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1. I DISPOSITIVI JONIX
Tutti i I dispositivi JONIX utilizzanola tecnologia NTP (Non Thermal Plasma o Plasma Freddo) che produce specie
ossidanti,e quindisanificanti, attraverso i “generatori JONIX” (o “attuatori”), costituiti da tubi cilindrici con lamine
in metallo.

2. PRINCIPIODI FUNZIONAMENTO
Il plasmanon termico (NTP– NonThermalPlasma) producevarie specie reattive cheprendononel loro insieme il
nomediROS(Reactive OxygenSpecies)eche permettono ilpoteresanificantedei sistemi Jonix.

In baseaquanto noto sulplasmafreddo,è possibile ipotizzareche iprocessidi sanitizzazionepossanoavvenire per
diretta interazione fra il plasma (superficie dell̓ attuatore) ed il contaminante e per interazione con le specie
prodotte dalpassaggiodell̓ aria nelplasma,chevengonoallontanate nella corrente gassosa.

I dispositivi Jonix, se correttamente utilizzati secondo le specifiche tecniche, permettono la riduzionedi batteri,
muffeevirussianell̓ aria ambienteche sullesuperfici.

Nei dispositivi della famiglia MATE (MiniMate, Mate, MaxiMate) la presenzadi filtri aria aumentano l̓ efficienza
sanificantedellemacchine.
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3. CERTIFICAZIONI

Tutti i dispositivi amarchioJonixhannole seguenticertificazioni e riconoscimenti.

Marcatura CE
Prodotti conformialle direttive Europee

Direttiva comunitaria
europea
di prestazione
ai requisiti di
comunitari

TÜVPROFiCERT
Certificazionedellaqualitàdei dispositivi

TÜV PROFiCERT certifica la qualità dei processi di produzione dei
dispositivi Jonix attraverso
gestione dell'azienda, le qualifiche dei dipendenti, la soddisfazionedel
cliente, l'ispezione interna dei processi aziendalie l'esatta definizionedi
tutte le procedure.

Prodotti validati e continuamente monitorati.
dispositivi Jonix, certifica la veridicità dei dati e delle performances
dichiarate nei dossierscientifici e nei cataloghi prodotti.

OngreeningeProductMAP
La

Ongreening®è una piattaforma digitale indipendente dedicata alla
filiera dell̓ edilizia green che supporta la diffusione delle migliori
pratiche sostenibili rendendo il greenbuildingaccessibilea tutti. Include
il database innovativo, ProductMAP®, che co
materiali e prodotti edilizi sulla base di criteri prestazionali e di
sostenibilità e fornisce la conformità dei prodotti, materiali e
componenti edilizi ai piùdiffusi sistemidi rating della sostenibilità negli
edifici, comeil LEE
e HKBEAM Plus.

I dispositivi Jonix per la purificazione dell̓ aria contribuiscono a
soddisfare i requisiti di valutazione degli edifici ecologici: Leed®,
Breeam®,Estidama®,HKBeam®,Well®
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Tutti i dispositivi amarchioJonixhannole seguenticertificazioni e riconoscimenti.

Marcatura CE
Prodotti conformialle direttive Europee

Direttiva comunitaria, di un prodotto regolamentato nell'
europea, il qualedichiara, permezzodella dichiarazionedi conformità
di prestazione per i prodotti dacostruzione, che il prodotto è conforme
ai requisiti di sicurezza previsti dalle direttive o dai
comunitari applicabili.

TÜVPROFiCERT
Certificazionedellaqualitàdei dispositivi

TÜV PROFiCERT certifica la qualità dei processi di produzione dei
dispositivi Jonix attraverso audit in sede, dove sono esaminate: la
gestione dell'azienda, le qualifiche dei dipendenti, la soddisfazionedel
cliente, l'ispezione interna dei processi aziendalie l'esatta definizionedi
tutte le procedure.

Prodotti validati e continuamente monitorati.
dispositivi Jonix, certifica la veridicità dei dati e delle performances
dichiarate nei dossierscientifici e nei cataloghi prodotti.

OngreeningeProductMAP
apiattaformaper ilGreenBuilding

Ongreening®è una piattaforma digitale indipendente dedicata alla
filiera dell̓ edilizia green che supporta la diffusione delle migliori
pratiche sostenibili rendendo il greenbuildingaccessibilea tutti. Include
il database innovativo, ProductMAP®, che consente la selezione di
materiali e prodotti edilizi sulla base di criteri prestazionali e di
sostenibilità e fornisce la conformità dei prodotti, materiali e
componenti edilizi ai piùdiffusi sistemidi rating della sostenibilità negli
edifici, comeil LEED,WELL, BREEAM, BRE HomeQuality Mark, Estidama
e HKBEAM Plus.

I dispositivi Jonix per la purificazione dell̓ aria contribuiscono a
soddisfare i requisiti di valutazione degli edifici ecologici: Leed®,
Breeam®,Estidama®,HKBeam®,Well®.
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, di un prodotto regolamentato nell'Unione
dichiarazionedi conformità o
, che il prodotto è conforme

previsti dalle direttive o dai regolamenti

TÜV PROFiCERT certifica la qualità dei processi di produzione dei
audit in sede, dove sono esaminate: la

gestione dell'azienda, le qualifiche dei dipendenti, la soddisfazionedel
cliente, l'ispezione interna dei processi aziendalie l'esatta definizionedi

Prodotti validati e continuamente monitorati. Il logoTÜV,per i
dispositivi Jonix, certifica la veridicità dei dati e delle performances
dichiarate nei dossierscientifici e nei cataloghi prodotti.

Ongreening®è una piattaforma digitale indipendente dedicata alla
filiera dell̓ edilizia green che supporta la diffusione delle migliori
pratiche sostenibili rendendo il greenbuildingaccessibilea tutti. Include

nsente la selezione di
materiali e prodotti edilizi sulla base di criteri prestazionali e di
sostenibilità e fornisce la conformità dei prodotti, materiali e
componenti edilizi ai piùdiffusi sistemidi rating della sostenibilità negli

D,WELL, BREEAM, BRE HomeQuality Mark, Estidama

I dispositivi Jonix per la purificazione dell̓ aria contribuiscono a
soddisfare i requisiti di valutazione degli edifici ecologici: Leed®,
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Bio

La Certificazione Bio
benessereabitativo all̓ interno dei luoghiconfinati.

I dispositivi Jonixsonostati testati, secondoil protocollo brevettato Bio
Safe
contaminanti attraverso analisi di laboratorio con camera di prova (UNI
EN 16000)capaci di verificare le loro potenzialità emissive e attraverso
rilievi ambientali (UNI EN 14412) in grado di restituire il livello di
purificazionedʼaria r

Lo specifico percorso dʼanalisi e controllo intrapreso in ognuno dei
seguenti casi ha portato questi prodotti all̓ ottenimento del Sigillo di
Validazione Bio
abitativo all̓ interno dei luoghiconfinati.
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Bio-Safe

La Certificazione Bio-Safe® è marchio di garanzia per la salute ed il
benessereabitativo all̓ interno dei luoghiconfinati.

I dispositivi Jonixsonostati testati, secondoil protocollo brevettato Bio
Safe® che ha verificato e certificato la loro capacità
contaminanti attraverso analisi di laboratorio con camera di prova (UNI
EN 16000)capaci di verificare le loro potenzialità emissive e attraverso
rilievi ambientali (UNI EN 14412) in grado di restituire il livello di
purificazionedʼaria raggiuntodagli stessiall̓ interno dei locali diutilizzo.

Lo specifico percorso dʼanalisi e controllo intrapreso in ognuno dei
seguenti casi ha portato questi prodotti all̓ ottenimento del Sigillo di
Validazione Bio-Safe®: marchio di garanziaper la salute
abitativo all̓ interno dei luoghiconfinati.
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è marchio di garanzia per la salute ed il
benessereabitativo all̓ interno dei luoghiconfinati.

I dispositivi Jonixsonostati testati, secondoil protocollo brevettato Bio-
che ha verificato e certificato la loro capacità di riduzione dei

contaminanti attraverso analisi di laboratorio con camera di prova (UNI
EN 16000)capaci di verificare le loro potenzialità emissive e attraverso
rilievi ambientali (UNI EN 14412) in grado di restituire il livello di

aggiuntodagli stessiall̓ interno dei locali diutilizzo.

Lo specifico percorso dʼanalisi e controllo intrapreso in ognuno dei
seguenti casi ha portato questi prodotti all̓ ottenimento del Sigillo di

: marchio di garanziaper la salute ed il benessere
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4. PLASMAFREDDO(NTP – NONTHERMALPLASMA)
Esistonovarie tipologie diplasma; in generale viene definito tale ungascompletamenteo parzialmente ionizzato,
costituito da varie particelle comeelettroni, ioni, atomi e molecole, che nell̓ insieme risulta elettricamente neutro.
Fraquesti, il plasmanontermico (NTP– NonThermal Plasma) è caratterizzatodal fatto di non trovarsi in equilibrio
termodinamico: a causadella loro piccolamassa,gli elettroni possonoessere facilmente accelerati sotto l̓ influenza
di un campo elettrico e possonoquindi raggiungerealte temperature, mentre le altre particelle non accelerate
rimangono a temperatura ambiente. Complessivamente la temperatura raggiunta è di poche decine di gradi
centigradi, e proprio per questo motivo tale plasma viene detto, appunto, “freddo”. Poiché pressoché tutta
l̓ energia impartita viene convertita in elettroni adalta energiapiuttostocheincalore risultaaver e una elevata
efficienza energetica rispetto al plasma convenzionale, e questo rende la tecnologia interessante per svariate
applicazioni ambientali (Hao Zhang, 2017). Gli elettroni accelerati inducono ionizzazione, eccitazione e
dissociazionedelle molecoledelgas,portandoalla formazionedimolecoleeccitate, atomi, ioni e radicali che, se in
presenzadi ossigeno,prendononel loro insieme il nomediROS(Reactive OxygenSpecies) e sono responsabili del
potere ossidativoacquisitodal flussogassoso.Quest̓ insiemerisulta altamente reattivo ed ingradodi attaccare una
grandevarietà di compostiinquinanti conmeccanismidi variogenerechesarannoillustrati piùavanti.

LagenerazionediNTPsibasasull̓ utilizzodiappositi attuatori, responsabilidella ionizzazionedel flussogassoso.

4.1. Produzioneplasma tramite DBD(DielectricBarrier Discharge)

La produzione di plasma freddo avviene attraverso degli attuatori che possono avere una grande varietà di
configurazioni geometriche e principi di funzionamento. Essi possono avere svariate tipologie di geometria e
alimentazione elettrica, che di solito prevede corrente alternata (con frequenza da 50 fino a vari kHz) ed una
differenza di potenziale di alcuni kVolt. In questo modo si creano delle scariche all̓ interno delle quali avviene il
processodi ionizzazioneper impatto elettronico (Figura 1) (U. Kogelschatz,1997).Unodei piùdiffusi e consolidati,
adottato da Jonix in quanto abbina una discreta efficienza di produzione di plasma ad aspetti costruttivi non
eccessivamente complessi, si basa sul principio della scarica a barriera di dielettrico, o DBD (Dielectric Barrier
Discharge). Si definisce in tal modo perché è presente, tra gli elettrodi, un materiale dielettrico che impediscelo
sviluppodi correnti elevate.

Figura1– esempidiconfigurazionidi reattori DBD: (a) volumeDBD(1-symmetric,2-asymmetric,3-floateddielectric); (b) surfaceDBD(1symmetric,2-
asymmetricʻactuator̓ design); (c) coplanar discharge (Brandenburg R., 2017)
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Nella maggiorparte delle applicazioniil dielettrico limita la densità di corrente medianello spaziogassoso,agendo
come una resistenza che, in caso ideale, non consuma energia, evitando la transizione della scarica ad arco.
Quandouno “streamer”, ovvero una scarica elettrica transiente, si propagafino alla barriera, essocrea una carica
di superficie che si contrapponeal campoelettrico applicato, schermandolo.Perciò lo streamer si interrompe (se la
forzadielettrica della barriera è sufficiente). Per rimuovere la carica superficialela tensione viene invertita. Questo
tipo di scaricaopera soloin corrente alternata, in quantoil dielettrico tra gli elettrodi, essendounisolante, nonpuò
essere attraversato da unacorrente continua. I materiali preferenziali per la barriera dielettrica sonovetro o vetro
di silice, in casi speciali anche materiali ceramici, e sottili vernici e strati polimerici. In alcune applicazioni sono
utilizzatirivestimenti protettivi o funzionaliaggiuntivi.A frequenzemoltoalte la limitazionedella corrente daparte
del dielettrico diventa meno efficace. Per questa ragione normalmente le scariche DBD operano a frequenze
compresetra la frequenzadi linea della rete elettrica e circa 1MHz.

4.2. Jonixe il plasma freddo

Gli attuatori di plasmaJonix (tubi ionizzanti)sonocostituiti dauncilindro inquarzorivestito daunamagliametallica
(elettrodo esposto) nella quale sono presenti numerosifori, innumerochevaria da30a45per centim etro
quadrato, edunelettrodo coassialepostoall̓ interno (elettrodo incapsulato) (Figura2).

Figura 2– attuatore al plasmaDBDJonix

Il sistema è alimentato da una corrente elettrica alternata con frequenza di rete (50Hz) e voltaggio di 2850V
(tensione nominale). La scarica si genera graziealla corrente sinusoidale con tale elevata differenzadi potenziale,
portando alla generazione di micro-archisull̓ elettrodo esposto che hanno luogo grazie all̓ accumulo di elettroni
sullo strato del dielettrico, ovvero sulla maglia metallica (Figura 3), dove si genera il plasma freddo (surface
discharge): il flussogassosoche lambiscetale superficie viene quindi ionizzato (CLEnloe, 2008).
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Figura 3-FunzionamentodelDBD: (a) semiciclonegativoe (b) semiciclopositivo.

L̓ elettrodo interno, essendopostodentro al tubo inquarzo, risulta quindi incapsulatoe pertanto suessononsiha
la formazionediplasma.

4.3. Lachimicadel plasmanon-termico ineffluentegassoso

Lachimicadelle reazioni cheavvengononelplasmanontermicoèestremamente complessaevaria in funzione del
gaschesiva adionizzare,i tempidicontatto, le caratteristiche di alimentazione elettrica e la geometria del
reattore. In linea generale, poiché il principale meccanismodi ionizzazionenelle scaricheelettriche è la ionizzazione
per impattoelettronico, le reazioni che inizianoiprocessipossonoesseregenericamentedescritte comesegue:

X+e- →X+• +2e-

XY+e- →XY+• +2e-

XY+e- →X• +Y• +e-

Nelcaso incui il gasionizzatosiaaria leprincipali reazioni chepossonoavvenire sono:

O2 +e- →O2
+•+2e- (Ea =12,5 eV)

N2 +e-→ N2
+• +2e- (Ea =15,5 eV)

La ionizzazioneinaria èaccompagnatadaprocessidi frammentazioneconformazionedi radicali liberi:

XY+•→X• +Y+
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Altri processi che avvengono nel plasma sono l̓ eccitazione di specie atomiche o molecolari; sempre nel caso
dell̓ aria:

O2 +e- →O2
• +e- (Ea =1eV)

N2 +e- →N2
• +e-

N2 +e- →2N• +e- (Ea =9eV)

O2 +e- →2O+e-

I prodotti di queste reazioni primarie sono specie molto reattive che possonosuccessivamente ricombinarsi per
dare ossidi di azoto,NOe NO2e ozono.Un a̓ltra specie generata nei plasminon termici, estremamente importante
per il suograndepotere ossidante, è il radicale idrossilico, •OH.Essosi formasolo inpresenzadiumidità secondo il
meccanismo:

H2O +e- ->H• +HO• +e-

In conclusione, quindi, le principalispeciegeneratenelplasmanon-termicoinaria sono:

• ioni O2
+•,N2

+•,NO+,O-•,O2
-•,O3

-•;
• la specieatomicaOe il radicale •OH;
• specieeccitate dell̓ ossigenomolecolare e atomico(O2

•) e dell̓ azotomolecolare (N2
•);

• le specieneutre O3eNOx.

Le reazioni che queste specie possonodare sononumerosee ancoraoggettodistudio in letteratura ac ausa della
notevole complessità cheun insiemecosì eterogeneo di specie comporta.A reazionidi decomposizioneradicaliche
si affiancano reazionidiossidazione,come l̓ attacco secondoCriegeedell̓ ozono, il quale reagisceancheconpiccole
particelle di carbonio (2,5 micron) producendo rimozionedel particolato sottile. Le stesse molecole inquinanti, a
contatto con l̓ eccitazioneelettronica del plasma,possoa loro volte essere ionizzatee generarequindi iniziatori di
reazione. I meccanismi di ossidazione sono generalizzati e possono coinvolgere anche molecole inorganiche
trasportate all̓ interno del plasma.
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5. EFFETTI SUGLI INQUINANTI CHIMICI

La trattazione èstata opportunamentesuddivisasecondola tipologiadimolecola: inorganicheeorganiche(VOCs).

5.1. Azione sumolecole inorganiche

Le tecnologie NTP costituiscono uno scenario promettente per il trattamento delle tipiche molecole inorganiche
inquinanti dell̓ aria, comegli ossididello zolfoedell̓ azoto, maanchedell̓ acido solfidrico nel casodi applicazionisu
emissioni industriali (Bratislav M. Obradović, 2011),questoperché l̓NTPè ingradodi agireanchesu gli inquinanti
inorganici (Zulfam Adnana,2017): i radicali dell'ossigeno reagisconocon monossidodi carbonio (CO) per formare
anidride carbonica (CO2), anidride solforosa (SO2) per formare triossido di zolfo (SO3) e ossidodi azoto (NOx), che
può per formare acido nitrico in presenza di umidità. Gli ossidi di azoto e l̓ ozono, in quanto persistenti, posso
ancheessereconsiderati sottoprodotti indesiderati.

Lenuoveapplicazioniappaionointeressanti e sonooggettodi studi inquantountrattamento alplasmapermette la
rimozione simultanea degli inquinanti e, attraverso una gestione della potenza applicata proporzionata alla
necessità,ottenere bassiconsumi,comeevidenziatodaautori in vari studi (Wen-JunLiang,2011).

5.2. Meccanismi di reazioni conle VOC̓s

Esistono varie applicazioni industriali del plasmafreddo, ormai consolidate (packaging, funzionalizzazionepolimeri
etc.). Altre sonoancora oggettodi studio,e fra queste vi è l̓ abbattimento dei VOCnelle emissionicomealternativa
ai sistemi a carboni attivi, scrubber, biofiltri o combustori, in quanto gli inquinati volatili organici possonoessere
ossidati a CO2inquesti plasmigiàa temperatura ambiente, conunʼefficienzache dipendedal tipo dimolecola, dai
tempidicontatto ealtri fattori (Arne M. Vandenbroucke,2011) (Kim,2004).

Questo è possibile poiché, nel caso in cui l̓ aria (formata da azoto e ossigeno quasi esclusivamente) si trovi
sottoposta al bombardamento di questi elettroni ad alta energia, le molecole dallo stato stabile (N2, O2) )
diventano metastabili, (N2m, O2m) o eccitate (N2*, O2*). Queste forme collidono fra loro o con altre rimaste a
livello base, o vengononuovamentebombardaredaelettroni eccitati. Il risultato è unasommatoriadi processi di
ionizzazione (anche tipo Penning), anche se i percorsi di reazione più accreditati prevedono comunque la
formazionedi radicali (Seinfeld & Pandis,1998):

• R: • + O2 → ROO•

• ROO• + NO → RO• + NO2
• 2 ROO• → 2 RO• + O2
• RO• → composti carbonilici + radicali (Cl•, R’•, etc.)

Il risultato di queste reazioni a step è la formazionedi ioni e radicali liberi ad altissimo potere ossidante che, in
contatto con i contaminanti, conducono teoricamente a prodotti come anidride carbonica e vapor acqueo,
analogamenteaquantopossaavvenire nei sistemia combustioneadalta temperatura. Tuttavia, sperimentalmente
occorre ipotizzare una efficienza parziale, che si verifica quando alcuni inquinanti vengono ossidati solo
parzialmente (Oda, 2003),nonché la formazionedi intermedi didecomposizionecomesottoprodotti (K.Urashima,
2000). Tali limitazioni devono essere valutate caso per caso, per stabilire la convenienza del processo e possibili
altre interferenze.
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Inultima analisi, la tecnologiaNTPcostituisceunasoluzionepromettente per il trattamento diqualsiasiVOC,anche
in condizioni particolari o per molecole inerti e persistenti, come gli alogeno alcani, sia in condizioni di bassa
concentrazione (<100ppmv) di inquinanti che alta (>1000ppmv) (Penetrante, 2011) (S. Schmid,2010)e pertanto
dimostra una notevole flessibilità di utilizzo. Ad esempio può essere applicata al caso di composti maleodoranti,
che spessocausanodisturbi giàal livello di ppb. In comparazionecon le varie tecnologie adoggidisponibili per la
purificazione dell̓ aria da VOCs,i sistemi NTPmostrano il loro punto di forzaquandosi verificano le condizioni di
medio-bassa concentrazione(<1000ppmv) (J. Karuppiaha, 2012), di contaminanti scarsamente solubili in acqua
(Schiavon M. T., 2017). Per le applicazioniindustriali risultano interessanti le prospettive legate all̓ aumento della
solubilitàdei sottoprodotti dei trattamenti, soprattutto sei in abbinamentoconcatalizzatori, inquantomiglioranoil
funzionamento di biolfitri e colonne di assorbimento. Per applicazioni legate all̓ indoor risultano interessanti
soprattutto per labassaconcentrazioneattesa dei sottoprodotti.

5.3. Focussulleapplicazioni indoor

In questo quadro, i sistemia plasmanon termico (NTP) offrono interessanti opportunità nel campodei sistemi di
depurazione dell'aria indoor poiché, come è stato detto, risultano particolarmente vantaggiosi nelle condizionidi
utilizzotipiche pergli ambienti destinati alla presenzaumana,ovvero:

- Basse concentrazioni;
- Numerositàdella tipologiadi inquinanti
- Temperatura epressione ambiente

Rispetto alle alternative, l̓ NTP si dimostraflessibile ed una tecnica più rispettosa dell'ambiente e promettente per
rimozione di numerosi inquinanti atmosferici (Stasiulaitiene et al., 2015;Thevenet et al., 2014).Fra le numerose
tipologie diplasma,e dimodipergenerarlo, i piùstudiati per la puliziaaerea, in relazione agli scopiproposti, sono
quelli generati dagli scarichi della corona e da scariche dielettriche di barriera (DBD) (Moscosa-Santillan et
al.,2008).

Gli abbattimenti non sono uguali per tutte le tipologie di inquinanti e genericamente, nelle condizioni di bassa
concentrazione indicate oscillano tra il 50 e il 90 % 1 (per un NTP generato con DBD) (Osman Karatum, A
comparative studyofdilute VOCstreatment inanon-thermal,2016).Lepercentuali piùelevate sihannonel casodi
strutture molecolari più ricche di idrogeno. In questi casi si registra l̓ assenzadiprodotti diossidazioneparzialee si
puòipotizzarecheunavolta iniziataunacatenadi reazionila cui entalpia genera calore chepermette di completare
l̓ ossidazioneadanidride carbonica (CarlosM. Nunez,2012)!!

1 Es. specificinput energy(SIE) of350J L: _1,methylethyl ketone(50% ), benzene(58% ), toluene(74% ), 3-pentanone(76%), methyl tert-butylether (80% ),
ethylbenzene (81% ), and n-hexane(90% )
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6. EFFETTI SANITIZZANTI: MECCANISMI DI AZIONE CONTRO VIRUS, MUFFE E

BATTERI

In letteratura sonopresenti numerosi studi chedimostranoche il plasmanon termicoè ingradodi inattivare molti
tipi diversi dimicrorganismi,comemuffe, virus ebatteri (Michael J. Gallagher, 2004),sia su superfici che inaria. In
quest̓ ultimo caso esiste un interesse particolare su questa tecnologia in quando i filtri antiparticolato ad alta
efficienza (HEPA), comunementeimpiegati per rimuovere granpartedei microrganismi,sonoefficaci perparticelle
di dimensionifinoa 0,5micron,maperdonodi efficacia nei confronti dei viruspresenti nell'aria (tramite droplets),
poiché sonotra imicrorganismipiùpiccoli (20-300nm)(Harstad, 1969).

Per quanto riguarda i trattamenti superficiali, fra le applicazioni più interessanti oggetto di studiosicitano le
applicazioni biomediche, grazie agli effetti di inattivazione microbica, sterilizzazionee disinfezione verificati dagli
autori. In questocaso i vantaggi sono l̓ ampiospettro diazione, l̓ usodi gasnontossici e l̓ assenzadi residui tossici
(KongM.G., 2009).

Visti i vantaggirispetto alle altre tecnologiedi sanificazione,molti studi si sonooccupati di individuare i meccanismi
di azioni nei confronti delle varie tipologie di virus anche in considerazione dell̓ incrementare della resistenza ai
trattamenti. (Chulkyoon, Non-thermal plasmas (NTPs) for inactivation of viruses in abiotic environment, 2016).
Diversi ricercatori hannoaffermato che le specieneutre chimicamente reattive comeO,O2*, O3,OH•,NOeNO2
possono contribuire in modo significativo al processo di sterilizzazione del plasma, in particolare alle pressioni
atmosferiche (Laroussi, 2005)e gli effetti più consistenti dal punto di vista dell̓ effetto germicida(Herrmann H.W.,
1999) si sono visti nei casi di ionizzazione dei gas contenenti ossigeno, nei quali è presente l̓ ozono (noto
battericida) ed i radicali idrossilici (OH) che possonoattaccare chimicamente le strutture esterne delle cellule
batteriche, il potere ossidante agisce quindi sull̓ integrità del virus sia a livello strutturale che genomico,
influenzandosia le proteine che gli acidi nucleici. Si cita che altri autori attribuiscono alcuni effetti virucida ad altri
meccanismi concernenti l̓ azoto (Wu Y., 2015).Quasi tutti gli autori concordano invece sul ritenere che la
componente di radiazione UV, nonché quella termica, seppur presenti nel plasma freddo, siano ininfluenti sugli
effetti di sanificazione(Arijana Filipić, 2020)(M. Laroussi,2004)(Leipold,2004).

Occorre ricordare che esistono numerose tipologie di NTP che si differenziano per densità di energia, metodo di
produzione ed altri parametri. Anche se tutti gli studi concordano chiaramente sugli effetti virucidi, il grado di
inattivazionedipendedalla categoriadei virusedal tipodiplasma,oltre ovviamenteaparametri sperimentali come
il tempodiesposizione.
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7. STUDI DELCENTRORICERCA&SVILUPPOJONIX

Nel corsodegli anni sonostati condotti, dalCentroRicerca&Sviluppo di Jonix,numerosistudi suscaladi laboratorio
al fine di aumentare le conosce sugli effetti prodotti dai sistemi NTP Jonix in varie applicazioni. Vengono qui di
seguitoriportati i principali risultati e descritte le attività in formariassuntiva.

7.1. Studiodi laboratoriosull̓ attivitàbiocidadellespecie ossidanti formateviaNTP

SCOPO:verifica la capacitàbattericida dell̓ aria ionizzatasupiastredi coltura.

RISULTATO:NTPrisulta efficace giàapartire daiprimissimiminutidiutilizzo. Infatti, dopoappena5minuti, tutte le
specie testate sonocompletamenteeradicate dalla superficie delle piastre. Un ulteriore elemento che caratterizza
positivamente il successodella sperimentazioneconsistenel fatto che, contrariamente aquantoprevistodaalcune
metodiche che prevedono l̓ esecuzione delle sperimentazioni su superfici di acciaio inox, le prove sopra descritte
sonostate eseguite incondizioniottimali per imicrorganismisiadalpuntodi vistaecologico.

I dettagli della sperimentazionesonoriportati inALLEGATO1.

7.2. Studiodi laboratoriosugli effetti sanificanti prodotti daunMATE -Jonix

SCOPO:verificare la riduzionespontanea di contaminazionemicrobica in un ambiente di lavoro in presenzae in
assenzadel trattamento NTPprodottodaundispositivoMATE.

RISULTATO:dopo circa 30 minuti di trattamento la percentuale di riduzione microbica è molto vicina al 100%.
Questoconfermal̓ efficacia delMATEnella sanitizzazionedegliambienti di vitao lavorativi.

I dettagli della sperimentazionesonoriportati inALLEGATO2.

7.3. Utilizzo della tecnologia NTP nei confronti delle maleodoranze chesi associanoall̓ utilizzo
delle calzature

SCOPO: testare la capacità del sistema NTP Jonix di abbattere la concentrazione di molecole chimiche (VOCs)
responsabili delle maleodoranzechesi associanoall̓ utilizzodelle calzature.

RISULTATO:la sperimentazione condotta ha portato a concludere che trattamenti mediante aria NTP per tempi
sufficientemente lunghi(dalle 6ore inpoi) risultanoEFFICACI e ingradodi abbattere edistruggerecompletamente
lemolecole inquestione

Idettagli della sperimentazionesonoriportati inALLEGATO3
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7.4. Sanificazionedi sonde ecografiche noncritiche

SCOPO:confrontare la capacità di sanificazione di sonde ecografiche “non critiche”, utilizzando un flusso di aria
arricchito viaNTP, rispettoalla sanificazionerealizzatadadevice commerciali.

RISULTATO: I test hanno evidenziato una efficacia dell̓NTP assolutamente comparabile a quella dei device
commercializzatiallo scopo.

Idettagli della sperimentazionesonoriportati inALLEGATO4.

7.5. Studidi laboratoriosull̓ abbattimentodiVOCviaNTP: review

SCOPO:sintesi di alcune prove di laboratorio condotte internamente allo scopodi razionalizzarei risultati ottenuti
e valutare possibiliapplicazioni.

RISULTATO:Le percentuali di abbattimento, generalmente superiori al 95%; indicano la capacità del sistema di
agire sudeterminati composti, per lo più odorigeni. Emergono interessanti scenari per le applicazionidi riduzione
dell̓ impatto odorigenosuimpianti di depurazioneo trattamento rifiuti.

I dettagli della sperimentazionesonoriportati inALLEGATO5.

7.6. Prova per la valutazione dell̓ efficacia di riduzione di microrganismi intenzionalmente
inoculati inpiastreutilizzandoil sistemadi ionizzazione di ariaMatediJonix

SCOPO:verificare la riduzionedi microrganismiintenzionalmente inoculati in terreni culturali ed esposti per tempi
prestabiliti all̓ effetto di aria ionizzata. Per ogniprova è stato effettuato untest di controllo ut ilizzandogli stessi
terreni inoculati nonsoggettia trattamento.

RISULTATO:l̓ abbattimento microbico che si ottiene in presenzadel sistema di ionizzazionedell̓ aria Jonix Mate su
superfici di simulanti materiale organico inoculato con diverse specie microbiche è elevato e permette di inibire
completamente entro le 12 24 ore gran parte delle specie inoculate. In molti casi l̓ abbattimento ottenuto è
superioreal95%. L̓ effetto di riduzionemicrobicadell̓ aria ionizzataèanalogosia suGrampositivi, suGramnegativi
e che lieviti emuffe, anchese l̓ efficacia risulta spessodipendentedalla specieconsiderata.

I dettagli della sperimentazionesonoriportati inALLEGATO6.
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7.7. Studiodel poteresanificantediundispositivo Jonixapplicatoadunfancoil commerciale

SCOPO:verificare l̓ efficacia sanificante a livello biologico di un dispositivo NTP Jonix installato all̓ interno di un
ventilatore convettore per installazioneaparete. Lo scopodellaprovaè testare se laproduzionedi specieossidanti
sia o meno in grado di risolvere il problema dell̓ inquinamento di alcune parti delle apparecchiature da parte di
muffe, nonchédi sanificare l̓ aria del locale nel qualeviene installato.

RISULTATO:risultati ottenuti mostrano come l̓ adozione di un dispositivo di sanificazione Jonix consenta di
ottenere nel tempounamarcata riduzionedella contaminazionemicrobicaambientale sia in termini di batteri che
dimuffee lieviti.

I dettagli della sperimentazionesonoriportati inALLEGATO7.

7.8. Sperimentazione per la verifica della capacità sanitizzante di dispositivi Fotocatalitici in
confronti asistemi JonixNTP

SCOPO:l̓ obiettivo è stato quantificare e quindiconfrontare l̓ eventuale effetto sanitizzantesvolto da duetipologie
di dispositivi commerciali (NTP-Jonix ed un dispositivo Fotocatalitico SHU900X) , all̓ interno di una condotta in
acciaio da30cmdi diametroe lungo12m,dove vie ne fatta passare aria (attraverso un ventilatore) a differenti
velocità/portate, simulando cosa accade all̓ interno di una condotta di areazione in caso di contaminazione
microbiologica e nel caso fossero o meno presenti dei dispositivi “sanitizzanti” tipo quelli testati. A tale scopo,
ARCHAha progettato e condotto una serie di esperimenti nei quali, in modo controllato, differenti tipologie e
quantità dimicrorganismisonostati esposti all̓ interno del tubo, a flussi di aria condifferenti tipologiedidispositivi
sanitizzantiattivati.

RISULTATO:Sia il sistema Jonix NTP che quello Fotocatalitico si dimostrano efficaci nell̓ abbattimento totale dei
lieviti. Il sistema Fotocatalitico risulta più efficiente del sistema Jonix nell̓ effetto di sanitizzazionesulle muffe su
piastra ma è inefficiente su bioaereosol al contrario di Jonix. In conclusione i sistemi Jonix hanno una azione ad
ampiospettro che permette di sanificare siale superfici che l̓ aria.

I dettagli della sperimentazionesonoriportati inALLEGATO8.
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8. I CASE STUDY: STUDI SU APPLICAZIONI PRATICHE DEI SISTEMI SANIFICANTI

INDOORJONIX

8.1. Casestudy1: riduzione impatti odorigeni suimpiantogestione rifiuti

SCOPO:lo studioe l̓ analisi degli aspetti ambientali legati alle misuredi impatto odorigenocorrelate alla gestione
dei rifiuti e alla realizzazionedi una sperimentazione su scala pilota, relativamente al trattamento di effluenti
gassosial finedi ridurneefficacemente il caricoodorigenopresente.

RISULTATI: Dai risultati presentati appare evidente come la tecnologia NTP abbia un effetto positivo
nell̓ abbattimento delle speciepresenti nel flussogassosogeneratodaun rifiuto, conpercentuali variabili tra il 25e
il 40%. Questo risultato è stato ottenuto mediante l̓ esecuzionedi unacomplessasperimentazioneeseguita su un
impianto pilota dotato di tecnologia NTP, effettuando il trattamento su differenti rifiuti e miscele degli stessi, ed
impiegando come tecniche analitiche per la “quantificazione” dell̓ efficienza sia il Naso Elettronico che la
Gascromatografia con rivelatore di Massa. I risultati così ottenuti offrono ampie prospettive di impiegodi questa
tecnologia comesistemadiabbattimento, siadegli inquinanti dinatura organicapresenti inuna emissionecheper
quanto concerne piùnello specifico l̓ obiettivo del progetto, ovvero l̓ abbattimento delle molecole odorigene. Le
molecole organiche, comeè stato verificato in modo particolare sulle catene alifatiche e aromatiche attraverso le
analisi condotte con laGC-MS,vengonoabbattute finoacirca il 40%. Lesostanzeodorigene, comeèstato possibile
verificare tramite l̓ impiego del Naso Elettronico, subiscono un decremento della loro concentrazione fino a
percentuali pari al 30%. Un eventuale ulteriore sviluppo dello studio e della tecnologia proposta, potrebbe
riguardare differenti matrici di rifiuti caratterizzati da impatti olfattivi dovuti a composti inorganici, quali ad
esempio l̓ ammoniaca e l̓ acido solfidrico. In questi casi, le metodiche analitiche da applicare potrebbero essere il
NasoElettronico e tecniche specificheper ladeterminazionedi tali composti.

I dettagli della sperimentazionesonoriportati inALLEGATO9.

8.2. Casestudy2: Studiodella sanificazionedell̓ aria inunaclinica veterinaria

SCOPO:verificare l̓ efficacia della tecnologia Non ThermalPlasma in sanità Veterinaria. La sperimentazioneè stata
condotta presso una Clinica Veterinaria con l̓ obiettivo di ottenere una riduzione degli odori percepiti e riduzione
della contaminazionemicrobicaaero-trasportatain locali dove le concentrazionipotrebbero risultare significativee
avere un impattonegativo suanimali e persone. Lasperimentazionehaprevisto unaserie di campionamentiprima
dell̓ installazione dei dispositivi, durante la normale attività della clinica per valutare le condizioni iniziali, da
comparare lemisurazionieffettuate dopol̓ accensionedeidispositivi Jonix.

RISULTATI:Nella sala degenza la tendenza rilevata indica una riduzione nel contenuto microbico totale e degli
stafilococchi mentre i miceti vedono una leggera tendenza all̓ aumento, imputabile alle frequenti aperture delle
porte che danno sull̓ esterno dell̓ edificio, circondato da siepi e piante. I punti di campionamento erano a circa 50
cm dalle aperture, di conseguenzal̓ aria aspirata era miscelata con quella proveniente dall̓ esterno. Nella sala di
attesa si è avuta una linea di tendenza generale di leggero aumento nei parametri rilevati inizialmente per le



18

JONIX9srl
Email : support@jonixair.com
Web : www.jonixair.com
Legalmail : jonixsrl@legalmail.it
P.iva e C.F. 04754080283
n. REA PD-415669
Capitale sociale: 100.000 €i.v.

Sede legale
viale Spagna 31/33
35020 Tribano (PD) – Italy
Tel +39 049 9588511
Fax +39 049 9588522

Sede ricerca e sviluppo
via Tegulaia 10/b
56121 Pisa – Italy
Tel +39 050 985165

Sede operativa
via Romagnoli 12/a
40010 Bentivoglio (BO) – Italy

promiscuità con la l̓ aria proveniente dall̓ apertura e chiusa delle porte. Risulta evidente l̓ effetto di riduzione
batterica nel tempo, l̓ apporto prolungato all̓ aria di molecole ionizzanti fa si che l̓ aria diventi inospitale per i
contaminanti. L̓effetto di deodorizzazionedell̓aria è stato sensorialmente apprezzabile in entrambe le sale
controllate: l̓ odore presente si era ridotto inmodosensibile. Gli utenti hanno infatti percepito unʼariaquasi priva
di odori nella sala di attesa dopo l̓ accensione dei dispositivi Jonix. Al fine di poter condurre una valutazione più
approfonditadell̓ affetto antimicrobicodella ionizzazione,giàdocumentato inbibliografiaecongli stessidispositivi
in altri ambiti, è necessario impostare un protocollo di ricerca in locali conunmaggiorecontrollo delle variabili o
condegliindicatori ambientali che risentanomenodelle variabili in atto.

I dettagli della sperimentazionesonoriportati inALLEGATO10.

8.3. Case study 3: Effetti sanitizzanti del dispositivo MATE nel settore della Grande
DistribuzioneAlimentare

SCOPO:valutare gli effetti di sanificazionepressoun Ipermercato dove è stato installato un sistemadi ionizzazione
e filtrazione dell̓ aria modelloJONIX MINIMATE, dispositivodi filtrazione sanificazionedell̓ aria. Il dispositivoè stato
posizionatonella zonadi confezionamentodel reparto lavorazionecarni.

RISULTATI:è risultato che il dispositivo Jonix Minimate ha ridotto le contaminazioni presenti in aria in modo
significativo, nonostantel̓ influenzadell̓ aria proveniente dai locali adiacenti.

I dettagli della sperimentazionesonoriportati inALLEGATO11.

8.4. Casestudy4: Effetti sanitizzanti del dispositivoMATEnelle saleoperatorie ospedaliere

SCOPO:studiare l̓ azione dell̓ armadio MATE sui livelli di contaminazionedi due sale operatorie in una casadi cura
privata.

RISULTATI:per le superfici di lavoro, i dati raccolti hanno evidenziato una sostanziale bassa contaminazione
microbica, l̓impiego continuativo del MATEha esercitato un̓importante e significativaazionecoadiuvante alle
operazionididetersione,senzaalcun impiegodiulteriori composti chimicidanebulizzarenell̓ ambiente.

Per quanto riguarda l̓aria ambiente,è stato possibile rilevare unabassacontaminazionemicrobicacontaminazione
microbica aerodispersa, con la stesso tipologia di microrganismi isolati (esclusivamente CBT37e sporadicamente
SC+).Anche in questo caso l̓ aria ha mostrato la stessa tendenza in diminuzione, come se risultasse nel tempo
sempre più protetta durante gli interventi (anche seil mateè spento)e lasuabonificadurante le or e notturne
diventassevia via più efficace.

I dettagli della sperimentazionesonoriportati inALLEGATO12.
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8.5. Casestudy5: Effetti sanitizzanti del dispositivoMATEnelle corsiedidegenzaospedaliere

SCOPO: stabilire le potenzialità dʼazione della tecnologia NTP anche nei confronti dei microrganismi
potenzialmente rinvenibili all̓ interno delle corsie di degenza. Per questo scopo sono stati utilizzati dei sistemi
ionizzantidi ridotte dimensioniappositamente disegnatiper una loro collocazionemeno“invasiva” e piùfacilmente
inseribile inuncontestodi vita abituale. Le attrezzaturesonostate collocate indiversi punti di una corsia e lasciate
in funzione in maniera pressoché costante durante tutto il periodo di studio. Il confronto degli effetti è stato
eseguito valutando i livelli di contaminazionein unacorsia di “controllo” priva di sistemi NTP. In questomodo lo
studio ha potuto risponde in modo efficace e estremamente pertinente all̓ esigenza di valutazione di sistemi
innovativi per la prevenzione delle infezioni in sala operatoria in particolare, e delle infezioni ospedaliere in
generale, permettendo di individuare una tecnologia in grado di affiancare le consuete attività di bonifica
ambientale, massimizzandonel̓ efficaciae contribuendoacreare ambienti più sicurie conminorerischio infettivo.

RISULTATI:In corsiaè stato verificato unABBATTIMENTOMEDIO* pari all̓ 86% (* valori riferiti alla CaricaBatterica
totale aerodispersa Lʼuso della tecnologia NTP, con la sua capacità dimostrata in corsia di ridurre nel tempo la
contaminazione microbica aerodispersa e di facilitare le operazione di sanificazione delle superfici, può con ogni
probabilità contribuire anche al raggiungimentoe mantenimento di migliori condizioniigienico-sanitarie, aiutando
ilmanagementnella gestionedel rischioclinico.

Idettagli della sperimentazionesonoriportati inALLEGATO13.

9. CONCLUSIONI

In conclusione, il plasmanon termico può essere impiegato per inattivare una vasta gammadimicrorganismi
comebatteri, spore, funghi,viruseprioni.

Il meccanismo di interazione del plasma con i sistemi viventi è decisamente complesso e non è ben noto, sia a
causaalla complessitàdellabiologia chedel plasma. In linea generale si ritiene che le specie cariche, in particolare
gli ioni, svolganoun ruolochiave nell'interazione tra cellule viventi (DobryninD., 2009),interagendochimicamente
e non attraverso fenomeni fisici come stress da taglio, danni da bombardamento ionico, effetti termici o da
irraggiamento UV. Le particelle cariche potrebbero svolgere un ruolo significativo nella rottura delle membrane
cellulari esterne, specialmenteneibatteri gram-negativichepossiedonomembraneesterne piùsottili.

Anche imeccanismispecifici che portanoall'inattivazione del virus daparte degliNTPnonsonochiari. Studihanno
dimostrato che l'esposizione agli NTP provoca la modifica e / o la degradazionedelle proteine virali e degli acidi
nucleici e anche dei lipidi nei virus avvolti (YasudaH.,2010).Inoltre, le speciereattive possonod anneggiarel'RNA
virale, portandoauna riduzionedell'espressionegenicaeall'eliminazionedell'RNAvirale.

Lʼusodell̓ NTPnei processidi sanificazioneappare interessante, aprescinderedall̓ interpretazione dei fenomeni, in
quantoattivo adampio spettro. La tecnologia risulta quindi flessibile e facilmente applicabile a numerosi contesti,
ed in particolare per la sanificazione degli ambienti indoor da particelle disperse in aria, per le quali le altre
tecnologierisultano inadatte o inefficaci.
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12. ARTICOLI SCIENTIFICI

ARTICOLI SCIENTIFICI SUSANIFICAZIONEBATTERICAEVIRALECONNONTHERMALPLASMA

ARTICOLI SCIENTIFICI SURIMOZIONECONTAMINANTI INORGANICI

ARTICOLI SCIENTIFICI SURIMOZIONECONTAMINANTI ORGANICI (VOC)



>>'dKdddd
Studio di laboratorio sull’attività biocida delle specie ossidanti formate via NTP



SCOPO DEL LAVORO
Attestare l’attività biocida di aria NTP (ionizzata mediante Non Thermal Plasma) su diversi ceppi
batterici.

PROCEDURA
Le piastre Petri sono state contaminate con Salmonella spp., Escherichia Coli, Listeria
monocytogenes, Staphylococcus aureus e Pseudomonas aeruginosa e poi esposte per differenti tempi
(2,5 e 10 minuti) a flussi di aria ambiente oppure aria trattata via NTP. In questo modo è possibile
avere un confronto diretto fra la crescita o meno dei microorganismi.

RISULTATI

Le foto sottostanti mostrano il confronto nei vari casi



La successiva tabella riassume le medie dei risultati ottenuti.

Risultati in forma grafica

Dalle fotografie, risulta evidente come già a brevi tempi di contatto (2 minuti), l’attività biocida
dell’aria NTP risulta totale: le piastre esposte a aria NTP non mostrano alcuna crescita dei ceppi
microbici testati, che invece si sono normalmente sviluppati sulle piastre esposte semplicemente
all’aria

Come mostrato dalle foto il trattamento NTP risulta efficace già a partire dai primissimi minuti di
utilizzo. Infatti, dopo appena 5 minuti, tutte le specie testate sono completamente eradicate dalla
superficie delle piastre. Un ulteriore elemento che caratterizza positivamente il successo della
sperimentazione consiste nel fatto che, contrariamente a quanto previsto da alcune metodiche che
prevedono l’esecuzione delle sperimentazioni su superfici di acciaio inox, le prove sopra descritte



sono state eseguite in condizioni ottimali per i microrganismi sia dal punto di vista ecologico(umidità,
pH ottimale, presenza di nutrienti, etc.), sia per la presenza di grandi quantità di sostanza organica
che notoriamente interferisce con i biocidi di tipo classico.
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Studio di laboratorio sugli effetti sanificanti prodotti da un MATE marca Jonix



Sanificazione ambienti con il MATE JONIX

Il dispositivo MATE prodotto dalla JONIX srl è un sistema sanificante ad armadio il cui
funzionamento sfrutta la tecnologia a plasma freddo NTP, utilizzata per la ionizzazione
dell’aria. L’utilizzo è rivolto alla sanificazione di ambienti industriali, medici e ambulatoriali,
ed è estendibile anche a molti altri campi, tra cui quello agroalimentare (coltivazione e la
conservazione dei cibi).

