm (3.5-inch) ID and 4 m (13-ft)
length), where mixing occurs between the air and the droplets,
allowing for droplet evaporation and thus bioaerosol generation. The droplet evaporation process is further enhanced by
3
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Figure 1. Experimental setup for the inactivation of viral aerosols with the 0–20 kV variable amplifier.

Figure 2. Schematic of the DBD packed-bed reactor.

enhances the microdischarge by partial discharges at the contact points between the glass beads for effective electron-viral
aerosol collisions and inactivation process.

the original virus solution. Each inactivation test involved
adding 300 ml (for a 60 min test) or 200 ml (for a 30 min
test) of MS2 solution consisting of ~1 × 108 pfu ml−1 in
phosphate-buffered saline (PBS; 0.78 g NaH2PO4/L, 0.58 g
NaCl/L, pH of 7.5) into the ultrasonic humidifier reservoir.
The humidifier was set to built-in power level 2 (labeled as H2)
and the atomization rate was approximately 117 ml h−1 over
a 30 min experimental period [21]. The air flow rate through

Experimental procedure

During the virus inactivation tests, a consumer-grade ultrasonic humidifier was used to generate MS2 viral aerosols from
4
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the sampling train was maintained by the ID fan with a viable
transformer (Staco Energy 3PN221B). In each test, the ID fan
and humidifier were turned on for five minutes until reaching
steady state. Then the packed-bed NTP reactor was activated
by the selected high voltage supply. An electric vacuum pump
(McMaster–Carr model #4176K11) was turned on to draw
samples from the air stream near the inner wall of the pipe
through the impingers (ACE Glass 7533-13) upstream and
downstream of the reactor at 1 LPM, leading to collection of
MS2 aerosols in the 20 ml impinger collection fluid (PBS).
For inactivation tests with the reactor powered by the
0–20 kV variable amplifier, the sampling time was 30 min. For
tests with the 30 kV transformer, the sampling time was 60 min
in order to collect a higher number of viable viruses within
the impinger installed downstream of the reactor (figure 1).
Virus samples were also collected directly from the ultrasonic humidifier reservoir before each trial. Plaque assays and
reverse transcriptase quantitative polymerase chain reaction
(RT-qPCR) assays, both described in detail below, were performed on each sample to determine the concentration of infectious MS2 plaque forming units (pfu/ml) and the concentration
of MS2 genome copies (gc/ml) in the PBS collecting solution.
To compare the humidifier reservoir samples with impinger
samples, all of the acquired infectious MS2 concentrations in
aqueous PBS solutions were converted to concentrations in the
air stream using the following two mass balance equations:
C8,air = V̇ ×
C10,air =

C3
Q̇air

Vimpinger C10
Vimpinger C11
; C11,air =
Q̇sample tsample
Q̇sample tsample

MS2 propagation and enumeration. Bacteriophage MS2

(ATCC 15597-B1) and its corresponding E. coli host ATCC
15597 was purchased from American Type Culture Collection
(ATCC). MS2 was propagated and assayed in its E. coli host
using previously published methods [22, 23]. The virus stocks
were purified using an Econo Fast Protein Liquid Chromatography system (Bio-Rad, USA) with a HiPrep Sephacryl S-400
HR column (GE, USA). The purified virus fractions were concentrated with 100 kDa Amicon ultracentrifugal filters (Millipore, USA), and finally filter-sterilized with 0.22 µm PES
membrane filters. The final MS2 stocks (~1011 pfu ml−1 were
stored in phosphate buffer (5 mM NaH2PO4 and 10 mM NaCl,
pH 7.5) at 4 °C. In the experiments, the detection limit was
10 pfu ml−1 since only 100 µl of a sample was used for each
plate.
RT-qPCR. Viral RNA was extracted from 200 µl MS2 virus