La Laboratori ARCHA srl ha confrontato la riduzione spontanea di contaminazione microbica
in un ambiente di lavoro in presenza e in assenza del trattamento NTP (rispettivamente
MATE in funzione e non in funzione). I risultati sono esposti nel grafico seguente.



Dal grafico si osserva come, in presenza del dispositivo, dopo 30 minuti di trattamento la
percentuale di riduzione microbica sia molto vicina al 100%. Questo conferma l’efficacia del
MATE nella sanitizzazione degli ambienti di vita o lavorativi.



>>'dKdddd
Utilizzo della tecnologia NTP nei confronti delle maleodoranze che si associano all’utilizzo delle

calzature



/ŶƚƌŽĚƵǌŝŽŶĞ
E’ stata testata l’efficacia dell’aria NTP nei confronti dell’abbattimento di molecole chimiche
e nei confronti della sanificazione microbiologica relativamente all’abbattimento delle
maleodoranze che si associano all’utilizzo delle calzature.

In particolare è stata verificata l’efficacia dell’aria NTP nell’abbattimento delle seguenti
specie:

• Molecole chimiche responsabili dell’odore;
• Microrganismi responsabili della produzione dell’odore.

Per quanto riguarda l’abbattimento delle molecole chimiche la sperimentazione condotta ha
portato a concludere che trattamenti mediante aria NTP per tempi sufficientemente lunghi
(dalle 6 ore in poi) risultano EFFICACI e in grado di abbattere e distruggere completamente
le molecole in questione, come mostrato nella tabella seguente.

molecola chimica Abbattimento % delle molecole rispetto
alla concentrazione iniziale, mediante aria

NTP
60 min 6 h 17 h

Acido Acetico 69% 100% 100%

Acido Propionico 45% 100% 100%

Acido Iso-butirrico 31% 100% 100%

Acido Butirrico 21% 100% 100%

Acido Iso-valerico 0% 100% 100%

Acido Valerico 10% 100% 100%

Acido Caproico 6% 100% 100%

Acido Caprilico 6% 99% 99%

Acido Caprico 6% 88% 95%



>>'dKdddϰ
Sanificazione di sonde ecografiche non critiche



Đ̂ŽƉŽĚĞůƚĞƐƚ
Sono state condotte delle prove di sanificazione di sonde ecografiche “non critiche”,
utilizzando ARIA NTP, in comparazione alla sanificazione realizzata da device commerciali.

I test hanno evidenziato una efficacia dell’NTP assolutamente comparabile a quella dei
device commercializzati allo scopo.

ZŝƐƵůƚĂƚŝ
Nelle figure di seguito riportate si visualizza l’abbattimento di specie microbiche associata
all’aria NTP e Ai dispositivi commerciali, nel corso della medesima procedura di disinfezione.
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Studidi laboratorio sull̓ abbattimentodiVOCviaNTP: review
Uno fra i campi più indagati è quello dell’abbattimento dei VOC (o COV, Composti Organici Volatili

– Volatile Organic Compounds - ovvero una vasta gamma di inquinanti in fase gas) in quanto

possono essere ossidati a CO2 in questi plasmi già a temperatura ambiente, con un’efficienza che

dipende dal tipo di VOC e dai tempi di contatto. E’ da segnalare il fatto questi plasmi siano in grado

di trattare anche l’Halon (un alogenoalcano) notoriamente molto inerte.

Oltre che su molecole di natura organica, l’NTP è in grado di agire anche sugli inquinanti inorganici,

come gli ossidi di azoto (NOx), diossido di zolfo (SO2), l’acido solfidrico (H2S) etc…, ad esempio

come quelli provenienti dai gas di scarico dei motori degli autoveicoli.

La tecnologa NTP è quindi efficace ad ampio raggio e può essere applicata tal quale in numerosi

campi poiché è facilmente scalabile sia per piccole che grandi applicazioni.

I fattori che influenzano l’efficacia dell’abbattimento degli inquinanti con i sistemi NTP sono davvero

molti. Dalla geometria dei sistemi di produzione del plasma ai sistemi di alimentazione elettrica, dalla

concentrazione degli inquinanti all’umidità dell’aria, e così via.

I Case Study che la laboratori ARCHA1 ha sperimentato rappresentano ambiti applicativi nei quali è

stato testato il sistema di produzione di plasma freddo Jonix e hanno tutti avuto l’obiettivo di mettere

a punto le condizioni migliori di trattamento nonché di individuare e misurare con opportune

metodiche analitiche l’efficacia di abbattimento delle molecole contaminanti indesiderate. Questi casi

rappresentano quindi solo un esempio ed uno spunto non esaustivo delle possibilità applicative della

tecnologia NTP, e forniscono una serie di dati robusti ed attendibili che indicano quali siano le

potenzialità di tale tecnologia.

Nella tabella sottostante si riportano i composti organici ed inorganici che sono stati trattati nel corso

dei vari casi di studio e l’efficacia di abbattimento di ognuno ottenuta mediante trattamento NTP

Jonix.

1 ARCHA, acronimo diAnalisi e Ricerche di CHimica Applicata, nato nel 1989 a Pisa, su iniziativa

di un pool di professionisti chimici. Rappresenta un laboratorio chmico all’avanguardia, dotato di

attrezzature e personale qualificato.

Negli anni la società è cresciuta sotto ogni profilo: competenze scientifiche, efficienza di servizio e

risultati di mercato.

Oggi il gruppo ARCHA è organizzato in tre settori (Tecnico – ICT- Industrializzazione), all’interno

dei quali fanno riferimento diverse aree di competenza e/o diverse società del gruppo.



La percentuale di abbattimento è relativa ai singoli casi studio, ma è comunque indicativa della

capacità del sistema di agire sul determinato composto.

VOC – Volatile Organic

Compounds

Abbattimento %

post trattamento

NTP Jonix

Composti Inorganici

Volatili/Gassosi

Abbattimento %

post trattamento

NTP Jonix

Toluene > 95 NOx > 95

TBA (tribomanisolo) > 95 SOx > 95

Acetati di etile > 95 H2S > 95

Acetato di butile > 95 CO > 95

Acetaldeide > 95

Butanale > 95 NH3 > 95

Dicloroetilene > 95

TCE > 95

1,2 DCP > 95

Metilcicloesano > 95

Ottano > 95

PCE > 95

Xileni > 95

Aromatici C9 > 95

Acido Acetico > 95

Acido Propionico > 95

Acido Iso-butirrico > 95

Acido Butirrico > 95

Acido Iso-valerico > 95

Acido Valerico > 95

Acido Caproico > 95

Acido Caprilico > 95

Composti alifatici (C5-12) > 95

Composti aromatici (C7-C10) > 95

Composti organici volatili > 95

La definizione di VOC è ampia e vi rientrano anche i composti cosiddetti “odorigeni”, e spesso in

modo improprio anche i composti di natura inorganica.



I contesti applicativi in cui è stata testata la tecnologia NTP Jonix e nei quali sono state valutate le

efficacie di abbattimento di VOC riportati nelle precedenti tabelle sono i seguenti:

Impianti pilota NTP per l’abbattimento delle emissioni odorigene di rifiuti solidi pericolosi (VOC

vari e composti inorganici - H2S, NOx, NH3, …)

Impianti pilota NTP per l’abbattimento delle emissioni odorigene negli impianti di depurazione di

acque reflue civili ed industriali (VOC vari e composti inorganici - H2S, NOx, NH3, …)

Sistemi di trattamento NTP di sostanze organiche fortemente odorigene/moleste (acidi carbossilici:

acido acetico, acido propionico, acido butirrico….)

Impianti pilota NTP di abbattimento diVOC in sistemi di verniciatura industriale (toluene, acetato di

etile, acetato di butile, …)

Sistemi di trattamento NTP di gas di scarico post combustione (gas di scarico di motori a scoppio

diesel): SOx, NOx, CO, …
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Relazione tecnica

Protocollo di prova per la valutazione
dellʼefficacia di riduzione di

microrganismi intenzionalmente
inoculati in piastre utilizzando il

sistema di ionizzazione di aria Mate
di Jonix .

Prof. Giuseppe Comi
Dipartimento di Scienze Agro-Alimentari, Ambientali e Animali, Università degli Studi di Udine, via

Sondrio 2/a, 33100 Udine.

28 Febbraio 2016
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Introduzione
Il presente protocollo è stato implementato per verificare la riduzione di microrganismi

intenzionalmente inoculati in terreni culturali ed esposti per tempi prestabiliti all’effetto di aria

ionizzata. Per ogni prova è stato effettuato un test di controllo utilizzando gli stessi terreni inoculati

non soggetti a trattamento.

Ceppi inoculati

I microrganismi testati sono di seguito riportati:
d Staphylococcus aureus (Gram + , asporigeno, aerobio – anaerobio facoltativo)

d Listeria monocytogenes (Gram + , asporigeno, aerobio – anaerobio facoltativo)

d Aspergillus niger (fungo - Muffa)

d Kluyveromyces marxianus (forma perfetta di Candida pseudotropicalis)

d Microrganismi vari in associazione (Enterobacteriaceae – Conta batterica totale)

Materiali e metodi
Diversi microrganismi erano direttamente inoculati in piastre di Plate Count agar (Oxoid, Italia) e di

Agar Malto (lieviti e muffe) (Oxoid, Italia), trattati per diversi tempi 0 (controllo), 30, 60, 90, 120

min e 12 e 24 h con lo ionizzatore. Dopo il trattamento le piastre erano incubate a 25 °C per 2-5

giorni. Quindi si procedeva alla conta delle colonie sopravvissute al trattamenti. I risultati erano

espressi in % di inattivazione/decadimento.100 – (Numero iniziale/Numero finale %)

Preparazione della sospensione microbica e inoculo

Staphylococcus aureus

L’inoculo era costituito da 2 ceppi di Staphylococcus aureus derivanti da collezioni internazionali

(DSMZ 4910) e da Collezione del Dipartimento di Scienze degli Alimenti della Facoltà di Agraria

dell’Università degli Studi di Udine (DIAL). Le singole sospensioni erano preparate con un’ansata

di St. aureus aggiunto ad acqua peptonata sterile (0.8% NaCl). Allo spettrofotometro era valutata

una densità ottica pari a 0.1 a 600 nm. Ai fini di valutare la carica di ogni sospensione, erano

eseguite diluizioni delle stesse in acqua peptonata sterile. Quindi 0.1 ml di ogni diluizione era
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inoculata in piastre contenenti Plate Count Agar (Oxoid, Italia). Le piastre erano incubate a 37 °C

per 48 ore e le colonie cresciute erano contate. Ogni sospensione conteneva mediamente circa 107

CFU/ml. Venivano eseguite diluizioni decimali e 0.1 ml della diluizione 10-3 CFU/ml era spatolata

in Plate Count Agar. Le piastre erano poste aperte nella camera con lo ionizzatore acceso 24 ore

prima. Ai tempi sopracitati le piastre erano recuperate e poste ad incubare a 37 °C per 48 ore. Ad

ogni tempo erano analizzate 5 repliche (campioni).

Listeria monocytogenes

L’inoculo era costituito da 2 ceppi di Listeria monocytogenes: L. monocytogenes , L.

monocytogenes derivanti da Collezioni Internazionali e da vegetali e conservate nella Collezione

del Dipartimento di Scienze degli Alimenti della Facoltà di Agraria dell’Università degli Studi di

Udine (DIAL). Le singole sospensioni erano preparate con un’ansata di L. monocytogenes aggiunta

ad acqua peptonata sterile (0.8% NaCl). Allo spettrofotometro era valutata una densità ottica pari a

0.1 a 600 nm. Ai fini di valutare la carica di ogni sospensione, erano eseguite diluizioni delle stesse

in acqua peptonata sterile. Quindi 0.1 ml di ogni diluizione era inoculata in piastre contenenti Plate

Count Agar (Oxoid, Italia). Le piastre erano incubate a 37 °C per 48 ore e le colonie cresciute erano

contate. Ogni sospensione conteneva mediamente circa 107 CFU/ml. Cinque ml di ogni

sospensione erano miscelate e diluite in acqua peptonata sterile e 0.1 ml della diluizione 10-3

CFU/ml era spatolata in Plate Count Agar. Le piastre erano poste aperte nella camera con lo

ionizzatore acceso 24 ore prima. Ai tempi sopracitati le piastre erano recuperate e poste ad incubare

a 37 °C per 48 ore. Ad ogni tempo erano analizzate 5 repliche (campioni).

Kluyveromyces marxianus

Kluyveromyces marxianus era seminato in agar malto (Oxoid, Italia), incubato a 25 °C per 3 giorni,

quindi una colonia era diluita in acqua peptonata (NaCl 0.1%, Peptone 0.8%, Acqua 1000 ml). Allo

spettrofotometro era valutata una densità ottica pari a 0.1 a 600 nm. Ai fini di valutare la carica

della sospensione, erano eseguite diluizioni delle stesse in acqua peptonata sterile. Quindi 0.1 ml di

ogni diluizione era inoculata in piastre contenenti Agar Malto (Oxoid, Italia). Le piastre erano

incubate a 25 °C per 3-5 giorni e le colonie cresciute erano contate. La sospensione conteneva

mediamente circa 107 CFU/ml. Venivano eseguite diluizioni decimali e 0.1 ml della diluizione 10-4

CFU/ml era spatolata in Agar Malto. Le piastre erano poste aperte nella camera con lo ionizzatore

acceso 24 ore prima. Ai tempi sopracitati le piastre erano recuperate e poste ad incubare a 25 °C per

3-5 giorni. Ad ogni tempo erano analizzate 5 repliche (campioni).
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Coliformi ed Escherichia coli (contaminazione ambientale/fecale)

L’inoculo era costituito da 2 ceppi di E. coli isolati da farine e conservati nella Collezione del

Dipartimento di Scienze degli Alimenti della Facoltà di Agraria dell’Università degli Studi di Udine

(DIAL), un ceppo di Pantoea (Enterobacter) agglomerans di origine ambientale. Le singole

sospensioni erano preparate con un’ansata di ogni microrganismo aggiunta ad acqua peptonata

sterile (0.8% NaCl).

Allo spettrofotometro era valutata una densità ottica pari a 0.1 a 600 nm. Ai fini di valutare la carica

di ogni sospensione, erano eseguite diluizioni delle stesse in acqua peptonata sterile. Quindi 0.1 ml

di ogni diluizione era inoculata in piastre contenenti Plate Count Agar (Oxoid, Italia). Le piastre

erano incubate a 37 °C per 48 ore e le colonie cresciute erano contate. Ogni sospensione conteneva

mediamente circa 107 CFU/ml. Cinque ml di ogni sospensione erano miscelate e diluite in acqua

peptonata sterile e 0.1 ml della diluizione 10-3 CFU/ml era spatolata in Plate Count Agar. Le piastre

erano poste aperte nella camera con lo ionizzatore acceso 24 ore prima. Ai tempi sopracitati le

piastre erano recuperate e poste ad incubare. Ad ogni tempo erano analizzate 5 repliche (campioni).

Aspergillus niger

Spore, prodotte da colonie di Aspergillus niger, seminate in agar malto (Oxoid, Italia) incubato a 25

°C per 5 giorni, sono state diluite in acqua peptonata (NaCl 0.1%, Peptone 0.8%, Acqua 1000 ml).

Dopo omogenizzazione le spore, previa diluizione, sono state contate in piastre di agar malto

(Oxoid, Italia) e 0.1 ml della diluizione 10-3 erano spatolate in piastre di Malto Agar. Le piastre

erano poste aperte nella camera con lo ionizzatore acceso 24 ore prima. Ai tempi sopracitati le

piastre erano recuperate e poste ad incubare a 25 °C per 3-5 giorni. Ad ogni tempo erano analizzate

5 repliche (campioni).

E’ stata misurata anche la concentrazione dell’ozono durante il trattamento ai fini di valutare la

salubrità della metodica.

Modello di ionizzatore utilizzato
E’ stato utilizzato uno ionizzatore di aria modello dello ionizzatore Jonix Mate della Ditta Jonix srl.

Viale Spagna 31-33, 31020 Tribano (PD). Lo ionizzatore, posto in una cella ĨƌŝŐŽƌŝĨĞƌĂ Ěŝ ƚŝƉŽ

ĂůŝŵĞŶƚĂƌĞĚŝĐŝƌĐĂϲdŵd;ϲǆddϲǆddϳdŵdŵĂŶƚĞŶƵƚĂĂĚƵŶĂƚĞŵƉĞƌĂƚƵƌĂŵĞĚŝĂĚŝdϱΣd͕ĞƌĂ

statoacceso2giorniprimadell̓ iniziodella sperimentazioneai fini di eliminare interferenze dovute

alla contaminazione dell̓aria della cella. Le piastre erano posizionate aperte sƵƐĐĂĨĨĂůŝŵĞƚĂůůŝĐŝĞ

ƐŽŐŐĞƚƚĞĂƚƌĂƚƚĂŵĞŶƚŽůĂƐĐŝĂŶĚŽůŽŝŽŶŝǌǌĂƚŽƌĞaccesopertuttaladuratadelle prove.
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Risultati
Di seguito sono riportati i risultati ottenuti dalle prove. I numeri sono il valore medio approssimato

di cinque piastre; il dato è espresso in UFC/ml in piastra da 90 mm.

Tabella 1: Variazione concentrazione di Staphylococcus. aureus

dĞŵƉŽŵŝŶͬŚ DĞĚŝĂh&ͬŵů ĚĞǀ EƐƚE йĂďďĂƚƚŝŵĞŶƚŽ
E ϱϴϰddddd ddϴdddϵϵ͕ϰd
EE dddddddd ϳdddddϱ͕ϴϰ dϳ͕d
ϲE dϰdddddd ddϵdddϳ͕ϰd dd͕ϱ
ϵE ddϲϰdddd dϳddϱdϱ͕ϱϲ ϱϲ͕ϱ
EEE ϰϲddddd ϴϱϰϰdd͕dϳ ϵd͕ϴ
EEŚ ϰdddd ϴϵϰϰd͕ϳd ϵϵ͕ϵ
EϰŚ d d ddd͕d
Legenda: dev. st.: deviazione standard

Tabella 2: Variazione della concentrazione di Listeria monocytogenes

dĞŵƉŽŵŝŶͬŚ DĞĚŝĂh&ͬŵů ĚĞǀ EƐƚE йĂďďĂƚƚŝŵĞŶƚŽ
E ϲϱdϴdddd dϳϱdϳdd͕dϴ
EE ϲϱdϴdddd ϳdϱdddϰ͕ϲϳ d͕d
ϲE ϱddϲdddd dϱϲϳϳϳ ϳd͕ϰϵ dd͕d
ϵE dϱddddd dϲdϱddd͕ϳd ϵϰ͕ϲ
EEE dddϲddd ddϴdϴdd͕ϳϲ ϵϲ͕ϵ
EEŚ ϵϴdddd ϳϱdϵϵϰ͕dd ϵϴ͕ϱ
EϰŚ ϵϲdddd ϰdϵϴϳϴ͕dd ϵϴ͕ϱ
Legenda: dev. st.: deviazione standard

Tabella 3: Variazione della concentrazione di Kluyveromyces marxianus

dĞŵƉŽŵŝŶͬŚ DĞĚŝĂh&ͬŵů ĚĞǀ EƐƚE йĂďďĂƚƚŝŵĞŶƚŽ
E ddϴϰϰϴd ϱdϱdϲϴ͕dϵ
EE ddϵdϰdd ϲddϳϵd͕dd ϰ͕ϵ
ϲE dddϲddd ϳϴdϲϰd͕ϵϱ ϲ͕ϵ
ϵE ddϲϲddd ϵϳϵϵdϴ͕ϳϳ d͕ϳ
EEE ddϱϴddd ϴϲϰϴdd͕ϲϴ d͕d
EEŚ d d ddd͕d
EϰŚ d d ddd͕d
Legenda: dev. st.: deviazione standard
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Tabella 4: Variazione della Conta betterica totale

dĞŵƉŽŵŝŶͬŚ DĞĚŝĂh&ͬŵů ĚĞǀ EƐƚE йĂďďĂƚƚŝŵĞŶƚŽ
E ϳddϰdddd ϳddϵdϴd͕ϰϰ
EE ϲdϰddddd dϲϵddϱd͕ϴϰ ϵ ͕ ϳ
ϲE ϴdϰϴdddd dϲϴdϴϳϵϵ͕dd dϳ͕ϰ
ϵE ϱϰϴddddd ddϰϳdϴϲϳ͕dϳ dd͕ϵ
EEE ϱϳϵϲdddd dϲdϴϴdϳϳ͕ϵϵ dϳ͕ϱ
EEŚ d d ddd͕d
EϰŚ d d ddd͕d
Legenda: dev. st.: deviazione standard

Tabella 5: Variazione della concentrazione di Aspergillus niger

dĞŵƉŽŵŝŶͬŚ DĞĚŝĂh&ͬŵů ĚĞǀ EƐƚE йĂďďĂƚƚŝŵĞŶƚŽ
E ddddddd dddddd
EE ϳϰdddd ϱϰϳϳd͕dϱ ϰd͕d
ϲE ddddddd ϱdϵϲdϱ͕dϰ dd͕d
ϵE ddddddd dϱdϱϱd͕dϵ dd͕d
EEE ddϲdddd ϰddϵdd͕ϰϲ dd͕ϴ
EEŚ dϲdddd ddϳdϲϰ͕ϰd ϳd͕d
EϰŚ dϴdddd ddddϴϰ͕dϰ ϴd͕ϳ
Legenda: dev. st.: deviazione standard

Commento ai risultati
Come si può evincere dai risultati delle prove sopra indicate, l’abbattimento microbico che si

ottiene in presenza del sistema di ionizzazione dell’aria Jonix Mate su superfici di simulanti

materiale organico inoculato con diverse specie microbiche è elevato e permette di inibire

completamente entro le 12 24 ore gran parte delle specie inoculate. Infatti in molti casi

l’abbattimento ottenuto è superiore al 95%. L’effetto di riduzione microbica dell’aria ionizzata è

analogo sia su Gram positivi, su Gram negativi e che lieviti e muffe, anche se l’efficacia risulta

spesso dipendente dalla specie considerata, e in particolare:.

1) Staphylococcus aureus (Tabella 1). Questo è un microrganismo tipico delle mucose umane

ed animali. E’ un potenziale patogeno presentando all’interno della specie ceppi produttori

di enterotossine (A, B, C, D, E, F). L’enterotossina A sembra la più diffusa a livello

alimentare. Infatti è risultata responsabile di numerose intossicazioni essendo prodotta, come

del resto anche le altre enterotossine nell’alimento conservato in abuso termico. Gli alimenti

possono essere naturalmente contaminati da Staphylococcus aureus o ne vengono a contatto

a causa di manipolazioni umane e di ambienti e attrezzature contaminati. In caso di sviluppo

la tossina permane essendo termostabile e conseguentemente non viene eliminata con la
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pastorizzazione e/o cottura. L’impiego del trattamento ionizzante permette la completa

inibizione di tale microrganismo. Infatti si osserva (Tabella 1) una continua inattivazione nel

tempo. Infatti dopo 2 ore l’abbattimento è del 90% e a 12 e 24 del 99.9-100%.

2) Listeria monocytogenes (Tabella 2). Questo è un microrganismo psicrotrofo di origine

ambientale. Contamina ogni ambiente e conseguentemente ogni alimento sia come materia

prima che prodotto finito (Cocolin et al., 2005). La sua presenza nei prodotti alimentari

(ready to eat) viene regolamentata da criteri microbiologici riportati nel Reg. CE 2073/05 e

1414/08, essendo patogena e altamente virulenta. Ogni anno vengono, infatti, denunciati

numerosi casi di listeriosi (0.4/100.000 abitanti) in seguito al consumo di alimenti.

Conseguentemente l’industra alimentare utilizza numerose tecnologie sia per eradicare o

impedire la sua presenza negli alimenti, sia per impedirne la crescita. Il sistema Jonix

permette di abbattere già dopo 90 min il 94% delle L. monocytogenes presenti, e a 12-24 ore

l’abbattimento risulta superiore al 98%. Per arrivare alla eradicazione totale (100%) occorre

operare trattamenti prolungati (36 ore).

3) Kluyveromyces marxianus (Tabella 3). K. marxianus è un lievito innocuo, considerato la

forma perfetta della Candida pseudotropicalis; specie, invece, riconosciuta patogena, seppur

meno virulenta della Candida albicans, tipico patogeno delle mucose umane e animali. E’

largamente diffuso in natura, in particolare in latte e latti fermentati (i.e. Kefir). Viene

utilizzato per la produzione di bioetanolo. Tale lievito è particolarmente resistente brevi

trattamenti ionizzanti (< 120 min). Tuttavia è possibile eradicare la sua presenza da substrati

organici dopo 12/24 ore di trattamento, come viene efficacemente riportato in tabella 3.

4) Conta batterica totale (Tabella 4). Per la valutazione dell’effetto del trattamento ionizzante

sulla conta batterica totale sono stati impegati diversi microrganismi tipici di

cantaminazione fecale (Escherichia coli) e ambientale (Pantoea agglomerans). Anche in

questo caso trattamenti con tempi inferiori ai 120 minuti, non portano ad abbattimenti

significativi, mentre trattamenti di 12 e 24 ore portano alla completa eradicazione delle 2

specie considerate.

5) Aspergillus niger (Tabella 5). Muffa (fungo) di origine ambientale e tipica di vegetali, anche

se spesso isolata su superfici di salumi. Presenta ceppi micotossinogeni. Infatti i black

aspergilli possono produrre Ocratossina A e B; largamente diffusa in semi, vegetali e

talvolta in farine di cereali. L’Ocratossina A indesiderabile negli alimenti perché è stata

classificata dallo IARC (International Agency for Research of Cancer) nel gruppo “2B”

come un possibile carcinogeno. Parecchi studi, infatti, hanno dimostrato che ha proprietà

teratogenica, neurotossica, genotossica, immunotossica e nefrotosica (IARC, 1993; JEFCA,
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2001). Infatti, in Italia sono è stato suggerito il limite di 1 µg/Kg per la sua presenza in

prodotti carnei e a base di carne (Circolare Ministero Sanità n° 10-09/06/1999). La

ionizzazione permette un abbattimento variabile di tale microrganismo; abbattimento legato

al tempo di trattamento. Infatti occorrono tempi di 12 o 24 ore per abbattere il 72 e 82 %

della carica di A. niger inoculato in terreno organico. Per arrivare alla completa inattivazione

delle spore inoculate occorre operare un trattamento pari a 36-48 ore.

Conclusione
Il sistema Jonix Mate basato sulla ionizzazione dell’aria permette di inattivare popolazioni

microbiche intenzionalmente inoculate in terreni di cultura organici. La percentuale di abbattimento

è strettamente legata alla specie microbica considerata e al tempo di trattamento.
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2. Introduzione
Nella sperimentazionedi seguitodescritta è stata eseguitauna seriedi test volti a verificare l̓ efficacia sanificante a
livello biologicodiundispositivoNTPJonixinstallato all̓ interno di unventilatore convettore perinstallazioneaparete.

Lo scopo della prova è testare se la produzione di specie ossidanti sia o meno in grado di risolvere il problema
dell̓ inquinamento di alcune parti delle apparecchiature da parte di muffe, nonché di sanificare l̓ aria del locale nel
qualeviene installato.

2.1.Impostazionedella prima prova
Il test èstatoeseguitoutilizzandodueapparecchiaturegemelleposte induestanzediugualedimensione.Nellaprima
stanzaè stato alloggiato un fan coil dotato del sistemaNTP, nella secondastanzaè stato alloggiatoun fan coil del
tutto identico masenzanessundispositivo sanificante. Entrambi i dispositivi sonostati avviati alla minimaportata
possibile e sono stati inquinati artificialmente con muffe, dopo di che sono stati attivati e lasciati lavorare per un
tempopari a7giorni.

L i̓nquinamento è stato applicato sulla girante, prima dell̓ attuatore NTP. La girante è infatti una delle componenti
doveèstata riscontrata, in sistemi simili, la formazionedimuffeedil depositodi sporcoingenere.

Il campionamentoèstatoeseguitoal terminedelperiododiprovamisurandol̓ abbattimento induepunti:

1) Direttamentesullealettedellagirante,siaperchéè il puntopiùcritico, cheper verificare l̓ effetto di rilascio
dimolecole sanificanti nell̓ ambiente chepoivengonoconvogliatenuovamentedentro l̓ apparecchio,
sanificandoanche leparti primadelgeneratoreNTP;

2) Allaboccadiuscita,per verificare, perdifferenza rispettoalle concentrazionidi inquinanti inentrata, se vi
sia abbattimentodiretto:

Parametri sperimentali:

d Dimensione locale: 25m3 (2,7x3,8x2,5)
d Modello fancoil: ESTRO_GTFL7– Marca Galletti
d Dispositivosanificante: JonixModello “C/2”
d Portata aria di ricircolo: 320m3/h

2.2.Impostazione della secondaprova
Il test èstato eseguitoutilizzandodueapparecchiature gemelleposte in2puntidiunasolagrandestanza.Entrambi i
fancoil eranodotati del sistemaNTP, conla ventilazione impostataallamassimaportata possibile.

I due fan coil sonostati inquinati artificialmente con muffe, dopodi che sono stati attivati e lasciati lavorare per un
tempopari a15giorni.

L i̓nquinamentoè stato applicato nell̓ area posta avalle del paccorefrigerante, a valle dell̓ attuatore NTP,in mododa
poter valutare la capacità auto-sanificanteinunʼaltradelle componentia rischiodiinquinamentomicrobico.

Il campionamentoèstatoeseguitoal terminedelperiododiprovamisurandol̓ abbattimento induepunti:



3) Direttamentesull̓areacontaminataconmuffe,pervalutare lasanificazionenella parte avalle del
generatoreNTP;

4) Alcentrodellocale, pervalutare il gradodi contaminazioneambientale.

Parametri sperimentali:

d Dimensione locale: circa 250m3(2,7x3,8x2,5)
d Modello fancoil: ESTRO_GTFL7– Marca Galletti
d Dispositivosanificante: JonixModello “C/2”
d Portata aria di ricircolo: 640m3/hperciascundispositivo



3. Materiali emetodi

3.1.Microrganismi impiegati
Dal momento che le due macchine impiegate per la sperimentazione erano nuove di fabbrica, per assicurare la
presenza di microrganismi contaminanti all̓ interno dei dispositivi, La contaminazione è stata effettuata con una
soluzionecontenente 106UFC/mldi sporediAspergillusbrasiliensisapplicata mediante tamponedicotone.
Il microrganismo selezionato, l̓ Aspergillus brasiliensis (ex niger), è una muffa tipica degli ambienti domestici,
soprattutto dei luoghipiùumidiedèunodeiprincipali responsabili dellemacchienere chesi formanosullepareti di
alcuni locali. Durante esperienzeprecedenti, questamuffa è stata rilevata ingrandiquantità all̓ interno dei rotori di
ventilazionedi fancoil utilizzatipermolteoreal giorno.

Le spore fungine sono strutture di resistenza che resistono per lungo tempo nell̓ ambiente anche in condizioni
sfavorevoli quali la mancanzad̓acqua; l̓impiegodisporehagarantito lapermanenzapressochécostantedei livelli
dicontaminazionepertutta laduratadellasperimentazionee, inoltre, haconsentitodivalutareglieffetti sanificanti
suformemicrobichedifficilmente eradicabili.

3.2.Campionamentoedanalisi microbiologiche

3.2.1. Metodidi campionamento

Ai finidella determinazionedelle carichemicrobichesonostati impiegati i seguentimetodidi campionamento:
1) SAS (Surface Air System) Super 100(International PBI): ilmetodo consente la determinazionedella quantità

dimicrorganismiaerodispersi edi poter valutare eventuali cinetiche di abbattimento nel tempo. La figura1
mostraunafase di campionamentoeseguita durante la sperimentazione.Lostrumento SASè stato postodi
fronte al fancoil a50cmdidistanzadallebocchette di ventilazione.

Figura1– prelievodi aerosolmedianteSASSuper100



2) Tamponedi superficie: permette di valutare il gradodi contaminazionedelle superfici, nel caso indellaprima
sperimentazionele lamelle dell̓ impiantodi ventilazionedei fancoil: il prelievo (figura 2) è stato effettuato su
entrambe le facce di una singola aletta, successivamentemarcata in mododaevitare di ripetere il prelievo
dalla stessaaletta durante le sessionesuccessive.

Figura 2–prelievodeimicrorganismimediante tamponedi superficie

3.2.2. Metodianalitici

Per ladeterminazionedelle speciemicrobichesonostati utilizzati i seguentimetodi analitici ufficiali:

Aerosol:
- Caricabatterica totale: Metodo Unichim1962-2:2006
- Muffe eLieviti: Metodo Unichim1962-2:2006

Superfici:
- Muffe e Lieviti: ISO 18593:2004+ISO 21527-1:2008

3.3.Misura del livello diozono
Contestualmente alla prova è stato misurato il livello di ozonoprodotto all̓ interno del locale dove era installato il
dispositivo Jonix.

La lettura del valore di concentrazioneèavvenuta tramite unmisuratoremarcaHoriba– modelloAPOA-370.Ilrange
di lettura dellostrumentovaria da10ppba3ppm.

Al finedi valutare la cinetica di accumuloed i livelli di saturazionedell̓ ozono,lamisuraè stata avviata al tempozero
eproseguitaper le successive24ore.



4. Risultati ediscussione

4.1. Prima sperimentazione

4.1.1. Cameredi sperimentazione

Le cameregemelle in cui è stata effettuata la sperimentazioneeranodue locali adusoufficio collocati all̓ interno di
un capannone in cui sono effettuate prove pilota di varia natura, comprese prove su matrici naturalmente
contaminate, quali composteacquedi scarico,per cui ci si attendeva lapresenzadiunasignificativacontaminazione
microbicaambientale, evidenzaconfermatadaiprelievi effettuati a iniziosperimentazione.
Al fine di evitare interferenze dovute alla contaminazionedell̓ ambiente esterno, le stanze sono state mantenute
chiusepertutta la duratadelle prove.Per effettuare icampionamentiperiodici, l̓ operatore entravarapidamentenella
stanza e richiudeva immediatamente la porta di ingresso. Durante le operazioni di prelievo, l̓ addetto indossava
camice, guanti e mascherina respiratoria, in mododa minimizzareil contributo microbico legato alla suapresenza
nella stanza.

4.1.2. Contaminazionedei dispositivi

Nel casodella primasperimentazionesonostate contaminate conmuffe le lamelle dei rotori di ventilazione (figura
3).

Figura3– contaminazioneconsporefunginedellealette di ventilazione

Tutte le lamelle di ventilazione sonostate contaminate suentrambe le facce, il che ha comportato unconsumodi
circa 3mldi soluzionedi sporeper ciascunapparato, perun totale di circa 3milionidi spore fungineperciascun fan
coil.



4.1.3. Analisi degliaerosol

La successiva tabella 1 mostra l̓ andamento delle cariche batteriche (CBT) rilevate negli aerosol prelevati ai vari
intervalli di tempo nelle due camere di sperimentazione.La camera di “controllo” conteneva il fan coil privo del
dispositivosanificante, la camera “dispositivo” aveva al proprio interno il dispositivo dotato del sistemasanificante
Jonix.

Tabella1– Carica batterica totale aerodispersarilevata ai vari tempi

Caricabatterica totale a30°C
(UFC/m3)

Controllo DispositivoNTPTempo(ore)
0 520 620
3 540 600
6 470 540
24 450 190
48 400 30
72 380 20
120 260 50
144 260 20
168 240 50

Il grafico successivo(figura4) riporta la rappresentazionegraficadei risultati ottenuti.

Figura 4–AndamentodellaCBTaerodispersenelleduecamerediprova

Dalgraficoèpossibileosservarecomelacaricabatterica totale aerodispersatendaadiminuireall̓ internodella camera
contenente il fan coil equipaggiatocol dispositivo Jonix. Il lieve calo rilevato nella cameradi controllo è da imputare
al fatto che la camera veniva mantenuta chiusa e, quindi, isolata dall̓ ambiente esterno fonte di contaminazione
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ambientale. Imicrorganismiaerodispersi,soprattutto i batteri, tendonoaperderevitalità a causadifenomeniquali la
disidratazioneoppureasedimentare insiemealmateriale particolato chespessoli veicola per cui, in assenzadi fonti
dinuovacontaminazionetendonoa ridurre lapropria concentrazione.

La successivatabella 2riassumeidati relativi alla contaminazioneda funghi(muffe e lieviti) rilevata ai vari tempidi
prelievo.

Tabella2– Muffe rilevate nell̓ aria ai vari tempi

Muffe
(UFC/m3)

Controllo DispositivoNTPTempo(ore)
0 250 280
3 260 250
6 230 260
24 190 180
48 200 40
72 170 20
120 160 50
144 140 30
168 160 50

Il grafico successivo(figura5) riporta la rappresentazionegraficadei risultati ottenuti.

Figura5–Muffe e lieviti aerodispersinelleduecamerediprova

Dal grafico è possibile osservare come le muffe tendano a diminuire nell̓ aria della camera contenente il fan coil
equipaggiatocol dispositivoJonixconunacineticadiversa rispetto aquella rilevata per i batteri.
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Infatti, nel casodellemuffe, il temponecessarioa rilevare unabbassamentosignificativoèpiù lungo,probabilmente
acausadellamaggioreresistenzadelle spore funginerispetto alle cellule batteriche.

Il lieve calo rilevato nella cameradi controllo èda imputareal fatto che la cameraveniva mantenuta chiusae, quindi,
isolata dall̓ ambiente esterno fonte di contaminazione ambientale, per cui nel tempo si può assistere ad una
“sedimentazione” dei contaminanti aerodispersi oppure aduna loro perdita di vitalità, un fenomenoche, nel caso
delle muffe,è decisamentemenoevidente di quantorilevato per i batteri.

Da rilevare che le muffe utilizzateper contaminare le alette, benché rilevabili sulla superficie del rotore anche dopo
giorni dall̓ inizio della prova (vd. paragrafo 3.1.4.), rappresentino una piccolissima percentuale di quelle rilevate
nell̓ aria ambientale.

Le foto successivemostrano i livelli di contaminazionedamuffe rilevati dopo48ore nella cameradi controllo ed in
quella contenente il dispositivo Jonix. Le foto illustrano ancor più dei numeri come sia marcata la differenza di
contaminazionetra i dueambienti, sulla superficie delle piastre è possibileosservare il numerodi funghi rilevati in
100litri dʼaria, praticamente laquantità dʼaria respirata in circa15minuti daunapersonaadulta a riposo.

Figura 6–Muffe e lieviti aerodispersinelle duecameredi prova(a sinistra la camera di controllo)

4.1.4. Misura deilivelli di contaminazionedellealette dellagirante

La successivatabella riporta i livelli di contaminazionefunginadiunasingolaaletta presentenel fancoil dicontrollo e
in quello dotato di generatore NTP. La contaminazioneteorica introdotta al momentodella contaminazioneera di
circa38.000sporeperaletta, maessendostataeffettuata manualmenteil valorepuòsubirequalchevariazionedovuta
allamanualità edallaquantitàdi liquidodepositata sullasingolaaletta. I livelli di contaminazionemicrobicaintrodotti
sulle alette erano volutamente molto elevati, in modo da valutare gli effetti del sistema sanificante in condizioni
estreme.



Tabella 3– Muffe rilevate suunaaletta ai singolitempidi prelievo

Muffe
(UFC/aletta)

Controllo DispositivoNTPTempo(giorni)
0 35000 40000
3 34000 32000
5 30000 21000
7 27000 11000

Il graficosuccessivo(figura7) riporta la rappresentazionegraficadei risultati ottenuti.

Figura7– Muffe rilevate suunasingolaaletta ai vari tempi di prelievo

I livelli di muffe presenti sulle alette del dispositivo di controllo tendono a scendere a causa dell̓ azione meccanica
dovuta al moto vorticoso del rotore di ventilazione ma, dopo7giorni il numerodi spore si riduce di circa un20%
soltanto, mentrenel dispositivodotatodigeneratore NTP la riduzioneosservata supera il 70%. Daquesti dati si può
dedurre checirca un50% delle sporefungineè stato uccisodalle specieossidantiprodotte dal generatore NTP.

Nell̓ interpretare i risultati occorre considerare che il rotore è posto a montedel generatore NTP per cui, a causadel
flusso dʼaria generato dal rotore stesso, l̓ effetto sanificante è dovuto prevalentemente alle specie ossidanti che
rientrano nel dispositivodopoesserestate liberate nell̓ ambiente, per cuiil risultato ottenuto in unasolasettimanaè
sicuramente incoraggiante.
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4.2. Secondasperimentazione

4.2.1. Camera disperimentazione

Lagrandestanzaincui è stata effettuata la sperimentazioneè un locale di servizioadiacente adaltri adusoufficio,
per cui ci si attendeva la presenza di una contaminazione microbica ambientale relativamente bassa, evidenza
confermatadaiprelievi effettuati a iniziosperimentazione.
Trattandosi di un grande locale, al fine di garantire un sufficiente numero di ricambi/ora (almeno 5) sono stati
impiegati 2fancoil dotati didispositivoNTPsettati adunaportata di640m3/ora.I duedispositivi sonostati collocati
in 2aree differenti del locale, in mododa garantireuntrattamento ottimale dell̓ aria ambiente.
Al fine di evitare interferenzedovute alla contaminazionedell̓ ambiente esterno, la stanzaè stata tenuta chiusaper
tutta la durata delle prove. Per effettuare i campionamentiperiodici, l̓ operatore entrava rapidamentenella stanzae
richiudeva immediatamente laportadiingresso.Durante leoperazionidiprelievo, l̓ addetto indossavacamice,guanti
emascherina respiratoria, inmododaminimizzareil contributo microbico legatoalla suapresenzanella stanza.

4.2.2. Contaminazionedei dispositivi

Inquestocasola contaminazioneha riguardatounasuperficiepianapostaavalledel generatoreNTP (figura8).

Figura 8–contaminazionedeldispositivoconsporefungine

L̓ areaè stata contaminataconcirca30.000sporediAspergillusbrasiliensisper centimetro quadratodi superficie.



4.2.3. Analisi degliaerosol

Lasuccessivatabella 4mostral̓ andamentodelle carichebatteriche (CBT) edelle Muffe rilevate negliaerosolprelevati
ai vari intervalli di temponella cameradi sperimentazione.

Tabella4 –Contaminazionemicrobicaaerodispersa rilevata ai vari tempi

CBT30°C
(UFC/m3)

Muffe
(UFC/m3)Tempo

(giorni)
0 100 50
1 40 30
4 10 20
5 40 10
6 20 20
7 40 30
8 20 20
10 20 30
11 20 30
12 20 30

I grafici successivi(figure9e10)riportano la rappresentazionegraficadei risultati.

Figura9–CBTaerodispersenella camera diprova
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Figura10– Muffe aerodispersenella cameradiprova

Contrariamenteaquantorilevato nel corsodellaprimaprova, i valori di contaminazioneambientale sonomoltobassi
giàall̓ iniziodella sperimentazione. Sia le CBTche le Muffe diminuiscononel tempoperstabilizzarsisuun“rumore di
fondo” sotto il qualeèpraticamente impossibilescendere,dalmomentochenonsipuòipotizzaredi raggiungereuna
condizionedi sterilità assoluta.

4.2.4. Misura dei livelli di contaminazionedell̓ interno deldispositivo

LaTabellasuccessivacontiene ivalorimedideiprelievi effettuati in2diverseareedellasuperficieinternaaldispositivo
contaminataartificialmente consporefungine.

Tabella 5– Muffe rilevate nel dispositivo ai singolitempidiprelievo

Muffe interno
dispositivo
(UFC/cm2)Tempo(giorni)

0 28800
1 26000
4 15000
5 9900
6 6900
7 5900
8 5200
10 4600
11 4000
12 3500
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Lasuccessivafigura11mostra idati riportati in formagrafica.

Figura 11– Muffe rilevate all̓ interno del dispositivo

Lacontaminazionefunginacala costantemente,mala curvadi abbattimento (linea rossa) sembratendere a ridurre la
propria pendenzanel tempo. I valori di contaminazionea12giornidall̓ inizio della sperimentazionesonocomunque
undecimodiquelli iniziali.

4.3. Breve sperimentazione finalizzata all̓ottimizzazione del processo di auto-
sanificazione

Lasecondasperimentazioneèstataprolungataperulteriori 2giorni(dal12°al14°)al finedi individuareunpotenziale
miglioramento tecnico/impiantistico che consentisse di ottimizzare il processodi auto-sanificazionedel dispositivo
contenente la sondaJonix.

Inpratica, i fancoil ancora contaminati sonostati lasciati in funzioneper altri 2giornicon le stessemodalitàpreviste
dalla sperimentazionedescritta alpunto3.2,conunasola variazionesperimentale:

- per 3volte al giorno il dispositivo di ventilazione di unodei fan coil veniva spentoper 2minuti lasciando il
generatore NTPacceso;

- durante i 2 minuti di spegnimento della ventola, ogni 20 secondi veniva dato un impulso di accensione e
spegnimentoal rotore di ventilazione (totale 6impulsi).

In questo modo,durante i 20secondidi fermo ventilazione le sostanzeossidanti si accumulavanonelle immediate
vicinanzedelgeneratore perpoi venire convogliatenelle aree adiacenti grazieall̓ impulsodi accensionedel rotore;
l̓ immediato spegnimentodi quest̓ ultimo impediva di far fuoriuscire la maggiorparte delle specieossidanti dal fan
coil e permetteva a queste ultimedi agiresulle muffeancora presentinell̓ area contaminata artificialmente.

Questa strategia haconsentito di accelerare il processodi abbattimento delle muffe residueche, ricordiamo, al 12°
giornoerano ancora 3500UFC/cm2.
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Il successivo diagramma mostra l̓ andamento delle cariche fungine all̓ interno del dispositivo nei 3 giorni di
sperimentazione.

Figura 12– Muffe rilevate all̓ interno del dispositivo

Daldiagrammaèpossibile osservare comeinsoli2giorni le muffecontaminanti sianosceseda3500a500UFC/cm2.

La successivafiguramostrai risultati ottenuti messi“in coda” al grafico relativo alle muffe contaminanti rilevate nel
corsodella sperimentazionedescritta alpunto3.2.

Figura 13– Muffe rilevate all̓ interno del dispositivo

I dati finoal12°giornosonorelativi allaprovadescritta alparagrafo3.2,mentregli ultimi2dati (giorno13e14)sono
relativi ai risultati ottenuti dalla prova descritta nel presente paragrafo. È interessante vedere come la linea di
tendenzacambinettamente lapropriapendenza,dimostrandouna forte accelerazionedelprocessodiabbattimento
deimicrorganismi.

Questasemplicestrategia si èdimostrata ingradodiaccelerare edottimizzareil processodiauto-sanificazionedello
strumento:damisureeffettuate conunmisuratoreHoribaè stato rilevato che, nei 2minuti di duratadel processodi
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spegnimento del rotore, all̓ interno dello strumento (e soltanto in questo micro-ambiente) si raggiungono
concentrazioni di ozono di circa 200 ppb, ovvero 10 volte superiori a quelle rilevate in condizioni di normale
operatività.



4.4. . Misura dellivello di ozonoambientale edin uscitadal condizionatore

4.4.1. Misura della concentrazionedi ozonoambientale

Contestualmentealla prova è stato misuratoil livello di ozonoprodotto all̓ interno del locale dove era installato il
dispositivo Jonix.

LʼanalizzatoreHoribaè statopostoal centrodell̓ areadi provaal finedi acquisire il valoredel livello di ozonodurate
laprova. In Figura14viene riportato il graficodei valori acquisiti, ognipunto rappresenta lamediadi30minuti di
acquisizione.

Figura 14-curva diconcentrazione ozono

Dalgraficoriportato èpossibileosservare chenonvi èalcunavariazionesignificativadel livello diozono,che rimane
costantemente sottoal valore di30ppbecomunqueprossimoal valore minimorilevabile.

Le leggereoscillazioniche siosservanopossonoessere attribuite a fattori ambientali (temperatura etc..).

4.4.2. Misura livello di ozonouscita fancoil

Il test è stato condotto perverificare l̓ uniformità nella distribuzionedell̓ ozonoall̓ interno del fan coil, inquanto
essendoil tuboposizionatolateralmente rispetto al flussodʼaria che lo investe, è ragionevole ipotizzarechepossa
verificarsi unacondizionedidisomogeneitàcomequella illustrata.
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Figura15– ipotesidiffusioneozonoall̓ interno del fancoil

Laboccadiuscitaèstato pertanto suddivisain tre zone,comein figura, ed inognunaèstata eseguita lamisuradi
ozonoper circa40minuti. I risultati sonoriportati in Figura16,ognipuntoè relativo adunamedia sutre minuti di
acquisizioni.

Figura16– livelli di ozonoinuscitadal fan coil

Daigrafici riportati èpossibileosservarechiaramentecomevi siaunanetta concentrazionedell̓ ozononellaZona3.
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5. Conclusioni
L̓ ambiente utilizzatoper la primasperimentazioneèstato selezionatoperché caratterizzato daunacontaminazione
microbica che può essere definita di media entità, sicuramente più elevata di quella rilevabile in un ambiente
domestico-oppure inunufficio -pulito e areato con regolarità. Infatti, nel programmarele prove sperimentali si è
voluto inizialmente valutare l̓ efficacia del dispositivo in condizioni“sfavorevoli” e, per tale motivo, la situazioneè
stata ulteriormente “aggravata” contaminando artificialmente le giranti di ventilazione degli apparati con muffe
tipiche di ambienti umidiemalsani.

I risultati ottenuti mostranocomel̓ adozionediundispositivodi sanificazione Jonixconsentadiottenere nel tempo
unamarcata riduzionedella contaminazionemicrobicaambientale sia in terminidi batteri chedimuffee lieviti.

La cinetica di abbattimento dei contaminantimicrobici, sianoessi batteri, muffeo lieviti, richiede almeno48ore di
utilizzocontinuativo dell̓ apparato, mantenendochiusoil locale in cui essoè attivo, per cui c̓ è daattendersi che, in
caso di utilizzo del dispositivo per qualche ora al giorno, i tempi necessari al raggiungimento di bassi livelli di
contaminazioneambientale sianopiù lunghi.D a̓ltro canto, a parzialecompensazionediquest̓ultima affermazione,
occorre anche considerare che le condizioniambientali in cui è stata svolta la sperimentazioneeranovolutamente
peggioridi quellenormalmentepresenti inunambiente“domestico”.

Quandoil dispositivoviene introdotto inunambienteabassacontaminazioneambientale, qualequellodiunufficio,
i livelli di contaminazionevengono rapidamente abbattuti a valori molto bassi che abbiamo definito “rumore di
fondo”, al di sotto dei quali è possibile scendere soltantomediante l̓ adozionedi strategie impiantistiche necessarie
solo per ambienti particolari, quali le camere bianche di confezionamentodei farmaci (filtri HEPA, ambiente con
pressionepositiva dotato dianticamera, etc.).

Riguardoalla capacità auto-sanificantedeldispositivo, la contaminazioneartificiale damuffeadottata inentrambe le
sperimentazioniera volutamenteelevata, inmododavalutare lepotenzialitàdeldispositivoancheincondizionimolto
sfavorevoli.

Talicondizionisipotrebbero verificare dopolunghitempidifunzionamentoinunfancoil privodigeneratore NTP,
mentre è inimmaginabilechesiverifichino nel casoincui undispositivonuovodifabbrica presenti al suointerno
ungeneratore NTPche consentadi prevenire l̓instaurarsi ed il proliferare di una contaminazionemicrobica così
elevata.

L̓ adozione di una semplice strategia impiantistica, come quella descritta al punto 3.3 potrebbe migliorare
decisamente il processodiauto-sanificazionedellostrumento, senzachesianecessario introdurre costosemodifiche
tecniche.

I dati riportati al paragrafo3.4,relativi alla distribuzionedei livelli di ozonoall̓ interno del fan coil, fannopensareche
potrebbe esserevalutato, per unaeventuale esuccessivaottimizzazione,undiversoposizionamentodelgeneratore
NTP all̓ interno del condizionatore, in mododa favorire una più omogeneadiffusione delle specie ossidanti al suo
internoed inuscitadaesso.Inognicasol̓ attuale situazionerisulta comunqueampiamentecautelativa circa l̓ effetto
sanificante o“autosanificante” dell̓ apparecchioconil sistemaJONIXinside.

Inconclusione,sullabasediquantoconstatatodurantelasperimentazione,èpossibileaffermareche l̓adozionedi
ungeneratoreNTPall̓interno diunapparatofancoilpuòpresentareilduplicevantaggiodimantenereabassilivelli



la quantità dimicrorganismiaerodispersi-ancheinaree caratterizzate daconsistentecontaminazioneambientale
-ediprevenire lacontaminazionedellostrumentodapartedimicrorganismiindesiderati, inparticolare lemuffe.

Pisa, 13marzo2017



>>'dKdddϴ

Ɖ̂ĞƌŝŵĞŶƚĂǌŝŽŶĞƉĞƌůĂǀĞƌŝĨŝĐĂĚĞůůĂW/d̂ E/d/EdĚĞŝĚŝƐƉŽƐŝƚŝǀŝ&ŽƚŽĐĂƚĂůŝƚŝĐŝǀƐŽŶĚĞŶƐĂƚŽƌŝ:ŽŶŝǆEdW



Ɖ̂ĞƌŝŵĞŶƚĂǌŝŽŶĞƉĞƌůĂǀĞƌŝĨŝĐĂĚĞůůĂ
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Premesse
La Laboratori ARCHAha impostato uno studio sperimentale, con l̓ obiettivo di verificare e quantificare l̓ eventuale
ĞĨĨĞƚƚŽƐĂŶŝƚŝǌǌĂŶƚĞƐǀ ŽůƚŽĚĂĚƵĞƚŝƉŽůŽŐŝĞĚŝĚŝƐƉŽƐŝƚŝǀŝĐŽŵŵĞƌĐŝĂůŝ;EdWd:ŽŶŝǆĞĚƵŶĚŝƐƉŽƐŝƚŝǀŽ&ŽƚŽĐĂƚĂůŝƚŝĐŽ
,̂ hϵddy) , all̓interno di una condotta in acciaio da ddĐŵĚŝĚŝĂŵĞƚƌŽĞůƵŶŐŽddŵ͕ĚŽǀĞǀŝĞŶĞĨĂƚƚĂƉĂƐƐĂƌĞĂƌŝĂ

;ĂƚƚƌĂǀĞƌƐŽƵŶǀ ĞŶƚŝůĂƚŽƌĞdĂĚŝĨĨĞƌĞŶƚŝǀĞůŽĐŝƚăͬƉŽƌƚĂƚĞd

L̓obiettivoera quello di simulare cosa accade all̓interno di una condotta di areazioneŝŶĐĂƐŽĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞ
microbiologica enel casofossero omenopresenti dei dispositivi “ƐĂŶŝƚŝǌǌĂŶƚŝ”tipoquellitestati.

ƚĂůĞƐĐŽƉŽ͕Z,ŚĂƉƌŽŐĞƚƚĂƚŽĞĐŽŶĚŽƚƚŽƵŶĂƐĞƌŝĞĚŝĞƐƉĞƌŝŵĞŶƚŝŶĞŝƋƵĂůŝ͕ŝŶŵŽĚŽĐŽŶƚƌŽůůĂƚŽ͕ĚŝĨĨĞƌĞŶƚŝ
tipologiee quantità dimicrorganismisonostati esposti all̓ interno del tubo, a flussi di aria condifferenti tipologiedi
ĚŝƐƉŽƐŝƚŝǀŝƐĂŶŝƚŝǌǌĂŶƚŝĂƚƚŝǀĂƚŝd

ZŝŐƵĂƌĚŽĂƋƵĞƐƚĂƚŝƉŽůŽŐŝĂĚŝƚĞƐƚ͕ŶŽŶĞƐŝƐƚĞŶĚŽĚĞůůĞŶŽƌŵĞƚĞĐŶŝĐŚĞĚŝƌŝĨĞƌŝŵĞŶƚŽ͕Z,ŚĂĚŽǀƵƚŽƉƌŽĐĞĚĞƌĞ
ĂůůĂŵĞƐƐĂĂƉƵŶƚŽĚŝƉƌŽĐĞĚƵƌĞĚŝƚĞƐƚĂĚĞŐƵĂƚĞ͕ĂŶĚĂŶĚŽĂǀĞƌŝĨŝĐĂƌĞƐƉĞƌŝŵĞŶƚĂůŵĞŶƚĞůĞĐŽŶĚŝǌŝŽŶŝŽƉĞƌĂƚŝǀĞƉŝƶ
ŽƉƉŽƌƚƵŶĞͬĨƵŶǌŝŽŶĂůŝƉĞƌůŽƐƚƵĚŝŽĚĞŝĨĞŶŽŵĞŶŝĞĂŶĚĂŶĚŽĂĚŝŶĚŝǀ ŝĚƵĂƌĞŝƐĞƚƚĂŐŐŝĚĂĂĚŽƚƚĂƌĞŝŶƚĞƌŵŝŶŝĚŝ͗

d WŽƌƚĂƚĞĚŝĂƌŝĂĚĞůǀĞŶƚŝůĂƚŽƌĞ
d dŝƉŽůŽŐŝĞĞĐŽŶĐĞŶƚƌĂǌŝŽŶŝĚŝŵŝĐƌŽƌŐĂŶŝƐŵŝĚĂƚĞƐƚĂƌĞ
d dĞŵƉŝĞŵŽĚĂůŝƚăĚŝĐŽŶƚĂƚƚŽĐŽŝƐŝƐƚĞŵŝƐĂŶŝƚŝǌǌĂŶƚŝ

In merito alla portata di aria all̓interno del tubodƚĞƐƚ͕ƐŽŶŽƐƚĂƚĞĐŽŶĚŽƚƚĞĚĞůůĞƉƌŽǀĞƉƌĞůŝŵŝŶĂƌŝĞĚğƐƚĂƚŽ
ǀ ĞƌŝĨŝĐĂƚŽĐŚĞŶŽŶĞƌĂƉŽƐƐŝďŝůĞĂŐŝƌĞŝŶŵŽĚŽĐŽŶƚƌŽůůĂƚŽĞƌŝƉƌŽĚƵĐŝďŝůĞĐŽŶŵŝĐƌŽƌŐĂŶŝƐŵŝĞƉŝĂƐƚƌĞĚŝĐŽůƚƵƌĂŝŶ
ƉƌĞƐĞŶǌĂĚŝĨůƵƐƐŝĚŝĂƌŝĂĞůĞǀĂƚŝĐŽŵĞƋƵĞůůŝƚŝƉŝĐĂŵĞŶƚĞƐĞŐŶĂůĂƚŝĚĂůƌdDĂƌĂŶŐŽŶ;dddddŵdͬŚdd

WĞƌƋƵĞƐƚŽŵŽƚŝǀ ŽŝƚĞƐƚƐŽŶŽƐƚĂƚŝŵĞƐƐŝĂƉƵŶƚŽĞĐŽŶĚŽƚƚŝĐŽŶĨůƵƐƐŝĚŝĂƌŝĂƉŝƶďĂƐƐŝ;dddŵdͬŚĞϴddŵdͬŚdĞĚŝ
test sonostati condotti tutti in modoCOMPARATIVO“NTP dJonixvs.Fotocatalitico”, in mododa avere una lettura
ƌĞůĂƚŝǀĂĚĞŝĨĞŶŽŵĞŶŝ;ŝdĞdƋƵĂůĞĚĞŝdĚŝƐƉŽƐƚŝǀŝĨƵŶǌŝŽŶĂŵĞŐůŝŽĂƉĂƌŝƚăĚŝĐŽŶĚŝǌŝŽŶŝŽƉĞƌĂƚŝǀĞ͍dĞƉŽƚĞƌƐŝĐŽƐŞ
svincolaredalla“realisticità” delle condizionioperative adottate.

L i̓mpianto di prova sul quale sono stati condotti i test è costituito da un plenum quadrato all̓ interno del quale è
ŝŶƐƚĂůůĂƚŽƵŶǀ ĞŶƚŝůĂƚŽƌĞĂƉŽƌƚĂƚĂƌĞŐŽůĂďŝůĞ͕ŝůĐƵŝƌĂŶŐĞƉƵžĞƐƐĞƌĞƌĞŐŽůĂƚŽĚĂdddĂddddŵd/h.Daessol̓aria
ǀ ŝĞŶĞĐŽŶǀ ŽŐůŝĂƚĂŝŶƵŶĂĐŽŶĚŽƚƚĂĐŝƌĐŽůĂƌĞĂǀĞŶƚĞĚŝĂŵĞƚƌŽddĐŵdWĞƌŐĂƌĂŶƚŝƌĞĐŚĞŝĚŝƐƉŽƐŝƚŝǀŝůĂǀŽƌŝŶŽŝŶƌĞŐŝŵĞ
ĚŝĨůƵƐƐŽůŝŶĞĂƌĞŝƐŝƐƚĞŵŝĚŝƐĂŶŝĨŝĐĂǌŝŽŶĞƐŽŶŽƐƚĂƚŝŝŶƐƚĂůůĂƚŝƐƵďŝƚŽĂǀĂůůĞĚŝƵŶƚƌĂƚƚŽůŝŶĞĂƌĞĚŝĚƵĞŵĞƚƌŝ͕ĐŚĞƐŽŶŽ
ƐƚĂƚŝĐŽŶƐŝĚĞƌĂƚŝƐƵĨĨŝĐŝĞŶƚŝƉĞƌŐĂƌĂŶƚŝƌĞůĂƐƚĂďŝůŝǌǌĂǌŝŽŶĞĚĞŝĨůƵƐƐŝĞůŝŵŝŶĂŶĚŽĞǀ ĞŶƚƵĂůŝƚƵƌďŽůĞŶǌĞĚŽǀ ƵƚĞĂů
pescaggiodell̓ aria. Il tratto dell̓ impianto nel quale sonostati effettuati i test, in coda ai dispositivi, è costituito da
una condotta di 10m. Lo schema generale dell̓impiaŶƚŽǀ ŝĞŶĞƌŝƉŽƌƚĂƚŽŝŶ&ŝŐƵƌĂdd

&ŝŐƵƌĂddĐŽŶĨŝŐƵƌĂǌŝŽŶĞŝŵƉŝĂŶƚŽƉŝůŽƚĂ

ƌŝĂŝŶŐƌĞƐƐŽ ƚ̂ĂďŝůŝǌǌĂǌŝŽŶĞWůĞŶƵŵ EdW &ŽƚŽ



/ĚŝƐƉŽƐŝƚŝǀŝƐĂŶŝƚŝǌǌĂŶƚŝƚĞƐƚĂƚŝŶĞŐůŝĞƐƉĞƌŝŵĞŶƚŝĐŽŶĚŽƚƚŝĚĂZ,ƐŽŶŽŝƐĞŐƵĞŶƚŝ͗

d :KE/y–EdW͕ĂůůĞƐƚŝƚŽĐŽŶEΣdƚƵďŝDŽĚĞůůŽ͖
d ,̂ hdDŽĚĞůůŽϵddy͖

&ŝŐƵƌĂdd:KE/ydEdW;ƐŝŶŝƐƚƌĂd͕̂ ,hϵddy;ĚĞƐƚƌĂd

/ůƐŝƐƚĞŵĂ:KE/yEdWsibasasull̓utilizzodiunsistema barrier discharge per la generazione di plasma freddo (NTP)
ĐŚĞĂƐƵĂǀŽůƚĂğŝŶŐƌĂĚŽĚŝƉƌŽĚƵƌƌĞůĞƐƉĞĐŝĞĂƚƚŝǀ Ğ;&ŝŐƵƌĂd–ƐŝŶŝƐƚƌĂdd

/ůƐŝƐƚĞŵĂ̂ ,hƐŝďĂƐĞƐƵƵŶƐŝƐƚĞŵĂĚŝŽƐƐŝĚĂǌŝŽŶĞĐĂƚĂůŝƚŝĐŽƉƌŽŵŽƐƐŽƐƵƵŶĂƐƵƉĞƌĨŝĐŝĞĚŝĚƌŽŐĂƚĂĐŽŶƵŶ
ĐĂƚĂůŝǌǌĂƚŽƌĞĂůŶĂŶŽEŝĐŚĞůĞĚĂƚƚŝǀĂƚĂĚĂƵŶĂƐŽƌŐĞŶƚĞůƵŵŝŶŽƐĂĐŽƐƚŝƚƵŝƚĂĚĂƵŶĂůĂŵƉĂĚĂhs;&ŝŐƵƌĂd–ĚĞƐƚƌĂdd

Misure di ozonoenumerodi ioni
Sono state condotte delle misure per quantificare la concentrazione di ozono e di ioni presenti nell̓ aria nel
ŵŽŵĞŶƚŽŝŶĐƵŝǀ ĞŶŐŽŶŽĂƚƚŝǀ ĂƚŝŝĚŝƐƉŽƐŝƚŝǀŝƐĂŶŝƚŝǌǌĂŶƚŝŽŐŐĞƚƚŽĚĞůƉƌĞƐĞŶƚĞƐƚƵĚŝŽd

>ĞŵŝƐƵƌĞƐŽŶŽƐƚĂƚĞĐŽŶĚŽƚƚĞĂůůĂĨŝŶĞĚĞůƚƵďŽĚŝddŵ͕ƐĞĐŽŶĚŽƋƵĂŶƚŽŝůůƵƐƚƌĂƚŽŶĞůůĂƐĞŐƵĞŶƚĞĨŝŐƵƌĂ͗

>ĂŵŝƐƵƌĂĚĞůůĂĐŽŶĐĞŶƚƌĂǌŝŽŶĞĚŝŽǌŽŶŽğƐƚĂƚĂĨĂƚƚĂŵĞĚŝĂŶƚĞƵŶĂŶĂůŝǌǌĂƚŽƌĞŝŶĐŽŶƚŝŶƵŽ,KZ/–WK–EϳE͕
equipaggiato con sonda di aspirazione posta al punto di uscita dell̓ aria e nel centro della tubazione. Il range di
ůĞƚƚƵƌĂĚĞůůŽƐƚƌƵŵĞŶƚŽǀ ĂƌŝĂĚĂd͕ddddƉƉŵĂdƉƉŵd

>ĞŵŝƐƵƌĞƐŽŶŽƐƚĂƚĞĞĨĨĞƚƚƵĂƚĞŝŵƉŽƐƚĂŶĚŽƵŶĂƉŽƌƚĂƚĂĚŝdddŵdͬŚ;ƉŽƌƚĂƚĞƐƵƉĞƌŝŽƌŝĐŽŵƉŽƌƚĂŶŽĞĐĐĞƐƐŝǀ Ă
ĚŝůƵŝǌŝŽŶĞddŽŶƐŝĚĞƌĂƚĂlanaturainstabiledell̓ozono, nonché le basse concentrazioni prossime al limite di
ƋƵĂŶƚŝĨŝĐĂǌŝŽŶĞĚĞůůŽƐƚƌƵŵĞŶƚŽ͕ůĞŵŝƐƵƌĞƐŽŶŽƐƚĂƚĞƌŝƉĞƚƵƚĞŝŶƋƵŝŶƚƵƉůŽĞƋƵŝŶĚŝŵĞĚŝĂƚĞd



'ůŝĂƐƐĞƚƚŝĚĞŝĚŝƐƉŽƐŝƚŝǀ ŝƐĂŶŝƚŝǌǌĂŶƚŝƚĞƐƚĂƚŝƐŽŶŽƐƚĂƚŝŝƐĞŐƵĞŶƚŝ;ƐŝĨĂĐĐŝĂƌŝĨĞƌŝŵĞŶƚŽĂůůĂĨŝŐƵƌĂƐŽƉƌĂƌŝƉŽƌƚĂƚĂd͗

dŝƐƉŽƐŝƚŝǀ Ž:ŽŶŝǆEdW͕ƉŽƐŝǌŝŽŶĂƚŽŶĞůƉƵŶƚŽ͖
d ŝƐƉŽƐŝƚŝǀ ŽĨŽƚŽĐĂƚĂůŝƚŝĐŽ͕ƉŽƐŝǌŝŽŶĂƚŽŶĞůƉƵŶƚŽ͖
d &ŽƚŽĐĂƚĂůŝƚŝĐŽнNTPJONIX “ǀŝĐŝŶŝ”͕ƉŽƐŝǌŝŽŶĂƚŝĞŶƚƌĂŵďŝŶĞůƉƵŶƚŽ͖
d&ŽƚŽĐĂƚĂůŝƚŝĐŽнNTP JONIX “ůŽŶƚĂŶŝ”͗ŝůĚŝƐƉŽƐŝƚŝǀ ŽEdWƉŽƐŝǌŝŽŶĂƚŽŶĞůƉƵŶƚŽ͕ŵĞŶƚƌĞŝůƐŝƐƚĞŵĂ

&ŽƚŽĐĂƚĂůŝƚŝĐŽğƉŽƐŝǌŝŽŶĂƚŽŶĞůƉƵŶƚŽd

>ĂdĂďĞůůĂdƌŝƉŽƌƚĂŝƌŝƐƵůƚĂƚŝŶƵŵĞƌŝĐŝŵĞŶƚƌĞŝŶ&ŝŐƵƌĂdƵŶŐƌĂĨŝĐŽŝůůƵƐƚƌĂŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝd

dĂďĞůůĂddŵĞĚŝĂĂƌŝƚŵĞƚŝĐĂŵŝƐƵƌĞĚŝŽǌŽŶŽ

DĞĚŝĂ;ƉƉďd ĞǀdƐƚĂŶĚ
:ŽŶŝǆ ϰd цdd
&ŽƚŽĐĂƚĂůŝƚŝĐŽ ϴ цd
:ŽŶŝǆŝdĨŽƚŽ;ǀŝĐŝŶŝd ϱϰ цϳ
:ŽŶŝǆŝdĨŽƚŽ;ůŽŶƚĂŶŝd ϲϴ цd

&ŝŐƵƌĂd–ǀĂůŽƌŝĚŝŽǌŽŶŽƌŝůĞǀĂƚŝ

>ĂŵŝƐƵƌĂĚĞůŶƵŵĞƌŽĚŝŝŽŶŝŶĞůĨůƵƐƐŽĚŝĂƌŝĂğƐƚĂƚĂĐŽŶĚŽƚƚĂĐŽŶƵŶĐŽŶƚĂŝŽŶŝĚĞůůĂůƉŚĂ>Ăď/ŶĐdDŽĚd/͕ĐŚĞğ
in grado di misurare la densità di ioni presente nell̓aria con una range ĚŝůĞƚƚƵƌĂĐŚĞƉĂƌƚĞĚĂddŝŽŶŝͬĐŵd

;ĐŽŶĐĞŶƚƌĂǌŝŽŶĞĚŝĨŽŶĚŽŶĂƚƵƌĂůĞdĞĚĂƌƌŝǀĂĨŝŶŽĂdǆddϲŝŽŶŝͬĐŵdd>ĂŵŝƐƵƌĂğƐƚĂƚĂĞĨĨĞƚƚƵĂƚĂŶĞůŵĞĚĞƐŝŵŽƉƵŶƚŽ
ĚŝĐĂŵƉŝŽŶĂŵĞŶƚŽƵƚŝůŝǌǌĂƚŽƉĞƌůĞŵŝƐƵƌĞĚŝŽǌŽŶŽdKĐĐŽƌƌĞƉƌĞĐŝƐĂƌĞĐŚĞůĂŶĂƚƵƌĂůĞŝŶƐƚĂďŝůŝƚăĚĞŐůŝŝŽŶŝƌĞŶĚĞůĞ
ŵŝƐƵƌĞĂĨĨĞƚƚĞĚĂŶŽƚĞǀ ŽůĞŝŶĐĞƌƚĞǌǌĂd/ůƉƌŽĚƵƚƚŽƌĞƌŝƉŽƌƚĂƵŶĂĂĐĐƵƌĂƚĞǌǌĂĚĞůdϱйƌŝƐƉĞƚƚŽĂůǀĂůŽƌĞůĞƚƚŽd

:ŽŶŝǆ d &ŽƚŽ d :ŽŶŝǆн&ŽƚŽ d
/ŽŶŝƉŽƐŝƚŝǀ ŝ dϱdddd цdϳϱd ϰdd цddd dϱdddd цdϳϱd
/ŽŶŝŶĞŐĂƚŝǀŝ dddddd цdϱdd dddddd цdϱdd dddddd цϱϳϱd
/ŽŶŝƚŽƚĂůŝ ϱdd цddϱ ϲdd цdϱd ddd цϳϱ

&ŝŐƵƌĂϰdĐŽŶĐĞŶƚƌĂǌŝŽŶĞŝŽŶŝĐĂ;/ŽŶŝͬĐŵddŝŶƵƐĐŝƚĂ

/ǀĂůŽƌŝĚŝŝŽŶŝƌŝůĞǀĂƚŝƐŽŶŽĐŽŶĨŽƌŵŝĐŽŶƋƵĂŶƚŽƌĂŐŝŽŶĞǀ ŽůŵĞŶƚĞĂƚƚĞŶĚŝďŝůĞĚĂŝĚŝƐƉŽƐŝƚŝǀ ŝĞůĞƚƚƌŝĐŝŝŵƉŝĞŐĂƚŝd



ĂůůĞŵŝƐƵƌĞĞĨĨĞƚƚƵĂƚĞƐŝƉŽƐƐŽŶŽĨĂƌĞůĞƐĞŐƵĞŶƚŝĐŽŶƐŝĚĞƌĂǌŝŽŶŝ͗

/ůƐŝƐƚĞŵĂĨŽƚŽĐĂƚĂůŝƚŝĐŽƉƌŽĚƵĐĞŽǌŽŶŽŝŶďĂƐƐĞƋƵĂŶƚŝƚă;фddƉƉďd
/ůƐŝƐƚĞŵĂĨŽƚŽĐĂƚĂůŝƚŝĐŽƉƌŽĚƵĐĞůĞŐŐĞƌŵĞŶƚĞƉŝƶŽǌŽŶŽƐĞŶǌĂĨŽƚŽĐĂƚĂůŝǌǌĂƚŽƌĞ;ƐŽůŽůĂŵƉĂĚĂhsd
/ůĚŝƐƉŽƐŝƚŝǀ Ž:ŽŶŝǆĂdƚƵďŝƉƌŽĚƵĐĞϰǀŽůƚĞƉŝƶŽǌŽŶŽĚĞůƐŝƐƚĞŵĂ&ŽƚŽĐĂƚĂůŝƚŝĐŽ;хϰdƉƉďd
Mettendo inserie i due sistemi (Jonix +Foto oppureFoto +Jonix), vicini o lontani, l̓ ozonoformato
è la somma dell̓ ozono prodotto dai due dispositivi: il Foto non è in grado di abbattere l̓ ozono
ĨŽƌŵĂƚŽĚĂ:ŽŶŝǆ͕ĂŶǌŝůŽĨŽƌŵĂĂƐƵĂǀŽůƚĂ
ǀĂůŽƌŝĚŝƉŽƌƚĂƚĂĚŝĂƌŝĂƐŽůŝƚĂŵĞŶƚĞƵƚŝůŝǌǌĂƚŝƐƵŝŵƉŝĂŶƚŝƌĞĂůŝ;ϱddddddddŵdͬŚdůĂĐŽŶĐĞŶƚƌĂǌŝŽŶĞ
ĚŝŽǌŽŶŽƌŝƐƵůƚĂĂŵƉŝĂŵĞŶƚĞƐŽƚƚŽŝůŝŵŝƚŝ;ϱdƉƉďdĂŶĐŚĞĐŽůƐŝƐƚĞŵĂ:ŽŶŝǆ
/ůƐŝƐƚĞŵĂ&ŽƚŽĐĂƚĂůŝƚŝĐŽĨŽƌŵĂŵŽůƚŝŵĞŶŽŝŽŶŝ;нdĚĞůƐŝƐƚĞŵĂ:ŽŶŝǆd
/ůƐŝƐƚĞŵĂ&ŽƚŽĐĂƚĂůŝƚŝĐŽĨŽƌŵĂůŽƐƚĞƐƐŽŶƵŵĞƌŽĚŝŝŽŶŝ͕ĂŶĐŚĞƐĞͨŶƵĚŽͩ;ƐĞŶǌĂĨŽƚŽĐĂƚĂůŝǌǌĂƚŽƌĞd
>ĂĐŽŵďŝŶĂǌŝŽŶĞĚĞŝdƐŝƐƚĞŵŝ;:ŽŶŝǆн&ŽƚŽdĨŽƌŵĂƵŶŶƵŵĞƌŽĚŝŝŽŶŝĐŚĞğůĂƐŽŵŵĂĚĞŐůŝŝŽŶŝ
ƉƌŽĚŽƚƚŝĚĂŝƐŝŶŐŽůŝƐŝƐƚĞŵŝ;ĞĨĨĞƚƚŽ/d/sK͕ĐŽŵĞƉĞƌKKEKd
ŝ̂ĂŝůƐŝƐƚĞŵĂ:ŽŶŝǆĐŚĞƋƵĞůůŽĨŽƚŽĐĂƚĂůŝƚŝĐŽĨŽƌŵĂŶŽͨƉŽĐŚŝͩŝŽŶŝƐĞĐŽŶĨƌŽŶƚĂƚŝĐŽŶƵŶ“tipico”

ŐĞŶĞƌĂƚŽƌĞĚŝŝŽŶŝ;ƐŝǀĞĚĂůĂĨŝŐƵƌĂƐŽƚƚŽƌŝƉŽƌƚĂƚĂd͗

Ž̂ŶŽƐƚĂƚĞĂŶĐŚĞĨĂƚƚĞŵŝƐƵƌĞƉĞƌƋƵĂŶƚŝĨŝĐĂƌĞŝĐŽŶƐƵŵŝĞůĞƚƚƌŝĐŝĚĞŝĚƵĞĚŝƐƉŽƐŝƚŝǀ ŝĚŝƐĂŶŝƚŝǌǌĂǌŝŽŶĞ͗ůĂ
ƐĞŐƵĞŶƚĞƚĂďĞůůĂƌŝƉŽƌƚĂŝǀĂůŽƌŝƌŝůĞǀĂƚŝd

/ĐŽŶƐƵŵŝĞůĞƚƚƌŝĐŝĚĞŝdĚŝƐƉŽƐŝƚŝǀŝƐŽŶŽĂƐƐŽůƵƚĂŵĞŶƚĞĐŽŶĨƌŽŶƚĂďŝůŝd

dŝƉŝĐŽŐĞŶĞƌĂƚŽƌĞĚŝŝŽŶŝďĂƐĂƚŽƐƵůl̓effetto“punta”esueperformancecaratteristiche



Testdi verifica dell̓ effetto sanitizzantedei dispositivi
>Ă>ĂďŽƌĂƚŽƌŝ Z, ŚĂimpostatounostudiosperimentale,conl̓obiettivo di verificare e quantificare l̓eventuale
ĞĨĨĞƚƚŽƐĂŶŝƚŝǌǌĂŶƚĞƐǀ ŽůƚŽĚĂĚƵĞƚŝƉŽůŽŐŝĞĚŝĚŝƐƉŽƐŝƚŝǀ ŝĐŽŵŵĞƌĐŝĂůŝ;EdWd:ŽŶŝǆĞĚƵŶĚŝƐƉŽƐŝƚŝǀŽ&ŽƚŽĐĂƚĂůŝƚŝĐŽ
,̂ hϵddyd, all̓interno di una condotta in acciaio da ddĐŵĚŝĚŝĂŵĞƚƌŽĞůƵŶŐŽddŵ͕ĚŽǀĞǀŝĞŶĞĨĂƚƚĂƉĂƐƐĂƌĞĂƌŝĂ

;ĂƚƚƌĂǀĞƌƐŽƵŶǀ ĞŶƚŝůĂƚŽƌĞdĂĚŝĨĨĞƌĞŶƚŝǀĞůŽĐŝƚăͬƉŽƌƚĂƚĞd

L̓obiettivo eraquello di simulare cosa accade all̓interno di una condotta di areazioneŝŶĐĂƐŽĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞ
ŵŝĐƌŽďŝŽůŽŐŝĐĂĞnelcasofosseroomenopresenti dei dispositivi “ƐĂŶŝƚŝǌǌĂŶƚŝ”tipoquelli testati.

ƚĂůĞƐĐŽƉŽ͕Z,ŚĂƉƌŽŐĞƚƚĂƚŽĞĐŽŶĚŽƚƚŽƵŶĂƐĞƌŝĞĚŝĞƐƉĞƌŝŵĞŶƚŝŶĞŝƋƵĂůŝ͕ŝŶŵŽĚŽĐŽŶƚƌŽůůĂƚŽ͕ĚŝĨĨĞƌĞŶƚŝ
tipologie e quantità di microrganismi sonostati esposti all̓ interno del tubo, a flussi di aria condifferenti ƚŝƉŽůŽŐŝĞĚŝ
ĚŝƐƉŽƐŝƚŝǀŝƐĂŶŝƚŝǌǌĂŶƚŝĂƚƚŝǀĂƚŝd

/ŶƉĂƌƚŝĐŽůĂƌĞ͕ŝůƚƵďŽƐŝŵƵůĂŶƚĞŝůĐŽŶĚŽƚƚŽĚŝĂƌĞĂǌŝŽŶĞĚŽǀ ĞƐŽŶŽƐƚĂƚŝĐŽŶĚŽƚƚŝŝƚĞƐƚğƌĂƉƉƌĞƐĞŶƚĂƚŽŶĞůůĂ
ƐĞŐƵĞŶƚĞĨŝŐƵƌĂ͗

hŶǀĞŶƚŝůĂƚŽƌĞ;dèingradodigenerareflussi di aria a diversa portata, e quindi a diversa velocità, all̓ interno del
ƚƵďŽd

ŽƉŽƵŶƚƌĂƚƚŽĚŝdŵ;dŶĞĐĞƐƐĂƌŝŽĂƐƚĂďŝůŝǌǌĂƌĞŝůĨůƵƐƐŽĚŝĂƌŝĂ͕ƐŽŶŽƐƚĂƚŝĂůůŽŐŐŝĂƚŝŝĚŝƐƉŽƐŝƚŝǀŝƐĂŶŝƚŝǌǌĂŶƚŝƚĞƐƚĂƚŝ
;dd

Le verifiche della contaminazione microbiologica presente nell̓ aria sonostate condotte in differenti punti ůƵŶŐŽŝů
ƚƵďŽ͗ŶĞůWƵŶƚŽd;ĚŽƉŽϰŵĚĂŝĚŝƐƉŽƐŝƚŝǀ ŝĚŝƐĂŶŝƚŝǌǌĂǌŝŽŶĞ–ƚƌĂƚƚŽd͕ŶĞůWƵŶƚŽd;ĚŽƉŽϴŵĚĂŝĚŝƐƉŽƐŝƚŝǀŝĚŝ
ƐĂŶŝƚŝǌǌĂǌŝŽŶĞ–ƚƌĂƚƚŽ),eall̓uscita del tubo (&dd

EĞŝƚĞƐƚĐŽŶĚŽƚƚŝ͕ƐŽŶŽƐƚĂƚĞĞƐĞŐƵŝƚĞĚƵĞƚŝƉŽůŽŐŝĞĚŝĞƐƉĞƌŝŵĞŶƚŝĚŝƚŝƉŽŵŝĐƌŽďŝŽůŽŐŝĐŽ͗

d dĞƐƚƐƵƉŝĂƐƚƌĞWĞƚƌŝĐŽŶƚĂŵŝŶĂƚĞ͕ĞƐposteaflussidiariaall̓interno del tubo͖
d dĞƐƚŵĞĚŝĂŶƚĞďŝŽdaerosl,nebulizzatoincontinuo all̓interno del tubod

dĂůŝƚŝƉŽůŽŐŝĞĚŝƚĞƐƚƐŽŶŽƐƚƌƵƚƚƵƌĂůŵĞŶƚĞĚŝǀĞƌƐĞĞƉĞƌŵĞƚƚŽŶŽĚŝĨŽƌŶŝƌĞŝŶĨŽƌŵĂǌŝŽŶŝĚŝǀĞƌƐĞƐƵŝĨĞŶŽŵĞŶŝŝŶ
ŐŝŽĐŽ͗

d dĞƐƚƐƵƉŝĂƐƚƌĞPetricontaminate, esposte a flussi di aria all̓interno del tubo;WZKs ĥW/ d̂Z
ŴK̂ dE͗ŝŶƋƵĞƐƚŽĐĂƐŽ͕ĚĞůůĞƉŝĂƐƚƌĞĚŝĐŽůƚƵƌĂŵŝĐƌŽďŝŽůŽŐŝĐĂ͕ĐŽŶƚĂŵŝŶĂƚĞĚĂĚŝĨĨĞƌĞŶƚŝƚŝƉŽůŽŐŝĞĚŝ

ŵŝĐƌŽƌŐĂŶŝƐŵŝĂconcentrazionenota, sono state esposte all̓internoĚĞůƚƵďŽĂĚƵŶĨůƵƐƐŽĚŝĂƌŝĂĚĞĨŝŶŝƚŽ͕



Ăƚƚŝǀ ĂŶĚŽŽŵĞŶŽŝĚŝǀ ĞƌƐŝĚŝƐƉŽƐŝƚŝǀ ŝĚŝƐĂŶŝƚŝǌǌĂǌŝŽŶĞd/ŶƋƵĞƐƚĂƚŝƉŽůŽŐŝĂĚŝĞƐƉĞƌŝŵĞŶƚŽ͕ůĞǀ ĂƌŝĂďŝůŝ
ŝŶĚĂŐĂƚĞƐŽŶŽƐƚĂƚĞ͗

o >ĂĚŝƐƚĂŶǌĂĚĞůůĞƉŝĂƐƚƌĞĚĂůĚŝƐƉŽƐŝƚŝǀ ŽƐĂŶŝƚŝǌǌĂŶƚĞ;ŝĐĂŵƉŝŽŶĂŵĞŶƚŝŵŝĐƌŽďŝŽůŽŐŝĐŝƐŽŶŽƐƚĂƚŝ
ĐŽŶĚŽƚƚŝŶĞŝƐĞŐƵĞŶƚŝƉƵŶƚŝ͗WƵŶƚŽdĞWƵŶƚŽdd

o Il tempodi esposizioneall̓ aria e al dispositivo sanitizzante(i.e. misureprotratte per differenti tempi
ĚŝĞƐƉŽƐŝǌŝŽŶĞd͗maggioreèiltempochele piastre Petri rimangono esposte all̓azione dell̓aria, e
migliore/maggioreè l̓ effetto chedovrei aspettarmidaunaeventuale sanificazione

onquesta tipologia di test, i microrganismisi trovano in un “ambiente” a loro estremamente favorevole,
ĐŽŶŐƌĂŶĚŝƋƵĂŶƚŝƚăĚŝŶƵƚƌŝŵĞŶƚŽĂĚŝƐƉŽƐŝǌŝŽŶĞ;ŝdĞdƚĞƌƌĞŶŽĚŝĐŽůƚƵƌĂd͕ŶĞůůĞĐŽŶĚŝǌŝŽŶŝŽƚƚŝŵĂůŝĚŝƉ,͕ŝŶ
una sorta di “culla” che ne favorisce la sopravvivenzae la crescita, costituita da enormiquantità di sostanza
organica che potrebbe essere un “interferente”/”competitor” ai microrganismi nelle reazioŶŝĐŽŶůĞƐƉĞĐŝĞ
“attive” generate dai dispositivi di sanitizzazione testati.dĂůĞƚĞƐƚğƋƵŝŶĚŝĚĂĐŽŶƐŝĚĞƌĂƌƐŝĐŽŵĞ
“conservativo” (ǁŽƌƐƚĐĂƐĞ)neiconfrontidella verifica dell̓ effetto deidispositivi oggettodi studio.

ddĞƐƚŵĞĚŝĂŶƚĞďŝŽEĂĞƌŽƐů͕ŶĞďƵůŝǌzatoincontinuo all̓interno del tubo͗ŝŶƋƵĞƐƚŽĐĂƐŽ͕ƵŶĂĞƌŽƐŽůĚŝ
ŵŝĐƌŽƌŐĂŶŝƐŵŝĚŝĚŝǀĞƌƐĂŶĂƚƵƌĂ,aconcentrazionenota,vengono nebulizzati in modo continuo all̓interno
ĚĞůƚƵďŽ͕nelpuntoindicato nella seguente figura, in concomitanza all̓attivazionĞĚĞůĨůƵƐƐŽĚŝĂƌŝĂd

In questocaso, il tempodi permanenzadei microrganismiall̓ interno del tuboè funzionedella velocità del
ĨůƵƐƐŽ ĚŝĂƌŝĂĞĚĞůůĂůƵŶŐŚĞǌǌĂĚĞůƚƵďŽd /ůĐĂŵƉŝŽŶĂŵĞŶƚŽ ŵŝĐƌŽďŝŽůŽŐŝĐŽ ƉĞƌůĂǀ ĞƌŝĨŝĐĂĚĞůůĂ
ĐŽŶƚĂŵŝŶĂǌŝŽŶĞŵŝĐƌŽďŝŽůŽŐŝcadell̓aria,inquestatipologiadiassettoè stata condotta alla fine del tubo, nel
ƉƵŶƚŽ&d
In questo caso, dallo “start”ƚĞŵƉŽƌĂůĞdell̓esperimento,iltempo di campionamento non costituisce una
ǀ ĂƌŝĂďŝůĞĚĞůƐŝƐƚĞŵĂ͗ŝůƚĞŵƉŽĐŚĞŝůďŝŽdĂĞƌŽƐŽůŝŵƉŝĞŐĂĂĚĂƌƌŝǀĂƌĞĂůůĂĨŝŶĞĚĞůƚƵďŽĞƐŽůŽĨƵŶǌŝŽŶĞĚĞůůĂ
velocità dell̓aria, variando la velocità dell̓aria varia anche il tempo di contatto del biodĂĞƌŽƐŽůĐŽŶůĞƐƉĞĐŝĞ
ŐĞŶĞƌĂƚĞĚĂůƐŝƐƚĞŵĂƐĂŶŝƚŝǌǌĂŶƚĞd

EĞŝƐƵĐĐĞƐƐŝǀŝƉĂƌĂŐƌĂĨŝǀĞŶŐŽŶŽŝůůƵƐƚƌĂƚŝŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝŶĞůůĞĚŝĨĨĞƌĞŶƚŝƚŝƉŽůŽŐŝĞĚŝĞƐƉĞƌŝŵĞŶƚŽĐŽŶĚŽƚƚĞd



Prove supiastra esposta
I test supiastre Petri contaminate, espostea flussidi aria all̓ interno del tubo, sonostati condotti secondolo schema
ƌĂƉƉƌĞƐĞŶƚĂƚŽŝŶĨŝŐƵƌĂ͗

'ůŝĞƐƉĞƌŝŵĞŶƚŝƐŽŶŽƐƚĂƚŝĐŽŶĚŽƚƚŝŶĞůůĞƐĞŐƵĞŶƚŝĐŽŶĚŝǌŝŽŶŝƐƉĞƌŝŵĞŶƚĂůŝ͗

d ƉŽƌƚĂƚĂĚŝĂƌŝĂсdddŵdͬŚ;ǀĞůŽĐŝƚăсd͕ϱŵͬƐĞĐd
d ĐŽŶĐĞŶƚƌĂǌŝŽŶĞŵŝĐƌŽďŝĐĂƐƵůůĞƉŝĂƐƚƌĞWĞƚƌŝ͗ϱddh&ͬƉŝĂƐƚƌĂ
d ƚĞŵƉŽĚŝĞƐƉŽƐŝǌŝŽŶĞĚĞůůĞƉŝĂƐƚƌĞWĞƚƌŝ͗30̓,1h,90̓, ϰŚ

/ŵŝĐƌŽƌŐĂŶŝƐŵŝƚĞƐƚĂƚŝƐŽŶŽŝƐĞŐƵĞŶƚŝ͗

d ďĂƚƚĞƌŝĚŝdĚŝǀ ĞƌƐĞƚŝƉŽůŽŐŝĞ͗ƐĐŚĞƌŝĐŚŝĂĐŽůŝdŐƌĂŵ;dddĞ̂ƚĂĨŝůŽĐŽĐĐŽĂƵƌĞƵƐdŐƌĂŵ;нdd
d ŵƵĨĨĞ͗ƐƉĞƌŐŝůůƵƐďƌĂƐŝůŝĞŶƐŝƐ
d ůŝĞǀŝƚŝ͗̂ ĂĐĐŚĂƌŽŵǇĐĞƐĐĞƌĞǀŝƐŝĂĞ