samples using Maxwell 16 Viral Total Nucleic Acid Purification Kits (Promega, Madison, WI) according to the manufacturer’s instructions. Extracted RNA was eluted using 50 µl of
nuclease-free water. The forward primer (5′-CCGCTACCTTGCCCTAAAC-3′) and reverse primer (5′-GACGACAACCATGCCAAAC-3′) were designed with the Primer3free
software (http://primer3.sourceforge.net/) and purchased from
ThermoFisher Scientific (Grand Island, NY). Extracted MS2
RNA samples and RNA standards were reverse transcribed and
amplified in parallel in an Eppendorf Mastercycler ep realplex
Real-time PCR System (Eppendorf, Hauppauge, NY). Each
reverse transcription-qPCR reaction was run in 20 µl of total
volume comprising 10 µl of GoTaq 1-Step Master Mix, 0.4 µl
of RT mix, 0.6 µl each of 10 µM forward and reverse primers,
6.4 µl of nuclease-free water and 2 µl of RNA sample (Promega, Madison, WI). The following thermocycling conditions
were used: 15 min at 40 °C; 10 min at 95 °C; and 45 cycles of
95 °C for 15 s, 60 °C for 30 s and 72 °C for 40s, followed by a
melting ramp from 68 to 95 °C, with the temperature held for
45 s at 60 °C and for 5 s at all subsequent temperatures.

(2)

(3)

where V̇ is the average ultrasonic atomization rate (117 ml h−1), C3
is the measured infective MS2 concentrations in samples acquired
from the humidifier reservoir (position 3 in figure 1) immediately
before each test. C10 and C11 are the infective MS2 concentrations
in the impingers (positions 10 and 11 in figure 1 respectively).
C8,air, C10,air and C11,air are converted infectious MS2 concentrations in the airstream at the humidifier outlet and at the upstream
and downstream sampling points, respectively. Q̇air is the air flow
rate through the apparatus, Vimpinger is the volume of PBS in each
of the impingers (20 ml), and Q̇sample and tsample are, respectively,
air flow rates through the impingers (1 LPM) and the standard
elapsed time allowed for sampling (30 or 60 min). It should be
noted that the MS2 inactivation in the reservoir during atomization is not considered in the calculation of C8,air, so the calculated
results should be good approximations rather than true values.
According to our previous study, there may be a 0.3 log reduction
of viable MS2 concentration in the humidifier reservoir during
the 30 min test, but this inactivation would not affect the estimation of the NTP reactor inactivation efficiency as long as viable
MS2 are measured in the upstream impinger [21]. Similarly, total
virus genome concentrations (both infective and inactivated) were
assessed with qPCR and measured as genome copies per milliliter of solution (gc/ml), corrected with equations (2) and (3), and
reported as genome copies per liter of air.

Measurements of system performance. During the experiment, a portable humidity/temperature pen (Traceable 4093)
measured the temperature and relative humidity (RH) inside
the sampling train upstream of the reactor. An insertable
anemometer (Extech 407123) measured the air stream radial
velocity profile ~30.5 cm (12-inch) downstream of the reactor.
The pressure drops across the packed-bed NTP reactor and
the ozone filter were measured by a low-pressure differential
gauge (Magnehelic 2300-0). When the reactor was powered
by the 0–20 kV variable amplifier, an oscilloscope (BK Precision Model-2190D) monitored the applied voltage and current to the packed-bed NTP reactor, from which the input
and discharge power can be calculated. When the reactor was
powered by the fixed 30kV transformer, the total input power
consumption of the transformer was measured by an electricity power meter (P3 International P4460), and the discharge
power was measured by a high voltage probe and a Pearson
coil, as discussed in the experimental setup section. To ensure
that collected MS2 would not be inactivated in the impinger
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Figure 3. Applied voltage and (a) total current or (b) return current waveform acquired by the oscilloscope with 20 kV peak-to-peak

voltage.