ZŝƐƉĞƚƚŽĂŝĚŝƐƉŽƐŝƚŝǀ ŝƐĂŶŝƚŝǌǌĂŶƚŝƐƚƵĚŝĂƚŝ͕ŐůŝĂƐƐĞƚƚŝƚĞƐƚĂƚŝŶĞŐůŝĞƐƉĞƌŝŵĞŶƚŝƐŽŶŽŝƐĞŐƵĞŶƚŝ͗

dŶĞƐƐƵŶĚŝƐƉŽƐŝƚŝǀ ŽƐĂŶŝƚŝǌǌĂŶƚĞĂĐĐĞƐŽ;ƚĞƐƚĚŝĐŽŶƚƌŽůůŽ͕“Ctrl”);
d ĚŝƐƉŽƐŝƚŝǀ ŽĨŽƚŽĐĂƚĂůŝƚŝĐŽĂĐĐĞƐŽ͖
d dispositivo fotocatalitico “nudo”: lampada UV accesa senza il supporto di nanodĐĂƚĂůŝǌǌĂƚŽƌĞ͖
d ĚŝƐƉŽƐŝƚŝǀ ŽEdWĂĐĐĞƐŽ
d ĞŶƚƌĂŵďŝŝƐŝƐƚĞŵŝ;&ŽƚŽĐĂƚĂůŝƚŝĐŽĞEdWdĂĐĐĞƐŝ

EĞůůĞƐĞŐƵĞŶƚŝƚĂďĞůůĞƐŝƌŝƉŽƌƚĂŶŽŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝĚĂŝƚĞƐƚĐŽŶĚŽƚƚŝƵƚŝůŝǌǌĂŶĚŽƚĞŵƉŝĚŝĞƐƉŽƐŝǌŝŽŶĞĚŝϰŚ͗ŝƚĞƐƚ
condotti a tempi di contatto minori (30̓, 1h, 90̓) non hanno dato effetti significativi rŝůĞǀĂďŝůŝĐŽŶŶĞƐƐƵŶŽĚĞŝ
ĚŝƐƉŽƐŝƚŝǀŝƚĞƐƚĂƚŝd

ŝĂƐĐƵŶĂƉƌŽǀ ĂğƐƚĂƚĂĐŽŶĚŽƚƚĂŝŶƚƌŝƉůŝĐĂƚŽd/ƌŝƐƵůƚĂƚŝĂŶĂůŝƚŝĐŝŵŽƐƚƌĂƚŝƐŽŶŽƋƵŝŶĚŝůĂŵĞĚŝĂĚŝdĚŝǀ ĞƌƐĞ
ĚĞƚĞƌŵŝŶĂǌŝŽŶŝŵŝĐƌŽďŝŽůŽŐŝĐŚĞd



ƚĞƐƚƐƵŝddZ/͗

Il dispositivoFotocataliticoè:
- Mediamente attivo sui batteri solo «vicino» al dispositivo: allontanandosi da esso si perdono gli

effetti.
- Piùattivo suigram(d)rispetto aldispositivo Jonix
- Se si toglie il fotocatalizzatore(solo lampada UV), l̓ attività biocida aumenta, soprattutto nel caso

dei gram(+)

Il dispositivo JONIXè:
- Nonattivo suigram(d)
- Attivo suigram(+)indipendentemente dalla distanzadaldispositivo

EŽŶƐĞŵďƌĂĐŝƐŝĂƐŝŶĞƌŐŝĂƚƌĂŝĚƵĞƐŝƐƚĞŵŝ;EdWн&ŽƚŽĐĂƚĂůŝƚŝĐŽE



ƚĞƐƚƐƵDh&&Ğ>/s/d/͗

/ůĚŝƐƉŽƐŝƚŝǀŽFotocataliticoğ͗
- EŽŶĂƚƚŝǀ ŽƐƵŝůŝĞǀŝƚŝ
- ƚƚŝǀ ŽƐƵůůĞŵƵĨĨĞ
- Ğ̂ƐŝƚŽŐůŝĞŝůĨŽƚŽĐĂƚĂůŝǌǌĂƚŽƌĞĞƐŝƵƐĂƐŽůŽůĂůĂŵƉĂĚĂhsƐŝŚĂƐŽƐƚĂŶǌŝĂůŵĞŶƚĞůŽƐƚĞƐƐŽĞĨĨĞƚƚŽ

ĚĞůĨŽƚŽĐĂƚĂůŝǌǌĂƚŽƌĞŝŶƚĞŐƌŽ

/ůĚŝƐƉŽƐŝƚŝǀŽ:KE/yğ͗
- ĞďŽůŵĞŶƚĞĂƚƚŝǀ ŽƐƵŝůŝĞǀŝƚŝ͕ŝŶĚŝƉĞŶĚĞŶƚĞŵĞŶƚĞĚĂůůĂĚŝƐƚĂŶǌĂĚĂůĚŝƐƉŽƐŝƚŝǀŽ
- DĞĚŝĂŵĞŶƚĞĂƚƚŝǀ ŽƐƵůůĞŵƵĨĨĞ͕ŝŶĚŝƉĞŶĚĞŶƚĞŵĞŶƚĞĚĂůůĂĚŝƐƚĂŶǌĂĚĂůĚŝƐƉŽƐŝƚŝǀŽ

EŽŶƐĞŵďƌĂĐŝƐŝĂƐŝŶĞƌŐŝĂƚƌĂŝĚƵĞƐŝƐƚĞŵŝ;EdWн&ŽƚŽĐĂƚĂůŝƚŝĐŽE



K̂ Ẑs/KE/ƐƵŝd̂ dƐƵW/̂ dZ͗

EĞůĐŽƌƐŽĚĞůůĂĐŽŶĚƵǌŝŽŶĞĚĞŐůŝĞƐƉĞƌŝŵĞŶƚŝƐƵW/̂ dZ͕ğƐƚĂƚŽŽƐƐĞƌǀĂƚŽƵŶĞĨĨĞƚƚŽĚŝƉƌŽƚĞǌŝŽŶĞĚĞůůĞ
ĐŽůŽŶŝĞďĂƚƚĞƌŝĐŚĞĚĂƉĂƌƚĞĚĞůďŽƌĚŽĚĞůůĂƉŝĂƐƚƌĂ͕ƌŝƐƉĞƚƚŽĂůĨůƵƐƐŽĚŝĂƌŝĂƐĂŶŝƚŝǌǌĂŶƚĞ͕ƐĞĐŽŶĚŽůŽ
ƐĐŚĞŵĂŝůůƵƐƚƌĂƚŽŶĞůůĂƐĞŐƵĞŶƚĞĨŝŐƵƌĂ͗

EĞůůĞƐĞŐƵĞŶƚŝĨŽƚŽŐƌĂĨŝĞƐŝŝůůƵƐƚƌĂƚĂůĞĞĨĨĞƚƚŽŶĞůůĞƉƌŽǀ ĞŝĐƵŝƌŝƐƵůƚĂƚŝƐŽŶŽƐŽƉƌĂƌŝƉŽƌƚĂƚŝd



WWZK&KE/DEdKĚĞŝd̂ dƐƵW/̂ dZ͗ƉƌŽǀ ĞƐƵƉŝĂƐƚƌĞŝŶĐůŝŶĂƚĞĚŝEEΣ

A seguito dell̓ osservazionedel così detto “effetto bordo” provocato dalle piastre sulle colture batteriche
ĞƐƉŽƐƚĞĂŝĨůƵƐƐŝĚŝĂƌŝĂƐĂŶŝƚŝǌǌĂŶƚĞ͕ŝƚĞƐƚĚŝĞƐƉŽƐŝǌŝŽŶĞƐƵW/̂ dZƐŽŶŽƐƚĂƚŝƌĞƉůŝĐĂƚŝŝŶĐůŝŶĂŶĚŽĚŝddΣůĞ
ƉŝĂƐƚƌĞĞƐƉŽƐƚĞd

EĞůůĂƐĞŐƵĞŶƚĞƚĂďĞůůĂǀĞŶŐŽŶŽŝůůƵƐƚƌĂƚŝŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝdŝĂƐĐƵŶĂƉƌŽǀ ĂğƐƚĂƚĂĐŽŶĚŽƚƚĂŝŶƚƌŝƉůŝĐĂƚŽd/
ƌŝƐƵůƚĂƚŝĂŶĂůŝƚŝĐŝŵŽƐƚƌĂƚŝƐŽŶŽƋƵŝŶĚŝůĂŵĞĚŝĂĚŝdĚŝǀĞƌƐĞĚĞƚĞƌŵŝŶĂǌŝŽŶŝŵŝĐƌŽďŝŽůŽŐŝĐŚĞ

ĂŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝƐŝŽƐƐĞƌǀ ĂĐŚĞƵŶĂĚĞďŽůĞŝŶĐůŝŶĂǌŝŽŶĞĚĞůůĞƉŝĂƐƚƌĞ;ddΣdĐŽŵƉŽƌƚĂ͕ŝŶƋƵĂůĐŚĞĐĂƐŽ͕
ƵŶĚĞďŽůĞŝŶĐƌĞŵĞŶƚŽĚĞůůĂĐĂƉĂĐŝƚăƐĂŶŝƚŝǌǌĂŶƚĞĚĞůĨůƵƐƐŽĚŝĂƌŝĂ͕ŵĂůĞĚŝĨĨĞƌĞŶǌĞŶŽŶƐŽŶŽŐƌĂŶĚŝd



Prove conbio-aerosolmicrobico
/ƚĞƐƚŵĞĚŝĂŶƚĞďŝŽdĂĞƌŽƐŽůŵŝĐƌŽďŝĐŽ͕ŐĞŶĞƌĂƚŽŝŶŵŽĚŽĐŽŶƚŝŶƵŽŵĞĚŝĂŶƚĞƵŶĂĂƉƉĂƌĞĐĐŚŝĂƚƵƌĂ
ďŝŽŵĞĚŝĐĂůĞĞintrodottoall̓ interno della tubazione subito a valle del ventilatore, sono ƐƚĂƚŝĐŽŶĚŽƚƚŝ
ƐĞĐŽŶĚŽůŽƐĐŚĞŵĂƌĂƉƉƌĞƐĞŶƚĂƚŽŝŶĨŝŐƵƌĂ͗

' ůŝĞƐƉĞƌŝŵĞŶƚŝĐŽŶĚŽƚƚŝƐŽŶŽŝƐĞŐƵĞŶƚŝ͗

WZKsE͗

d ƉŽƌƚĂƚĂĚŝĂƌŝĂсdddŵdͬŚ;ǀĞůŽĐŝƚăсd͕ϱŵͬƐĞĐd
d ďŝŽdĂĞƌƐŽů͗

o ďĂƚƚĞƌŝсϳdddddh&ͬŵŝŶсddh&ͬ>ĂƌŝĂ
o ŵƵĨĨĞĞůŝĞǀŝƚŝ͗ϳddddh&ͬŵŝŶсdh&ͬ>ĂƌŝĂ

d tempo di campionamento: 30̓ ,60̓ , 90̓

WZKsE͗

d ƉŽƌƚĂƚĂĚŝĂƌŝĂсdddŵdͬŚ;ǀĞůŽĐŝƚăсd͕ϱŵͬƐĞĐd
d ďŝŽdĂĞƌƐŽů͗

o ďĂƚƚĞƌŝсϳddddddh&ͬŵŝŶсdddh&ͬ>ĂƌŝĂ
o ŵƵĨĨĞĞůŝĞǀŝƚŝ͗ϳdddddh&ͬŵŝŶсddh&ͬ>ĂƌŝĂ

d tempo di campionamento: 30̓ ,60̓ , 90̓

WZKsE͗

d ƉŽƌƚĂƚĂĚŝĂƌŝĂсϴddŵdͬŚ;ǀĞůŽĐŝƚăсdŵͬƐĞĐd
d ďŝŽdĂĞƌƐŽů͗

o ďĂƚƚĞƌŝсϳddddddh&ͬŵŝŶсdddh&ͬ>ĂƌŝĂ
o ŵƵĨĨĞĞůŝĞǀŝƚŝ͗ϳdddddh&ͬŵŝŶсddh&ͬ>ĂƌŝĂ

d tempo di campionamento: 30̓ ,60̓ , 90̓



ZŝƐƉĞƚƚŽĂŝĚŝƐƉŽƐŝƚŝǀ ŝƐĂŶŝƚŝǌǌĂŶƚŝƐƚƵĚŝĂƚŝ͕ŐůŝĂƐƐĞƚƚŝƚĞƐƚĂƚŝŶĞŐůŝĞƐƉĞƌŝŵĞŶƚŝƐŽŶŽŝƐĞŐƵĞŶƚŝ͗

d nessundispositivosanitizzanteacceso(test dicontrollo, “Ctrl”);
d ĚŝƐƉŽƐŝƚŝǀ ŽĨŽƚŽĐĂƚĂůŝƚŝĐŽĂĐĐĞƐŽ͖
d ĚŝƐƉŽƐŝƚŝǀ ŽEdWĂĐĐĞƐŽ
d ĞŶƚƌĂŵďŝŝƐŝƐƚĞŵŝ;&ŽƚŽĐĂƚĂůŝƚŝĐŽĞEdWdĂĐĐĞƐŝ

K̂ Ẑs/KE͗ŶĞůůĂĐŽŶĚƵǌŝŽŶĞĚĞŐůŝĞƐƉĞƌŝŵĞŶƚŝƐŽƉƌĂĚĞƐĐƌŝƚƚŝ͕ƐŝğŽƐƐĞƌǀ ĂƚŽƵŶƌĞĐƵƉĞƌŽĚŝ
ŵŝĐƌŽƌŐĂŶŝƐŵŝ;ŵĞĚŝĂŶƚĞĐĂŵƉŝŽŶĂƚŽƌĞ̂ d̂ŝŶĨŽŶĚŽĂƚƵďŽĚŝddŵ͕ǀĞƌĂŵĞŶƚĞŵŽůƚŽďĂƐƐŝ͗ŝƌĞĐƵƉĞƌŝ
ŵŝĐƌŽďŝĐŝƐŽŶŽŝŶĨĞƌŝŽƌŝĂůddйĚĞŝŵŝĐƌŽƌŐĂŶŝƐŵŝŶĞďƵůŝǌǌĂƚŝd

YƵŝŶĚŝŝƌŝƐƵůƚĂƚŝĂŶĂůŝƚŝĐŝĚĞůůĞWƌŽǀĞdĞd͕ĐŽŶĚŽƚƚĞĐŽŶĐŽŶĐĞŶƚƌĂǌŝŽŶŝŵŝĐƌŽďŝĐŚĞƉŝƶĞůĞǀĂƚĞƌŝƐƉĞƚƚŽĂůůĂ
prova 1, sono da considerarsi più “affidabili” rispetto aƋƵĞůůŝŽƚƚĞŶƵƚŝĚĂůůĂWƌŽǀĂdƐƚĞƐƐĂd

EĞůůĞƐĞŐƵĞŶƚŝƚĂďĞůůĞƐŝƌŝƉŽƌƚĂŶŽŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝĚĂŝƚĞƐƚĐŽŶĚŽƚƚŝ ůĞƐĞŐƵĞŶƚŝĐŽŶĐĞŶƚƌĂǌŝŽŶŝ
ŵŝĐƌŽďŝĐŚĞ;WƌŽǀ ĞdĞdd͗

o ďĂƚƚĞƌŝсϳddddddh&ͬŵŝŶсdddh&ͬ>ĂƌŝĂ
o ŵƵĨĨĞĞůŝĞǀŝƚŝ͗ϳdddddh&ͬŵŝŶсddh&ͬ>ĂƌŝĂ

ŝĂƐĐƵŶĂƉƌŽǀ ĂğƐƚĂƚĂĐŽŶĚŽƚƚĂŝŶƚƌŝƉůŝĐĂƚŽd/ƌŝƐƵůƚĂƚŝĂŶĂůŝƚŝĐŝŵŽƐƚƌĂƚŝƐŽŶŽƋƵŝŶĚŝůĂŵĞĚŝĂĚŝdĚŝǀĞƌƐĞ
ĚĞƚĞƌŵŝŶĂǌŝŽŶŝŵŝĐƌŽďŝŽůŽŐŝĐŚĞd

d ŝ̂ŽƐƐĞƌǀŝĐŚĞŵĞĚŝĂŶƚĞĐĂŵƉŝŽŶĂƚŽƌĞ̂ ^͕ŶŽŶğƉŽƐƐŝďŝůĞĚŝƐƚŝŶŐƵĞƌĞŝďĂƚƚĞƌŝŐƌĂŵ;нdĚĂƋƵĞůůŝŐƌĂŵ
;dd͗ůŽƐǀŝůƵƉƉŽĂǀǀ ŝĞŶĞŝŶŵŽĚŽŶŽŶĚŝƐƚŝŶƚŽƐƵůůĂŵĞĚĞƐŝŵĂƉŝĂƐƚƌĂWĞƚƌŝd/ůƌŝƐƵůƚĂƚŽĚĞůƚĞƐƚğƋƵŝŶĚŝ
espresso comerisultato totale “gram (+)+gƌĂŵ;d)”.

d Siosservi che per la struttura dell̓ esperimento, in questo caso il tempo al quale viene condotto il
ŵŽŶŝƚŽƌĂŐŐŝŽŵŝĐƌŽďŝŽůŽŐŝĐŽŶŽŶĐŽƐƚŝƚƵŝƐĐĞƵŶĂǀ ĂƌŝĂďŝůĞĚĞůƐŝƐƚĞŵĂ͗ŝůƚĞŵƉŽĚŝƉĞƌŵĂŶĞŶǌĂĚĞŝ
microrganismi all̓interno del tubo è funzioneƐŽůŽĚĞůůĂǀĞůŽĐŝƚăĚĞůĨůƵƐƐŽĚŝĂƌŝĂĞĚĞůůĂůƵŶŐŚĞǌǌĂĚĞů
ƚƵďŽdYƵŝŶĚŝĐĂŵƉŝŽŶĂŵĞŶƚŝĂƚĞŵƉŝĚŝǀ ĞƌƐŝŵĞĚŝĂŶƚĞ̂ Ɛ̂ŽŶŽĚĂŝŶƚĞŶĚĞƌƐŝƐŽůŽĐŽŵĞƌĞƉůŝĐŚĞĚŝŵŝƐƵƌĞ
ĐŽŶĚŽƚƚĞŶĞůůĞƐƚĞƐƐĞĐŽŶĚŝǌŝŽŶŝƐƉĞƌŝŵĞŶƚĂůŝĚŝƚĞƐƚd



WZKsEEƚĞƐƚƐƵŝddZ/͗

/ůƐŝƐƚĞŵĂ:ŽŶŝǆEdWƌŝƐƵůƚĂƉŝƶĞĨĨŝĐŝĞŶƚĞ;нEEEϰEйEdelsistemaFotocataliticonell̓effettodi sanitizzazione
ƐƵŝddZ/dKddŐƌĂŵ;нdнŐƌĂŵ;ddd

EĞůƐĞŐƵĞŶƚĞĚŝĂŐƌĂŵŵĂǀ ĞŶŐŽŶŽǀ ŝƐƵĂůŝǌǌĂƚŝŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝĐŽŝĚŝĨĨĞƌĞŶƚŝĚŝƐƉŽƐŝƚŝǀŝƐĂŶŝƚŝǌǌĂŶƚŝƚĞƐƚĂƚŝd

Non c̓è sinergiatra il sistema Jonix e il sistema Fotocatalitico nell̓ effetto di sanitizzazionesui BATTERI
dKdd



WZKsEEƚĞƐƚƐƵŝ>/s/d/͗

ŝ̂ĂŝůƐŝƐƚĞŵĂ:ŽŶŝǆEdWĐŚĞƋƵĞůůŽ&ŽƚŽĐĂƚĂůŝƚŝĐŽƐŝĚŝŵŽƐƚƌĂŶŽĞĨĨŝĐĂĐŝnell̓abbattimentototaledeilievitid

/ůŝĞǀŝƚŝŶŽŶƐŽŶŽŵŝĐƌŽƌŐĂŶŝƐŵŝĚŝƐĐƌŝŵŝŶĂŶƚŝƉĞƌĐĂƉŝƌĞƋƵĂůĞĚĞŝdƐŝƐƚĞŵŝĚŝƐĂŶŝĨŝĐĂǌŝŽŶĞƐŝĂŝůƉŝƶ
ĞĨĨŝĐĂĐĞd

WZKsEEƚĞƐƚƐƵůůĞDh&&͗

Il sistemaFotocataliticorisulta piùefficientedel sistema Jonixnell̓ effetto di sanitizzazionesullemuffe.

Nonc̓è sinergiatra il sistemaJonixe il sistemaFotocatalitico nell̓ effetto di sanitizzazionesulle MUFFEd



WZKsEEƚĞƐƚƐƵůŝŽĂĞƌŽƐŽů͗

WĞƌƉŽƌƚĂƚĞĚŝĂƌŝĂĂůƚĞ;ϴddŵdͬŚdŝůƐŝƐƚĞŵĂ:KE/yƌŝƐƵůƚĂĞĨĨŝĐŝĞŶƚĞ;нEEEйEƐŝĂŶĞŝĐŽŶĨƌŽŶƚŝĚŝďĂƚƚĞƌŝĐŚĞ
ĚŝŵƵĨĨĞd

/ůƐŝƐƚĞŵĂ&ŽƚŽĐĂƚĂůŝƚŝĐŽƌŝƐƵůƚĂƚŽƚĂůŵĞŶƚĞŝŶĞĨĨŝĐŝĞŶƚĞĂŶĐŚĞŶĞŝĐŽŶĨƌŽŶƚŝĚĞůůĞŵƵĨĨĞ͕ƐƵůůĞƋƵĂůŝ;ĚĂůůĂ
prova 2) sembrava esplicasse unaazione migliore dell̓NTWd

Nonc̓è sinergiaƚƌĂŝůsistemaJonixeilsistemaFotocatalitico nell̓effetto di sanitizzazioned



Test di verifica dell̓ effetto sanitizzante dei dispositivi su muffe
accresciute
Lʼobiettivo del test è verificare se, e dopo quanto tempo dall̓ istallazione del dispositivo sanitizzante,all̓ interno di
ƵŶĂĐŽŶĚƵƚƚƵƌĂĞƐŝƐƚĞŶƚĞ;ĞŽƌŵĂŝĐŽŶƚĂŵŝŶĂƚĂĚĂƚĞŵƉŽd͕ƐŝƉŽƐƐĂŽƐƐĞƌǀ ĂƌĞƵŶĂĂǌŝŽŶĞƐĂŶŝƚŝǌǌĂŶƚĞĂƚƚŝǀĂĂŶĐŚĞ
ƐƵŵŝĐƌŽƌŐĂŶŝƐŵŝĐƌĞƐĐŝƵƚŝĞƐǀŝůƵƉƉĂƚŝd>ĞƉƌŽǀĞƐŽŶŽƐƚĂƚĞĞĨĨĞƚƚƵĂƚĞƐƵůůĞŵƵĨĨĞ;ƐƉĞƌŐŝůůƵƐďƌĂƐŝůŝĞŶƐŝƐd͕ƋƵĂůŝ
ƌĂƉƉƌĞƐĞŶƚĂŶƚŝĚĞůůĂĐĂƚĞŐŽƌŝĂŵŝĐƌŽďŝĐĂĞĐŽůŽŐŝĐĂŵĞŶƚĞƉŝƶĂĚĂƚƚĂĂůůĂĐŽůŽŶŝǌǌĂǌŝŽŶĞĚŝƋƵĞƐƚĂƚŝƉŽůŽŐŝĂĚŝ
ŝŵƉŝĂŶƚŽd

>ĞŵƵĨĨĞĂƉŝĞŶĂŵĂƚƵƌĂǌŝŽŶĞƐŽŶŽƐƚĂƚĞposteall̓internodeltuboeattivato il flusso di aria (130 mdͬŚd͗ǀ ŝĞŶĞ
ƋƵŝŶĚŝǀĞƌŝĨŝĐĂtol̓effetto dell̓aria sanitizzante͕ƉƌŽĚŽƚƚĂĚĂĞŶƚƌĂŵďĞůĞƚĞĐŶŽůŽŐŝĞ͕ƐƵůůĞŵƵĨĨĞƐǀŝůƵƉƉĂƚĞ͕ĂĚŝǀĞƌƐŝ
ƚĞŵƉŝĚŝĞƐƉŽƐŝǌŝŽŶĞ;d͕dĞϰŐŝŽƌŶŝĚŝĞƐƉŽƐŝǌŝŽŶĞdd

I microrganismi sono stati inoculati circa 4 giorni prima dell̓inizio delle prove, in modo taůĞĚĂĨĂƌĞƐǀŝůƵƉƉĂƌĞůĞ
ĐŽůŽŶŝĞĞĐŽŶƐĞŶƚŝƌĞĂŝŵŝĐƌŽƌŐĂŶŝƐŵŝĚŝŵĂƚƵƌĂƌĞŝĐŽƌƉŝĨƌƵƚƚŝĨĞƌŝĐŽŶƚĞŶĞŶƚŝůĞƐƉŽƌĞdůĨŝŶĞĚŝƉƌĞǀĞŶŝƌĞŐůŝĞĨĨĞƚƚŝ
ĚŝƉƌŽƚĞǌŝŽŶĞĚŽǀ ƵƚŝĂůďŽƌĚŽĚĞůůĞƉŝĂƐƚƌĞ͕ůĞŵƵĨĨĞƐŽŶŽƐƚĂƚĞŝŶŽĐƵůĂƚĞĂůĐĞŶƚƌŽĚĞůůĞƉŝĂƐƚƌĞŝŶŵŽĚŽĚĂ
Ɛǀ ŝůƵƉƉĂƌĞƵŶĂƐŽůĂŐƌĂŶĚĞƐƚƌƵƚƚƵƌĂĐĞŶƚƌĂůĞdEĞůůĂŝŵŵĂŐŝŶĞƐƵĐĐĞƐƐŝǀĂğƉŽƐƐŝďŝůĞŽƐƐĞƌǀĂƌĞƵŶĂĚĞůůĞƉŝĂƐƚƌĞ
ŝŵƉŝĞŐĂƚĞƉĞƌůĞƉƌŽǀĞ͗ůĂĐŽůŽŶŝĂƐŝğƐǀŝůƵƉƉĂƚĂůŽŶƚĂŶŽĚĂŝďŽƌĚŝ͕ůĂƉĂƌƚĞĐĞŶƚƌĂůĞƉŝƶƐĐƵƌĂğƌĂƉƉƌĞƐĞŶƚĂƚĂĚĂůůĂ
ƉŽƌǌŝŽŶĞĚŝŵŝĐĞůŝŽĐŚĞŚĂƐǀ ŝůƵƉƉĂƚŽŝĐŽƌƉŝĨƌƵƚƚŝĨĞƌŝ͕ŵĞŶƚƌĞůĂĐŽƌŽŶĂďŝĂŶĐĂƉĞƌŝĨĞƌŝĐĂğĐŽƐƚŝƚƵŝƚĂĚĂƵŶĂ
ƉŽƌǌŝŽŶĞĚŝŵŝĐĞůŝŽĐŽŵƉŽƐƚĂĚĂŝĨĞŵĂƉƌŝǀĂĚŝĐŽƌƉŝĨƌƵƚƚŝĨĞƌŝd

>ĞƉŝĂƐƚƌĞƐŽŶŽƐƚĂƚĞĐŽůůŽĐĂƚĞŝŶdƉƵŶƚŽŝŶƚĞƌŵĞĚŝŽĚĞůƚƵďŽ͕ĂĐŝƌĐĂϰŵĞƚƌŝĚĂŝĚŝƐƉŽƐŝƚŝǀŝƐĂŶŝĨŝĐĂŶƚŝ͕ĞĚĞƐƚƌĂƚƚĞĂŝ
dƚĞŵƉŝƉƌĞǀŝƐƚŝĚĂůůĂƉƌŽǀĂd



La vitalità dei microrganismiveniva valutata sia per i corpi fruttiferi che per le ife, andandoa prelevare con unʼansa
sterile porzioni di micelio dall̓area pigmentata contenente le spore e da ƋƵĞůůĂĐŚŝĂƌĂĐŚĞŶĞĞƌĂƉƌŝǀĂdYƵĞƐƚŽ
accorgimento era finalizzato a valutare se l̓ attività antimicrobica si esplicasse sulle porzioni vegetative –
ƚĞŽƌŝĐĂŵĞŶƚĞƉŝƶĨĂĐŝůŝĚĂĂŐŐƌĞĚŝƌĞ–ƐƵůůĞƐƚƌƵƚƚƵƌĞĚŝƌĞƐŝƐƚĞŶǌĂ;ƐƉŽƌĞd͕ƐƵĞŶƚƌĂŵďĞůĞĨŽƌŵĞŽƐƵŶĞƐƐƵŶĂĚŝ
ĞƐƐĞd

>ĞƉŽƌǌŝŽŶŝĚŝŵŝĐĞůŝŽǀĞŶŝǀĂŶŽŝŶŽĐƵůĂƚĞƐƵ̂ ĂďŽƵƌĂƵĚŐĂƌĞĚŝŶĐƵďĂƚĞĂdϱΣƉĞƌϱŐŝŽƌŶŝddƌĂƚƚĂŶĚŽƐŝĚŝƵŶƚĞƐƚ
qualitativo, finalizzatoavalutare la presenzaomenodimicrorganismivitali, al termine dell̓ incubazionenonveniva
ĚĞƚĞƌŵŝŶĂƚŽŝůŶƵŵĞƌŽĞƐĂƚƚŽĚŝŵŝĐƌŽƌŐĂŶŝƐŵŝĐƌĞƐĐŝƵƚŝ͕ŵĂǀ ĂůƵƚĂƚĂůĂƉƌĞƐĞŶǌĂŽŵĞŶŽĚŝĐŽůŽŶŝĞĨƵŶŐŝŶĞd

>ĂƚĂďĞůůĂƐƵĐĐĞƐƐŝǀĂƌŝĂƐƐƵŵĞŐůŝĞĨĨĞƚƚŝŽƚƚĞŶƵƚŝĚĂůƚƌĂƚƚĂŵĞŶƚŽĐŽŶŝůĚŝƐƉŽƐŝƚŝǀŽĨŽƚŽĐĂƚĂůŝƚŝĐŽd

Porzionedelmicelio

Tempodi
esposizione

Spore Ife

1giorno Vitali Vitali

2giorni Vitali Vitali

4giorni Vitali Vitali

DĞŶƚƌĞůĂƚĂďĞůůĂƐĞŐƵĞŶƚĞŵŽƐƚƌĂŐůŝĞĨĨĞƚƚŝƌŝůĞǀĂƚŝĐŽŶŝůƚƌĂƚƚĂŵĞŶƚŽŵĞĚŝĂŶƚĞĚŝƐƉŽƐŝƚŝǀ ŽEdWd

Porzionedelmicelio

Tempodi
esposizione

Spore Ife

1giorno Vitali Nonvitali

2giorni Vitali Nonvitali

4giorni Vitali Nonvitali

EĞƐƐƵŶŽĚĞŝĚƵĞĚŝƐƉŽƐŝƚŝǀŝğƌŝƐƵůƚĂƚŽŝŶŐƌĂĚŽĚŝŝŶĂƚƚŝǀ ĂƌĞĐŽŵƉůĞƚĂŵĞŶƚĞůĞƐƉŽƌĞƉƌĞƐĞŶƚŝŶĞůůĂƉŽƌǌŝŽŶĞ
ƉŝŐŵĞŶƚĂƚĂĚĞůŵŝĐĞůŝŽ͕ƉƌŽďĂďŝůŵĞŶƚĞĂĐĂƵƐĂĚĞůůĞĐĂƉĂĐŝƚăĚŝƌĞƐŝƐƚĞŶǌĂĚŝƋƵĞƐƚĞƐƚƌƵƚƚƵƌĞĨƵŶŐŝŶĞŵĂ͕
sicuramente, anche per l̓elevato numero di spore presenti͗ŝŶĨĂƚƚŝ͕ůĞƉƌŽǀĞĞĨĨĞƚƚƵĂƚĞŝŶƉƌĞĐĞĚĞŶǌĂĐŽŶƚĞŵƉŝĚŝ
ĞƐƉŽƐŝǌŝŽŶĞƉŝƶďƌĞǀŝ;ŵĂƐƐŝŵŽϰŽƌĞd͕ƐĞďďĞŶĞĞƐĞŐƵŝƚĞƐƵƵŶŶƵŵĞƌŽĐŽŶƚĞŶƵƚŽĚŝƐƉŽƌĞŚĂŶŶŽŵŽƐƚƌĂƚŽƵŶĂ
ƉĞƌĐĞŶƚƵĂůĞĚŝƐŽƉƌĂǀǀŝǀĞŶǌĂĐŚĞĂůŵŝŶŝŵŽƐŝĂƚƚĞƐƚĂǀĂŝŶƚŽƌŶŽĂůddйdWƵƌǀŽůĞŶĚŽĂŵŵĞƚƚĞƌĞƵŶŝŶĐƌĞŵĞŶƚŽ
esponenzialedegli effetti nei 4giornidi prova, bisognaconsiderare cheall̓ interno dell̓ area pigmentata si ritrovano
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DŽůƚŽƉŝƶŝŶƚĞƌĞƐƐĂŶƚĞğŝůƌŝƐƵůƚĂƚŽŽƚƚĞŶƵƚŽƐƵůůĂƉŽƌǌŝŽŶĞǀ ĞŐĞƚĂƚŝǀ ĂĚĞůŵŝĐĞůŝŽd/ŶĨĂƚƚŝ͕ŶĞůĐĂƐŽĚĞůůĞŝĨĞ͕ŝů
ƚƌĂƚƚĂŵĞŶƚŽĐŽůĚŝƐƉŽƐŝƚŝǀ ŽEdWğƌŝƐƵůƚĂƚŽŝŶŐƌĂĚŽĚŝŝŶĂƚƚŝǀ ĂƌĞŝŵŝĐƌŽƌŐĂŶŝƐŵŝ͕ƐĞďďĞŶĞŝĨŝůĂŵĞŶƚŝƉƌĞůĞǀ Ăƚŝ
fossero sicuramente numerosi e quasi certamente “contaminati” da un certo numero di spore sollevate dal flusso
d̓aria e ricadute su questa porzione del micelio. Quest̓ultimo risultato significa che, in presenǌĂĚŝŝŵƉŝĂŶƚŝŐŝă
ĐŽůŽŶŝǌǌĂƚŝ͕ŝůƚƌĂƚƚĂŵĞŶƚŽĐŽŶEdWƉŽƚƌĞďďĞƐǀŽůŐĞƌĞƵŶƚƌŝƉůŝĐĞĞĨĨĞƚƚŽƉŽƐŝƚŝǀŽ͕ĂŶĚĂŶĚŽĂ͗

d ƵĐĐŝĚĞƌĞůĂƉĂƌƚĞǀ ĞŐĞƚĂƚŝǀ ĂĚĞůůĞŵƵĨĨĞ ŐŝăĐƌĞƐĐŝƵƚĞŶĞůůĞcondotte,impedendone l̓ulteriore
ĂĐĐƌĞƐĐŝŵĞŶƚŽ͖

d ĂƚĞŵƉŝƉŝƶůƵŶŐŚŝƌŝĚƵƌƌĞĞŐƌĂĚƵĂůŵĞŶƚĞĂǌǌĞƌĂƌĞŝůŶƵŵĞƌŽĚŝƐƉŽƌĞǀŝƚĂůŝ͖
d prevenire la colonizzazionedi nuove porzioni dell̓ impianto, poiché le ife germinate dalle eventuali spore

ƐŽƉƌĂǀǀ ŝƐƐƵƚĞƐĂƌĞďďĞƌŽĐŽŵƵŶƋƵĞƌĂƉŝĚĂŵĞŶƚĞŝŶĂƚƚŝǀĂƚĞd
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1. INTRODUZIONE
Il presente documento descrive lo studio e l’analisi degli aspetti ambientali legati alle misure di impatto
odorigeno correlate alla gestione dei rifiuti e alla realizzazione di una sperimentazione su scala pilota,
relativamente al trattamento di effluenti gassosi al fine di ridurne efficacemente il carico odorigeno
presente.
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2. INQUADRAMENTO DELLAPROBLEMATICAODORI
Il presente lavoro ha riguardato una indagine di screening volta ad individuare le migliori modalità
attraverso cui affrontare la delicata tematica delle emissioni odorigene generate da un impianto di
trattamento rifiuti.
Il tema affrontato è quanto mai attuale e urgente. E’ noto, infatti, come la dispersione di odori poco
gradevoli si manifesti a partire da attività industriali o, comunque, da impianti produttivi che implichino
la presenza di sorgenti odorigene: tra l’ampia gamma di attività che possono essere considerate – oltre ad
impianti industriali specifici – rientrano anche categorie ampie quali gli impianti di trattamento delle
acque reflue, impianti di trattamento e selezione dei rifiuti, discariche, etc.
Nonostante la rilevanza di tali criticità, manca allo stato attuale una metodologia integrata per il
“controllo” di tali fenomeni, comprendendo con tale termine non solo la “misura” dei fenomeni – peraltro
assai complessa – ma una vera strategia per affrontare il problema secondo la precisa gerarchia: interventi
alla fonte – confinamento – mitigazione.
Nell’ambito di contesti industriali-commerciali, che vedono la presenza di un elevato numero di
possibili “sorgenti” odorigene, diventa particolarmente complicato andare a determinare, dimostrare e
controllare, quale sia l’esatta fonte del problema, che spesso viene evidenziata da lamentele – talora
caratterizzate da una non completa affidabilità – da parte della popolazione presente nell’area interessata
alle cosiddette “ricadute”.
Di fatto, la complessità di questa problematica scaturisce da tre ragioni fondamentali:
✔ la difficoltà di analizzare sostanze odoranti le cui concentrazioni nell’ambiente siano al di sotto di

una soglia di rilevabilità analitica (pur provocando, alle suddette concentrazioni, fenomeni di
“molestia”);

✔ la variabilità dell’intensità e delle caratteristiche dell’inquinamento odorigeno in funzione del
tempo e delle condizioni meteorologiche;

✔ la grande soggettività che caratterizza la percezione delle sostanze odorigene.
In bibliografia, sono assai scarsi gli studi condotti in materia di identificazione delle sostanze odoranti
provenienti da matrici odorigene e di valutazione degli effetti di specifici sistemi di trattamento sulle
sostanze odorigene.
A questo si aggiunge la mancanza di una legislazione specifica di riferimento, sia a livello
internazionale, che italiano. Infatti, a livello nazionale, solo poche Regioni hanno definito, e solo
recentemente, delle Linee Guida in materia, per lo più applicabili solo a specifici settori. Questa “carenza
normativa” risulta ancora più critica considerando che, al contrario, vi è una crescente presa di coscienza
della società nei confronti delle questioni legate all’ambiente, di cui gli impatti odorigeni costituiscono,
allo stato attuale, uno degli aspetti più subdoli e sfuggenti.
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3. 5.4. ABBATTIMENTO DELLE COMPONENTI ODORIGENE SU
IMPIANTO PILOTA-LABORATORIO NTP (BA-TEST SCALA
PILOTA-INDUSTRIALE)

L’attività svolta riguarda l’impiego di un impianto pilota-industriale (applicabile quindi anche su scala
industriale) utilizzato su scala di laboratorio, applicato al trattamento di specifici flussi di rifiuti (i più
critici) e a miscele degli stessi.
Per la realizzazione di questa attività sperimentale è stata quindi progettata una modalità per “gestire” un
flusso di sostanze odorigene di entità ben maggiore.
In Figura successiva è rappresentato schematicamente il contenitore che è stato impiegato per le prove
da effettuare con il BA-TEST industriale, che ha una portata modulabile tra 150 e 600 m3/h.
Il sistema è costituito da un fusto in PP da 100 L sul cui fondo sono praticati una serie di fori, mentre sul
coperchio è realizzato un raccordo per il collegamento con il ventilatore del BA-TEST.

&ŽƌŝƉĞƌŝŶŐƌĞƐƐŽĂƌŝĂ

Z/&/hdK

&ĥ dK ddd>

&ŽƌŽƉĞƌ
ĐŽůůĞŐĂŵĞŶƚŽĂĚ

ĂƐƉŝƌĂƚŽƌĞdd̂ d

Schema contenitore per prove con BA-TEST

Il rifiuto (30-50 kg) viene collocato all’interno del fusto e questo è collegato al ventilatore del BA-
TEST. Il fusto è posizionato orizzontalmente, e può essere smosso periodicamente per rinnovare la
superficie esposta della massa di rifiuto. Il sistema di trattamento delle molecole (odorigene e non)
emesse dal rifiuto contenuto nel fusto è presentato nella foto seguente.
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Foto impianto BA-TEST pilota impiegato nelle prove.
LEGENDA:

A. Aspirazione emissioni
B. Selettore di by-pass
C. Generatore NTP®
D. Uscita emissioni
E. Punti di campionamento (1: in alto a monte del sistema di abbattimento; 2: in basso a valle del trattamento; 3 a valle

del sistema di trattamento, prima dell’emissione finale
Attraverso l’uso di tale sistema, sono state effettuate prove e test per verificare il migliore assetto
impiantistico, cioè quello che garantisce i migliori risultati in termini di abbattimento delle sostanze
odorigene sviluppate da specifici rifiuti selezionati in seguito all’attività sperimentale condotta
nell’ambito dei precedenti obiettivi operativi.

Messaapuntodelle condizioni sperimentali
Questa parte dell’attività sperimentale è stata piuttosto complessa, dato che sono state valutate con
attenzione le singole risposte e la loro la variabilità, dipendente dalla tipologia dei rifiuti in gioco e dalla
condizione di prova impiegata.
Le condizioni delle varie prove (schematicamente riportate in Tabella 5) sono state impostate facendo
uso di tecniche di Disegno Sperimentale (DoE). I risultati degli esperimenti ottenuti attraverso il NE e la
GC-MS sono stati elaborati al fine di individuare le migliori condizioni operative.

Tabella 5. Condizioni di prova testate.
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Le prove hanno quindi riguardato 3 differenti tipologie di rifiuti (già noti per le caratteristiche critiche in
termini di impatti odorigeni prodotti): LO (CER 19 01 05*), LA (CER 19 02 05*) e MIX (costituito da
una miscela di differenti rifiuti, compresi LO e LA, al fine di simulare la condizione media dell’impianto
con presenza di rifiuti “odorigeni” e non). Tali rifiuti sono stati messi all’interno del fusto bucato, posto
su una piastra scaldante a circa 50°C, e dopo 5 minuti di condizionamento sono iniziate le prove,
effettuando i prelievi dai 3 punti di campionamento con le sonde spente e, successivamente, accese.
Per poter valutare le migliori condizioni di prova sono state eseguiti differenti test, andando a variare
uno o più dei settaggi riportati in Tabella 5.
Il confronto tra la sommatoria delle aree ottenute mediante GC-MS e la sommatoria dei segnali registrati
dai 10 sensori del NE, ha fornito le risposte ricercate per l’individuazione delle migliori condizioni
operative, relativamente alle prove di trattamento dei flussi odorigeni prodotti dai rifiuti in esame,
impiegando il BA-Test su scala pilota-laboratorio.
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Le migliori condizioni di prova, ottenute impiegando il rifiuto LO (e poi confermate con gli altri rifiuti
testati), sono risultate:

1. Quantità di rifiuto = 30 kg
2. Temperatura rifiuto = 50°C
3. Portata aspirazione = 150 m3/h
4. By-pass = chiuso (0)
5. Voltaggio condensatori = 3000, 3000, 3200 V
6. Punti di prelievo = 1 e 3

Risultati ottenuti con il rifiuto LOCER190105*
Le prove condotte perl’abbattimento delle molecole odorigene contenute nel rifiuto LO hanno permesso
di ottenere i risultati sinteticamente presentati nel grafico di Figura 25. I punti di campionamento
considerati sono il punto 1 (a monte del sistema di trattamento NTP) che rappresenta l’emissione gassosa
non trattata e il punto 3 (a valle della sonda NTP) che rappresenta, a sonda accesa, l’emissione dopo
trattamento con sonda. In tal modo, è necessario considerare anche i contributi dei bianchi ed in particolar
modo il contributo negativo che ha la sonda sulla lettura del NE, come è possibile osservare dalla prova
SA_SR nel grafico a sinistra della Figura 26: la sommatoria dei segnali dei sensori del NE diminuisce di
circa l’11% a seguito dell’accensione della sonda stessa. Analogamente è possibile registrare un
decremento (circa il 7% con il NE e 6% con la GC) dovuto, quasi sicuramente, a fenomeni di
adsorbimento delle molecole lungo il condotto dell’impianto pilota. Tali percentuali di decremento sono
state considerata ai fini della valutazione dell’efficienza di abbattimento del sistema NTP nei confronti
delle molecole odorigene, sottraendole dalla percentuale di abbattimento complessiva determinata come
differenze di segnali registrati nei punti 1 e 3, durante la prova che ha impiegato il rifiuto e la sonda
accesa.
In conclusione, per il rifiuto LO sono state rilevate percentuali di abbattimento delle molecole odorigene
presenti, variabili tra il 34% (con il Naso Elettronico) e il 28% (con la Gas-cromatografia).

Figura 25. Risultati prove condotte sul rifiuto LO (NE a sinistra; GC-MS a destra).
Legenda: SS_SR = sonda spenta - senza rifiuto (bianco prova); SA_SR = sonda accesa - senza rifiuto (bianco sonda);

SS_RP = sonda spenta – rifiuto su piastra (emissioni rifiuto scaldato a 50°C); SA_RP = sonda accesa – rifiuto su piastra
(emissioni rifiuto scaldato a 50°C + trattamento NTP)
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Figura 26. Risultati prove condotte sul rifiuto LO espresse come percentuali di abbattimento, valutate nei punti di
campionamento 1 e 3.

Legenda: SA_SR = % contributo sonda; SS_RP = % diminuzione per perdite dell’emissione del rifiuto lungo il
camino; SA_RP = % abbattimento sonda non corretta; % abbattimento effettivo = SA_RP – SS_RP – SA_SR

Risultati ottenuti conil rifiuto LACER190205*
Analogamente a quanto effettuato con il rifiuto LO, sono state effettuate le prove di trattamento delle
molecole odorigene prodotte dal rifiuto LA.
I grafici dei risultati sperimentali ottenuti sono riportati in Figura 27, a sinistra i valori delle sommatorie
dei segnali registrati dal Naso Elettronico, a destra i risultati ottenuti mediante l’analisi SPME-GC-MS.
Le percentuali di abbattimento definite come descritto nel Paragrafo 5.4.3. sono rappresentate in Figura
28: l’abbattimento effettivo sulle molecole odorigene effettuato attraverso la sonda NTP è calcolato pari
al 40% mediante analisi GC e al 26% mediante NE.
Tale differenze può essere facilmente spiegata attraverso la differente composizione del rifiuto LA
rispetto a LO, ottenute mediante analisi GC-FID, sul campione solido (Figura 29): il primo è infatti
esclusivamente composto da Sostanze Organiche Volatili alifatiche a catena corta (C5 – C12), mente nel
rifiuto LO sono presenti anche composti aromatici più complessi, a numero di carboni C8-C10 (toluene,
xileni…), più difficilmente degradabili da parte delle specie emesse dalla sonda NTP.
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Figura 27. Risultati prove condotte sul rifiuto LA (NE a sinistra; GC-MS a destra).
Legenda: SS_SR = sonda spenta - senza rifiuto (bianco prova); SA_SR = sonda accesa - senza rifiuto (bianco sonda);

SS_RP = sonda spenta – rifiuto su piastra (emissioni rifiuto scaldato a 50°C); SA_RP = sonda accesa – rifiuto su piastra
(emissioni rifiuto scaldato a 50°C + trattamento NTP)

Figura 28. Risultati prove condotte sul rifiuto LA espresse come percentuali di abbattimento, valutate nei punti di
campionamento 1 e 3.

Legenda: SA_SR = % contributo sonda; SS_RP = % diminuzione per perdite dell’emissione del rifiuto lungo il
camino; SA_RP = % abbattimento sonda non corretta; % abbattimento effettivo = SA_RP – SS_RP – SA_SR
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Figura 29. Cromatogrammi relativi all’analisi dei campioni di rifiuto LA (in alto) e LO (in basso).

Risultati ottenuticonlamisceladi rifiuti (MIX)
Per la validazione finale delle prove di trattamento mediante tecnologia NTP, sono state condotte
ulteriori sperimentazioni, impiegando una miscela di rifiuti (denominata MIX), costituita dai due
precedenti LO e LA, unitamente ad altri 4 rifiuti, non particolarmente critici, ma di natura pericolosa e
ricchi comunque di composti organici volatili.
Le analisi condotte sui campioni di aria prelevati nei punti 1 e 3, nelle condizioni sperimentali già
descritte nei precedenti paragrafi, hanno fornito gli andamenti riportati nel grafico di Figura 30 (NE, a
sinistra; GC-MS, a destra).
In generale, i valori rilevati sia al NE che alla GC, sono inferiori rispetto a quanto riscontrato con i
singoli rifiuti presenti nei precedenti paragrafi. Le percentuali di abbattimento riscontrabili nel corso delle
prove condotte raggiungono circa il 30% del carico di sostanze presenti nel flusso gassoso in uscita al
BA-TEST (Figura 31).
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Figura 30. Risultati prove condotte sulla miscela di rifiuti MIX (NE a sinistra; GC-MS a destra).
Legenda: SS_SR = sonda spenta - senza rifiuto (bianco prova); SA_SR = sonda accesa - senza rifiuto (bianco sonda);

SS_RP = sonda spenta – rifiuto su piastra (emissioni rifiuto scaldato a 50°C); SA_RP = sonda accesa – rifiuto su piastra
(emissioni rifiuto scaldato a 50°C + trattamento NTP)

Figura 31. Risultati prove condotte su MIX espresse come percentuali di abbattimento, valutate nei punti di
campionamento 1 e 3.

Legenda: SA_SR = % contributo sonda; SS_RP = % diminuzione per perdite dell’emissione del rifiuto lungo il
camino; SA_RP = % abbattimento sonda non corretta; % abbattimento effettivo = SA_RP – SS_RP – SA_SR
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Considerazioni conclusive
Dai risultati presentati appare evidente come la tecnologia NTP abbia un effetto positivo
nell’abbattimento delle specie presenti nel flusso gassoso generato da un rifiuto, con percentuali variabili
tra il 25 e il 40%.
Questo risultato è stato ottenuto mediante l’esecuzione di una complessa sperimentazione eseguita su un
impianto pilota dotato di tecnologia NTP, effettuando il trattamento su differenti rifiuti e miscele degli
stessi, ed impiegando come tecniche analitiche per la “quantificazione” dell’efficienza sia il Naso
Elettronico che la Gascromatografia con rivelatore diMassa.
I risultati così ottenuti offrono ampie prospettive di impiego di questa tecnologia come sistema di
abbattimento, sia degli inquinanti di natura organica presenti in una emissione che per quanto concerne
più nello specifico l’obiettivo del progetto, ovvero l’abbattimento delle molecole odorigene.
Le molecole organiche, come è stato verificato in modo particolare sulle catene alifatiche e aromatiche
attraverso le analisi condotte con la GC-MS, vengono abbattute fino a circa il 40%. Le sostanze
odorigene, come è stato possibile verificare tramite l’impiego del Naso Elettronico, subiscono un
decremento della loro concentrazione fino a percentuali pari al 30%.
Un eventuale ulteriore sviluppo dello studio e della tecnologia proposta, potrebbe riguardare differenti
matrici di rifiuti caratterizzati da impatti olfattivi dovuti a composti inorganici, quali ad esempio
l’ammoniaca e l’acido solfidrico. In questi casi, le metodiche analitiche da applicare potrebbero essere il
Naso Elettronico e tecniche specifiche per la determinazione di tali composti.
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Ă̂nificazione dell̓aria nelle cliniche ǀĞƚĞƌŝŶĂƌŝĞ
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/ŶƚƌŽĚƵǌŝŽŶĞ

L i̓nquinamento“indoor” delle abitazionie dei luoghidi lavoro rappresenta un problemadi natura
ĐŚŝŵŝĐĂĞŵŝĐƌŽďŝŽůŽŐŝĐĂĐŚĞƉƵžƌŝƐƵůƚĂƌĞƐŝŐŶŝĨŝĐĂƚŽƉĞƌůĂƐĂůƵƚĞĚĞůůĞƉĞƌƐŽŶĞĞĚĞŐůŝĂŶŝŵĂůŝ
ĐŚĞǀŝǀŽŶŽŝŶƋƵĞƐƚŝĂŵďŝĞŶƚŝd>ĂƉƌŽďůĞŵĂƚŝĐĂğƚĂůĞĚĂĂǀĞƌĞƵŶĂďƌĂŶĐĂĚŝƐƚƵĚŝŽĚĞĚŝĐĂƚĂ͗
l̓ Aerobiologia.
ŝ̂ƚƌĂƚƚĂĚŝƵŶĂŶƵŽǀ ĂƐĐŝĞŶǌĂŵƵůƚŝĚŝƐĐŝƉůŝŶĂƌĞĐŚĞƐƚƵĚŝĂůĞƉĂƌƚŝĐĞůůĞƉƌĞƐĞŶƚŝŝŶĂƚŵŽƐĨĞƌĂ͕ůĞ

ĨŽŶƚŝĐŚĞůĞƉƌŽĚƵĐŽŶŽ͕ůĞŵŽĚĂůŝƚăĐŽŶĐƵŝƋƵĞƐƚĞǀĞŶŐŽŶŽƚƌĂƐƉŽƌƚĂƚĞĚĂůůΖĂƌŝĂ͕ŝůŽƌŽĞĨĨĞƚƚŝƐŝĂ
ŝŶĂŵďŝĞŶƚŝĐŚŝƵƐŝĐŚĞĂůůΖĂƉĞƌƚŽd

Le tecniche utilizzate per migliorare la “salubrità” degli ambienti, in particolare gli ambienti di
ůĂǀŽƌŽ͕ƐŽŶŽŵŽůƚĞƉůŝĐŝ͕ƉŽƐƐŽŶŽĨĂƌĞƉĂƌƚĞĚĞŐůŝimpianti di trattamento dell̓ĂƌŝĂŽĞƐƐĞƌĞ
ĚŝƐƉŽƐŝƚŝǀ ŝŵŽďŝůŝŝŶĚŝƉĞŶĚĞŶƚŝd ŝ̂ƵƚŝůŝǌǌĂŶŽůĂĨŝůƚƌĂǌŝŽŶĞ͕lelampade UV o l̓ozono, questi ultimi
ŶŽŶƐŽŶŽĐŽŵƉĂƚŝďŝůŝĐŽŶůĂƉƌĞƐĞŶǌĂĚĞůůĞƉĞƌƐŽŶĞd
Nell̓ ultimo decennio le ricerche si sono orientate verso la ionizzazionedell̓ aria, un fenomeno
ŶĂƚƵƌĂůĞƌŝƉƌŽĚƵĐŝďŝůĞĂƌƚŝĨŝĐŝĂůŵĞŶƚĞĐŚĞƐŝğĚŝŵŽƐƚƌĂƚŽĐĂƉĂĐĞĚŝĂŐŝƌĞƐƵŵŽůƚĞƉĂƌƚŝĐĞůůĞ
ƉƌĞƐĞŶƚŝŝŶĂƌŝĂ;ŵŝĐƌŽďŝŽůŽŐŝĐŚĞĞĐŚŝŵŝĐŚĞdd

Ƶ̂ŐůŝĞĨĨĞƚƚŝĚĞůůĂŝŽŶŝǌzazionedell̓ariaesistonomoltepubblicazioni, nazionali e internazionali͕ĐŚĞ
ĚŝŵŽƐƚƌĂŶŽ, oltre agli effetti terapeutici sulle patologie dell̓ apparato respiratorio, anche
un̓efficace riduǌŝŽŶĞĚĞůĐŽŶƚĞŶƵƚŽŵŝĐƌŽďŝŽŝŶĂƌŝĂĞƐƵůůĞƐƵƉĞƌĨŝĐŝd
Ž̂ŶŽƐƚĂƚĞƐǀ ŽůƚĞŶƵŵĞƌŽƐŝƐƐŝŵĞƌŝĐĞƌĐŚĞĞƐƉĞƌŝŵĞŶƚĂǌŝŽŶŝŶĞůƐĞƚƚŽƌĞĂůŝŵĞŶƚĂƌĞĞƐĂŶŝƚĂƌŝŽ

ŽƐƉĞĚĂůŝĞƌŽd

>ĞĂƉƉůŝĐĂǌŝŽŶŝŶĞůƐĞƚƚŽƌĞĚĞůůĞĐůŝŶŝĐŚĞĞĚĂŵďƵůĂƚŽƌŝǀĞƚĞƌŝŶĂƌŝƐŽŶŽŵŽůƚŽƌĞĐĞŶƚŝd
L̓esigenza di sanitizzazione constante è emersa contestualmente a quella degli interventi di
ĐŚŝƌƵƌŐŝĂ͕ŐĞŶĞƌĂůĞĞĚŽƌƚŽƉĞĚŝĐĂŝŶƉĂƌƚŝĐŽůĂƌĞd
Analogamente a quanto accade infatti nella chirurgia “umana” le infezioni post chirurgiche
ƚƌŽǀ ĂŶŽƚƌĂůĞůŽƌŽĐĂƵƐĞĂŶĐŚĞůĞŝŶĨĞǌŝŽŶŝĂĞƌŽdƚƌĂƐƉŽƌƚĂƚĞdWƵƌŶŽŶĞƐƐĞŶĚŽǀ ŝ͕ŝŶĂŵďŝƚŽ
ǀ ĞƚĞrinario,sperimentazioni cliniche vere e proprie, i fattori sulla qualità dell̓ aria indoor del
ƐĞƚƚŽƌĞŝŶĚƵĐŽŶŽĂƐƚŝŵĂƌĞƵŶĂƉĞƌĐĞŶƚƵĂůĞƐŝŐŶŝĨŝĐĂƚŝǀ Ăd

sŝğŝŶŽůƚƌĞůĂƚĞŶĚĞŶǌĂĂĚƵŶĂǀ ŝƐŝŽŶĞŽůŝƐƚŝĐĂĚĞůƐĞƌǀ ŝǌŝŽĚŝŵĞĚŝĐŝŶĂǀ ĞƚĞƌŝŶĂƌŝĂ͕ĐŽŶƵŶ
ĂƉƉƌŽĐĐŝŽƐĂůƵƚŽdŐĞŶĞƚŝĐŽĞĚĞĐŽdƐŽƐƚĞŶŝďŝůĞ͖ĨŽĐĂůŝǌǌĂƚŽƐƵůƉĂǌŝĞŶƚĞĞƐƵůƐƵŽŶƵĐůĞŽĨĂŵŝůŝĂƌĞ͖
ĐŽŶŝůŵŝŶŝŵŽƵƐŽƉŽƐƐŝďŝůĞĚŝŵĞĚŝĐŝŶĂůŝĚŝƐŝŶƚĞƐŝĞĚinvecel̓adozione, ove possibŝůĞ͕ĚŝƉƌŽƚŽĐŽůůŝ
ŽŵĞŽƉĂƚŝĐŝd
Questi nuovi scenari, per coerenza, debbono necessariamente vivere all̓ interno di ambienti con
un fattore di qualità dell̓ aria adeguato, microbiologicamente controllati, privi di sostaŶǌĞ
ŽƌŐĂŶŝĐŚĞǀŽůĂƚŝůŝĞŽĚŽƌŝ͖ĂƐƉĞƚƚŽƋƵĞƐƚŽĚŝƌĞƚƚĂŵĞŶƚĞĐŽƌƌĞůĂƚŽĂůůĂƋƵĂůŝƚăƉĞƌĐĞƉŝƚĂĚĞůƐĞƌǀŝǌŝŽ
ĐůŝŶŝĐŽŽĨĨĞƌƚŽd
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Đ̂ŽƉŽ

:ŽŶŝǆ d̂ƌdůdŚĂǀŽůƵƚŽverificarel̓efficacia della tecnoloŐŝĂEŽŶŽdŚĞƌŵĂůWůĂƐŵĂŝŶƐĂŶŝƚăsĞƚĞƌŝŶĂƌŝĂd
YƵĞƐƚĂƉƌŝŵĂƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞğƐƚĂƚĂĐŽŶĚŽƚƚĂƉƌĞƐƐŽůĂƉƌĞƐƚŝŐŝŽƐĂůŝŶŝĐĂsĞƚĞƌŝŶĂƌŝĂ̂ ĂŶDĂƌĐŽ

L̓obiettivo era quello di ŽƚƚĞŶĞƌĞ ƵŶĂ ƌŝĚƵǌŝŽŶĞĚĞŐůŝŽĚŽƌŝƉĞƌĐĞƉŝƚŝĞƌŝĚƵǌŝŽŶĞĚĞůůĂ
ĐŽŶƚĂŵŝŶĂǌŝŽŶĞŵŝĐƌŽďŝĐĂĂĞƌŽdƚƌĂƐƉŽƌƚĂƚĂŝŶůŽĐĂůŝĚŽǀ ĞůĞĐŽŶĐĞŶƚƌĂǌŝŽŶŝƉŽƚƌĞďďĞƌŽƌŝƐƵůƚĂƌĞ
ƐŝŐŶŝĨŝĐĂƚŝǀ ĞĞĂǀĞƌĞƵŶŝŵƉĂƚƚŽŶĞŐĂƚŝǀ ŽƐƵĂŶŝŵĂůŝĞƉĞƌƐŽŶĞd

>ĂƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞ͕ĞĨĨĞƚƚƵĂƚĂŶĞŝŵĞƐŝĚŝŵĂƌǌŽĞĂƉƌŝůĞdddϴ͕ŚĂƉƌĞǀ ŝƐƚŽƵŶĂƐĞƌŝĞĚŝ
campionamenti prima dell̓installazione dei dispositivi, ĚƵƌĂŶƚĞůĂŶŽƌŵĂůĞĂƚƚŝǀŝƚăĚĞůůĂĐůŝŶŝĐĂƉĞƌ
ǀ ĂůƵƚĂƌĞůĞĐŽŶĚŝǌŝŽŶŝŝŶǌŝĂůŝ͕ĚĂĐŽŵƉĂƌĂƌĞlemisurazionieffettuate dopo l̓accensione dei
ĚŝƐƉŽƐŝƚŝǀ ŝ:ŽŶŝǆd
/ƉƌĞůŝĞǀŝĞůĞĂŶĂůŝƐŝƐŽŶŽƐƚĂƚĞĐŽŶĚŽƚƚĞĚĂƚĞĐŶŝĐŝƋƵĂůŝĨŝĐĂƚŝĞĚĂŝƐƚŝƚƵƚŽŝŶĚŝƉĞŶĚĞŶƚĞŝŶƐĞŐƵŝƚŽ
ŝŶĚŝĐĂƚŽ͕ƵƚŝůŝǌǌĂŶĚŽƵŶĚŝƐƉŽƐŝƚŝǀ Ž̂ d̂̂ ƵƉĞƌdϴdĚĞůůĂW/d
sĂůƵƚĂǌŝŽŶŝŝŶŝǌŝĂůŝ͗
Nell̓ambito delle cliniche veterinaƌŝĞŶŽŶğƐƚĂƚĂŝŶĚŝǀ ŝĚƵĂƚĂďŝďůŝŽŐƌĂĨŝĂĂƐƵƉƉŽƌƚŽĚĞůůĂ
ǀ ĂůƵƚĂǌŝŽŶĞŝŶŝǌŝĂůĞd

>ĂĐůŝŶŝĐĂǀĞƚĞƌŝŶĂƌŝĂŽǀĞŚĂĂǀƵƚŽůƵŽŐŽůĂƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞŚĂƵŶĂĨĨůƵĞŶǌĂĞůĞǀ ĂƚĂĚŝĂŶŝŵĂůŝƐŝĂ
ƉĞƌůĞƉƌĞƐƚĂǌŝŽŶŝĂŵďƵůĂƚŽƌŝĂůĞĐŚĞŶĞůƌĞƉĂƌƚŽĚĞŐĞŶǌĂĐŚĞŽĨĨƌĞddŐĂďďŝĞ͕ĐŽŶĐŽŶƐĞŐƵĞŶƚĞ
ƚŽƵƌdŽǀ ĞƌĞůĞǀĂƚŽĚŝĂŶŝŵĂůŝd
YƵĞƐƚŝƉŽƐƐŽŶŽǀ ĂƌŝĂƌĞƉĞƌƐƉĞĐŝĞ͕ƚĂŐůŝĂ͕ƉĂƚŽůŽŐŝĂĞŶƵŵĞƌŽĐŽŵƉůĞƐƐŝǀ ŽĚŝŽĐĐƵƉĂǌŝŽŶĞŝŶ
ĐŽŶƚĞŵƉŽƌĂŶĞĂdŝžĐŽŵƉŽƌƚĂƵŶĂůƚŝƐƐŝŵĂǀ ĂƌŝĂďŝůŝƚăĚĞůůĞƉĂƌƚŝĐĞůůĞƌŝůĂƐĐŝĂƚĞŝŶĂƌŝĂĚĂŐůŝ
animalistessie dalmovimentodi operatori all̓ interno della sala.

>ĂƐƚƌƵƚƚƵƌĂğƉƌŝǀ ĂĚŝŝŵƉŝĂŶƚŝĚŝƚƌĂƚƚĂŵĞŶƚŽĂƌŝĂƐĞŶŽŶƉĞƌůĂŝŵŵŝƐƐŝŽŶĞĚŝĂƌŝĂƉƌŝŵĂƌŝĂ͕
ƋƵĞƐƚŽĐŽŵƉŽƌƚĂƵŶĂƵůƚĞƌŝorefontedi variabilità al contenuto microbico dell̓ĂƌŝĂĚĞŐůŝĂŵďŝĞŶƚŝd
>ĞĐŽŶĚŝǌŝŽŶŝĚĞƐĐƌŝƚƚĞŚĂŶŶŽĐƌĞĂƚŽĚĞůůĞĐŽŶĚŝǌŝŽŶŝŝŶƚĞƌĞƐƐĂŶƚŝƉĞƌůĂƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞ͕Ɛŝğ
ƋƵŝŶĚŝĚĞĐŝƐŽĚŝĞĨĨĞƚƚƵĂƌĞůĞƌŝůĞǀ ĂǌŝŽŶŝŶĞŐůŝĂŵďŝĞŶƚŝĐŽŶŵĂŐŐŝŽƌĞǀ ĂƌŝĂďŝůŝƚăĚŝĂĨĨůƵĞŶǌĂĞ
ĐŽŶƐĞŐƵĞŶƚŝǀ ĂƌŝĂǌŝŽŶŝĚĞůůĞĐŽŶĐĞŶƚƌĂǌŝŽŶŝďĂƚƚĞƌŝĐŚĞĂĞƌŽĚŝƐƉĞƌƐĞ͗
ůĂ̂ĂůĂĚŝĂƚƚĞƐĂŝŶŝŶŐƌĞƐƐŽ;ĨŝŐdddĞůĂ̂ĂůĂĚĞŐĞŶǌĂĂŶŝŵĂůŝ;ǀ ĞĚŝĨŝŐddd

/ŶƋƵĞƐƚŝůŽĐĂůŝŝŶĨĂƚƚŝƚƌŽǀŝĂŵŽŝůŵĂŐŐŝŽƌŶƵŵĞƌŽĚŝǀĂƌŝĂďŝůŝůĞŐĂƚĞĂůůĂŵŽǀŝŵĞŶƚĂǌŝŽŶĞĚĞll̓aria:
l̓apertura e chiusura delle porte d̓ingressŽĞĚŝĂĐĐĞƐƐŽĂŐůŝĂŵďƵůĂƚŽƌŝel̓estremaŵƵƚĞǀŽůĞǌǌĂ
ĚĞůůĞƉƌĞƐĞŶǌĞƵŵĂnehannooffertolapossibilità di “fotografare” la contaminazione microbica
dell̓ aria in una situazionedi attività regolare.
>ĂĐůŝŶŝĐĂğŽƉĞƌĂƚŝǀ ĂdϰŽƌĞƐƵdϰd
Per una migliore comprensionesui fattori di variabilità dell̓ aria è stato calcolato il contributo di
aria esterna proveniente dall̓apertura delůĞƉŽƌƚĞ͕ƐŝĂƋƵĞůůĞƌŝǀolteversol̓internodell̓edificioche
ƋƵĞůůĞƌŝǀolteversol̓esterno.
Nella sala degenzasiè calcolato che l̓ aria proveniente dalla porta rivolta verso il giardinŽĞƐƚĞƌŶŽ
ğĚŝĐŝƌĐĂdddddŵĐͬŚ͖ŵĞŶƚƌĞĚĂůůĂƉŽƌƚĂƌŝƐǀŽůƚĂǀĞƌƐŽŝůĐŽƌƌŝĚŽŝŽĐĞŶƚƌĂůĞĐŝƌĐĂddϳddŵĐͬŚd

EĞůůĂƐĂůĂĚŝĂƚƚĞƐĂƐŝğĐĂůĐŽůĂƚŽĐŚĞ͕ĐŽŵƉůĞƐƐŝǀĂŵĞŶƚĞ͕ĚĂůůĞƚƌĞƉŽƌƚĞ͕ĞŶƚƌĂƚĂ͕ŝŶŐƌĞƐƐŽǌŽŶĂ
ambulatori e uscita il volume dʼaria aria che si miscelaall̓ aria ambiente è di orientativamente di
ϰdϱddŵĐͬŚd
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/ĐĂůĐŽůŝƐŽŶŽďĂƐĂƚŝƐƵůŶƵŵĞƌŽŵĞĚŝŽĚŝĂƉĞƌƚƵƌĞŽƌĂƌŝĞŽƐƐĞƌǀĂƚĞĚƵƌĂŶƚĞŝĐĂŵƉŝŽŶĂŵĞŶƚŝd
ŝžŶŽŶŽƐƚĂŶƚĞ ƐŝğĚĞĐŝƐŽ ĚŝĞĨĨĞƚƚƵĂƌĞ ĚĞůůĞŵŝƐƵƌĂǌŝŽŶŝ ƉĞƌĐŽŵƉƌĞŶĚĞƌĞ ŝůůŝǀĞůůŽĚŝ
contaminazionepresente e se,nelle condizioniattuali, il sistemadi ionizzazionedell̓ aria proposto
ƉŽƚĞƐƐĞĂƌƌŝǀ ĂƌĞĂŐůŝŽďŝĞƚƚŝǀŝĚĞƐŝĚĞƌĂƚŝĚŝƌŝĚƵǌŝŽŶĞĚĞŐůŝŽĚŽƌŝĞĚĞůĐŽŶƚĞŶƵƚŽŵŝĐƌŽďŝĐŽd

Per definire il contributo d̓aria proveniente dalle aperture èƐƚĂƚŽƵƚŝůŝǌǌĂƚŽƵŶĂƉƉŽƐŝƚŽƐŝƐƚĞŵĂĚŝ
ĐĂůĐŽůŽ͕ƵƐĂƚŽĂďŝƚƵĂůŵĞŶƚĞŶĞŝĐĂůĐŽůŝƚĞĐŶŝĐŝƐƉĞĐŝĨŝĐŝĚĞůƐĞƚƚŽƌĞ͖ŶĞůůĂƚĂďĞůůĂƐŽƚƚŽƐƚĂŶƚĞƐŽŶŽ
ǀ ŝƐŝďŝůŝŝĨĂƚƚŽƌŝƵƚŝůŝǌǌĂƚŝd



7

&ŝŐdd–̂ĂůĂĚŝĂƚƚĞƐĂ

&ŝŐdd–̂ĂůĂĚĞŐĞŶǌĂĂŶŝŵĂůŝĐůŝŶŝĐĂǀĞƚĞƌŝŶĂƌŝĂ̂ĂŶDĂƌĐŽ
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dĞŽƌŝĂĚĞůůĂŝŽŶŝǌǌĂǌŝŽŶĞĐŽŶƉůĂƐŵĂŶŽŶƚĞƌŵŝĐŽ

ŽŶŝůƚĞƌŵŝŶĞƉůĂƐŵĂŶŽŶƚĞƌŵŝĐŽ͕ĚĞƚƚŽĂŶĐŚĞƉůĂƐŵĂĨƌĞĚĚŽ͕ƐŝŝŶĚŝĐĂƵŶĂĨŽƌŵĂĞǀ ŽůƵƚĂ
ŵŝƐĐĞůĂĚŝŐĂƐŝŽŶŝǌǌĂƚŝĐŽŵƉŽƐƚĂĚĂƵŶĂŐƌĂŶƋƵĂŶƚŝƚăĚŝƉĂƌƚŝĐĞůůĞĐĂƌŝĐĂƚĞ͕ĐŽŵĞŝŽŶŝŽĞůĞƚƚƌŽŶŝ͕
ƌĂĚŝĐĂůŝůŝďĞƌŝ͕ƌŽƐ͕ŵŽůĞĐŽůĞĞĂŶĐŚĞĂƚŽŵŝŶĞƵƚƌŝd
>ĂŝŽŶŝǌǌĂǌŝŽŶĞĚŝƵŶĂƚŽŵŽƐŝŵĂŶŝĨĞƐƚĂƋƵĂŶĚŽƵŶĞůĞƚƚƌŽŶĞĂĐƋƵŝƐŝƐĐĞƐƵĨĨŝĐŝĞŶƚĞĞŶĞƌŐŝĂƉĞƌ
superare le forze attrattive del nucleo dell̓ atomo. Quandoquesto risultato si ottiene con processi
ĐŚĞŐĞŶĞƌĂŶŽƵŶƉůĂƐŵĂŝŶĐƵŝůĂƚĞŵƉĞƌĂƚƵƌĂĚĞŐůŝŝŽŶŝĞĚĞŐůŝĂƚŽŵŝŶĞƵƚƌŝğƐĞŶƐŝďŝůŵĞŶƚĞ
ŵŝŶŽƌĞĚŝƋƵĞůůĂĚĞŐůŝĞůĞƚƚƌŽŶŝ͕ƐŝƉĂƌůĂĚŝƉůĂƐŵĂĨƌĞĚĚŽŽEŽŶddŚĞƌŵĂůWůĂƐŵĂ;EdWdd
Il plasma freddo emette luce con lunghezze dʼonda sia nella parte visibile che nella parte
ultravioletta dello spettro. Oltre all̓ emissionedi radiazioniUV, un i̓mportante proprietà del plasma
ĂďĂƐƐĂƚĞŵƉĞƌĂƚƵƌĂğůĂƉƌĞƐĞŶǌĂĚŝĞůĞƚƚƌŽŶŝĂĚĂůƚĂĞŶĞƌŐŝĂ͕ĨŽƌƚĞŵĞŶƚĞƌĞĂƚƚŝǀŝ͕ĐŚĞŐĞŶĞƌĂŶŽ
numerosi processi chimici e fisici come l̓ ossidazione, l̓ eccitazione di atomi e molecole, la
ƉƌŽĚƵǌŝŽŶĞĚŝƌĂĚŝĐĂůŝůŝďĞƌŝĞĚŝĂůƚƌĞƉĂƌƚŝĐĞůůĞƌĞĂƚƚŝǀĞdhŶƉůĂƐŵĂƐŝƉƵžŐĞŶĞƌĂƌĞĂƌƚŝĨŝĐŝĂůŵĞŶƚĞ
fornendo ad un gas unʼenergia sufficientemente alta, applicando cioè energia a un gas in modo
ƚĂůĞĚĂƌŝŽƌŐĂŶŝǌǌĂƌĞůĂƐƚƌƵƚƚƵƌĂĞůĞƚƚƌŽŶŝĐĂĚĞůůĞƐƉĞĐŝĞ;ĂƚŽŵŝ͕ŵŽůĞĐŽůĞdĞƉƌŽĚƵƌƌĞƐƉĞĐŝĞ
ĞĐĐŝƚĂƚĞĞŝŽŶŝdhŶŽĚĞŝƉŝƶĐŽŵƵŶŝŵŽĚŝƉĞƌĐƌĞĂƌĞĂƌƚŝĨŝĐŝĂůŵĞŶƚĞĞŵĂŶƚĞŶĞƌĞƵŶƉůĂƐŵĂğ
ĂƚƚƌĂǀ ĞƌƐŽƵŶĂƐĐĂƌŝĐĂĞůĞƚƚƌŝĐĂŝŶƵŶŐĂƐdEĞůůĂƚĞĐŶŽůŽŐŝĂ:KE/yEdW͕ƐŝƵƚŝůŝǌǌĂŶŽůĞĐŽƐŝĚĚĞƚƚĞ
ƐĐĂƌŝĐŚĞŶŽŶƚĞƌŵŝĐŚĞĐŽŶŵĞƚŽĚŽĂďĂƌƌŝĞƌĂĚŝĚŝĞůĞƚƚƌŝĐŽd>ĞƉŽƚĞŶǌŝĂůŝƚăĚŝŝŽŶŝǌǌĂǌŝŽŶĞĞůĂ
ĚĞŶƐŝƚăĚĞůůĞƐƉĞĐŝĞĐĂƌŝĐŚĞŐĞŶĞƌĂƚĞĚĂůƉůĂƐŵĂĐŽŶƐĐĂƌŝĐĂĞůĞƚƚƌŝĐĂĂďĂƌƌŝĞƌĂ;dƐŽŶŽ
ŵĂŐŐŝŽƌŝƌŝƐƉĞƚƚŽĂƋƵĞůůĞƉƌĞƐĞŶƚŝŶĞůƉůĂƐŵĂŶŽŶƚĞƌŵŝĐŽŐĞŶĞƌĂƚŽĚĂĂůƚƌŝƐŝƐƚĞŵŝd

ĞƐĐƌŝǌŝŽŶĞĚĞůůĂĂƚƚƌĞǌǌĂƚƵƌĂ:ŽŶŝǆ
:KE/yƐƚĞĞůğƵŶƵŶŝƚăĚŝƐĂŶŝƚŝǌǌĂǌŝŽŶĞ͕ĐŽŶƚĞĐŶŽůŽŐŝĂĂƉůĂƐŵĂĨƌĞĚĚŽƉĞƌůĂƉƵƌŝĨŝĐĂǌŝŽŶĞĞ
decontaminazionedell̓ aria.
/ĚĞĂůĞƉĞƌƐĂůĞĚĞŐĞŶǌĂ͕ĂŵďƵůĂƚŽƌŝ͕ƐĂůĞĐŚŝƌƵƌŐŝĐŚĞ͕ĚŝĂƚƚĞƐĂĞĚŽǀĞƐŝĂŶĞĐĞƐƐĂƌŝŽƉƌĞǀĞŶŝƌĞĞ
ƌŝĚƵƌƌĞůĞĐŽŶƚĂŵŝŶĂǌŝŽŶŝ ďĂƚƚĞƌŝĐŚĞ ĂĞƌŽƚƌĂƐƉŽƌƚĂƚĞd &ĂĐŝůŵĞŶƚĞ ŝŶƐƚĂůůĂďŝůĞĂƉĂƌĞƚĞŽŝŶ
appoggiosu piano orizzontale. Il dispositivo è studiato per consentire la propagazione dell̓ aria
ƉƵƌŝĨŝĐĂƚĂŝŶŵŽĚŽƵŶŝĨŽƌŵĞŐƌĂǌŝĞĂůƐŝƐƚĞŵĂĚŝǀ ĞŶƚŝůĂǌŝŽŶĞĨƌŽŶƚĂůĞŝŶĞŶƚƌĂƚĂĞĂŐůŝƐƉŝƌĂŐůŝĂŝůĂƚŝ
che garantiscono l̓uscita ottimale dell̓aria. Compatto e silenzioso, il modulo JOE/yƐƚĞĞůĂďďĂƚƚĞ
ƌĂƉŝĚĂŵĞŶƚĞůĞĐĂƌŝĐŚĞďĂƚƚĞƌŝĐŚĞĞŝĐŽŶƚĂŵŝŶĂŶƚŝĐŚŝŵŝĐŝd
:KE/yƐƚĞĞůğƐĞŵƉůŝĐĞĞĚĞƐƐĞŶǌŝĂůĞd/ŶŽƚƚŝĐĂĚŝŐĞƐƚŝŽŶĞŝŶƚĞŐƌĂƚĂĚĞŐůŝŝŵƉŝĂŶƚŝ͕ŝůĐŽŶƚƌŽůůŽĞůĞ
ĨƵŶǌŝŽŶŝƉŽƐƐŽŶŽĞƐƐĞƌĞŐĞƐƚŝƚĞĚĂƌĞŵŽƚŽd
K>K' /KKDWd//>KE>WẐ E/WẐ KE
Nessunprodotto chimicoezero impattoambientale. Sanitizzal̓ aria inmodocontinuativo, elimina
ŐůŝŽĚŽƌŝŵŝŐůŝŽƌĂŶĚŽĐŽƐŞŝůĐŽŵĨŽƌƚĂŵďŝĞŶƚĂůĞd'Ărantisceaglioperatori la salubrità dell̓aria
ĐŽŵĞƉƌĞǀ ŝƐƚŽĚĂůůĞŶŽƌŵĂƚŝǀ ĞƉĞƌůĂƐŝĐƵƌĞǌǌĂĚĞŝůĂǀŽƌĂƚŽƌŝd



9

&ŝŐdd–&ůƵƐƐŽĂƌŝĂŝŽŶŝǌǌĂƚĂ &ŝŐdd–ŝƐƉŽƐŝƚŝǀŽƵƚŝůŝǌǌĂƚŽ

DĂƚĞƌŝĂůŝĞŵĞƚŽĚŝ
Ž̂ŶŽƐƚĂƚŝĞĨĨĞƚƚƵĂƚŝƉƌĞůŝĞǀ ŝŝŶĚƵĞƉƵŶƚŝŝŶĚƵĞůŽĐĂůŝĚĞĨŝŶŝƚŝ͗̂ ĂůĂĞŐĞŶǌĂĞ̂ ĂůĂƚƚĞƐĂdEĞůůĂ

ƐĂůĂĚĞŐĞŶǌĂƐŽŶŽƉƌĞƐĞŶƚŝĚĞŐůŝĂŶŝŵĂůŝŝŶŐĂďďŝĞŝŶĂƚƚĞƐĂĚŝŝŶƚĞƌǀ ĞŶƚŝͬĐŽŶƚƌŽůůŝŽĚŽƉŽŐůŝ
ŝŶƚĞƌǀ ĞŶƚŝd
Nella sala di attesa sono presenti da un lato gli operatori della segreteria e dall̓altro ŝĐůŝĞŶƚŝĐŽŶŝ
ůŽƌŽĂŶŝŵĂůŝ;ĨŽƚŽdĞddd
/ƚĞŵƉŝĚŝƐƚĂǌŝŽŶĂŵĞŶƚŽŶĞůůĂƐĂůĂĚĞŐĞŶǌĂĞůĂǀĂƌŝĂďŝůŝƚăĚĞŐůŝĂŶŝŵĂůŝğŵŽůƚŽĞůĞǀĂƚĂƉŽŝĐŚĠ
ǀ ĂƌŝĂŶŽĚƵƌĂŶƚĞŝůƉĞƌŝŽĚŽĚĞůůĞƉƌŽǀĞŝůŶƵŵĞƌŽ͕ůĂƚŝƉŽůŽŐŝĂĞůŽƐƚĂƚŽŐĞŶĞƌĂůĞĚŝŽŐŶŝƐŝŶŐŽůŽ
ĂŶŝŵĂůĞd/ŶŽůƚƌĞèpresenteunflussodipersone che accede direttamente dall̓esterno alla sala
comportandounasignificativa variazionedell̓ aria.
ŶĐŚĞŶĞůůĂƐĂůĂĚŝĂƚƚĞƐĂůĂǀĂƌŝĂďŝůŝƚăğŵŽůƚŽĞůĞǀĂƚĂ͗ŝůŶƵŵĞƌŽĚŝƉĞƌƐŽŶĞ͕ŝůŶƵŵĞƌŽůĂƚŝƉŽůŽŐŝĂ
ĞůĂƚĂŐůŝĂĚĞŐůŝĂŶŝŵĂůŝĐĂŵďŝĂŝŶĐŽŶƚŝŶƵĂǌŝŽŶĞĐŽŵĞĂŶĐŚĞůĂĨƌĞƋƵĞŶǌĂĚŝĂƉĞƌƚƵƌĂĚĞůůĞƉŽƌƚĞd

/ĐĂŵƉŝŽŶĂŵĞŶƚŝƐŽŶŽƐƚĂƚŝĞƐĞŐƵŝƚŝĐŽŶƵŶĚŝƐƉŽƐŝƚŝǀ Ž̂ d̂̂ ƵƉĞƌdϴdĚĞůůĂW/,ĐŚĞĐŽŶƐĞŶƚĞĚŝ
ƉƌĞůĞǀĂƌĞunaquantità d̓aria prestabilita dall̓operatore, questaǀ ŝĞŶĞĂĚŝƌĞƚƚŽĐŽŶƚĂƚƚŽĐŽŶƵŶĂ
ƉŝĂƐƚƌĂĐŽŶƚĞŶĞŶƚĞ ƵŶ ƐƉĞĐŝĨŝĐŽƚĞƌƌĞŶŽ ĚŝĐƵůƚƵƌĂƉĞƌŝŵŝĐƌŽƌŐĂŶŝƐŵŝ ĐŚĞƐŝŝŶƚĞŶĚŽŶŽ
ŵŽŶŝƚŽƌĂƌĞdNeltestsonostaticampionati per ciascun prelievo 100lt d̓aria.
dĂůŝƉŝĂƐƚƌĞǀĞngonoquindi trasferite all̓interno di uŶĐŽŶƚĞŶŝƚŽƌĞƌĞĨƌŝŐĞƌĂƚŽŝŶůĂďŽƌĂƚŽƌŝŽĐŚĞ
provvederà all̓ incubazionedelle piastre alla temperatura previste per la metodicaspecifica.
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/ƉĂƌĂŵĞƚƌŝŵŝƐƵƌĂƚŝƐŽŶŽ͗

WĂƌĂŵĞƚƌŽ dĞƌƌĞŶŽƵƚŝůŝǌǌĂƚŽ dĞŵƉĞƌĂƚƵƌĂĞƚĞŵƉŝĚŝ
ŝŶĐƵďĂǌŝŽŶĞ

ĂƌŝĐĂ ďĂƚƚĞƌŝĐĂŵĞƐŽĨŝůĂ WůĂƚĞĐŽƵŶƚĂŐĂƌ ddΣƉĞƌϰϴŽƌĞ
DŝĐĞƚŝ Ă̂ďŽƵƌŽƵĚĞǆƚƌŽƐĞŐĂƌ ddΣƉĞƌϱŐŝŽƌŶŝ
WƐĞƵƐŽŵŽŶĂƐƐƐ WƐĞƵƐŽŵŽŶĂƐĐĞƚƌŝŵŝĚĞĂŐĂƌ dϱΣƉĞƌdϴd ϳdŽƌĞ
ƚ̂ĂĨŝůŽĐŽĐĐŚŝƐƉƉ ĂŝƌĚWĂƌŬĞƌDĞĚŝƵŵdzdddd dϳΣƉĞƌdϰd ϰϴŽƌĞ

Le prove sono state condotte in collaborazione con l̓ Istituto Zooprofilattico Sperimentale delle
sĞŶĞǌŝĞ͕ƐĞǌŝŽŶĞĚŝdƌĞǀ ŝƐŽ–>ĂďŽƌĂƚŽƌŝŽĚŝŝĂŐŶŽƐƚŝĐĂd/ƉƌĞůŝĞǀ ŝƐŽŶŽƐƚĂƚŝĐŽŶĚŽƚƚŝĐŽŶůĂ
ĐŽůůĂďŽƌĂǌŝŽŶĞĚŝůŝŵĞŶƚĂƌŝĂ̂dƌdůdd

Ž̂ŶŽŝŶŽůƚƌĞƐƚĂƚĞĐŽŶĚŽƚƚĞĚĞůůĞvalutazioni sull̓odoreƉĞƌĐĞƉŝƚŽƐŝĂŶĞůůĂƐĂůĂĚŝĂƚƚĞƐĂĐŚĞŶĞůůĂ
ƐĂůĂĚĞŐĞŶǌĂd>ĂƉƌŽǀĂğƐƚĂƚĂĐŽŶĚŽƚƚĂŵĞĚŝĂŶƚĞǀ ĂůƵƚĂǌŝŽŶĞĚĞŝƚĞĐŶŝĐŝŝŶƚĞƌǀĞŶƵƚŝƉĞƌŝƉƌĞůŝĞǀŝĞ
ĚĞůƉĞƌƐŽŶĂůĞƉƌĞƐĞŶƚĞŶĞŝůŽĐĂůŝƐŽƉƌĂŝŶĚŝĐĂƚŝd

ZŝƐƵůƚĂƚŝĚĞůůĞƉƌŽǀ Ğ
ZŝƐƵůƚĂƚŝĚĞůůĞĂŶĂůŝƐŝŵŝĐƌŽďŝŽůŽŐŝĐŚĞŝŶĂƌŝĂ

Ž̂ŶŽƐƚĂƚĞĐŽŶĚŽƚƚĞĚĞůůĞĂŶĂůŝƐŝŵŝĐƌŽďŝŽůŽŐŝĐŚĞŝŶĂƌŝĂĐĂŵƉŝŽŶĂŶĚŽƵŶĂƋƵĂŶƚŝƚăŶŽƚĂĚŝĂƌŝĂ
ĐŽŶůŽƐƚƌƵŵĞŶƚŽĚĞŶŽŵŝŶĂƚŽ̂ d̂/ůƉƌĞůŝĞǀŽğƐƚĂƚŽĞĨĨĞƚƚƵĂƚŽŝŶĚƵĞƉƵŶƚŝƉĞƌƐĂůĂ͕ĂĐŝƌĐĂd͕ϱ
ŵĞƚƌŝĚŝĂůƚĞǌǌĂĚĂůƉĂǀŝŵĞŶƚŽd

dĂďdd–ŶĚĂŵĞŶƚŽƌŝƐƵůƚĂƚŝĂŶĂůŝƚŝĐŝƐĂůĂĞŐĞŶǌĂƉƵŶƚŽd

ĞŐĞŶǌĂd ĂƚĂ d
hĨĐͬŵd

DŝĐĞƚŝ
hĨĐͬŵd

WƐĞƵĚŽŵŽŶĂƐƐƉƉ
hĨĐͬŵd

ƚ̂ĂĨŝůŽĐŽĐĐŽ
Ɖ̂Ɖ

hĨĐͬŵd

Ğ̂ŶǌĂ
ŝŽŶŝǌǌĂǌŝŽŶĞ

dϲͬddͬdϴ ddd ddd dd ddd
dϳͬddͬdϴ dϳd ϴd dd dd
dϴͬddͬdϴ dϰd ddd dd ddd
dϵͬddͬdϴ ϴd dϵd dd ϱd

ŽŶ
ŝŽŶŝǌǌĂǌŝŽŶĞ

dϰͬdϰͬdϴ ddd ddd dd dϱd
dϵͬdϰͬdϴ dϲd ddd dd dϰd
dϳͬdϰͬdϴ dϵd dϲd dd dϴd
dϴͬdϰͬdϴ dϱd ddd dd ϰd
ddͬdϰͬdϴ ϱd ϰd dd ϴd

;ΎdĂƌŝĐĂďĂƚƚĞƌŝĐĂŵĞƐŽĨŝůĂ
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dĂďdd–ŶĚĂŵĞŶƚŽƌŝƐƵůƚĂƚŝĂŶĂůŝƚŝĐŝƐĂůĂĞŐĞŶǌĂƉƵŶƚŽd

ĞŐĞŶǌĂd ĂƚĂ d
hĨĐͬŵd

DŝĐĞƚŝ
hĨĐͬŵd

WƐĞƵĚŽŵŽŶĂƐƐƉƉ
hĨĐͬŵd

ƚ̂ĂĨŝůŽĐŽĐĐŽ
Ɖ̂Ɖ

hĨĐͬŵd

Ğ̂ŶǌĂ
ŝŽŶŝǌǌĂǌŝŽŶĞ

dϲͬddͬdϴ ddϴd ϲd dd ddd
dϳͬddͬdϴ dϴd dϳd dd dd
dϴͬddͬdϴ dϰd dϰd dd dϱd
dϵͬddͬdϴ ddd ddd ϰd dϰd