Figure 4. (a) Input and discharge power of the reactor at 12 kV, 16 kV and 20 kV applied voltage with the 0–20 kV variable amplifier;

(b) estimated discharge power showed a strong exponential correlation with the applied voltage with both high voltage power supplies.

liquid during sampling, 20 ml of 1 × 106 pfu ml−1 MS2-PBS
solution was added into the downstream impinger, which was
then connected to the downstream sampling port. The packedbed NTP reactor was either inactivated or activated by the
20 kV voltage supply, and the effluent gas from the reactor was
bubbled through the impinger liquid for 15, 30 and 45 min,
after which the infectious MS2 concentrations in the impinger
were assayed. Ozone generated by the packed-bed NTP reactor when energized had the potential to dissolve into sampling
liquid in the downstream impinger and inactivate MS2 during
and after sample collection. To quench the ozone in solution,
50 mM of anhydrous sodium sulfite (Na2SO3, Fisher Scientific
BP355-500) was added into the downstream 20 ml impinger
collection liquid. An ozone sensor (EcoSensors A-21ZX)
measured the ozone concentration either upstream of the
ozone filter (downstream of the reactor) or downstream of the
filter to determine the amount of ozone generated by the packbed NTP reactor at various power and flow rate levels and to
examine the removal efficiency of ozone by the ozone filter.

of the ID fan and 330 LPM at 60% voltage setting, by integrating the measured air velocity profile along the pipe radius.
The pressure difference upstream and downstream of the NTP
DBD packed bed measured at the 170 LPM flow rate was
45 Pa, a reasonably low difference due to the high porosity of
the packed bed. The ozone filter was also quite porous, with a
honeycomb structure that produced a pressure drop of 20 Pa
at the flow rate of 170 LPM. The total pressure drop across
the system was about 65 Pa at the flow rate of 170 LPM, or
0.38 Pa/LPM. It was estimated that at 170 LPM, the virus
exposure time to NTP species was about 0.25 s.
Typical applied voltage and current waveforms measured
by the oscilloscope are presented in figure 3, and all voltage
and current waveforms at all voltage setups (12 kV, 16 kV,
20 kV and 30 kV) can be found in the supporting information.
Two current waveforms were measured: the total current represented the current supplied into the system and was used to
calculate input power; the return current represented the current returned to the supply from the ground electrode, and was
used to calculate NTP discharge power. When applied voltage
increased from 12 kV to 20 kV, the input power increased
from 0.5 W to 1.5 W and the discharge power increased
from 0.2 W to 0.6 W, 31%–36% of the input power (figure
4(a)). Kuwahara et al [12] reported similar differences (76%)
between input and discharge power, and two other research
reported that 20%–27% of the input power was converted to

Results and discussion
Operating conditions

In this study, the overall air flow rate through the sampling
train was estimated to be 170 LPM at 30% voltage setting
6
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Figure 5. Change of infectious MS2 concentration in the downstream impinger with either ozone-free air (reactor off) or ozone-loaded air
(reactor activated by 20 kV) bubbling through the impinger liquid.