ŽŶ
ŝŽŶŝǌǌĂǌŝŽŶĞ

dϰͬdϰͬdϴ ddϱd ddd dd ddd
dϵͬdϰͬdϴ dϲd ϰdd ϰd dϲd
dϳͬdϰͬdϴ dϱd dϱd dd dϳd
dϴͬdϰͬdϴ ddd ddd dd dd
ddͬdϰͬdϴ фdd ϰd dd dd

dĂďdd–ŶĚĂŵĞŶƚŽƌŝƐƵůƚĂƚŝĂŶĂůŝƚŝĐŝƐĂůĂĂƚƚĞƐĂƉƵŶƚŽd

ƚƚĞƐĂd ĂƚĂ d
hĨĐͬŵd

DŝĐĞƚŝ
hĨĐͬŵd

WƐĞƵĚŽŵŽŶĂƐƐƉƉ
hĨĐͬŵd

ƚ̂ĂĨŝůŽĐŽĐĐŽ
Ɖ̂Ɖ

hĨĐͬŵd

Ğ̂ŶǌĂ
ŝŽŶŝǌǌĂǌŝŽŶĞ

dϲͬddͬdϴ dd ddd фdd ϱd
dϳͬddͬdϴ dd dd фdd dd
dϴͬddͬdϴ dϲd ddd ϱd ϰd
dϵͬddͬdϴ ϱd dϲd dd ddd

ŽŶ
ŝŽŶŝǌǌĂǌŝŽŶĞ

dϰͬdϰͬdϴ ϳd ϱd фdd dϲd
dϵͬdϰͬdϴ ddd ddd фdd ddd
dϳͬdϰͬdϴ dd dϱd фdd ddd
dϴͬdϰͬdϴ dϲd dϰd фdd dd
ddͬdϰͬdϴ dd dd фdd ϰd

dĂďdd–ŶĚĂŵĞŶƚŽƌŝƐƵůƚĂƚŝĂŶĂůŝƚŝĐŝƐĂůĂĂƚƚĞƐĂƉƵŶƚŽd

ƚƚĞƐĂd ĂƚĂ d
hĨĐͬŵd

DŝĐĞƚŝ
hĨĐͬŵd

WƐĞƵĚŽŵŽŶĂƐƐƉƉ
hĨĐͬŵd

ƚ̂ĂĨŝůŽĐŽĐĐŽ
Ɖ̂Ɖ

hĨĐͬŵd

Ğ̂ŶǌĂ
ŝŽŶŝǌǌĂǌŝŽŶĞ

dϲͬddͬdϴ dd ddd фdd ϱd
dϳͬddͬdϴ ϰd ϰd фdd фdd
dϴͬddͬdϴ ddd ϰd фdd ϵd
dϵͬddͬdϴ dd ddd dd ϱd

ŽŶ
ŝŽŶŝǌǌĂǌŝŽŶĞ

dϰͬdϰͬdϴ dϳd ϴd фdd ϲd
dϵͬdϰͬdϴ dϴd dϵd dd ddd
dϳͬdϰͬdϴ dϳd ϵd фdd ϳd
dϴͬdϰͬdϴ dϴd dϴd фdd фdd
ddͬdϰͬdϴ ϰd фdd фdd ϰd
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d
ϱd

ddd
dϱd
ddd
dϱd
ddd
dϱd
ϰdd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽdƐĂůĂĚĞŐĞŶǌĂƉƵŶƚŽE

d

ddd

ϰdd

ϲdd

ϴdd

dddd

dddd

dϰdd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽdƐĂůĂĚĞŐĞŶǌĂƉƵŶƚŽE

d

ϱd

ddd

dϱd

ddd

dϱd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽ̂ ƚĂĨŝůŽĐŽĐĐŽƐĂůĂĚĞŐĞŶǌĂ
ƉƵŶƚŽE

d

ϱd

ddd

dϱd

ddd

dϱd

ddd

dϱd
dͬ

d
ϲdͬ

ϴ
dͬd

ϴͬ
dϴ

dͬd
dͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬϱ

ͬd
ϴ

ϰͬ
ϳͬd

ϴ
ϰͬ

ϵͬd
ϴ

ϰͬd
dͬ

d
ϴ

ϰͬd
dͬ

d
ϴ

ϰͬd
ϱͬd

ϴ
ϰͬd

ϳͬd
ϴ

ϰͬd
ϵͬd

ϴ

ŶĚĂŵĞŶƚŽ̂ ƚĂĨŝůŽĐŽĐĐŽƐĂůĂĚĞŐĞŶǌĂ
ƉƵŶƚŽE

d

ϱd

ddd

dϱd

ddd

dϱd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽDŝĐĞƚŝƐĂůĂĚĞŐĞŶǌĂƉƵŶƚŽE

d
ϱd

ddd
dϱd
ddd
dϱd
ddd
dϱd
ϰdd
ϰϱd
ϱdd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽDŝĐĞƚŝƐĂůĂĚĞŐĞŶǌĂƉƵŶƚŽE
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d

ϱd

ddd

dϱd

ddd

dϱd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽdƐĂůĂĂƚƚĞƐĂƉƵŶƚŽE

d

ϱd

ddd

dϱd

ddd

dϱd

ddd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽdƐĂůĂĂƚƚĞƐĂƉƵŶƚŽE

d
dd
ϰd
ϲd
ϴd

ddd
ddd
dϰd
dϲd
dϴd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽ̂ ƚĂĨŝůŽĐŽĐĐŚŝƐĂůĂĂƚƚĞƐĂ
ƉƵŶƚŽE

d

ϱd

ddd

dϱd

ddd

dϱd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽ̂ ƚĂĨŝůŽĐŽĐĐŚŝƐĂůĂĂƚƚĞƐĂ
ƉƵŶƚŽE

d

ϱd

ddd

dϱd

ddd

dϱd

ddd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽDŝĐĞƚŝƐĂůĂĂƚƚĞƐĂƉƵŶƚŽE

d
dd
ϰd
ϲd
ϴd

ddd
ddd
dϰd
dϲd
dϴd
ddd

dͬ
d

ϲdͬ
ϴ

dͬd
ϴͬ

dϴ
dͬd

dͬd
ϴ

ϰͬd
ͬd

ϴ
ϰͬd

ͬd
ϴ

ϰͬϱ
ͬd

ϴ
ϰͬ

ϳͬd
ϴ

ϰͬ
ϵͬd

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

dͬ
d

ϴ
ϰͬd

ϱͬd
ϴ

ϰͬd
ϳͬd

ϴ
ϰͬd

ϵͬd
ϴ

ŶĚĂŵĞŶƚŽDŝĐĞƚŝƐĂůĂĂƚƚĞƐĂƉƵŶƚŽE
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ZŝƐƵůƚĂƚŝĚĞůůĂǀĂůƵƚĂǌŝŽŶĞsull̓odorepercepito
/ůŽĐĂůŝƐŽƉƌĂŝŶĚŝĐĂƚŝƉƌĞƐĞŶƚĂŶŽƵŶŽĚŽƌĞƚŝƉŝĐŽĚĞƌŝǀĂŶƚĞĚĂŐůŝĂŶŝŵĂůŝĐŚĞƐŽŶŽŽƐƉŝƚĂƚŝŶĞůůĂ
struttura. Tale odore risulta “normale” per chi lavora quotidianamente nella struttura per un
ĞůĞǀĂƚŽŶƵŵĞƌŽĚŝŽƌĞdŽƐŝŝŶǀ ĞĐĞŶŽŶğƉĞƌŐůŝŽƉĞƌĂƚŽƌŝĞƉĞƌůĞƉĞƌƐŽŶĞ;ĐůŝĞŶƚŝdĐŚĞ
ŽĐĐĂƐŝŽŶĂůŵĞŶƚĞĞŶƚƌĂŶŽŶĞůůĂĐůŝŶŝĐĂd
L̓effetto sull̓odore ha avuto un effetto apprĞǌǌĂďŝůĞĞƉĞƌĐĞƉŝďŝůĞƐŝŶĚĂůůĂƉƌŝŵĂƌŝůĞǀĂǌŝŽŶĞd

ĂƚĂ WƌĞƐĞŶǌĂ
ŝŽŶŝǌǌĂǌŝŽŶĞ Ă̂ůĂĂƚƚĞƐĂ ĞŐĞŶǌĂ

dϲͬddͬdϴ
Ğ̂ŶǌĂ

ŝŽŶŝǌǌĂǌŝŽŶĞ

ϱ ϱ
dϳͬddͬdϴ ϱ ϱ
dϴͬddͬdϴ ϱ ϱ
dϵͬddͬdϴ ϱ ϱ
dϰͬdϰͬdϴ

ŽŶŝŽŶŝǌǌĂǌŝŽŶĞ

d d
dϵͬdϰͬdϴ d d
dϳͬdϰͬdϴ d d
dϴͬdϰͬdϴ d d
ddͬdϰͬdϴ d d

Lascala utilizzata durante l̓ intervista andava da5odore alto ad1pocoodored
/ůƚĞƐƚğƐƚĂƚŽĐŽŶĚŽƚƚŽŝŶƚĞƌǀ ŝƐƚĂŶĚŽůĞƉĞƌƐŽŶĞ;ϱƉĞƌƐŽŶĞƉĞƌŽŐŶŝŝŶƚĞƌǀŝƐƚĂdŝŶƐĂůĂĚŝĂƚƚĞƐĂŶĞů
periodo precedente e quello successivoall̓ accensione dei dispositivi Jonixd
/ůƉĞƌƐŽŶĂůĞŽƉĞƌĂƚŝǀ ŽŶŽŶĞƌĂĂĚĞŐƵĂƚŽĂůƉĂŶŶĞůƚĞƐƚƉŽŝĐŚĠƚĂůŝƉĞƌƐŽŶĞƐŽŶŽĂƐƐƵĞĨĂƚƚĞ
all̓ odore.
EŽŶƉŽƚĞŶĚŽŝŶƚƌŽĚƵƌƌĞƉĞƌƐŽŶĞĞƐƚĞƌŶĞƉĞƌĞĨĨĞƚƚƵĂƌĞůĂǀĞƌŝĨŝĐĂ͕ůĂǀĂůƵƚĂǌŝŽŶĞğƐƚĂƚĂĞĨĨĞƚƚƵĂƚĂ
ŝŶƚĞƌǀ ŝƐƚĂŶĚŽŝƚĞĐŶŝĐŝĂĚĚĞƚƚŝĂŝƉƌĞůŝĞǀŝd

ŽŶƐŝĚĞƌĂǌŝŽŶŝ
L̓ utilizzodella ionizzazionedell̓ aria per la riduzionedegli odori edel contenuto microbicodell̓ aria
ĞĚĞůůĞƐƵƉĞƌĨŝĐŝĂĐŽŶƚĂƚƚŽĐŽŶƋƵĞƐƚĂğƐƚĂƚŽƉŝƶǀ ŽůƚĞĚŝŵŽƐƚƌĂƚŽĞĚŽĐƵŵĞŶƚĂƚŽ;ǀ ĞĚŝƌŝĨd
ďŝďůŝŽŐƌĂĨŝĂdd
dƵƚƚĞůĞƉƌŽǀĞƌŝƉŽƌƚĂƚĞŝŶďŝďůŝŽŐƌĂĨŝĂƐŽŶŽƐƚĂƚĞĐŽŶĚŽƚƚĞĂǀĞŶĚŽƵŶůŝŵŝƚĂƚŽŶƵŵĞƌŽĚŝǀ ĂƌŝĂďŝůŝ
ĂŵďŝĞŶƚĂůŝĐŚĞƉŽƚĞƐƐĞƌŽŝŶĨůƵŝƌĞƐƵŝƌŝƐƵůƚĂƚŝd
EĞůĐĂƐŽƐƉĞĐŝĨŝĐŽ͕ĚƵƌĂŶƚĞůĂƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞ͕ğĞŵĞƌƐŽĐŚĞůĞǀĂƌŝĂďŝůŝƐŽŶŽŵŽůƚĞƉůŝĐŝĞƋƵĞƐƚĞ
hannoun impattosignificativo sull̓ andamentodei risultati.
>ĂƐĂůĂĚĞŐĞŶǌĂĐŚĞƉƌĞƐĞŶƚĂůĞƐĞŐƵĞŶƚŝǀĂƌŝĂďŝůŝ͗

Ăd EƵŵĞƌŽŽƉĞƌĂƚŽƌŝĚĂdĂŽůƚƌĞddĐŽŶƚĞŵƉŽƌĂŶĞĂŵĞŶƚĞƉƌĞƐĞŶƚŝ͕
ďd dĞŵƉŝĚŝƉĞƌŵĂŶĞŶǌĂĚĞůƉĞƌƐŽŶĂůĞǀ ĂƌŝĂďŝůŝ
Đd EƵŵĞƌŽĚŝĂŶŝŵĂůŝǀ ĂƌŝĂďŝůĞ
Ěd Tagliadegli animali, specieepatologie diverse, congradodi igienedell̓ animale variabile.
ĞdPorta verso l̓esterno conapertura casuale variabile nella ŐŝŽƌŶĂƚĂ
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>ĂƐĂůĂĚŝĂƚƚĞƐĂƉƌĞƐĞŶƚĂůĞƐĞŐƵĞŶƚŝǀĂƌŝĂďŝůŝ͗

Ăd EƵŵĞƌŽĚŝĐůŝĞŶƚŝǀ ĂƌŝĂďŝůĞĚĂŶĞƐƐƵŶŽĂƉŝƶĚŝddŝŶƚĞŵƉŝďƌĞǀŝ
ďd EƵŵĞƌŽĚŝĂŶŝŵĂůŝǀ ĂƌŝĂďŝůĞĚŝĐŽŶƐĞŐƵĞŶǌĂ
ĐdApertura verso l̓ esterno frequente per il passaggiodipersone

>ĂƐƚƌƵƚƚƵƌĂĚŽǀĞƐŽnostatecondotteleprove presenta unsistema di gestione dell̓aria basato su
hdĐŚĞŝŵŵĞƚƚŽŶŽĂƌŝĂƉƌŝŵĂƌŝĂ͕ĚĞůƋƵĂůĞƉĞƌžŶŽŶƐŽŶŽŶŽƚŝŝǀŽůƵŵŝĚĞůůĞƉŽƌƚĂƚĞĂƌŝĂ͕ŶĠ
ĐŽŵƉůĞƐƐŝǀ Ğ͕ŶĠĚŝĞǀĞŶƚƵĂůĞƌŝĐŝƌĐŽůŽd
/ůƚŝƉŽĚŝƉƌĞůŝĞǀŽƵƚŝůŝǌǌĂƚŽĞĨĨĞƚƚƵĂƵŶĐĂŵƉŝŽŶĂŵĞŶƚŽŝƐƚĂŶƚĂŶĞŽĚŝƵŶĂƋƵĂŶƚŝƚăŶŽƚĂĚŝĂƌŝĂd
YƵĞƐƚĂŵŽĚĂůŝƚăĚŝƉƌĞůŝĞǀ ŽŚĂƵŶĂĚƵƌĂƚĂĚŝĂůĐƵŶŝŵŝŶƵƚŝ;ddϱŵŝŶƵƚŝdd/ŶƋƵĞƐƚŽƉĞƌŝŽĚŽŶĞŝ
ƉƵŶƚŝĚŝƉƌĞůŝĞǀŽƐŝƐǀŽůŐŽŶŽůĞŶŽƌŵĂůŝĂƚƚŝǀŝƚăĐŚĞƉĞƌž͕Žǀǀ ŝĂŵĞŶƚĞ͕ǀ ĂƌŝĂŶŽĂĚŽŐŶŝƉƌĞůŝĞǀŽd
EĞůůĂƐĂůĂĚĞŐĞŶǌĂ͕ĂĚŽŐŶŝƉƌĞůŝĞǀŽĐĂŵďŝĂǀĂŝůŶƵŵĞƌŽĚŝĂŶŝŵĂůŝ͕ůĂůŽƌŽƚĂŐůŝĂ͕ŝůŶƵŵĞƌŽĚŝ
personeche entrava e il loro tempodi permanenza,oltre al fatto chevi è una portaverso l̓ esterno
ĐŚĞǀĞŶŝǀ ĂĂƉĞƌƚĂƐĞĐŽŶĚŽŶĞĐĞƐƐŝƚăd
EĞůůĂƐĂůĂĚŝĂƚƚĞƐĂůĂƐŝƚuazionehaprevistovariabilianalogheanche se superiori poiché l̓aria è
influenzataanchedall̓ operato della segreteria oltre che dalnumerodi clienti e di animali; inalcuni
ĐĂƐŝǀŝĞƌĂŶŽdŽdƉĞƌƐŽŶĞŵĞŶƚƌĞŝŶĂůƚƌŝůĂƐĂůĂƉƌĞƐĞŶƚĂǀĂĂŶĐŚĞddŽdϱƉĞƌƐŽŶĞƉƌĞƐĞŶƚŝĐŽŶŝ
ƌŝƐƉĞƚƚŝǀ ŝĂŶŝŵĂůŝd
Lʼandamento del contenuto microbico dell̓ aria è esposto ad un numero di variabili elevato e
ŝŵƉƌĞǀ ĞĚŝďŝůĞ;ĂƉĞƌƚƵƌĂƉŽƌƚĞ͕ŶƵŵĞƌŽĐůŝĞŶƚŝĞĚŝĂŶŝŵĂůŝ͕ŝŶĨůƵĞŶǌĂĂƌŝĂĞƐƚĞƌŶĂ͕ŶƵŵĞƌŽĚŝ
ƉĂƐƐĂŐŐŝ͕ĞƚĐddWĞƌĂǀĞƌĞĚĞirisultatisull̓effettivo apporto da parte della ionizzazione ƐĂƌă
ŶĞĐĞƐƐĂƌŝŽƌŝĚƵƌƌĞŝůŶƵŵĞƌŽĚŝǀ ĂƌŝĂďŝůŝĞͬŽŵŽĚŝĨŝĐĂƌĞŐůŝŝŶĚŝĐĂƚŽƌŝƵƚŝůŝǌǌĂƚŝƉĞƌůĂǀ ĞƌŝĨŝĐĂ
dell̓ efficacia delsistema di ionizzazioneinambienti adalta variabilitàd
ĂůůĂďŝďůŝŽŐƌĂĨŝĂƌŝƐƵůƚĂĐŚĞŝůƐŝƐƚĞŵĂĚŝŝŽŶŝǌǌĂǌŝŽŶĞğĞĨĨŝĐĂĐĞůĂƌŝĐĞƌĐĂĚĞǀĞĞƐƐĞƌĞĐŽŶĚŽƚƚĂĐŽŶ
ƵŶƉƌŽƚŽĐŽůůŽĐŚĞĚŽǀ ƌăĞƐƐĞƌĞƌŝǀŝƐƚŽƉĞƌƉŽƚĞƌĞĨĨĞƚƚƵĂƌĞĚĞůůĞŵŝƐƵƌĂǌŝŽŶŝĂƚƚĞŶĚŝďŝůŝd

ŽŶĐůƵƐŝŽŶŝ

EĞůůĂƐĂůĂĚĞŐĞŶǌĂůĂƚĞŶĚĞŶǌĂƌŝůĞǀĂƚĂŝŶĚŝĐĂƵŶĂƌŝĚƵǌŝŽŶĞŶĞůĐŽŶƚĞŶƵƚŽŵŝĐƌŽďŝĐŽƚŽƚĂůĞĞĚĞŐůŝ
ƐƚĂĨŝůŽĐŽĐĐŚŝŵĞŶƚƌĞŝŵŝĐĞƚŝǀĞĚŽŶŽƵŶĂůĞŐŐĞƌĂtendenzaall̓aumento,imputabilealle frequenti
aperture delle porte che danno sull̓ esterno dell̓ edificio, circondato da siepi e piante. I punti di
ĐĂŵƉŝŽŶĂŵĞntoeranoa circa 50cmdalle aperture, di conseguenza l̓ aria aspirata era miscelata
conquella proveniente dall̓ esterno.
EĞůůĂƐĂůĂĚŝĂƚƚĞƐĂƐŝğĂǀƵƚĂƵŶĂůŝŶĞĂĚŝƚĞŶĚĞŶǌĂŐĞŶĞƌĂůĞĚŝůĞŐŐĞƌŽĂƵŵĞŶƚŽŶĞŝƉĂƌĂŵĞƚƌŝ
ƌŝůĞǀĂƚŝŝŶŝǌŝĂůŵĞŶƚĞƉĞƌůĞpromiscuitàconlal̓ariaprovenientedall̓aperura e chiusa delle porte.
>ĂŵŽĚĂůŝƚăĚŝprelievoutilizzataèquindiuna“fotografia puntale” del momento in analisi.
Risulta evidente l̓effetto di riduzione batterica nel tempo, l̓apporto prolungato all̓ariaĚŝŵŽůĞĐŽůĞ
ionizzantifa si che l̓ aria diventi inospitaleper i contaminanti.
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L̓effetto di deodorizzazione dell̓aria ğƐƚĂƚŽƐĞŶƐŽƌŝĂůŵĞŶƚĞĂƉƉƌĞǌǌĂďŝůĞŝŶĞŶƚƌĂŵďĞůĞƐĂůĞ
controllate: l̓ odore presente si era ridotto in modosensibile.
' ůŝƵƚĞntihannoinfattipercepito un a̓ria quasi priva di odori nella sala di attesa dopo l̓accensione
ĚĞŝĚŝƐƉŽƐŝƚŝǀ ŝ:ŽŶŝǆd
Al fine di poter condurre una valutazione più approfondita dell̓ affetto antimicrobico della
ŝŽŶŝǌǌĂǌŝŽŶĞ͕ŐŝăĚŽĐƵŵĞŶƚĂƚŽŝŶďŝďůŝŽŐƌĂĨŝĂĞĐŽŶŐůŝƐƚĞƐƐŝĚŝƐƉŽƐŝƚŝǀŝŝŶĂůƚƌŝĂŵďŝƚŝ͕ğŶĞĐĞƐƐĂƌŝŽ
ŝŵƉŽƐƚĂƌĞƵŶƉƌŽƚŽĐŽůůŽĚŝƌŝĐĞƌĐĂŝŶůŽĐĂůŝĐŽŶƵŶŵĂŐŐŝŽƌĞĐŽŶƚƌŽůůŽĚĞůůĞǀ ĂƌŝĂďŝůŝŽĐŽŶĚĞŐůŝ
ŝŶĚŝĐĂƚŽƌŝĂŵďŝĞŶƚĂůŝĐŚĞƌŝƐĞŶƚĂŶŽŵĞŶŽĚĞůůĞǀ ĂƌŝĂďŝůŝŝŶĂƚƚŽd
sŝƐƚĞůĞĐŽŶĚŝǌŝŽŶŝĂŵďŝĞŶƚĂůŝƌŝůĞǀ ĂƚĞ͕ĚŽǀ ĞŝůĐŽŶƚĞŶƵƚŽŵŝĐƌŽďŝĐŽğůĞŐĂƚŽĂŶĐŚĞĂƉĂƌƚŝĐĞůůĞ
ĂĞƌŽdĚŝƐƉĞƌƐĞ͕ƉƵžĞƐƐĞƌĞĂŶĐŚĞĐŽŶĚŽƚƚĂƵŶĂƉƌŽǀ ĂƵƚŝůŝǌǌĂŶĚŽĚŝƐƉŽƐŝƚŝǀ ŝĚŽƚĂƚŝĚŝƐŝƐƚĞŵŝĚŝ
filtrazione abbinati alla ionizzazione dell̓aria͕ƐŝƐƚĞŵĂĂŶĂůŽŐŽĂƋƵĞůůŽƵƚŝůŝǌǌĂƚŽŝŶĂŵďŝƚŽ
ŽƐƉĞĚĂůŝĞƌŽƵŵĂŶŽd

dĞƐƚĐŽŶĚŽƚƚŽŝŶĐŽůůĂďŽƌĂǌŝŽŶĞĐŽŶ͗

ůŝŵĞŶƚĂƌŝĂ̂dƌdůdŝƉĂƌƚŝŵĞŶƚŽƐŝĐƵƌĞǌǌĂĞĂŵďŝĞŶƚĞ
Ğ̂ĚĞůĞŐĂůĞ͗WĂƌĐŽ̂ ĐŝĞŶƚŝĨŝĐŽΘdĞĐŶŽůŽŐŝĐŽĚŝsĞŶĞǌŝĂ–sŝĂĚĞůůĞ/ŶĚƵƐƚƌŝĞdϵͬͬddddddϳϱsĞŶĞǌŝĂDĂƌŐŚĞƌĂdĞůddϰddϱdϴdϲdϵ–ĞdŵĂŝů͗

ŝŶĨŽΛ ĂůŝŵĞŶƚĂƌŝĂǀĞŶĞǌŝĂdŝƚ
d&dĞWd/sdddϴϵϱdddϳϴ–Capitalesociale €58.000,00 i.v.–Zdddsdϴdϴdd–ZĞŐd/ŵƉdsdddϴϵϱdddϳϴ

/ƐƚŝƚƵƚŽŽŽƉƌŽĨŝůĂƚƚŝĐŽ̂ ƉĞƌŝŵĞŶƚĂůĞĚĞůůĞsĞŶĞǌŝĞd
d̂d̂ ƚƌƵƚƚƵƌĂĐŽŵƉůĞƐƐĂƚĞƌƌŝƚŽƌŝĂůĞĚŝdƌĞǀ ŝƐŽ͕ĞůůƵŶŽĞsĞŶĞǌŝĂ

sŝĐŽůŽDĂǌǌŝŶŝ͕ϰdddddsŝůůŽƌďĂ;dsddĞůddϰdddddddd

ŝďůŝŽŐƌĂĨŝĂ
Žŵŝ͕' d͕>ŽǀŽ͕d͕ŽƌƚŽůƵƐƐŝ͕Ed͕WĂŝĂŶŝ͕Dd͕ĞƌƚŽŶ͕d͕ƵƐƚƌĞŽ͕' d;dddϱd/ŽŶŝǌǌĂƚŽƌŝƉĞƌ
decontaminare l̓ aria nei locali di produzionedel prosciutto crudodi San Daniele. Ind. Alim., XLIV,
ŽƚƚŽďƌĞ͕ddϵd
Žŵŝ͕' d͕KƐƵĂůĚŝŶŝ͕Dd͕DĂŶǌĂŶŽ͕Dd͕>Žǀ Ž͕d͕ŽƌƚŽůƵƐƐŝ͕Ed͕ĞƌƚŽŶ͕d͕ƵƐƚƌĞŽ͕' d;dddϲd
ĞĐŽŶƚĂŵŝŶĂǌŝŽŶĞĚŝƐƵƉĞƌĨŝĐŝĚŝƐƚƌƵƚƚƵƌĞĞĂƚƚƌĞǌǌĂƚƵƌĞƵƚŝůŝǌǌĂƚĞŝŶĂǌŝĞŶĚĞĂůŝŵĞŶƚĂƌŝĂƚƚƌĂǀĞƌƐŽ
l̓impiego di ionizzatori. /ŶĚdůŝŵd͕y>s͕ŐŝƵŐŶŽ͕ϲϲddϲϲϵd
:&͕dddddKĐŚƌĂƚŽǆŝŶd&ŝƌƐƚƌĂĨƚϰϳƐĞƌŝĞƐd



>>'dKddddd
ZĞƉĂƌƚŽŵĂĐĞůůĞƌŝĂ/ƉĞƌŵĞƌĐĂƚŽ
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sĂůƵƚĂǌŝŽŶĞĚĞůl̓effettodeidispositividisanificazione dell̓aria Jonix
DŝŶŝŵĂƚĞŝŶƵŶŝƉĞƌŵĞƌĐĂƚŽ

WƌĞƐƐŽƵŶ/ƉĞƌŵĞƌĐĂƚŽğŝŶƐƚĂůůĂƚŽƵŶƐŝƐƚĞŵĂĚŝŝŽŶŝǌǌĂǌŝŽŶĞĞĨŝůƚƌĂǌŝŽŶĞĚĞll̓ariamodelloJONIXMINIMATE,
dispositivo di filtrazione sanificazione dell̓aria./ůĚŝƐƉŽƐŝƚŝǀŽğƐƚĂƚŽƉŽƐŝǌŝŽŶĂƚŽŶĞůůĂǌŽŶĂĚŝĐŽŶĨĞǌŝŽŶĂŵĞŶƚŽĚĞů
ƌĞƉĂƌƚŽůĂǀŽƌĂǌŝŽŶĞĐĂƌŶŝd
/ůůŽĐĂůĞğĐŚŝƵƐŽƐƵƚƌĞůĂƚŝĞĂƉĞƌƚŽƐƵůůĂƚŽĐŚĞƐŝĂĨĨĂĐĐŝĂƐƵůƉƵŶƚŽǀĞŶĚŝƚĂd

/ůůĂƚŽůŝďĞƌŽƉĞƌŵĞƚƚĞůĂŵŝƐĐĞůĂǌŝŽŶeconl̓ariadellazonavendita.

L̓aria della zona vendita ğƐƚĂƚĂĐĂŵƉŝŽŶĂƚĂŝŶƉƌŽƐƐŝŵŝƚăĚĞŝďĂŶĐŚŝĨƌŝŐŽ͕ƉĞƌǀĂůƵƚĂƌŶĞůĂĐŽŶĐĞŶƚƌĂǌŝŽŶĞďĂƚƚĞƌŝĐĂd

&ŝŐƵƌĂEEsŝƐƚĂŝŶƉŝĂŶƚĂĚĞůůŽĐĂůĞŝŵĞŶƐŝŽŶŝ͗ŵƚdϱǆϱǆϰŚсϳϱŵƋdddddŵĐd>ĂƚŽĂƉĞƌƚŽǀĞƌƐŽŝůƉƵŶƚŽǀĞŶĚŝƚĂ͕ĚŝŵĞŶƐŝŽŶŝŵƚdddǆddϱĐĂ

dƐƵƉĞƌĨŝĐŝĞĂƉĞƌƚĂĚŝdd͕ϱŵƋdEĞƌŝƐƵůƚĂƵŶĂŵŝƐĐĞůĂǌŝŽŶĞƉĞƌƵŶǀŽůƵŵĞĂƌŝĂĚŝdddϵdϰŵĐͬŚĐĂd

>ĂƐŽĨĨŝƚƚĂƚƵƌĂĚĞůůĂǌŽŶĂŝŶĚŝĐĂƚĂŚĂƵŶĂĂƉĞƌƚƵƌĂŐƌŝŐůŝĂƚĂĂƐŽĨĨŝƚƚŽ. L̓apertura permette l̓entrata dell̓aria

ƉƌŽǀĞŶŝĞŶƚĞĚĞůůĂƉĂƌƚĞƐŽǀƌĂƐƚĂŶƚĞĂůůŽĐĂůĞdŽŵĞŝŶĚŝĐĂƚŽŶĞůůĂĨŝŐƵƌĂd/ůůŽĐĂůĞƐƵďŝƐĐĞƋƵŝŶĚŝůĞĐŽŶƚĂŵŝŶĂǌŝŽŶŝ

ƉƌŽǀĞŶŝĞŶƚŝĚĂůůĂǌŽŶĂǀĞŶĚŝƚĂĞĚĂůƐŽĨĨŝƚƚŽd

KE&/KEdZ/

EΣƉƵŶƚŽĚŝƉƌĞůŝĞǀ ŽE
D/E/DdEΣƉƵŶƚŽĚŝƉƌĞůŝĞǀŽE
Ɛ̂ĞŐĂŽƐƐĂ

^' K̂ ^

ĂŶĐŽĨƌŝŐŽ

WŝĂŶŽĚŝůĂǀŽƌŽ

ĂŶĐŽĨƌŝŐŽŝŶǌŽŶĂ
ǀ ĞŶĚŝƚĂ EΣƉƵŶƚŽĚŝƉƌĞůŝĞǀŽE



důŝŵĞŶƚĂƌŝĂ

&ŝŐƵƌĂEsŝƐƚĂĨƌŽŶƚĂůĞĚĞůůŽĐĂůĞEGrigliasuperiore,dimensioni:mt0,5x13=6.5mq.superficiedell̓apertura. Aperta in modo continuativo, ne

ƌŝƐƵůƚĂƵŶǀŽůƵŵĞĚŝĂƌŝĂŝŶŝŶŐƌĞƐƐŽƉĂƌŝĂddϳϲϰŵĐͬŚd

DĂƚĞƌŝĂůŝĞŵĞƚŽĚŝ

/ůĚŝƐƉŽƐŝƚŝǀŽ:KE/yD/E/DdğƐƚĂƚŽĂǀǀŝĂƚŽŶĞůůĞƐĞƚƚŝŵĂŶĞƉƌĞĐĞĚĞŶƚŝĂůƉĞƌŝŽĚŽĚŝƚĞƐƚĞĨĂƚƚŽĨƵŶǌŝŽŶĂƌĞĐŽŶ

ƉŽƌƚĂƚĞĂƌŝĂǀĂƌŝĂďŝůŝĚĂŝddddĂŝddddŵĞƚƌŝĐƵďŝŽƌĂd

WĞƌǀĂůƵƚĂƌĞŐůŝĞĨĨĞttidisanificazione dell̓aria del ĚŝƐƉŽƐŝƚŝǀŽƐŽŶŽƐƚĂƚŝĞƐĞŐƵŝƚŝĚƵĞĐĂŵƉŝŽŶĂŵĞŶƚŝ͕ŝŶŽƌĂƌŝĚŝǀĞƌƐŝĞ

conportatearia differenti, adieci10gironididistanzal̓ unodall̓ altro.

/ůƉƌŝŵŽĐĂŵƉŝŽŶĂŵĞŶƚŽğƐƚĂƚŽĞĨĨĞƚƚƵĂƚŽŝůdϵddϵddϴĂůůĞϵddd͕ĞƌĂŶŽƉƌĞƐĞŶƚŝϰĂĚĚĞƚƚŝ͕ŝůƉƌĞůĞǀĂƚŽƌĞ͕ĞĚŝů

ĚŝƌĞƚƚŽƌĞĚĞůƉƵŶƚŽǀĞŶĚŝƚĂdĂĐŝƌĐĂddŐŐůĂƉŽƌƚĂƚĂĚŝĂƌŝĂĞƌĂŝŵƉŽƐƚĂƚĂĂddddŵĐͬŚĞĚĞƌĂŶŽĂƚƚŝǀŝŝϰŐĞŶĞƌĂƚŽƌŝ

ĚŝƉůĂƐŵĂŝŶĚŽƚĂǌŝŽŶĞĂůĚŝƐƉŽƐŝƚŝǀŽd

Ilsecondo campionamento dell̓aria è stato effettuato il 28/09/2018ĂůůĞddddddĂŝdŐŝŽƌŶŝƉƌĞĐĞĚĞŶƚŝůĂƉŽƌƚĂƚĂ

ĂƌŝĂĚĞůĚŝƐƉŽƐŝƚŝǀŽĞƌĂŝŵƉŽƐƚĂƚĂĂddddŵĐͬŚdƌĂŶŽƉƌĞƐĞŶƚŝĚƵĞĂĚĚĞƚƚŝ͕ŝůƉƌĞůĞǀĂƚŽƌĞĞĚŝůĚŝƌĞƚƚŽƌĞĚĞůƉƵŶƚŽ

ǀĞŶĚŝƚĂd

WĞƌŝĐĂŵƉŝŽŶĂŵĞŶƚŝğƐƚĂƚŽƵƚŝůŝǌǌĂƚŽƵŶĚŝƐƉŽƐŝƚŝǀŽ̂ d̂̂ ƵƉĞƌdϴdĚĞůůĂW/͕ƐŽŶŽƐƚĂƚŝĐĂŵƉŝŽŶĂƚŝdddůƚĂƌŝĂƐƵ

ĐŝĂƐĐƵŶƉƵŶƚŽĚŝƉƌĞůŝĞǀŽd̂ŽŶŽƐƚĂƚĞƵƚŝůŝǌǌĂƚĞƉŝĂƐƚƌĞWĞƚƌŝĐŽŶƚĞƌƌĞŶŽĚŝĐŽůƚƵƌĂWƉĞƌůĂdĞZŽƐĞŶŐĂůŐĂƌ

ƉĞƌŵƵĨĨĞĞůŝĞǀŝƚŝd

EĞůůĞƚĂďĞůůĞƐŽƚƚŽƐƚĂŶƚŝƐŽŶŽƌŝƉŽƌƚĂƚŝŝƌŝƐƵůƚĂƚŝĚĞŝĚƵĞĐĂŵƉŝŽŶĂŵĞŶƚŝd

ĂŵƉŝŽŶĂŵĞŶƚŽĚĞůEϵEEϵEEϴ

ĂŵƉŝŽŶĂŵĞŶƚŽĚĞůEϴEEϵEEϴ

ƌĞĂƌĞƉĂƌƚŽŵĂĐĞůůĞƌŝĂ ĂƌŝĐĂďĂƚƚĞƌŝĐĂƚŽƚĂůĞ
h& ͬŵE

DƵĨĨĞĞ>ŝĞǀŝƚŝ
h& ͬŵE

WƵŶƚŽdƉƌĞůŝĞǀŽǀŝĐŝŶŽĂƐĞŐĂŽƐƐĂ ddd ddd
WƵŶƚŽdƉƌĞůŝĞǀŽǀŝĐŝŶŽĐĞůůĂĂǀŝĐŽůŽ ddd dϵϳ
WƵŶƚŽdĚĂǀĂŶƚŝĂƌĞƉĂƌƚŽŵĂĐĞůůĞƌŝĂ хdϳd ͬ ͬ

ƌĞĂ ĂƌŝĐĂďĂƚƚĞƌŝĐĂƚŽƚĂůĞ
h& ͬŵE

DƵĨĨĞĞ>ŝĞǀŝƚŝ
h& ͬŵE

WƵŶƚŽdƉƌĞůŝĞǀŽǀŝĐŝŶŽĂƐĞŐĂŽƐƐĂ dϱd ϱϳ
WƵŶƚŽdƉƌĞůŝĞǀŽǀŝĐŝŶŽĐĞůůĂĂǀŝĐŽůŽ ϵd ϲd
WƵŶƚŽdĚĂǀĂŶƚŝĂƌĞƉĂƌƚŽŵĂĐĞůůĞƌŝĂ ddd ͬ ͬ



důŝŵĞŶƚĂƌŝĂ

'ƌĂĨŝĐŽE–ŽŶĨƌŽŶƚŽĂŶĚĂŵĞŶƚŽƉƌŝŵŽƉƌĞůŝĞǀ ŽĞƐĞĐŽŶĚŽƉƌĞůŝĞǀŽ–ĐĂƌŝĐĂďĂƚƚĞƌŝĐĂƚŽƚĂůĞͬŵĐ

/ůǀŽůƵŵĞĚĞůůŽĐĂůĞğĚŝĐŝƌĐĂdddŵdĐƵďŝ͕ĐŚĞƐƵďŝƐĐŽŶŽůĂŵŝƐĐĞůĂǌŝŽŶĞĐŽŶl̓ariaprovenienteĚĂůůĂǌŽŶĂǀĞŶĚŝƚĂƉĞƌ

ĐŝƌĐĂdddϵddŵĐͬŚĞĐŽŶƋƵĞůůĂƉƌŽǀĞŶŝĞŶƚĞĚĂůůĂŐƌŝŐůŝĂƐƵƉĞƌŝŽƌĞƉĞƌĐŝƌĐĂddϳddŵĐͬŚd

EŽŶĐŽŶŽƐĐŝĂŵŽnéle caratteristiche di filtrazione fornite dall̓ impianto trattamento aria centralizzato, né le

ƉĞƌĐĞŶƚƵĂůŝĚŝƌŝŶŶŽǀŽdInognicaso l̓ĂŵďŝĞŶƚĞŶĞǀŝĞŶĞŝŶĞǀŝƚĂďŝůŵĞŶƚĞŝŶĨůƵĞŶǌĂƚŽd

/ůĚŝƐƉŽƐŝƚŝǀŽ:ŽŶŝǆDŝŶŝŵĂƚĞŝŶƵƐŽŶĞůůĂǌŽŶĂĂŶĂůŝǌǌĂƚĂğƵŶƐŝƐƚĞŵĂĚŝƐĂŶŝĨŝĐĂǌŝŽŶĞdell̓aria,cheuniscefiltrazione e

ƐĂŶŝƚŝǌǌĂǌŝŽŶĞdĚŽƚĂƚŽĚŝƚƌĞĨŝůƚƌŝŝŶƐƵĐĐĞƐƐŝŽŶĞ;' ϰн&ϳн&ϵdĂǀĂůůĞĚĞŝƋƵĂůŝƐŽŶŽƉŽƐƚŝŝϰŐĞŶĞƌĂƚŽƌŝĚŝƉůĂƐŵĂ

ĨƌĞĚĚŽ͕ĐŽŵĞƐŝƉƵžǀĞĚĞƌĞŶĞůůĂĨŝŐƵƌĂd

d

ϱd

ddd

dϱd

ddd

dϱd

ddd

dϱd

ϰdd

d d͕ϱ d d͕ϱ d d͕ϱ d d͕ϱ

ŶĚĂŵĞŶƚŽĐĂƌŝĐĂŵŝĐƌŽďŝĐĂͬŵEE
ŽŵƉĂƌĂǌŝŽŶĞƚƌĂƉƌŝŵŽĞƐĞĐŽŶĚŽƉƌĞůŝĞǀŽ

WƌŝŵŽƉƌĞůŝĞǀŽ
Ğ̂ĐŽŶĚŽƉƌĞůŝĞǀŽ

d d

d

d͗WƌŝŵŽƉƵŶƚŽƉƌĞůŝĞǀŽǀŝĐŝŶŽƐĞŐĂdŽƐƐĂ
d͗̂ ĞĐŽŶĚŽ ƉƵŶƚŽƉƌĞůŝĞǀŽǀŝĐŝŶŽĐĞůůĂĂǀŝĐŽůŽ
d͗dĞƌǌŽƉƵŶƚŽƉƌĞůŝĞǀŽĂƌĞĂǀĞŶĚŝƚĂ



důŝŵĞŶƚĂƌŝĂ

&ŝŐƵƌĂEEsŝƐƚĂĨƌŽŶƚĂůĞĚĞůĚŝƐƉŽƐŝƚŝǀ Ž:ŽŶŝǆDŝŶŝŵĂƚĞ

>ĂƚĞĐŶŽůŽŐŝĂEŽŶdŚĞƌŵĂů WůĂƐŵĂŚƚƚƉƐͬͬ͗ũŽŶŝǆĂŝƌdĐŽŵͬƚĞĐŶŽůŽŐŝĂ;ƉůĂƐŵĂĨƌĞĚĚŽd ğƵŶĂĨŽƌŵĂĞǀŽůƵƚĂĚŝ

ŝŽŶŝǌǌĂǌŝŽŶĞ͕ĐŚĞŐĞŶĞƌĂƐƉĞĐŝĞŽƐƐŝĚĂŶƚŝŝŶŐƌĂĚŽĚŝƌŝĚƵƌƌĞŝůĐŽŶƚĞŶƵƚŽŵŝĐƌŽďŝĐŽƉƌĞƐĞŶƚĞŝŶĂƌŝĂdYƵĞƐƚŽƐŝƐƚĞŵĂ

ĐŽŶƐĞŶƚĞŝůĐontrollocontinuativodeicontaminati,una sorta di “lavaggio” continuo dell̓aria che riduce al minimo le

ĐŽŶƚĂŵŝŶĂǌŝŽŶŝĂĞƌŽƚƌĂƐƉŽƌƚĂƚĞd

:ŽŶŝǆDŝŶŝŵĂƚĞŚĂƵŶĂƉŽƌƚĂƚĂĂƌŝĂŵŽĚƵůĂďŝůĞĚĂŝdddĂŝdddddŵĐͬŚdŝůĚŝƐƉŽƐŝƚŝǀŽĚĞǀĞĞƐƐĞƌĞĚŝŵĞŶƐŝŽŶĂƚŽŝŶ

ĨƵŶǌŝŽne del volume dell̓aria da trattare.EĞůůŽĐĂůĞŝŶƋƵĞƐƚŝŽŶĞ͕ĂůůĂƉŽƌƚĂƚĂŵĂƐƐŝŵĂĚŝdddddŵĐͬŚŝůĚŝƐƉŽƐŝƚŝǀŽ

ĞĨĨĞƚƚƵĂŝů“ůĂǀĂŐŐŝŽ”ĚĞůl̓aria 6, ϲǀŽůƚĞŽŐŶŝŽƌĂdůůĂƉŽƌƚĂƚĂĚŝdddddŵĐͬŚd͕dǀŽůƚĞƉĞƌŽƌĂd

/ǀĂůŽƌŝĚŝĐŽŶĐĞŶƚƌĂǌŝŽŶĞďĂƚƚĞƌŝĐĂƚŽƚĂůĞŶĞŐůŝĂŵďŝĞŶƚŝĂĚƵƐŽƐƵƉĞƌŵĞƌĐĂƚŽ͕ƉŽƐƐŽŶŽǀĂƌŝĂƌĞĚĂϱddĂddddƵŶŝƚă

ĨŽƌŵĂŶƚŝĐŽůŽŶŝĂƉĞƌŵĞƚƌŽĐƵďŽ͕infunzionedell̓affluenza, della stagionalità e dello stato di manutenzione

dell̓ impiantodi trattamento aria.

&/>dZK&ϵ

&/>dZK&ϳ

&/>dZK' ϰ

' ĞŶĞƌĂƚŽƌŝĚŝEdW

KE/̂ W/Z/KE

MANDATAARIA SANITIZZATA



důŝŵĞŶƚĂƌŝĂ

ŽŶĐůƵƐŝŽŶŝ

ĂůŐƌĂĨŝĐŽdğǀŝƐŝďŝůĞĐŽŵĞŐŝăĂůƉƌŝŵŽƉƌĞůŝĞǀŽůĂĐŽŶĐĞŶƚƌĂǌŝŽŶĞďĂƚƚĞƌŝĐĂƉĞƌŵĞƚƌŽĐƵďŽƐŝĂŝŶĨĞƌŝŽƌĞĂŝǀĂůŽƌŝ

ŵĞĚŝĚŝƌŝĨĞƌŝŵĞŶƚŽ͕ƌŝƐƵůƚĂmiglioratainmodosignificativo all̓aumentaredella portata aria./ǀĂůŽƌŝƌĂŐŐŝƵŶƚŝƐŽŶŽ

ĐŽŵƉĂƚŝďŝůŝĐŽŶƵŶůŽĐĂůĞĚŽƚĂƚŽĚŝŝŵƉŝĂŶƚŽĚŝĨŝůƚƌĂǌŝŽŶĞƉĞƌĂŵďŝĞŶƚŝƉƌŽƚĞƚƚŝ͕ƌŝƐƉŽŶĚĞŶƚĞĂůůĂĐůĂƐƐĞŵŝĐƌŽďŝŽůŽŐŝĐĂ

D.comeindicatonell̓ immaginesottostante.