plasma discharge power in their NTP reactor [24, 25]. With
the 0–20 kV variable amplifier, the maximum discharge power
in the reactor was 0.56 W (198 J m−3 at 170 LPM) at 20 kV.
With the fixed 30 kV neon transformer, the actual peak-topeak voltage applied to the reactor was 28 kV and the total
input power consumption was ~21 W measured by the commercial power meter. The estimated discharge power was
2.08 W (734 J m−3 at 170 LPM), 10% of the input power,
according to the high voltage probe and Pearson coil measurements. The estimated discharge power showed a strong
exponential correlation with the applied peak-to-peak voltage,
no matter which power supply is used (figure 4(b)). In future,
the V–Q Lissajous method can be applied to more accurately
estimate the discharge power with both the 0–20 kV variable
amplifier and the 30 kV neon transformer.
When ambient air was supplemented with dry compressed
air, the initial temperature and RH of the air stream inside the
sampling train were 20 °C and 30%, respectively. The addition of water mist from the humidifier into the air stream
can induce evaporative cooling, in which the air temperature
would be reduced, and the RH would be increased. According
to the measurement data, at 170 LPM air flow rate and the
humidifier power level 2 (H2; atomization rate of 117 ml h−1),
both the temperature and RH reached steady state values of
16.5 °C and 60%, respectively, after 30 min.
Control tests were conducted during which 20 ml of an
MS2 solution (1 × 106 pfu ml−1 in PBS) was added into the
downstream impinger and the effluent gas from the reactor
was bubbled through the impinger liquid. The concentration
of infective viruses when the NTP reactor was off proved
that bubbling ozone-free air through the impinger for 45 min
did not inactivate the MS2 (figure 5). When the reactor was
on, a 3 log reduction in the infective MS2 concentration was
observed in the impinger solution over the first 15 min. This
indicated that when the reactor was activated by 20 kV, the
generated ozone dissolved in the impinger liquid and inactivated the sampled MS2. As the goal of these experiments was
to inactivate viruses within the reactor and not in the sampling

liquid downstream of the reactor, the ozone that dissolved in
the downstream impinger liquid was quenched with 50 mM of
anhydrous sodium sulfite. According to the measured ozone
concentration and the calculated equilibrium dissolved ozone
concentration in the impinger liquid (based on Henry’s Law),
the added sodium sulfite should be sufficient to quench all of
the dissolved ozone during the packed-bed NTP inactivation
tests. Control experiments proved that the sodium sulfite did
not inactivate MS2 within the experimental timeframe.
MS2 Inactivation

The decrease in infective MS2 particles and total MS2 particles across the reactor were assayed by taking samples from
the atomizer reservoir and samples from impingers both
upstream and downstream of the NTP treatment. Although
plaque assay results are normally reported in pfu per ml of
solution and qPCR results are reported as gene copies (gc) per
ml of solution, our reported concentrations are in pfu or gc per
liter of air, which correspond to the overall air flow rate for the
case of gross concentrations entering the sampling train, and
to the 1 LPM air sampling rate through the impingers.
When the volumetric air flow rate was maintained at
170 LPM and the reactor was off, a ~2.6 log decrease in
infective MS2 concentrations from the humidifier outlet
to the upstream impinger was observed, as was a ~0.35 log
decrease between the upstream and downstream impingers
(figure 6). The qPCR results, which reflect the total number of
viruses, suggested a decrease of ~1 log between the humidifier outlet and the upstream impinger and a decrease of ~0.35
log between the upstream and downstream impingers (figure
6). The ~1 log decrease in gene copy concentrations from the
humidifier outlet (position 8) to the upstream impinger (position 10), which indicates the loss of total (infectious and inactivated) viruses during atomization, may have several causes,
including wall losses along the four-meter-long duct. These
impacts are discussed in greater detail in Xia et al [21]. The
additional 1.6 log reduction in infectious MS2 concentrations
7
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Figure 6. Concentrations of viruses in air measured with plaque assays and RT-qPCR in the NTP reactor powered by 30kV AC supply at a
170 LPM air flow rate (*: detection limit).

Figure 7. Log-reduction of infectious MS2 in airstream due to inactivation of the packed-bed NTP reactor activated by the variable voltage
amplifier at 12 kV, 16 kV and 20 kV (CD and CU represent the downstream and upstream concentrations in air, respectively).

was most likely caused by inactivation during the evaporation process of the atomized MS2-PBS droplets. Based on
the qPCR results, the 0.35 log decrease of infectious viruses
through the packed bed when the reactor was off was not due
to inactivation of viruses in the aerosols and was likely due to
physical filtration of the virus by the packed bed.
When the reactor was powered with the 30 kV neon transformer, samples collected post-NTP treatment contained
infective virus concentrations below our plaque assay limit of
quantification (10 pfu ml−1). Consequently, the reactor caused
a decrease of more than 2.3 log infective MS2 (2 log inactivation if excluding the 0.35 log filtration discussed above)
(figure 6). In contrast, the nearly constant reduction in gene
copy concentrations with and without power to the reactor

suggests that the virus was inactivated, and not removed
physically (figure 6). In Xia et al [21], we discuss the likely
mechanisms responsible for the nearly three log reduction in
infective MS2 concentration between the introduction of the
aerosol at position 8 to the upstream impinger at position 10
(figure 1).
MS2 inactivation was measured over a range of lower voltages (12, 16, and 20 kV) and two air flow rates (170 LPM
and 330 LPM). Increasing the voltage resulted in an exponential increase in MS2 inactivation by the reactor (figure 7),
when the packed-bed filtration effect (an average of 0.14 log)
was subtracted. At an air flow rate of 170 LPM and 12 kV, an
infective virus inactivation reduction across the reactor of 0.23
log was observed. This increased to a 0.78 log reduction at
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Figure 8. Measured ozone concentrations upstream of the ozone filter as a function of Vpp and air flow rate.

20 kV. Inactivation of infectious agents by chemical oxidants
generally follows a Chick–Watson model, as illustrated by the
equation below [26, 27]:
Å ã
CD
n
ln
= − kCinact
t
(4)
CU

dose received by aerosolized MS2 was thereby estimated as
0.0017 min mg m−3 at 20 kV and 0.017 min mg m−3 at 30 kV
(assuming room temperature and pressure). According to Tseng
and Li [29], 90% (1 log) inactivation of airborne MS2 required
an ozone dose of 1.28 min mg m−3, which is 75–750 times of
the ozone dose provided in this study. It was therefore concluded
that ozone acted as a secondary inactivating reagent in this study
and that aerosolized MS2 was predominantly inactivated by radicals and other reactive oxygen species (ROS) generated by the
packed-bed NTP reactor over the short exposure time.
Our MS2 inactivation results (figures 6 and 7) are comparable with the previous studies. For example, Vaze et al applied
28 kV 600 µs pulse discharges to generate NTP, and the reactor
achieved 97% inactivation of E. coli (1.5 log reduction) during
the 10 s treatment time [17]. When the plasma generation area
was reduced by 25%, the reactor’s E. coli inactivation efficiency reduced significantly to 29% (0.16 log reduction) [19].
Wu et al applied a 14 kV 10 kHz AC power supply, and at
20 W power level, the reactor achieved ~80% MS2 inactivation (0.9 log reduction) in room air during a 0.12 s treatment
time [18]. Both of these studies, however, only reported the
reductions of viable bioaerosol concentration after the NTP
treatment, and did not separate the inactivation effect of the
active plasma species from the physical electrostatic precipitation or filtering effect of the reactor.

where CD and CU are downstream and upstream infectious
virus concentrations respectively, Cinact is the concentration
of the inactivating agent generated by NTP, n is the coefficient of dilution (usually assumed to be 1), t is duration of
treatment, and k is a kinetic constant. When the NTP reactor
is operating at steady state under steady applied AC voltage,
Cinact and treatment time t should remain constant. Increasing
applied voltage to the NTP reactor increases the concentration of reactive ions and electrons (Cinact) in the plasma, and
according to figure 7 and equation (4), Cinact should increase
exponentially with increasing applied voltage. This assertion,
however, needs to be justified in future plasma species measurements and analysis. Increasing the flow rate to 330 LPM,
and consequently reducing the treatment time by approximately 50%, had a small impact on inactivation (figure 7),
which indicates that the amount of treated air by the reactor
can be increased without having a major impact on inactivation
efficiency. This may be because that the predominant species
inactivating aerosolized MS2 in this study were short-lived
radicals rather than long-lived ozone, whose lifetime is at the
scale of nanoseconds [28] and would not be affected by the
change of second-scale exposure time. Wu et al [18] reported
similar limited impact of treatment time on NTP inactivation efficiency. Specifically, the study showed that doubling
the treatment time would only cause a 2%–4% further inactivation of waterborne MS2 by plasma gas. Extrapolating the
results obtained at 12–20 kV and 170 LPM to 30 kV according
to the trendline would yield an estimated 3.5 log reduction, in
agreement with the greater than 2 log reduction obtained with
the fixed 30 kV neon transformer.
In this study, at the flow rate of 170 LPM, the virus exposure time to NTP species was about 0.25 s, and the steady state
ozone concentration downstream of the reactor was measured as 0.21 ppm at 20 kV and 2.08 ppm at 30 kV. The ozone

Ozone generation by the NTP reactor

One major concern for NTP-based airstream disinfection is
the production of ozone in ventilation air, which can have
detrimental impacts on human and animal health [30]. In
California, state environmental regulations [31] require that
indoor air cleaning devices intended for use in occupied
spaces should not produce ozone concentrations greater than
0.05 ppm in treated air streams. We therefore adapted consumer-grade activated carbon honeycomb filters, normally
installed over exhaust vents of photocopiers and laser printers,
for use as a post-NTP treatment ozone filter.
The ozone concentrations were measured in the airstream
upstream of the ozone filter (downstream of the packed bed
9
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Figure 9. Measured ozone concentration upstream and downstream of the single layer ozone filter with either 20 kV or 30 kV power supply

at varied air flow rates. The dashed line represents the ozone standard for indoor air cleaners set by the state of California [31].

section of the reactor), as a function of peak-to-peak voltage
(Vpp) applied by the Trek high voltage power supply (figure
8). The baseline ozone concentration in the room air was
0.03 ppm. Results suggest that plasma was not established in
the reactor and no ozone was produced until the applied Vpp
exceeded 10 kV (figure 8). Above 10 kV, the ozone concentration downstream of the packed bed and upstream of the ozone
filter increased with increasing Vpp and decreased due to
reduction of NTP discharge energy density (discharge energy
per unit volume of the air flow) with increasing air flow rate,
as set by the ID fan. When 20 kV AC voltage was applied to
the packed-bed NTP reactor and at the 170 LPM flow rate, the
highest ozone concentration downstream of the reactor was
0.21 ppm.
Ozone concentrations were measured upstream and
downstream of a single, centimeter-thick ozone filter under
reactor-on conditions at 20 kV (discharge power of 0.56 W)
and 30 kV (discharge power of 2.08 W) over a range of air
flow rates (figure 9). Increasing air flow rates corresponded
with decreasing upstream ozone concentrations due to reduction of NTP discharge energy density, and increasing downstream ozone concentrations, likely due to increasing space
velocity (defined as volumetric flow rate normalized by filter
volume) and thus decreasing filter performance. The much
higher supplied power of the 30 kV power supply, as compared to the 20 kV power supply, also produced more ozone,
approximately ten times higher at all three flow rate conditions (figure 9). This was likely a result of greater oxygen
atom radical (O) production at the higher power, which
reacted with the available O2 to form more O3 [32, 33]. At
170 LPM and 30 kV, the single layer of the activated carbon
filter reduced upstream ozone concentrations by 96%; however, the downstream O3 concentration (0.09 ppm) still
exceeded the 0.05 ppm California standard. The addition of

a second filter would very likely reduce concentrations below
the California standard, with little increase in the pressure
drop across the filter (20 Pa at the flow rate of 170 LPM).
Conclusion
In this study, we successfully designed and constructed a
packed-bed DBD NTP reactor that was effective at inactivating bacteriophage MS2 in aerosols with minimal pressure
drop across the reactor. Ozone generated by the active plasma
was effectively reduced to meet regulation standards by the
insertion of commercial ozone filters without significant pressure drop. In future applications, the packed-bed depth, the
dielectric material, and the air flow rate through the sampling
train can be modified to achieve improved performance at
various flow conditions.
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