ZŝƐƵůƚĂƋƵŝŶĚŝĞǀŝĚĞŶƚĞĐŚĞŝůĚŝƐƉŽƐŝƚŝǀŽ:ŽŶŝǆDŝŶŝŵĂƚĞŚĂƌŝĚŽƚƚŽůĞĐŽŶƚĂŵŝŶĂǌŝŽŶŝƉƌĞƐĞŶƚŝŝŶĂƌŝĂŝŶŵŽĚŽ

Ɛŝgnificativo,nonostante l̓ influenza dell̓ aria proveniente dai locali adiacenti.

sŽůĞŶĚŽƵůƚĞƌŝŽƌŵĞŶƚĞŵŝŐůŝŽƌĂƌĞŝƌŝƐƵůƚĂƚŝƐƵŐŐĞƌŝĂŵŽĚƵĞŝŶƚĞƌǀĞŶƚŝŝŶĨƌĂƐƚƌƵƚƚƵƌĂůŝ͗

Ăd ŚŝƵƐƵƌĂĚĞůůĂŐƌĂƚĂĂƐŽĨĨŝƚƚŽĐŽŶŵĂƚĞƌŝĂůĞƚƌĂƐƉĂƌĞŶƚĞ͕ĐŽŶƐĞŶƚĞŶĚŽƉĞƌƚĂŶƚŽŝůƉĂƐƐĂŐŐŝŽĚĞůůĂůƵĐĞŵĂ

ŝŵƉĞĚĞŶĚŽŝůƉĂƐƐĂŐŐŝŽŝŶĐŽŶƚƌŽůůĂƚŽĚŝĂƌŝĂĞƉŽůǀĞƌŝĚĂƵŶĂǌŽŶĂŶŽŶĨŝůƚƌĂƚĂ͖

ďd Chiusura del lato che si affaccia sull̓area vendita al ƉƵďďůŝĐŽ͕ĞǀŝƚĂŶĚŽĐŽƐŞl̓ingresso ĚŝƉŽůǀĞƌŝĞĂůƚƌŝ

ĐŽŶƚĂŵŝŶĂŶƚŝ͕migliorandosensibilmenteil contenuto microbico dell̓ aria del reparto che non avrebbe più

influenzeincontrollabili dall̓ esterno.

ĚŝƐƉŽƐŝǌŝŽŶĞƉĞƌƵůƚĞƌŝŽƌŝĐŚŝĂƌŝŵĞŶƚŝd

dŝŵĞŶƚĂƌŝĂ
ƌdŶĚƌĞĂ>ŽǀŽ



>>'dKddddd
Effetti sanitizzanti del dispositivo MATE nelle sale operatorie ospedaliere



ĨĨĞƚƚŝƐĂŶŝƚŝǌǌĂŶƚŝĚĞůĚŝƐƉŽƐŝƚŝǀŽ
Dd

ŶĞůůĞƐĂůĞŽƉĞƌĂƚŽƌŝĞŽƐƉĞĚĂůŝĞƌĞ
;DĂƚĞ͗ƐŝƐƚĞŵĂĚŝƚƌĂƚƚĂŵĞŶƚŽĂƌŝĂŵĞĚŝĂŶƚĞƚĞĐŶŽůŽŐŝĂEdWE

ƚ̂ƵĚŝŽĐŽŶĚŽƚƚĂŶĞůƉĞƌŝŽĚŽ
&ĞďďƌĂŝŽ–DĂƌǌŽEEEϳ



Ž̂ŵŵĂƌŝŽ
Premessa ..................................................................................................................................................... 4
Impostazione dello studio ........................................................................................................................... 4
Armadi MATE.......................................................................................................................................... 4
Piano di controllo ...................................................................................................................................... 5

Risultati conseguiti ..................................................................................................................................... 6
Superfici di lavoro .................................................................................................................................... 6
Aria ambiente ........................................................................................................................................... 8

Allegato 1 ...................................................................................................................................................11
- Risultati analitici - ................................................................................................................................. 11



WƌĞŵĞƐƐĂ
Il presente documento riporta i risultati ottenuti nella prima campagnadi studio dell̓ azione dell̓ armadio
DdƐƵŝůŝǀ ĞůůŝĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞĚŝĚƵĞƐĂůĞŽƉĞƌĂƚŽƌŝĞŝŶƵŶĂĐĂƐĂĚŝĐƵƌĂƉƌŝǀĂƚĂd
>ŽƐƚƵĚŝŽƐŝƌŝĨĞƌŝƐĐĞĂůƉƌŝŵŽƉĞƌŝŽĚŽĚŝƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞƐǀŽůƚŽŶĞůƉĞƌŝŽĚŽdϳ ĨĞďďƌĂŝŽdddŵĂƌǌŽdddϳd

/ŵƉŽƐƚĂǌŝŽŶĞĚĞůůŽƐƚƵĚŝŽ
ƌŵĂĚŝDd
/ĚƵĞĂƌŵĂĚŝDdƐŽŶŽƐƚĂƚŝƉŽƐŝǌŝŽŶĂƚŝƵŶŽƉĞƌĐŝĂƐĐƵŶĂĚĞůůĞĚƵĞƐĂůĞŽƉĞƌĂƚŽƌŝĞĚĞůůĂĐĂƐĂĚŝĐƵƌĂ͕
ĚĞŶŽŵŝŶĂƚĞ̂ ĂůĂŽƉĞƌĂƚŽƌŝĂĞ̂ ĂůĂŽƉĞƌĂƚŽƌŝĂd
L̓esatta ĐŽůůŽĐĂǌŝŽŶĞğƐƚĂƚĂƐĐĞůƚĂĂƐƐŝĞŵĞĂŐůŝŽƉĞƌĂƚŽƌŝĐĞƌĐĂŶĚŽĚŝƐŽĚĚŝƐĨĂƌĞůĞƐĞŐƵĞŶƚŝĞƐŝŐĞŶǌĞ͗

d WƌĞƐĞŶǌĂĚŝƵŶƉƵŶƚŽĚŝĂůŝŵĞŶƚĂǌŝŽŶĞĞůĞƚƚƌŝĐĂ͖
d DŝŶŝŵŽĚŝƐƚƵƌďŽĂůůĞĂƚƚŝǀ ŝƚăƌŽƵƚŝŶĂƌŝĞĚŝƐĂůĂ͖
d ĚĞŐƵĂƚĂĚŝƐƚĂŶǌĂĚĂĞůĞŵĞŶƚŝĐŚĞƉŽƚĞǀ ĂŶŽŽƐƚĂĐŽůĂƌĞŝůƌĞŐŽůĂƌĞĨůƵƐƐŽĚŝĂƌŝĂĂƚƚƌĂǀĞƌƐŽŝůDdd

' ůŝĂƌŵĂĚŝƐŽŶŽƐƚĂƚŝĐŽƐŞƉŽƐŝǌŝŽŶĂƚŝĐŽŵĞƌŝƐƵůƚĂĚĂůůĞƐĞŐƵĞŶƚŝŝŵŵĂŐŝŶŝd

Foto 1 – Collocazione dei MATE all’interno delle sale operatorie

L̓aĐĐĞŶƐŝŽŶĞĚĞŝDd͕Ăǀ ǀ ĞŶƵƚĂĞƐĐůƵƐŝǀ ĂŵĞŶƚĞĚƵƌĂŶƚĞůĞŽƌĞŶŽƚƚƵƌŶĞ͕ğƐƚĂƚĂůĂƐĐŝĂƚĂŝŶŵĂŶƵĂůĞ
;ŶŽŶŽƐƚĂŶƚĞůĂƉŽƐƐŝďŝůŝƚăĚŝƉƌŽŐƌĂŵŵĂƌůĂĂƚƚƌĂǀ ĞƌƐŽŝůƐŽĨƚǁ ĂƌĞŝŶƚĞƌŶŽdƉĞƌŐĂƌĂŶƚŝƌĞƵŶĂĐĞƌƚĂ
ĨůĞƐƐŝďŝůŝƚăĚŝƵƚŝůŝǌǌŽd
/ůƉƌŽŐƌĂŵŵĂĚŝƐƚƵĚŝŽğƐƚĂƚŽŝŵƉŽƐƚĂƚŽŝŶŵĂŶŝĞƌĂƚĂůĞĚĂĐĞƌĐĂƌĞĚŝǀ ĂůƵƚĂƌĞĂůŵĞŐůŝŽŐůŝĞĨĨĞƚƚŝĚĞů
MATE il cui impiegosi doveva inserire nelle consuete attività svolte all̓ interno della sala operatoria che



ƉƌĞǀĞĚŽŶŽ͕ĂůƚĞƌŵŝŶĞĚĞŐůŝŝŶƚĞƌǀĞŶƚŝ͕ĚĞůůĞĂƉƉƌŽĨŽŶĚŝƚĞŽƉĞƌĂǌŝŽŶŝĚŝƐĂŶŝĨŝĐĂǌŝŽŶĞĂŵďŝĞŶƚĂůĞd/ŶŽůƚƌĞ͕
come previsto dalle normative di settore, l̓ aria di ciascuna sala operatoria è stata ĐŽƐƚĂŶƚĞŵĞŶƚĞĨŝůƚƌĂƚĂ
dall̓ impiantoditrattamento presente.
L̓azione del MATE doveva perciò essere di aŝƵƚŽĂůůĞƌĞŐŽůĂƌŝĞĐŽŶƐƵĞƚĞĂƚƚŝǀŝƚăĚŝďŽŶŝĨŝĐĂĂŵďŝĞŶƚĂůĞ͕
ĂŶĚĂŶĚŽĂƐŽƐƚŝƚƵŝƌĞͬŝŶƚĞŐƌĂƌĞŝůƐŝƐƚĞŵĂĨŝŶŽƌĂƵƚŝůŝǌǌĂƚŽĐŚĞƉƌĞǀ ĞĚĞǀ ĂůĂŶĞďƵůŝǌǌĂǌŝŽŶĞĚŝƵŶĂƐŽůƵǌŝŽŶĞ
disinfettante abase di perossido d̓idrogenoĞŝŽŶŝĂƌŐĞŶƚŽ;'>K̂ /Zϰdddd

WŝĂŶŽĚŝĐŽŶƚƌŽůůŽ
Eʼ stato stabilito di eseguire il monitoraggio dell̓ azione del MATE mediante l̓ esecuzione di mirate
ĐĂŵƉĂŐŶĞĚŝĂŶĂůŝƐŝǀŽůƚĞĂůůĂĐĂƌĂƚƚĞƌŝǌǌĂǌŝŽŶĞŝŶĐŝĂƐĐƵŶĂƐĂůĂŽƉĞƌĂƚŽƌŝĂĚŝ͗

d dƚĂŵƉŽŶŝĚŝƐƵƉĞƌĨŝĐŝĞ͖
d dĐĂŵƉŝŽŶĞĚŝĂƌŝĂĂŵďŝĞŶƚĞd

/ŶĐŝĂƐĐƵŶĐĂŵƉŝŽŶĞƐŽŶŽƐƚĂƚŝƌŝĐĞƌĐĂƚŝŝƐĞŐƵĞŶƚŝƉĂƌĂŵĞƚƌŝ͗

ĂƌŝĐĂďĂƚƚĞƌŝĐĂ ƚŽƚĂůĞ Ă EϳΣ
;dEϳE

ZĂƉƉƌĞƐĞŶƚĂůĂƐŽŵŵĂĚŝƚƵƚƚŝŝŵŝĐƌŽƌŐĂŶŝƐŵŝŝŶŐƌĂĚŽĚŝĐƌĞƐĐĞƌĞĂ
dϳΣd̂ ŽŶŽƉĞƌĐŝžŐĞŶĞƌŝĐŝŝŶĚŝĐĂƚŽƌŝĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞ͕ĂŶĐŚĞĚŝŐĞƌŵŝ
ƉŽƚĞŶǌŝĂůŵĞŶƚĞ ƉĂƚŽŐĞŶŝd>ĂůŽƌŽƉƌĞƐĞŶǌĂŶŽŶ ƌĞƐƚŝƚƵŝƐĐĞĂůĐƵŶĂ
ŝŶĨŽƌŵĂǌŝŽŶĞƐƵůůĂƉƌĞƐĞŶǌĂĚŝƉĂƚŽŐĞŶŝŵĂŝŶĚŝĐĂĞƐĐůƵƐŝǀĂŵĞŶƚĞůĂ
ƉŽƐƐŝďŝůŝƚăĚŝƌŝůĞǀ Ăƌůŝd

DƵĨĨĞĞůŝĞǀŝƚŝ;DΘ>E DŝĐƌŽƌŐĂŶŝƐŵŝŝŶĚŝĐĂƚŽƌŝĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞŐĞŶĞƌĂůŵĞŶƚĞĚŝ ŽƌŝŐŝŶĞ
ĂŵďŝĞŶƚĂůĞdWĞƌŵĞƚƚŽŶŽ͕ĂƐƐŝĞŵĞĂůůĂddϳ͕ĚŝƐƚĂďŝůŝƌĞŝůůŝǀ ĞůůŽĚŝ
ƉƵůŝǌŝĂĚŝƵŶĚĂƚŽĐĂŵƉŝŽŶĞd

ƚ̂ĂĨŝůŽĐŽĐĐŚŝĐŽĂŐƵůĂƐŝƉŽƐŝƚŝǀŝ;̂ нE DŝĐƌŽƌŐĂŶŝƐŵŝƉĂƚŽŐĞŶŝŽƉƉŽƌƚƵŶŝƐƚŝ͕ŝŶŐƌĂĚŽĚŝƉƌŽǀŽĐĂƌĞŝŶĨĞǌŝŽŶŝ
nell̓uomo. Normalmente impiegati come ŝŶĚŝĐŝĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞ
ĂŶƚƌŽƉŝĐĂ͕ ƐƉĞƐƐŽ ĂƐƐŽĐŝĂƚŝ Ă ƉĞƌŝĐŽůŽƐĞŝŶĨĞǌŝŽŶŝ ŝŶ ĂŵďŝĞŶƚĞ
ŶŽƐŽĐŽŵŝĂůĞd

/ůƉŝĂŶŽĚŝĐĂŵƉŝŽŶĂŵĞŶƚŽğƐƚĂƚŽƉƌĞĚŝƐƉŽƐƚŽƐƵůůĂďĂƐĞĚĞůůĞĐŽŶƐƵĞƚĞĂƚƚŝǀŝƚăůĂǀŽƌĂƚŝǀ ĞĚŝĞŶƚƌĂŵďĞůĞ
ƐĂůĞ͕ĐĞƌĐĂŶĚŽĚŝǀ ĂůƵƚĂƌĞŵŽŵĞŶƚŝƐŝĂĚŝŝŶƚĞŶƐĂĐŚĞďĂƐƐĂĂƚƚŝǀ ŝƚă;ĨŝŐƵƌĂddƌŝƐƉĞƚƚĂŶĚŽŝůĨůƵƐƐŽ
ůĂǀŽƌĂƚŝǀ ŽŝŶĚŝĐĂƚŽĚĂůůĂĨŝŐƵƌĂdd

Figura 1 – programma di campionamento

Figura 2-Flusso delle attività durante il periodo di studio
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Ƶ̂ůůĂďĂƐĞĚŝƋƵĂŶƚŽƐƚĂďŝůŝƚŽğƐƚĂƚŽƋƵŝŶĚŝƉŽƐƐŝďŝůĞǀ ĂůƵƚĂƌĞŝůůŝǀĞůůŽĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞŶĞůůĞĐŽŶĚŝǌŝŽŶŝĚŝ
ŵĂƐƐŝŵĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞ;ǁŽƌƐƚdĐĂƐĞdĂůƚĞƌŵŝŶĞĚĞůůĂŐŝŽƌŶĂƚĂĚŝůĂǀ ŽƌŽŝŶƐĂůĂ͕ĐŽŶĨƌŽŶƚĂŶĚŽůŽĐŽŶ
ƋƵĞůůŽƌŝůĞǀĂďŝůĞŶĞůůĞĐŽŶĚŝǌŝŽŶŝĚŝŵĂƐƐŝŵĂƉƵůŝǌŝĂŵĞĚŝĂŶƚĞƉƌĞůŝĞǀŝĞƐĞŐƵŝƚŝŝůŐŝŽƌŶŽƐƵĐĐĞƐƐŝǀŽ͕ĚŽƉŽŐůŝ
ŝŶƚĞƌǀ ĞŶƚŝĚŝďŽŶŝĨŝĐĂŵĂŶƵĂůĞĞƵŶƉĞƌŝŽĚŽĚŝƵƚŝůŝǌǌŽŝŶŝŶƚĞƌƌŽƚƚŽĚĞůDdĚƵƌĂƚĞůĞŽƌĞŶŽƚƚƵƌŶĞd
>ĞƐƵƉĞƌĨŝĐŝƐĐĞůƚĞƉĞƌŝůƉƌĞůŝĞǀŽƐŽŶŽƐƚĂƚĞůĞŵĞĚĞƐŝŵĞƉĞƌĞŶƚƌĂŵďĞůĞƐĂůĞŽƉĞƌĂƚŽƌŝĞ͕ĐĞƌĐĂŶĚŽĚŝ
ƉƌŝǀŝůĞŐŝĂƌĞƋƵĞůůĞŵĂŐŐŝŽƌŵĞŶƚĞĞƐƉŽƐƚĞĂůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞ͕ƉĞƌĐŚĠƉŝƶĨƌĞƋƵĞŶƚĞŵĞŶƚĞŵĂŶŝƉŽůĂƚĞ
ĚĂŐůŝŽƉĞƌĂƚŽƌŝŽƉĞƌůĂůŽƌŽƉĂƌƚŝĐŽůĂƌĞĐŽŶĨŽƌŵĂǌŝŽŶĞĐŚĞůĞƌĞŶĚĞǀĂŶŽŵĞŶŽĨĂĐŝůŵĞŶƚĞƐĂŶŝĨŝĐĂďŝůŝĐŽŶ
le operazioni manuali. L̓aria ambiente è ƐƚĂƚĂŝŶǀĞĐĞƉƌĞůĞǀĂƚĂĐŽƐƚĂŶƚĞŵĞŶƚĞĂůĐĞŶƚƌŽĚŝĐŝĂƐĐƵŶĂƐĂůĂ͕ŝŶ
ƉƌŽƐƐŝŵŝƚăĚĞůůĞƚƚŝŶŽŽƉĞƌĂƚŽƌŝŽd

dƵƚƚŝ ĐĂŵƉŝŽŶĂŵĞŶƚŝ ĞĚ ĂŶĂůŝƐŝƐŽŶŽ ƐƚĂƚĞ ĞƐĞŐƵŝƚĞ ĚĂ ůĂďŽƌĂƚŽƌŝŽ ƋƵĂůŝĨŝĐĂƚŽ ĞĂĐĐƌĞĚŝƚĂƚŽd
ŽŶƚĞƐƚƵĂůŵĞŶƚĞĂůƉƌĞůŝĞǀ ŽĚĞŝĐĂŵƉŝŽŶŝƐŽŶŽƐƚĂƚŝƌŝůĞǀĂƚŝĂŶĐŚĞŝƚĞŵƉŝĚŝĂĐĐĞŶƐŝŽŶĞĞƐƉĞŐŶŝŵĞŶƚŽĚŝ
ĐŝĂƐĐƵŶDdd

ZŝƐƵůƚĂƚŝĐŽŶƐĞŐƵŝƚŝ
Ƶ̂ƉĞƌĨŝĐŝĚŝůĂǀŽƌŽ

/ĚĂƚŝƌĂĐĐŽůƚŝ͕ƉƌĞƐĞŶƚĂƚŝŝŶĂůůĞŐĂƚŽd͕ŚĂŶŶŽĞǀŝĚĞŶǌŝĂƚŽƵŶĂƐŽƐƚĂŶǌŝĂůĞďĂƐƐĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞŵŝĐƌŽďŝĐĂd

>ĞŵƵĨĨĞĞůŝĞǀŝƚŝŶŽŶƐŽŶŽƐƚĂƚŝŵĂŝŝƐŽůĂƚŝĚĂŝĐĂŵƉŝŽŶŝĂŶĂůŝǌǌĂƚŝŝŶĞŶƚƌĂŵďĞůĞĐŽŶĚŝǌŝŽŶŝǀĂůƵƚĂƚĞ;ƐĂůĂ
ƐƉŽƌĐĂͬƉƵůŝƚĂdd' ůŝƐƚĂĨŝůŽĐŽĐĐŚŝŝŶǀĞĐĞƐŽŶŽƐƚĂƚŝŽĐĐĂƐŝŽŶĂůŵĞŶƚĞƚƌŽǀ ĂƚŝŝŶĂůĐƵŶŝĐĂŵƉŝŽŶŝƉƌĞůĞǀĂƚŝĂů
ƚĞƌŵŝŶĞĚĞůůĞĂƚƚŝǀŝƚăůĂǀŽƌĂƚŝǀ Ğ͕ŵĂĞƐĐůƵƐŝǀĂŵĞŶƚĞĚƵƌĂŶƚĞŝƉƌŝŵŝŐŝŽƌŶŝĚŝŵŽŶŝƚŽƌĂŐŐŝŽd

ŽŶƐŝĚĞƌĂǌŝŽŶŝĂƉĂƌƚĞĚĞǀŽŶŽŝŶǀ ĞĐĞĞƐƐĞƌĞĨĂƚƚĞƉĞƌůĂddϳd
/ŶŶĂŶǌŝƚƵƚƚŽůĂĐĂƌŝĐĂŵŝĐƌŽďŝĐĂĂdϳΣğƐƚĂƚĂƐĞŵƉƌĞŝƐŽůĂƚĂĞƐĐůƵƐŝǀĂŵĞŶƚĞŶĞŝĐĂŵƉŝŽŶŝƉƌĞůĞǀ ĂƚŝŝŶƐĂůĂ
ƐƉŽƌĐĂĞŵĂŝĚŽƉŽŝůƚƌĂƚƚĂŵĞŶƚŽĐŽŶŝůDd͖ŝn quest̓ultimo caƐŽƋƵŝŶĚŝŝĐĂŵƉŝŽŶŝƐŝƐŽŶŽƌŝůĞǀĂƚŝ
ĂƐƐŽůƵƚĂŵĞŶƚĞƉƵůŝƚŝĞƉƌŝǀ ŝĚŝůŝǀĞůůŝƌŝůĞǀĂďŝůŝĚĞŝŵŝĐƌŽƌŐĂŶŝƐŵŝƌŝĐĞƌĐĂƚŝ͕ƚĞƐƚŝŵŽŶŝĂŶĚŽƵŶĂŝĚĞĂůĞ
ĐŽŶĚŝǌŝŽŶĞĚŝƉƵůŝǌŝĂd

ƵƌĂŶƚĞůĞĂƚƚŝǀŝƚăŝŶǀĞĐĞůĞƐƵƉĞƌĨŝĐŝ͕ĐŽŵĞğŽǀǀŝŽĐŚĞƐŝĂ͕ƚĞŶĚŽŶŽĂĐŽŶƚĂŵŝŶĂƌƐŝŝŶĚŝƉĞŶĚĞŶƚĞŵĞŶƚĞ
ĚĂůƚŝƉŽĚŝƐƵƉĞƌĨŝĐŝĞǀĂůƵƚĂƚĂd
>ĂĐŽƐĂŝŶƚĞƌĞƐƐĂŶƚĞĞŵĞƌƐĂğĐŚĞƉĞƌžŝůůŝǀ ĞůůŽĚŝƐƉŽƌĐĂŵĞŶƚŽŵĞĚŝŽ;ǀ ĂůƵƚĂƚŽĐŝŽğĐŽŵĞŵĞĚŝĂĚŝ
ƋƵĂŶƚŽƌŝůĞǀ ĂƚŽŶĞůůĞƐĞŝƐƵƉĞƌĨŝĐŝĐĂŵƉŝŽŶĂƚĞŝŶĞŶƚƌĂŵďĞůĞƐĂůĞŽƉĞƌĂƚŽƌŝĞdƚĞŶĚĞǀ ĂŶĞůƚĞŵƉŽĂ
ĚŝŵŝŶƵŝƌĞ͕ŵĂŶŽĂŵĂŶŽĐŚĞŝůDdǀ ĞŶŝǀ ĂŝŵƉŝĞŐĂƚŽ͕ĐŽŵĞƐĞƋƵĞƐƚŽĨŽƌŶŝƐƐĞůŽƌŽƵŶĂƐŽƌƚĂĚŝ
ƌĞĨƌĂƚƚĂƌŝĞƚăĂůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞĚƵƌĂŶƚĞůĞĐŽŶƐƵĞƚĞĂƚƚŝǀ ŝƚăŽƉĞƌĂƚŽƌŝĞd

/ůŐƌĂĨŝĐŽƐĞŐƵĞŶƚĞĞǀŝĚĞŶǌŝĂƋƵĂŶƚŽĂƉƉĞŶĂĚĞƐĐƌŝƚƚŽd



Figura 3 – Contaminazione microbica media; andamento durante il periodo di sperimentazione. I Dati
rappresentano le medie delle contaminazioni rilevate sulle 6 superfici campionate in entrambe le sale (3 per sala).
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ŵĞĚŝŽĚŝŽůƚƌĞϵddƵŶŝƚăĨŽƌŵĂŶƚŝĐŽůŽŶŝĂƉĞƌĐĞŶƚŝŵĞƚƌŽƋƵĂĚƌĂƚŽ;h&ͬĐŵddĂƉŽĐŽƉŝƶĚŝdddh&ͬĐŵd
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ĞƌĂƉƌĞƐĞŶƚĞŝŶƚƵƚƚĞĞĚƵĞůĞƐĂůĞd

Figura 4 - Contaminazione microbica media nelle due sale operatorie: a sinistra Sala A; a destra Sala B
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WŽŝĐŚĠůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞĂǀ ǀ ŝĞŶĞĚƵƌĂŶƚĞŝůƌĞŐŽůĂƌĞƵƚŝůŝǌǌŽĚĞůůĂƐĂůĂŽƉĞƌĂƚŽƌŝĂĐŽŶŝůDdƐƉĞŶƚŽ͕ŝů
fenomenosembrerebbedovuto adun“qualcosa” chetende a proteggerele superfici dalle contaminazioni,
comesenel tempo l̓ azionedelMATE le rendessemenoospitali per imicrorganismi.
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Inquest̓ ultimocasociòpuòesseredovutoa:
b̓) presenze di elementi ad azione ďŝŽĐŝĚĂ;ĐŚĞŝŶƋƵĞƐƚŽĐĂƐŽƐŝĂĐĐƵŵƵůĞƌĞďďĞƌŽŶĞůƚĞŵƉŽd͖
b̓ )̓ mancanza di elementi favorenti l̓ŝŶƐĞĚŝĂŵĞŶƚŽͬƐŽƉƌĂǀ ǀ ŝǀĞŶǌĂŵŝĐƌŽďŝĐĂ;ĂĐƋƵĂůŝďĞƌĂ͕ŶƵƚƌŝĞŶƚŝĐŽŵĞ
ƐŽƐƚĂŶǌĂŽƌŐĂŶŝĐĂd

ŽŶŽŐŶŝƉƌŽďĂďŝůŝƚăƐŝƉƵžĞƐĐůƵĚĞƌĞĐŚĞůĞƐƵƉĞƌĨŝĐŝǀĞŶŐĂŶŽƐƉŽƌĐĂƚĞĚŝŵĞŶŽ;ŶŽŶƐŝǀ ĞĚĞŝůƉĞƌĐŚĠdĞ
ƋƵŝŶĚŝĚĞǀ ĞĞƐƐĞƌĞǀ ĞƌĂůĂƐĞĐŽŶĚĂŝƉŽƚĞƐŝĚŝƵŶĂŵŝŶŽƌĞƐŽƉƌĂǀ ǀ ŝǀĞŶǌĂŵŝĐƌŽďŝĐĂd/ŶƋƵĞƐƚŽĐĂƐŽğ
ƉƌŽďĂďŝůĞĐŚĞĐŝžŶŽŶƐŝĂĚŽǀ ƵƚŽĂůůĂƉĞƌŵĂŶĞŶǌĂͬĂĐĐƵŵƵůŽĚŝĞůĞŵĞŶƚŝĂĚĂǌŝŽŶĞďŝŽĐŝĚĂ;ůĞƐƉĞĐŝĞ
ƌĞĂƚƚŝǀĞŐĞŶĞƌĂƚĞĚĂůDd hannounaemivitabrevissima) né ad una riduzione dell̓acqua libera (non
appare correlabile con l̓azione del MATE). L̓ipotesiƉŝƶƉƌŽďĂďŝůĞğchegrazieall̓ impiegodelMATE, le
ŽƉĞƌĂǌŝŽŶŝĚŝƉƵůŝǌŝĂĞƐĞŐƵŝƚĞĚŝǀ ĞŶƚĂŶŽƉŝƶĞĨĨŝĐĂĐŝŶŽŶƐŽůŽĂĚĞůŝŵŝŶĂƌĞŝŵŝĐƌŽƌŐĂŶŝƐŵŝ;ŽďŝĞƚƚŝǀ Ž
sempre raggiunto fin dall̓ inizio della sperimentazione) ma anche e soprattutto ĂƌŝŵƵŽǀĞƌĞƉŝƶ
ĞĨĨŝĐĂĐĞŵĞŶƚĞůĂƐŽƐƚĂŶǌĂŽƌŐĂŶŝĐĂĨŽŶƚĞĚŝŶƵƚƌŝŵĞŶƚŽŵŝĐƌŽďŝĐŽ;ƐƉŽƌĐŽdĐŚĞƐŝĚĞƉŽƐŝƚĂƐƵůůĞƐƵƉĞƌĨŝĐŝd
/ŶĚŝƉĞŶĚĞŶƚĞŵĞŶƚĞƉĞƌžĚallaspiegazione scientifica dell̓origine del fenomeno osservato, appare
ĐŽŵƵŶƋƵĞĞǀŝĚĞŶƚĞĐŚĞl̓impiegocontinuativodelMATEpossaesercitare un̓importante e significativa
ĂǌŝŽŶĞĐŽĂĚŝƵǀĂŶƚĞĂůůĞŽƉĞƌĂǌŝŽŶŝĚŝĚĞƚĞƌƐŝŽŶĞ͕ƐĞŶǌĂĂůĐƵŶĂŝŵƉŝĞŐŽĚŝƵůƚĞƌŝŽƌŝĐŽŵƉŽƐƚŝĐŚŝŵŝĐŝĚĂ
nebulizzarenell̓ ambiente.

ƌŝĂĂŵďŝĞŶƚĞ
ŶĐŚĞƉĞƌůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞŵŝĐƌŽďŝĐĂĂĞƌŽĚŝƐƉĞƌƐĂğƐƚĂƚŽƉŽƐƐŝďŝůĞƌŝůĞǀĂƌĞƵŶĂďĂƐƐĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞ
ŵŝĐƌŽďŝĐĂ͕ĐŽŶůŽƐƚĞƐƐŽƚŝƉŽůŽŐŝĂĚŝŵŝĐƌŽƌŐĂŶŝƐŵŝŝƐŽůĂƚŝ;ĞƐĐůƵƐŝǀĂŵĞŶƚĞddϳĞƐƉŽƌĂĚŝĐĂŵĞŶƚĞ̂ нdd
ŶĐŚĞŝŶƋƵĞƐƚŽĐĂƐŽl̓ariahamostratolastessa tendenza in diminuzione, come se risultasse nel tempo
ƐĞŵƉƌĞƉŝƶƉƌŽƚĞƚƚĂĚƵƌĂŶƚĞŐůŝŝŶƚĞƌǀ ĞŶƚŝ;ĂŶĐŚĞƐĞŝůŵĂƚĞğƐƉĞŶƚŽdĞůĂƐƵĂďŽŶŝĨŝĐĂĚƵƌĂŶƚĞůĞŽƌĞ
ŶŽƚƚƵƌŶĞĚŝǀ ĞŶƚĂƐƐĞǀ ŝĂǀŝĂƉŝƶĞĨĨŝĐĂĐĞd

Figura 5 – Andamento della contaminazione aerodispersa al termina delle attività operatorie (sala sporca). Media
dei valori rilevati nelle due sale operatorie



Figura 6 - Andamento della contaminazione aerodispersa al termina dell’impiego notturno del MATE (sala
pulita). Media dei valori rilevati nelle due sale operatorie

ŽŵĞƐŝƉƵžŽƐƐĞƌǀ ĂƌĞůĂƌŝĚƵǌŝŽŶĞĚŝĐĂƌŝĐĂŵŝĐƌŽďŝĐĂğĞǀŝĚĞŶƚĞƐŝĂŶĞůůĂƐĂůĂƐƉŽƌĐĂĐŚĞŝŶƋƵĞůůĂƉƵůŝƚĂd
/ŶƋƵĞƐt̓ultimocaso poi si è evidenziato un fenomeno particolare per cui all̓ŝŶŝǌŝŽĚĞůůĂƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞ͕
dopo l̓impiego notturno del MATE, ƌĞƐƚĂǀ ĂŝŶĂƌŝĂƵŶŵŝŶŝŵŽůŝǀĞůůŽĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞ;ĐŝƌĐĂddh&ͬŵdd
ƉĞƌƉŽŝŝŵƉƌŽǀǀ ŝƐĂŵĞŶƚĞƐĐŽŵƉĂƌŝƌĞĚĞůƚƵƚƚŽŶĞůůĂƐĞĐŽŶĚĂŵĞƚăĚĞůƉĞƌŝŽĚŽĚŝƉƌŽǀ Ă;ĂŶĚĂŵĞŶƚŽ
ƐŝŐŵŽŝĚĂůĞdd
>ĂƐƉŝĞŐĂǌŝŽŶĞĚŝƋƵĂŶƚŽŽƐƐĞƌǀ ĂƚŽğŝŶƋƵĞƐƚŽĐĂƐŽƉŝƶĐŽŵƉůŝĐĂƚĂĐŚĞƉĞƌůĞƐƵƉĞƌĨŝĐŝŶŽŶĞƐƐĞŶĚŽ
ĂƐƐŽůƵƚĂŵĞŶƚĞĨĂĐŝůĞĐĂƉŝƌĞŝůŵŽƚŝǀŽƉĞƌĐƵŝ͕manoamanochevieneutilizzatoilMATE, l̓aria si contamini
ŝŶŵŝƐƵƌĂŵŝŶŽƌĞĂŶĐŚĞĚƵƌĂŶƚĞůĞĂƚƚŝǀ ŝƚăŽƉĞƌĂƚŽƌŝĞ͕ƋƵĂŶĚŽŝůƐŝƐƚĞŵĂĚŝŝŽŶŝǌǌĂǌŝŽŶĞğƐƉĞŶƚŽd
EĞůĐĂƐŽĚĞůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞĂĞƌŽĚŝƐƉĞƌƐĂŶŽŶƐŝƉƵžŝŶǀŽĐĂƌĞƵŶĂƉĞƌŵĂŶĞŶǌĂĚŝĂƚƚŝǀŝƚăďŝŽĐŝĚĂ;ĐŽŵĞ
ŐŝăĚĞƚƚŽĞƐƚƌĞŵĂŵĞŶƚĞďƌĞǀĞdŶĠĂůƚƌŝĨĂƚƚŽƌŝŝƉŽƚŝǌǌĂƚŝperlesuperfici.Un̓ipotesipotrebbe essere stata
ƋƵĞůůĂĚŝƵŶĂƉŽƐƐŝďŝůĞĐŽƌƌĞůĂǌŝŽŶĞƚƌĂŝůůŝǀ ĞůůŽĚŝƐƉŽƌĐĂŵĞŶƚŽĚĞůůĞƐƵƉĞƌĨŝĐŝĞůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞ
ĂĞƌŽĚŝƐƉĞƌƐĂ;ǀĂůĞĂĚŝƌĞŵĞŶŽƐŽnosporchelesuperficimenoimicrorganismi si ritrovano nell̓aria).

Figura 7 – Correlazione tra contaminazione superficiale e aerodispersa



L̓analisidei dati purtroppo evidenzia una scarsa correlazione tra questi fattori (rdсd͕ϰϵdĨĂĐĞŶĚŽĐĂĚĞƌĞ
ƋƵŝŶĚŝĂŶĐŚĞƋƵĞƐƚĂŝƉŽƚĞƐŝd

Unʼaltra possibilità, attualmente impossibile da verificare con i dati disponibili, è che le specie reattive
prodotte durante la notte dal MATE, combinandosi con il vapore acqueo presente nell̓ aria, diaŶŽůƵŽŐŽĂ
molecole di perossido d̓ŝĚƌŽŐĞŶŽĐĂƌĂƚƚĞƌŝǌǌĂƚŽĚĂunanettamaggiore persistenza in aria. L̓uso
ƉƌŽůƵŶŐĂƚŽĚĞůDdĂǀ ƌĞďďĞƉĞƌĐŝžƉĞƌŵĞƐƐŽĚŝĂĐĐƵŵƵůĂƌĞŶĞůƚĞŵƉŽĚĞŝĐŽŵƉŽƐƚŝĂĚĂǌŝŽŶĞďŝŽĐŝĚĂŝŶ
ŐƌĂĚŽĚŝĐŽŶƚƌĂƐƚĂƌĞůĂƉƌĞƐĞŶǌĂĚŝŵŝĐƌŽƌŐĂŶŝƐŵŝĂĞƌŽĚŝƐƉĞƌƐŝd

ŶĐŚĞŝŶƋƵĞƐƚŽĐĂƐŽ͕ĐŽŵƵŶƋƵĞ͕ŝŶĚŝƉĞŶĚĞŶƚĞŵĞŶƚĞĚĂůůĂƐƉŝĞŐĂǌŝŽŶĞƐĐŝĞŶƚŝĨŝĐĂƌŝŐŽƌŽƐĂĚĞůĨĞŶŽŵĞŶŽ
ŽƐƐĞƌǀĂƚŽ͕ƐŝƉƵžĐŽŶĐůƵĚĞƌĞĐŚĞl̓impiegodelMATEmiglioralaqualità dell̓aria ambiente͕ƉŽƌƚĂŶĚŽĂĚ
ƵŶĂŐƌĂĚƵĂůĞĚŝŵŝŶƵǌŝŽŶĞĚĞůůĂĐŽntaminazionemicrobicadell̓aria, a netto vantaggio delle condizioni
ŝŐŝĞŶŝĐŽƐĂŶŝƚĂƌŝĞd
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EϴͬEEͬEϳ

WƵůŝƚĂ
EϳͬEEͬEϳ

Ɖ̂ŽƌĐĂ

KƌĂƌŝŽDd
EϴͬEEͬEϳ

WƵůŝƚĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ɖ̂ŽƌĐĂ dd͗dd DĂƚĞKE dd͗dϱ

WƵůŝƚĂ dϴ͗dd DĂƚĞK&& dϳ͗ϰd
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗dϱ

ϵdd фd dddd фd ϲdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
dϱ фdd фdd фdd фdd фdd

Ă̂ůĂ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
dƵďŽĐŽƌƌƵŐĂƚŽ DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ

ǌŽŶĂƉƵůƐĂŶƚŝ
WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ

ĨĞƌƌŝ

DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

KƌĂƌŝŽDd

dĂEϳΣ

Ɖ̂ŽƌĐĂ dϵ͗dd DĂƚĞKE dϵ͗ϰϵ

WƵůŝƚĂ dϳ͗ϰϱ DĂƚĞK&& dϳ͗ϰd
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗ϱd

ϳdd фd ddd фd ϴdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

EEͬEEͬEϳ

WƵůŝƚĂ

Ă̂ůĂ
DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ

ǌŽŶĂƉƵůƐĂŶƚŝ
WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ

ĨĞƌƌŝ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
dƵďŽĐŽƌƌƵŐĂƚŽ

KƌĂƌŝŽDd

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ



Ɖ̂ŽƌĐĂ dϴ͗dϱ DĂƚĞKE dϴ͗dϰ

WƵůŝƚĂ dd͗dd DĂƚĞK&& dd͗dϱ
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝddϲ͗ϰd

dddd фd dddd фd ϵdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ

ĐĂƐƐĞƚƚŽůĂƚŽĚǆ
DĂŶŝŐůŝĂĐĂƌƌĞůůŽ

ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚĞ
Ɖ̂ŽƌƚĞůůŽŵŽďŝůĞ

ƉŽƌƚĂĨŝůŝĚŝƐƵƚƵƌĂ

EϲͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϳͬEEͬEϳ

WƵůŝƚĂ
EϲͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϳͬEEͬEϳ

WƵůŝƚĂ
EϲͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϳͬEEͬEϳ

WƵůŝƚĂ

KƌĂƌŝŽDd

Ɖ̂ŽƌĐĂ dϳ͗dd DĂƚĞKE dϳ͗dd

WƵůŝƚĂ dd͗ϱϱ DĂƚĞK&& dd͗ϱd
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝddϳ͗dd

ϵdd фd ϳdd фd dddd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ

ĐĂƐƐĞƚƚŽůĂƚŽĚǆ
DĂŶŝŐůŝĂĐĂƌƌĞůůŽ

ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚĞ
Ɖ̂ŽƌƚĞůůŽŵŽďŝůĞ

ƉŽƌƚĂĨŝůŝĚŝƐƵƚƵƌĂ

EϲͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϳͬEEͬEϳ

WƵůŝƚĂ
EϲͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϳͬEEͬEϳ

WƵůŝƚĂ
EϲͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϳͬEEͬEϳ

WƵůŝƚĂ

KƌĂƌŝŽDd

Ɖ̂ŽƌĐĂ dd͗dd DĂƚĞKE dd͗ϰϲ

WƵůŝƚĂ dd͗dd DĂƚĞK&& dϳ͗ϰϳ
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗dd

dddd фd ϴϰd фd ϱdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ
Ž̂ĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂůĂƚŽ
Ɛǆ dƵďŽĐŽƌƌƵŐĂƚŽ

EϴͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϵͬEEͬEϳ

WƵůŝƚĂ
EϴͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϵͬEEͬEϳ

WƵůŝƚĂ
EϴͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϵͬEEͬEϳ

WƵůŝƚĂ

KƌĂƌŝŽDd

Ă̂ůĂ

Ɖ̂ŽƌĐĂ dd͗dd DĂƚĞKE dd͗dϴ

WƵůŝƚĂ dϳ͗ϰd DĂƚĞK&& dϳ͗ϰd
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗dd

dddd фd ϲϱd фd ϰϱd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

EϵͬEEͬEϳ

WƵůŝƚĂ
EϴͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϵͬEEͬEϳ

WƵůŝƚĂ
EϴͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϵͬEEͬEϳ

WƵůŝƚĂ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
Ž̂ĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂůĂƚŽ
Ɛǆ dƵďŽĐŽƌƌƵŐĂƚŽ

EϴͬEEͬEϳ

Ɖ̂ŽƌĐĂ

KƌĂƌŝŽDd



Ɖ̂ŽƌĐĂ dϰ͗ϱd DĂƚĞKE dϱ͗dd

WƵůŝƚĂ dd͗ϰϱ DĂƚĞK&& dd͗ϰϲ
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗dd

ϰdd фd ϰdd фd ϱdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

KƌĂƌŝŽDd
DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ

ǌŽŶĂƉƵůƐĂŶƚŝ
ĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ

ĐĂƐƐĞƚƚŽůĂƚŽƐǆ
WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ

ĨĞƌƌŝ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ

Ɖ̂ŽƌĐĂ dϱ͗ϰd DĂƚĞKE dϲ͗dϳ

WƵůŝƚĂ dd͗dd DĂƚĞK&& dd͗dϲ
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗ϱϵ

ϲϰd фd ϰdd фd dϱd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ

ǌŽŶĂƉƵůƐĂŶƚŝ
ĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ

ĐĂƐƐĞƚƚŽůĂƚŽƐǆ
WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ

ĨĞƌƌŝ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

Ɖ̂ŽƌĐĂ dϵ͗dd DĂƚĞKE dϵ͗dd

WƵůŝƚĂ dϳ͗ϰd DĂƚĞK&& dϳ͗dϳ
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗dϰ

ϱϰd фd ϳdd фd ϰdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фddƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
DĂŶŝŐůŝĂĐĂƌƌĞůůŽ

ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚĞ
Ɖ̂ŽƌƚĞůůŽŵŽďŝůĞ

ƉŽƌƚĂĨŝůŝĚŝƐƵƚƵƌĂ
Ž̂ĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EϱEͬEͬEϳ

Ɖ̂ŽƌĐĂ
EϲͬEEͬEϳ

WƵůŝƚĂ
EϱͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϲͬEEͬEϳ

WƵůŝƚĂ
EϱEͬEͬEϳ

Ɖ̂ŽƌĐĂ
EϲͬEEͬEϳ

WƵůŝƚĂ
dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

Ɖ̂ŽƌĐĂ dϵ͗ϰd DĂƚĞKE dϵ͗ϱd

WƵůŝƚĂ dϴ͗dd DĂƚĞK&& dϳ͗ϱϰ
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗dd

ϳdd фd dddd фd ϰdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фddƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
DĂŶŝŐůŝĂĐĂƌƌĞůůŽ

ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚĞ
Ɖ̂ŽƌƚĞůůŽŵŽďŝůĞ

ƉŽƌƚĂĨŝůŝĚŝƐƵƚƵƌĂ
Ž̂ĨĨŝĞƚƚŽůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EϱEͬEͬEϳ

Ɖ̂ŽƌĐĂ
EϲͬEEͬEϳ

WƵůŝƚĂ
EϱͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϲͬEEͬEϳ

WƵůŝƚĂ
dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

EϱEͬEͬEϳ

Ɖ̂ŽƌĐĂ
EϲͬEEͬEϳ

WƵůŝƚĂ



Ɖ̂ŽƌĐĂ dϳ͗dd DĂƚĞKE dϳ͗ϱϱ

WƵůŝƚĂ dd͗ϰd DĂƚĞK&& dd͗dϳ
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dϴ͗ϰd

ϰdd фd ddd фd ϰdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂ
ǌŽŶĂĐĞŶƚƌĂůĞ dƵďŽĐŽƌƌƵŐĂƚŽ DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ

ǌŽŶĂƉƵůƐĂŶƚŝ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ

Ɖ̂ŽƌĐĂ dϴ͗dϱ DĂƚĞKE dϴ͗dϳ

WƵůŝƚĂ dd͗dϱ DĂƚĞK&& dd͗dd
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dϴ͗dd

ϱdd фd ddd фd ϱdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
>ĂŵƉĂĚĂƐĐŝĂůŝƚŝĐĂ
ǌŽŶĂĐĞŶƚƌĂůĞ dƵďŽĐŽƌƌƵŐĂƚŽ DĂĐĐŚŝŶĂĂŶĞƐƚĞƐŝĂ

ǌŽŶĂƉƵůƐĂŶƚŝ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ

Ɖ̂ŽƌĐĂ dϵ͗dϱ DĂƚĞKE dϵ͗ϰϱ

WƵůŝƚĂ dϵ͗ϰϴ DĂƚĞK&& dϵ͗ϰd
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗ϱϱ

ddd фd ϳd фd ϱϰd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ

ƉŽƌƚĂĨĞƌƌŝ
ĂƐƐĞƚƚŽďĂƐƐŽ

ĐĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ
DĂŶŝŐůŝĂĐĂƌƌĞůůŽ
ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚŝ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ

Ɖ̂ŽƌĐĂ dϵ͗dd DĂƚĞKE dϵ͗dd

WƵůŝƚĂ dϵ͗dd DĂƚĞK&& dϵ͗dϱ
dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd dd͗ϰd

ϱdd фd ddd фd ϰdd фd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd
фdd фdd фdd фdd фdd фdd

WŝĂŶŽŝŶŽǆĐĂƌƌĞůůŽ
ƉŽƌƚĂĨĞƌƌŝ

ĂƐƐĞƚƚŽďĂƐƐŽ
ĐĂƌƌĞůůŽƉŽƌƚĂĨĂƌŵĂĐŝ

DĂŶŝŐůŝĂĐĂƌƌĞůůŽ
ĂƐƐŝƐƚĞŶƚĞƉĂǌŝĞŶƚŝ

dĂEϳΣ
DƵĨĨĞ

EϰͬEEͬEϳ

WƵůŝƚĂ

>ŝĞǀŝƚŝ
ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ



ƌŝĂĂŵďŝĞŶƚĞ

Ɖ̂ŽƌĐĂ dϳ͗dd DĂƚĞKE dϳ͗ϱd

WƵůŝƚĂ dϳ͗dϱ DĂƚĞK&& ϳ͗dd
dd͗dϵ

dddd ϱd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

ϳd ĂƐƐĞŶƚĞƚ̂ĂĨŝůŽĐŽĐĐŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

Ă̂ůĂ

KƌĂƌŝŽDd

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd
EϳͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϴͬEEͬEϳ

WƵůŝƚĂ

Ɖ̂ŽƌĐĂ dϳ͗ϱϱ DĂƚĞKE dϴ͗dd

WƵůŝƚĂ dϴ͗dd DĂƚĞK&& dϳ͗dd
dd͗dϵ

ϵdd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞƚ̂ĂĨŝůŽĐŽĐĐŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

Ă̂ůĂ

EϳͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϴͬEEͬEϳ

WƵůŝƚĂ

KƌĂƌŝŽDd

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

Ɖ̂ŽƌĐĂ dd͗dd DĂƚĞKE dd͗dϱ

WƵůŝƚĂ dϴ͗dd DĂƚĞK&& dϳ͗ϰd
dd͗dϱ

dϰdd dd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dϱ ĂƐƐĞŶƚĞƚ̂ĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

Ă̂ůĂ

KƌĂƌŝŽDd

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ

Ɖ̂ŽƌĐĂ dϵ͗dd DĂƚĞKE dϵ͗ϰϵ

WƵůŝƚĂ dϳ͗ϰϱ DĂƚĞK&& dϳ͗ϰd
dd͗ϱd

dddd dd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞƚ̂ĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

Ă̂ůĂ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂ

KƌĂƌŝŽDd

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd



Ɖ̂ŽƌĐĂ dϴ͗dϱ DĂƚĞKE dϴ͗dϰ

WƵůŝƚĂ dd͗dd DĂƚĞK&& dd͗dϱ
dϲ͗ϰd

dϰdd dd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EϲͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϳͬEEͬEϳ

WƵůŝƚĂ

KƌĂƌŝŽDd

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

Ɖ̂ŽƌĐĂ dϳ͗dd DĂƚĞKE dϳ͗dd

WƵůŝƚĂ dd͗ϱϱ DĂƚĞK&& dd͗ϱd
dϳ͗dd

dddd dd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

ϰd ĂƐƐĞŶƚĞ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EϲͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϳͬEEͬEϳ

WƵůŝƚĂ
dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

KƌĂƌŝŽDd

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

Ɖ̂ŽƌĐĂ dd͗dd DĂƚĞKE dd͗ϰϲ

WƵůŝƚĂ dd͗dd DĂƚĞK&& dϳ͗ϰϳ
dd͗dd

ϱdd dd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞƚ̂ĂĨŝůŽĐŽĐĐŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EϴͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϵͬEEͬEϳ

WƵůŝƚĂ

KƌĂƌŝŽDd

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

Ɖ̂ŽƌĐĂ dd͗dd DĂƚĞKE dd͗dϴ

WƵůŝƚĂ dϳ͗ϰd DĂƚĞK&& dϳ͗ϰd
dd͗dd

ϴdd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞƚ̂ĂĨŝůŽĐŽĐĐŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EϴͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϵͬEEͬEϳ

WƵůŝƚĂ

KƌĂƌŝŽDd

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd



Ɖ̂ŽƌĐĂ dϰ͗ϱd DĂƚĞKE dϱ͗dd

WƵůŝƚĂ dd͗ϰϱ DĂƚĞK&& dd͗ϰϲ
dd͗dd

dϰd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

Ă̂ůĂ

KƌĂƌŝŽDd
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂdĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

ƚ̂ĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ

Ɖ̂ŽƌĐĂ dϱ͗ϰd DĂƚĞKE

WƵůŝƚĂ dd͗dd DĂƚĞK&&
dd͗dd

ϱϳd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂdĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

Ɖ̂ŽƌĐĂ dϵ͗dd DĂƚĞKE dϵ͗dd

WƵůŝƚĂ dϳ͗ϰd DĂƚĞK&& dϳ͗dϳ
dd͗dϰ

ϴdd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dd ĂƐƐĞŶƚĞƚ̂ĂĨŝůŽĐŽĐĐŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EϱͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϲͬEEͬEϳ

WƵůŝƚĂdĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

Ɖ̂ŽƌĐĂ dϵ͗ϰd DĂƚĞKE dϵ͗ϱd

WƵůŝƚĂ dϴ͗dd DĂƚĞK&& dϳ͗ϱϰ
dd͗dd

ϵϰd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

ƚ̂ĂĨŝůŽĐŽĐĐŽ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EϱͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϲͬEEͬEϳ

WƵůŝƚĂ



Ɖ̂ŽƌĐĂ dϳ͗dd DĂƚĞKE dϳ͗ϱϱ

WƵůŝƚĂ dd͗ϰd DĂƚĞK&& dd͗dϳ
dϴ͗ϰd

dϰd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂdĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

Ă̂ůĂ

Ɖ̂ŽƌĐĂ dϴ͗dϱ DĂƚĞKE dϴ͗dϳ

WƵůŝƚĂ dd͗dϱ DĂƚĞK&& dd͗dd
dϴ͗dd

ϴdd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EEͬEEͬEϳ

WƵůŝƚĂdĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

Ɖ̂ŽƌĐĂ dϵ͗dϱ DĂƚĞKE dϵ͗ϰϱ

WƵůŝƚĂ dϵ͗ϰϴ DĂƚĞK&& dϵ͗ϰd
dd͗ϱϱ

dddd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd

Ă̂ůĂ

Ɖ̂ŽƌĐĂ dϵ͗dd DĂƚĞKE dϵ͗dd

WƵůŝƚĂ dϵ͗dd DĂƚĞK&& dϵ͗dϱ
dd͗ϰd

ddd фd
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ
ĂƐƐĞŶƚĞ ĂƐƐĞŶƚĞ

dĂEϳΣ
DƵĨĨĞ
>ŝĞǀŝƚŝ

ƚ̂ĂĨŝůŽĐŽĐĐŽ

Ă̂ůĂ

KƌĂĚĞůƉƌĞůŝĞǀŽ KƌĂƌŝŽDd
ƌŝĂůĞƚƚŝŶŽ
ŽƉĞƌĂƚŽƌŝŽ

dĞŵƉŽĨƵŶǌŝŽŶĂŵĞŶƚŽDd;ŽƌĞ͗ŵŝŶƵƚŝd
EEͬEEͬEϳ

Ɖ̂ŽƌĐĂ
EϰͬEEͬEϳ

WƵůŝƚĂ
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ĚĂůWKZ >Z/& Ẑd&̂ dddϰdddddperilsupportoall̓adozionediinnovazioni e nuove tecnologie͕ƐŽŶŽĞŵĞƌƐĞ

ŝŶƚĞƌessantipossibilità d i̓mpiego della tecnologia NTP relativamente alla sua capacità di ridurre in maniera

estremamentesignificativai livelli di inquinamentomicrobicoall̓ interno delle sale operatorie.

Nell̓ottica di agire nellaĚŝƌĞǌŝŽŶĞĚĞůůĂƌŝĚƵǌŝŽŶĞĚĞůZŝƐĐŚŝŽůŝŶŝĐŽĐŽŶŶĞƐƐŽĂůůĞŝŶĨĞǌŝŽŶŝŽƐƉĞĚĂůŝĞƌĞ͕ƐŝğĐĞƌĐĂƚŽ

di stabilire le potenzialità dʼazione della tecnologia NTP anche nei confronti dei microrganismi potenzialmente

rinvenibili all̓ interno delle corsiedi degenza.

WĞƌƋƵĞƐƚŽƐĐŽƉŽƐŽŶŽƐƚĂƚŝƵƚŝůŝǌǌĂƚŝĚĞŝƐŝƐƚĞŵŝŝŽŶŝǌǌĂŶƚŝĚŝƌŝĚŽƚƚĞĚŝŵĞŶƐŝŽŶŝĂƉƉŽƐŝƚĂŵĞŶƚĞĚŝƐĞŐŶĂƚŝƉĞƌƵŶĂůŽƌŽ

collocazione meno “invasiva” e più facilmente inseribile in un contesto di vita abituale. >ĞĂƚƚƌĞǌǌĂƚƵƌĞƐŽŶŽƐƚĂƚĞ

ĐŽůůŽĐĂƚĞŝŶĚŝǀĞƌƐŝƉƵŶƚŝĚŝƵŶĂĐŽƌƐŝĂĞůĂƐĐŝĂƚĞŝŶĨƵŶǌŝŽŶĞŝŶŵĂŶŝĞƌĂƉƌĞƐƐŽĐŚĠĐŽƐƚĂŶƚĞĚƵƌĂŶƚĞƚƵƚƚŽŝůƉĞƌŝŽĚŽ

di studio. Il confrontodegli effetti è stato eseguito valutando i livelli di contaminazioneinunacorsiadi “controllo”

ƉƌŝǀĂĚŝƐŝƐƚĞŵŝEdWd

/ŶƋƵĞƐƚŽŵŽĚŽůŽƐƚƵĚŝŽŚĂƉŽƚƵƚŽƌispondeinmodoefficaceeestremamentepertinente all̓esigenza di valutazione
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ambientale,massimizzandonel̓ efficaciae contribuendoacreareambienti più sicuri e conminorerischio infettivo.
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/ůDŝŶŝƐƚĞƌŽĚĞůůĂ̂ ĂůƵƚĞnelsuo“Manualeper la formazione degli operatori sanitari d ŝ̂ĐƵƌĞǌǌĂĚĞŝƉĂǌŝĞŶƚŝĞŐĞƐƚŝŽŶĞ

del rischio clinico”;ddĚĞĨŝŶŝƐĐĞŝůZŝƐĐŚŝŽůinicocome “la possibilità che ƵŶƉĂǌŝĞŶƚĞƐƵďŝƐĐĂƵŶĚĂŶŶŽŽĚŝƐĂŐŝŽ

ŝŶǀ ŽůŽŶƚĂƌŝŽ͕ŝŵƉƵƚĂďŝůĞ͕ĂůůĞĐƵƌĞƐĂŶŝƚĂƌŝĞ͕ĐŚĞĐĂƵƐĂƵŶƉƌŽůƵŶŐĂŵĞŶƚŽĚĞůƉĞƌŝŽĚŽĚŝĚĞŐĞŶǌĂ͕ƵŶƉĞŐŐŝŽƌĂŵĞŶƚŽ

delle condizionidi saluteolamorte”

Talepossibilità è strettamente correlata all̓ insorgenzadi errori nel trattamento sanitario daiquali possonoderŝǀĂƌĞ

danni differenti per il paziente. In sanità tali errori sono generalmente classificati in errori attivi (l̓ infermiere che

ƐďĂŐůŝĂůĂĚŽƐĞĚŝĨĂƌŵĂĐŽd͕ĨĂĐŝůŵĞŶƚĞŝŶĚŝǀŝĚƵĂďŝůŝŶĞůƚĞŵƉŽĞŶĞůůŽƐƉĂǌŝŽ͕ĞŝŶĞƌƌŽƌŝůĂƚĞŶƚŝ;ƵŶƐŝƐƚĞŵĂŵĂŶƵĂůĞ

ĚŝƉƌĞƐĐƌŝǌŝŽŶĞĞƚƌĂƐĐƌŝǌŝŽŶĞĚĞůůĂƚĞƌĂƉŝĂdǀŝĐĞǀĞƌƐĂƉŝƶĐŽŵƉůĞƐƐŝĚĂŝŶĚŝǀŝĚƵĂƌĞŵĂĐŚĞƉŽƐƐŽŶŽŐĞŶĞƌĂƌĞĂĐĂƚĞŶĂ

ƚƵƚƚĂƵŶĂƐĞƌŝĞĚŝĞƌƌŽƌŝĂƚƚŝǀ ŝd

Eʼ riconosciuto che tali errori, da cui derivano gli incidenti sanitari, sono generati dall̓ interazione fra le ĚŝǀĞƌƐĞ

ĐŽŵƉŽŶĞŶƚŝĚĞůƐŝƐƚĞŵĂƐĂŶŝƚĂƌŝŽ͗ƚĞĐŶŽůŽŐŝĐĂ͕ƵŵĂŶĂĞĚŽƌŐĂŶŝǌǌĂƚŝǀ Ă͕ĐŝĂƐĐƵŶĂŝŶŐƌĂĚŽĚŝĨƵŶǌŝŽŶĂƌĞĚĂďĂƌƌŝĞƌĂ

protettiva contro l̓ insorgenzadegli errori ma che talvolta presentano delle “falle“ che in particolare condizioni

ƉŽƐƐŽŶŽƉŽƌƚĂƌĞĂůverificarsidell̓eventoavverso.

Ciascunsistema sanitario è quindi caratterizzato da un proprio “grado di rischiosità” al quale concorrono numerosi

ĨĂƚƚŽƌŝ͗

dĨĂƚƚŽƌŝƐƚƌƵƚƚƵƌĂůŝĞƚĞĐŶŽůŽŐŝĐŝ͖

dĨĂƚƚŽƌŝŽƌŐĂŶŝǌǌĂƚŝǀŽdŐĞƐƚŝŽŶĂůŝĞĐŽŶĚŝǌŝŽŶŝĚŝůĂǀŽƌŽ͖

dĨĂƚƚŽƌŝƵŵĂŶŝ;ŝŶĚŝǀŝĚƵĂůŝĞĚĞůƚĞĂŵd͖

dcaratteristichedell̓utenza.
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ƐƵĂŐĞŶĞƐŝd

&ƌĂŐůŝĞǀĞŶƚŝĂǀǀĞƌƐŝƉŝƶƚĞŵƵƚŝŝŶƐĂŶŝƚă͕ƐŝĐƵƌĂŵĞŶƚĞůĂƉŽƐƐŝďŝůŝƚăĚŝĐŽŶƚƌĂƌƌĞŝŶĨĞǌŝŽŶŝƐĞĐŽŶĚĂƌŝĞ;ŽůƚƌĞĐŝŽğĂ

quelle primitive per le quali eventualmente si è ricorso all̓ assistenza sanitaria) rappresenta uno dei principali temi

ĂĨĨƌŽŶƚĂƚŝŶĞůŵĂŶĂŐĞŵĞŶƚĚĞůƌŝƐĐŚŝŽĐůŝŶŝĐŽd

YƵĞƐƚĞŝŶĨĞǌŝŽŶŝƉŽƐƐŽŶŽĚĞƌŝǀ ĂƌĞĚĂůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞĐƌŽĐŝĂƚĂƉĂǌŝĞŶƚĞͬƉĂǌŝĞŶƚĞŽŽƉĞƌĂƚŽƌĞͬƉĂǌŝĞŶƚĞŽ

ĂŵďŝĞŶƚĞͬƉĂǌŝĞŶƚĞĞƉŽƐƐŽŶŽĚĞƌŝǀ ĂƌĞƐŝĂĚĂĞƌƌŽƌŝĂƚƚŝǀŝ;ƵƐŽƉƌŽŵŝƐĐƵŽĚŝĂƚƚƌĞǌǌĂƚƵƌĞƐĂŶŝƚĂƌŝĞ͕ŵĂŶĐĂƚŽŝŵƉŝĞŐŽ

ĚŝƐŝƐƚĞŵŝĚŝƉƌŽƚĞǌŝŽŶĞĚĂƉĂƌƚĞĚĞůƉĞƌƐŽŶĂůĞƐĂŶŝƚĂƌŝo,inosservanzadellenormeigieniche, …) che latente (non
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esecuzionediprocedure di igieneambientale,…).

Ğ̂ĂůůĂĨŝŶĞĚĞůƐĞĐŽůŽƐĐŽƌƐŽůĞŝnfezioniospedalierevenivanoconsideratecome“le infezioni contratte durante il

ricovero ospedaliero, che si manifestano clinicamente almeno dopo 48 ore dall̓ ingresso del ricovero, durante la

degenza stessa o dopo la dimissione” oggi si è spostata l̓atteŶǌŝŽŶĞƐƵůĐŽŶĐĞƚƚŽĚŝŝŶĨĞǌŝŽŶĞĐŽƌƌĞůĂƚĞĂŝƉƌŽĐĞƐƐŝ

assistenzialied all̓ attività lavorativa in ambiente sanitarioanche nonstrettamente ospedaliero, al puntoche il Piano

Ă̂ŶŝƚĂƌŝŽEĂǌŝŽŶĂůĞ͕ĨŝŶĚĂůďŝĞŶŶŝŽddddddddϰ͕ůĞŝĚĞŶƚŝĨŝĐĂǀĂĐŽŵĞĞƌƌŽƌŝŶĞůůepraticheassistenziali.E̓importante

comunque sottolineare che tali errori sono insiti nell̓ attività sanitaria stessa e quindi, seppure prevenibili, non

ƉŽƚƌĂŶŶŽŵĂŝĞƐƐĞƌĞĂǌǌĞƌĂƚŝ͕ĐŽŶƵŶĂŝŶĐŝĚĞŶǌĂŶĂǌŝŽŶĂůĞ;ŝŶĐŽŶƚŝŶƵĂĂƐĐĞƐĂdĐŚĞƐŝĂƚƚĞƐƚĂĂƚƚŽƌŶŽĂůϱdddйd

In quest̓ ottica sicuramente riuscire a tenere sotto controllo il livello di contaminazioneambientale presente in sala

ŽƉĞƌĂƚŽƌŝĂƌĂƉƉƌĞƐĞŶƚĂƵŶĞůĞŵĞŶƚŽŝŵƉƌĞƐĐŝŶĚŝďŝůĞĚŝŽŐŶŝŐĞƐƚŝŽŶĞĚĞůƌŝƐĐŚŝŽĐůŝŶŝĐŽ͖ŝŶƐĂůĂŽƉĞƌĂƚŽƌŝĂŝŶĨĂƚƚŝŝ

ƉĂǌŝĞŶƚŝƐŽŶŽĞƐƉŽƐƚŝĐŽŵĞŶŽŶŵĂŝĂůůĂƉŽƐƐŝďŝůŝƚăĚŝĐŽŶƚƌĂƌƌĞƉĞƌŝĐŽůŽƐĞŝŶĨĞǌŝŽŶŝŝŶƵŶĂŵŝƐƵƌĂĐŚĞğĚŝƌĞƚƚĂŵĞŶƚĞ

proporzionaleal tipo di invasività dell̓ intervento e, ovviamente, al livello di contaminazioneaerodispersaepresente

ƐƵůůĞƐƵƉĞƌĨŝĐŝd

ĐĐĂŶƚŽaquesto ambiente “critico” ne esistono ƉĞƌžŵŽůƚŝĂůƚƌŝĐŚĞŶĞĐĞƐƐŝƚĂŶŽĚŝƵŶĂƚƚĞŶƚŽĐŽŶƚƌŽůůŽĚĞŝůŝǀĞůůŝĚŝ

contaminazioneambientale, dagli ambulatori alle saledi attesa finoad arrivare alle corsiedi degenza.Quest̓ ultime

ƐŽŶŽŵŽůƚŽƐƉĞƐƐŽĨŽŶƚĞĚŝŝŶĨĞǌŝŽŶĞĐƌŽĐŝĂƚĂĂĐĂƵƐĂĚĞůůĂƉŽƐƐŝďŝůĞƉƌĞƐĞŶǌĂĚŝƉĂǌŝĞŶƚŝƉŽƌƚĂƚŽƌŝŶŽƚŝŵĂ͕ŵŽůƚŽ

spessoignoti,diagenti infettivi ingradodideterminareunaumentodel rischioclinico.Dʼaltro cantoanchelapresenza

ĚŝǀŝƐŝƚĂƚŽƌŝƉƵž͕ŝŶĂůĐƵŶŝĐĂƐŝ͕ĂŶĚĂƌĞĂƉĞŐŐŝŽƌĂƌĞŝůůŝǀĞůůŽĚŝŝŐŝĞŶĞĂŵďŝĞŶƚĂůĞŐĞŶĞƌĂůĞ͕ĐŽŶĐŽŶƐĞŐƵĞŶƚĞĂƵŵĞŶƚŽ

ĚĞůƌŝƐĐŚŝŽŝŶĨĞƚƚŝǀŽƉĞƌŝƉĂǌŝĞŶƚŝd



ƚ̂ƵĚŝŽŝŶĐŽƌƐŝĂ
ŽŶƋƵĞƐƚŽƐƚƵĚŝŽƐŝğĐĞƌĐĂƚŽĚŝĐĂƉŝƌĞƐĞŐůŝĞĐĐĞůůĞŶƚŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝŝŶƐĂůĂŽƉĞƌĂƚŽƌŝĂƉŽƚĞǀĂŶŽĞƐƐĞƌĞŝŶƋƵĂůĐŚĞ

ŵĂŶŝĞƌĂƌĞƉůŝĐĂƚŝĂŶĐŚĞŝŶĐŽƌƐŝĂĚĞŐĞŶƚŝd

Per questomotivosi è fatto ricorsodiuna tipologiadi attrezzaturadifferente dalMATE,basatosempresull̓ impiego

ĚŝŵŽĚƵůŝŝŽŶŝǌǌĂŶƚŝŝŶŐƌĂĚŽĚŝŐĞŶĞƌĂƌĞĂƌŝĂEdW͕ŵĂĚŝĚŝŵĞŶƐŝŽŶŝĚĞĐŝƐĂŵĞŶƚĞƉŝƶĐŽŶƚĞŶƵƚĞĞƉƌŝǀŝĚĞůŵŽĚƵůŽĚŝ

ĨŝůƚƌĂǌŝŽŶĞ,Wd

&ŝŐƵƌĂd–hŶŝƚăĚŝƚƌĂƚƚĂŵĞŶƚŽĂƌŝĂŝŵƉŝĞŐĂƚĂŝŶĐŽƌƐŝĂ

Il sistemaimpiegato,denominatoCUBE, sfrutta imedesimiprincipi allabasedell̓ armadioMATEe, essendomunitodi

ƵŶƐŝƐƚĞŵĂƚĞŵƉŽƌŝǌǌĂƚŽĂƵƚŽŵĂƚŝĐŽ͕ğŝŶŐƌĂĚŽĚŝĞƐĞŐƵŝƌĞĚĞŝĐŝĐůŝĚŝƚƌĂƚƚĂŵĞŶƚŽƉĞƌƐŽŶĂůŝǌǌĂďŝůŝĂƐĞĐŽŶĚĂĚĞůůĞ

ĞƐŝŐĞŶǌĞd

WĞƌŐůŝƐĐŽƉŝĚĞůůŽƐƚƵĚŝŽƐŽŶŽƐƚĂƚĞŝŶĚŝǀŝĚƵĂƚĞĚƵĞĐŽƌƐŝĞĚŝĚĞŐĞŶǌĂ͕ƉĞƌĨĞƚƚĂŵĞŶƚĞƐŽǀƌĂƉƉŽŶŝďŝůŝƉĞƌƋƵĂŶƚŽ

ƌŝŐƵĂƌĚĂůĂƚŝƉŽůŽŐŝĂĚŝƉĂǌŝĞŶƚŝŽƐƉŝƚĂƚŝ;ƉĂǌŝĞŶƚŝŽƌƚŽƉĞĚŝĐŝd͕ŝůůŽƌŽŶƵŵĞƌŽĞůĂĨƌĞƋƵĞŶǌĂĚŝǀŝƐŝƚĞĚĂƉĂƌƚĞĚĞŝ

ĨĂŵŝůŝĂƌŝĞƐƚĞƌŶŝd

ŶƚƌĂŵďĞůĞĐŽƌƐŝĞŚĂŶŶŽůĞƐƚĞƐƐĞŝĚĞŶƚŝĐŚĞĚŝŵĞŶƐŝŽŶŝĞƐŽŶŽƐŽƚƚŽƉŽƐƚĞĂůůĞŵĞĚĞƐŝŵĞĂƚƚŝǀ ŝƚăĚŝƐĂŶŝĨŝĐĂǌŝŽŶĞĚĂ

ƉĂƌƚĞĚĞůƉĞƌƐŽŶĂůĞĂƵƐŝůŝĂƌŝŽd

Una delle due corsie è stata attrezzata con tre unità CUBE collocate in maniera tale da coprire tutta l̓ estensione del

ĐŽƌƌŝĚŽŝŽ͕ĐŽŶƉĂƌƚŝĐŽůĂƌĞĂƚƚĞŶǌŝŽŶĞĂůůĞǌŽŶĞĚŝƉŝƶĂůƚƌĂĨƌĞƋƵĞŶƚĂǌŝŽŶĞ;ǌŽŶĂĐĂĨĨğdd



&ŝŐƵƌĂd–Žůlocazionedeitre CUBE nella corsia “trattata”. A) zona caffèdƐĂůĂĚŝĂƐƉĞƚƚŽ͖dĐĞŶƚƌŽĐŽƌƐŝĂ͖dĨŝŶĞĐŽƌƐŝĂ

/ƵďĞƐŽŶŽƐƚĂƚŝƉƌŽŐƌĂŵŵĂƚŝŝŶŵĂŶŝĞƌĂƚĂůĞĚĂŐĂƌĂŶƚŝƌĞƵŶĨƵŶǌŝŽŶĂŵĞŶƚŽĐŽŶƚŝŶƵĂƚŝǀ ŽƐĞĐŽŶĚŽƵŶĐŝĐůŽĐŚĞ

ƉƌĞǀĞĚĞǀ ĂdŵŝŶƵƚŝĚŝĂĐĐĞŶƐŝŽŶĞƐĞŐƵŝƚŝĚĂϴŵŝŶƵƚŝĚŝƉĂƵƐĂͬdϰŽƌĞĂůŐŝŽƌŶŽd

Per la valutazione dell̓ efficacia sono stati previsti dei prelievi ambientali periodici bisettimanali da eseguirsi

ĐŽŶƚĞŵƉŽƌĂŶĞĂŵĞŶƚĞƐŝĂŶĞůůĂĐŽƌƐŝĂƚƌĂƚƚĂƚĂĐŚĞŝŶƋƵĞůůĂĚŝĐŽŶƚƌŽůůŽd

/ƉƵŶƚŝĚŝƉƌĞůŝĞǀŽƐĐĞůƚŝ;ŝŵĞĚĞƐŝŵŝƉĞƌĞŶƚƌĂŵďĞůĞĐŽƌƐŝĞdƐŽŶŽƐƚĂƚŝ͗

Ƶ̂ƉĞƌĨŝĐŝ

dWƵůƐĂŶƚŝĞƌĂĚŝƐƚƌŝďƵƚŽƌĞĐĂĨĨğ



dWĂƐƐĂŵĂŶŽ

dWĂƌĞƚĞƐǆĨŝŶĞĐŽƌƌŝĚŽŝŽ

>ĞƐƵƉĞƌĨŝĐŝƐŽŶŽƐƚĂƚĞƐĞůĞǌŝŽŶĂƚĞŝŶƋƵĂŶƚŽƌŝƚĞŶƵƚĞĂƉŝƶĂůƚŽƚĂƐƐŽĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞĞƋƵŝŶĚŝŵĂŐŐŝŽƌŵĞŶƚĞ

ƐŝŐŶŝĨŝĐĂƚŝǀ ĞƉĞƌŐůŝƐĐŽƉŝĚĞůůŽƐƚƵĚŝŽd

Analogamenteanche l̓ aria ambiente, prelevata mediante campionatoreattivo SAS, è stata campionatanella sala di

attesa, inprossimitàdell̓ ascensoreemacchinacaffè.

ƌŝĂ

d̂ĂůĂĚŝĂƚƚĞƐĂ



/ŶŽŐŶŝĐĂŵƉŝŽŶĞƐŽŶŽƐƚĂƚŝƌŝĐĞƌĐĂƚŝ͗

dĂƌŝĐĂďĂƚƚĞƌŝĐĂƚŽƚĂůĞĂdϳΣ͖

dDƵĨĨĞĞůŝĞǀŝƚŝ͖

d̂ ƚĂĨŝůŽĐŽĐĐŚŝĐŽĂŐƵůĂƐŝƉŽƐŝƚŝǀ ŝd

/ƉƌĞůŝĞǀŝƐŽŶŽƐƚĂƚŝĞƐĞŐƵŝƚŝƉĞƌƋƵĂƚƚƌŽƐĞƚƚŝŵĂŶĞ͕ŝůŵĂƌƚĞĚŞĞŝůŐŝŽǀĞĚŞ͕ŝŵŵĞĚŝĂƚĂŵĞŶƚĞĂůƚĞƌŵŝŶĞĚĞůůĞǀŝƐŝƚĞĚĞŝ

ĨĂŵŝůŝĂƌŝĞƉƌŝŵĂĚŝƋƵĂůƵŶƋƵĞŽƉĞƌĂǌŝŽŶĞĚŝƉƵůŝǌŝĂĂŵďŝĞŶƚĂůĞ͕ŝŶŵĂŶŝĞƌĂƚĂůĞĚĂĂŶĚĂƌĞĂŵŽŶŝƚŽƌĂƌĞůĞƉĞŐŐŝŽƌŝ

condizionid i̓nquinamentochesipotessero realizzare.

ZŝƐƵůƚĂƚŝĐŽŶƐĞŐƵŝƚŝ

ƌŝĂĂŵďŝĞŶƚĞ

ŝƐĞŐƵŝƚŽƐŽŶŽƉƌĞƐĞŶƚĂƚŝŝƌŝƐƵůƚĂƚŝŽƚƚĞŶƵƚŝƌĞůĂƚŝǀĂŵĞŶƚĞĂŝǀĂůŽƌŝĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞĂĞƌŽĚŝƐƉĞƌƐĂĐŽŶĨƌŽŶƚĂŶĚŽŝ

ĚĂƚŝĂŵďŝĞŶƚĂůŝĚĞůůĞĚƵĞĐŽƌƐŝĞd

ƚ;ŐŝŽƌŶŝE
ŽƌƐŝĂ

ŽŶƚƌŽůůŽ
h& ͬŵE

ŽƌƐŝĂ
dƌĂƚƚĂƚĂ
h

h& ͬŵE

ZŝĚƵǌŝŽŶĞ
ŐŝŽƌŶĂůŝĞƌĂ

й

E dddd ddd ϴϱ͕ϳdй
E dddd ddd ϳd͕ϴdй
ϳ dddd ϰdd ϳϵ͕ddй
ϵ ddd ϱd ϴd͕ddй
Eϰ dddd dd ϵϴ͕ϳ dй
Eϲ dddd dϳd ϳϳ ͕ϱdй
EE dddd dϰd ϴϵ͕ddй
EE ϵdd ddd ϴϴ͕ϴϵй

DĞĚŝĂ EϰEE EEE
йZŝĚƵǌŝŽŶĞdŽƚE ϴϲй

&ŝŐƵƌĂd–d>>͗ĂŶĚĂŵĞŶƚŝĚĞůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞĚĂĂƌŝĐĂĂƚƚĞƌŝĐĂdotalerilevatanell̓ariadelledue corsie sottoposte ĂƉƌŽǀĂd>ĂƌŝĚƵǌŝŽŶĞ
йŐŝŽƌŶĂůŝĞƌĂƐŝƌŝĨĞƌŝƐĐĞĂŝǀĂůŽƌŝƌŝůĞǀĂƚŝƉĞƌŐŝŽƌŶŽĚŝĐĂŵƉŝŽŶĂŵĞŶƚŽŶĞůůĞĚƵĞĐŽƌƐŝĞŝŶƐƚƵĚŝŽ͖ůĂƌŝĚƵǌŝŽŶĞйƚŽƚĂůĞŝŶǀĞĐĞĂůůĞŵĞĚŝĞĚĞŝǀĂůŽƌŝ
ĐŽŵƉůĞƐƐŝǀĂŵĞŶƚĞƌŝůĞǀĂƚŝŶĞůůĞĚƵĞƚŝƉŽůŽŐŝĞĚŝĐŽƌƐŝĞd'Z&/K͗ĂŶĚĂŵĞŶƚŽĚĞůůĂCBTdurantelasperimentazionenellasolacorsia“trattata”.

ĂŝƌŝƐƵůƚĂƚŝƉƌĞƐĞŶƚĂƚŝƐŝƉƵžďĞŶĂƉƉƌĞǌǌĂƌĞĐŽŵĞůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞŵŝĐƌŽďŝĐĂƚĞŶĚĂƉƌŽŐƌĞƐƐŝǀĂŵĞŶƚĞĂĚŝŵŝŶƵŝƌĞ

ŶĞůƚĞŵƉŽŶĞůůĂĐŽƌƐŝĂƚƌĂƚƚĂƚĂ͕ĂŶĚĂŶĚŽĂƌŝĚƵƌƐŝĂĚƵŶƚĞƌǌŽĂůůĂĨŝŶĞĚĞůůĂƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞdŽŶĨƌŽŶƚĂŶĚŽƉŽŝŝĚĂƚŝ

ottenuti nella corsia di controllo con quella trattata appare ben evidente comel̓ impiegodel CUBE abbia portato fin

ĚĂƐƵďŝƚŽĂĚƵŶŶĞƚƚŽŵŝŐůŝŽƌĂŵĞŶƚŽ͕ĐŽŶƵŶĂƌŝĚƵǌŝŽŶĞĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞĐŚĞĐŽŵƉůĞƐƐŝǀĂŵĞŶƚĞƐŝǀĂĂĚĂƚƚĞƐƚĂƌĞ

all̓ 86% (valori medi).



dĂďĞůůĂdd ndamentidellacontaminazionedaMuffeeLieviti (tabella a sinistra) e Stafilococchi (tabella di destra) rilevata nell̓aria ĚĞůůĞĚƵĞ
ĐŽƌƐŝĞƐŽƚƚŽƉŽƐƚĞĂƉƌŽǀĂd>ĂƌŝĚƵǌŝŽŶĞйŐŝŽƌŶĂůŝĞƌĂƐŝƌŝĨĞƌŝƐĐĞĂŝǀĂůŽƌŝƌŝůĞǀĂƚŝƉĞƌŐŝŽƌŶŽĚŝĐĂŵƉŝŽŶĂŵĞŶƚŽŶĞůůĞĚƵĞĐŽƌƐŝĞŝŶƐƚƵĚŝŽ͖ůĂ
ƌŝĚƵǌŝŽŶĞйƚŽƚĂůĞŝŶǀĞĐĞĂůůĞŵĞĚŝĞĚĞŝǀĂůŽƌŝĐŽŵƉůĞƐƐŝǀĂŵĞŶƚĞƌŝůĞǀĂƚŝŶĞůůĞĚƵĞƚŝƉŽůŽŐŝĞĚŝĐŽƌƐŝĞd

ƚ;ŐŝŽƌŶŝE
ŽƌƐŝĂ

ŽŶƚƌŽůůŽ
h& ͬŵE

ŽƌƐŝĂ
dƌĂƚƚĂƚĂ
;hE
h& ͬŵE

ZŝĚƵǌŝŽŶĞ
ŐŝŽƌŶĂůŝĞƌĂ

й
ƚ;ŐŝŽƌŶŝE

ŽƌƐŝĂ
ŽŶƚƌŽůůŽ
h& ͬŵE

ŽƌƐŝĂ
dƌĂƚƚĂƚĂ
;hE
h& ͬŵE

ZŝĚƵǌŝŽŶĞ
ŐŝŽƌŶĂůŝĞƌĂ

й

E ϴd d ddd͕ddй E ϲd d ddd͕ddй
E ddd d ddd͕ddй E dd d ddd͕ddй
ϳ dϱd d ddd͕ddй ϳ dϵ d ddd͕ddй
ϵ dϴd d ddd͕ddй ϵ dd d ddd͕ddй
Eϰ dϳd d ddd͕ddй Eϰ dd d ddd͕ddй
Eϲ ddd d ddd͕ddй Eϲ dϰ d ddd͕ddй
EE ddd d ddd͕ddй EE d d ddd͕ddй
EE ϲd d ddd͕ddй EE d d ddd͕ddй

DĞĚŝĂ Eϰϱ E DĞĚŝĂ EE E
йƌŝĚƵǌŝŽŶĞ EEEй йƌŝĚƵǌŝŽŶĞ EEEй

/ŶƋƵĞƐƚŽĐĂƐŽƐŝƉƵžŽƐƐĞƌǀĂƌĞĐŽŵĞůĂƉƌĞƐĞŶzadeiCUBEnellacorsia trattata abbia di fatto reso l̓ambiente

ĂƐƐŽůƵƚĂŵĞŶƚĞŝŶŽƐƉŝƚĂůĞƉĞƌŝŐĞƌŵŝƌŝĐĞƌĐĂƚŝ;DƵĨĨĞĞ>ŝĞǀ ŝƚŝ͕̂ ƚĂĨŝůŽĐŽĐĐŚŝĐŽĂŐƵůĂƐŝƉŽƐŝƚŝǀ ŝdƋƵĂŶĚŽǀ ŝĐĞǀĞƌƐĂ

nell̓altra corsia era praticamente sempre presenti. In questo caso quindi sŝğŽƐƐĞƌǀĂƚĂƵŶĂƌŝĚƵǌŝŽŶĞĚŝ

ĐŽŶƚĂŵŝŶĂǌŝŽŶĞĐŚĞĐŽŵƉůĞƐƐŝǀ ĂŵĞŶƚĞƐŝǀ ĂĂĚĂƚƚĞƐƚĂƌĞĂůdddй;ǀĂůŽƌŝŵĞĚŝdd

Ƶ̂ƉĞƌĨŝĐŝĚŝůĂǀŽƌŽ

Analogamente ai risultati relativi all̓ aria ambiente, di seguito sono presentati i valori di contaminazionericavati

dall̓analiƐŝĚĞůůĞƐƵƉĞƌĨŝĐŝĐĂŵƉŝŽŶĂƚĞd

dĂďĞůůĂddŶĚĂŵĞŶƚŝĚĞůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞĚĂĂƌŝĐĂĂƚƚĞƌŝĐĂdŽƚĂůĞƌŝůĞǀĂƚĂŶĞůůĞƐƵƉĞƌĨŝĐŝĐĂŵƉŝŽŶĂƚĞŶĞůůĞĚƵĞĐŽƌƐŝĞƐŽƚƚŽƉŽƐƚĞĂƉƌŽǀĂd

d ŽƌƐŝĂ
ŽŶƚƌŽůůŽ

ŽƌƐŝĂ
dƌĂƚƚĂƚĂ;hE

ƚ;ŐŝŽƌŶŝE WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ

E dϰdd dddd ϵddd ϴdd ϰdd ϲdd
E dϰdd ϵddd dϵdd dϰd ϰd ϲd
ϳ dddd ϳ dd ϴdd ϰdd dϴd dϱd
ϵ dϱd ϰdd dddd ϲd ϳd ϵd
Eϰ ϱdd dddd ϲdd dϵd dϴd ϵd
Eϲ dϰdd dddd ϳ dd ddd ddd ddd
EE ϵdd dddd dϲdd ϳd ϴd ddd
EE dddd ϴdd dddd ϴd ϴϱ ϵd

DĞĚŝĂ EEEE EEϳϲ EEϱϱ Eϱϱ Eϱϲ Eϲϵ

/ŶƋƵĞƐƚŽĐĂƐŽğƉŽƐƐŝďŝůĞĞǀ ŝĚĞŶǌŝĂƌĞ͕ƌŝƐƉĞƚƚŽĂŝǀĂůŽƌŝŵĞĚŝƌŝůĞǀĂƚŝƉĞƌŽŐŶŝƚŝƉŽůŽŐŝĂĚŝƐƵƉĞƌĨŝĐŝĞŶĞůůĞĚƵĞĐŽƌƐŝĞ͕

ůĞƐĞŐƵĞŶƚŝƉĞƌĐĞŶƚƵĂůŝĚŝĂďďĂƚƚŝŵĞŶƚŽ͗



dĂďĞůůĂddZŝĚƵǌŝŽŶĞĚĞůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞŵŝĐƌŽďŝĐĂƉĞƌƐƵƉĞƌĨŝĐŝĞĐĂŵƉŝŽŶĂƚĂdŽŶĨƌŽŶƚŽƚƌĂƐƵƉĞƌĨŝĐŝĞĚĂĐŽƌƐŝĂƚƌĂƚƚĂƚĂͬƐƵƉĞƌĨŝĐŝĞĚĂĐŽƌƐŝĂ
ĐŽŶƚƌŽůůŽ

d WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ
ZŝĚƵǌŝŽŶĞй ϳ ϳй ϵdй ϵdй

/ŐƌĂĨŝĐŝƐĞŐƵĞŶƚŝƉĞƌŵĞƚƚŽŶŽĚŝĞǀŝĚĞŶǌŝĂƌĞĐŽŵĞůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞŵŝĐƌŽďŝĐĂƚĞŶĚĂƉƌŽŐƌĞƐƐŝǀĂŵĞŶƚĞĂĚŝŵŝŶƵŝƌĞ

nel temponella corsiatrattata sututte le superfici campionate,in manieradel tutto analogaa quantovisto per l̓ aria.

&ŝŐƵƌĂϰ–ŶĚĂŵĞŶƚŽĚĞůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞĚĂdŶĞůůĞƐƵƉĞƌĨŝĐŝĚĞůůĂĐŽƌƐŝĂƚƌĂƚƚĂƚĂĐŽŶh

I risultati presentati evidenzianochiaramentechedaltrattamentodell̓ aria ambiente conil CUBEnebeneficianoanche

ůĞƐƵƉĞƌĨŝĐŝƌŝǀĞůĂŶĚŽƵŶĂĐŚŝĂƌĂƚĞŶĚĞŶǌĂĂůůĂĚŝŵŝŶƵǌŝŽŶĞĚĞůůĂĐĂƌŝĐĂŵŝĐƌŽďŝĐĂƚŽƚĂůĞƉƌĞƐĞŶƚĞƐƵůůĞƐƵƉĞƌĨŝĐŝ

ĐĂŵƉŝŽŶĂƚĞŶĞůĐŽƌƐŽĚĞůůĂƐƉĞƌŝŵĞŶƚĂǌŝŽŶĞd>ĂƌŝĚƵǌŝŽŶĞğƉƌĞƐĞŶƚĞƐŝĂĐŽŶĨƌŽŶƚĂŶĚŽŝǀĂůŽƌŝŵĞĚŝĚĞůůĞ

contaminazionisuperficiali nelle duecorsie (tabella 18), sia valutandone l̓andamento nel temponella corsiĂƚƌĂƚƚĂƚĂ

;ĨŝŐƵƌĂϰϱdd

/ŶƋƵĞƐƚŽĐĂƐŽůĞƉĞƌĐĞŶƚƵĂůŝĚŝƌŝĚƵǌŝŽŶĞŽƐƐĞƌǀĂƚĞƐŽŶŽƐƚĂƚĞ͗



dĂďĞůůĂϰdZŝĚƵǌŝŽŶĞĚĞůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞŵŝĐƌŽďŝĐĂƉĞƌƐƵƉĞƌĨŝĐŝĞĐĂŵƉŝŽŶĂƚĂŶĞůůĂĐŽƌƐŝĂƚƌĂƚƚĂƚĂdŽŶĨƌŽŶƚŽƚƌĂƐƵƉĞƌĨŝĐŝĞĂĚŝŶǌŝŽ
ƚƌĂƚƚĂŵĞŶƚŽͬĨŝŶĞƚƌĂƚƚĂŵĞŶƚŽ

d WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ
ZŝĚƵǌŝŽŶĞй ϵdй ϳϴй ϴϱй

EĞůĐĂƐŽĚĞŐůŝĂůƚƌŝĚƵĞƉĂƌĂŵĞƚƌŝĂŶĂůŝǌǌĂƚŝŝƌŝƐƵůƚĂƚŝƐŽŶŽƐƚĂƚŝŝƐĞŐƵĞŶƚŝd

dĂďĞůůĂϱŶĚĂŵĞŶƚŝĚĞůůĂĐŽŶƚĂŵŝŶĂǌŝŽŶĞĚĂDƵĨĨĞĞ>ŝĞǀŝƚŝ;ƚĂďĞůůĂƐƵƉĞƌŝŽƌĞdĞ̂ ƚĂĨŝůŽĐŽĐĐŚŝĐŽĂŐƵůĂƐŝƉŽƐŝƚŝǀŝ;ƚĂďĞůůĂŝŶĨĞƌŝŽƌĞdƌŝůĞǀĂƚĂŶĞůůĞ
ƐƵƉĞƌĨŝĐŝĐĂŵƉŝŽŶĂƚĞŶĞůůĞĚƵĞĐŽƌƐŝĞƐŽƚƚŽƉŽƐƚĞĂƉƌŽǀĂd

D> ŽƌƐŝĂ
ŽŶƚƌŽůůŽ

ŽƌƐŝĂ
dƌĂƚƚĂƚĂ;hE

ƚ;ŐŝŽƌŶŝE WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ

E d d ddd d d d
E d d ddd d d d
ϳ d ϱd dϰd d d d
ϵ d d ddd d d d
Eϰ d d dϲd d d d
Eϲ d ϴϱ dϴd d d d
EE d d ϰd d d d
EE d d ϴd d d d

DĞĚŝĂ E Eϳ EEϴ E E E

н̂ ŽƌƐŝĂ
ŽŶƚƌŽůůŽ

ŽƌƐŝĂ
dƌĂƚƚĂƚĂ;hE

ƚ;ŐŝŽƌŶŝE WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ

E ϰd d dd d d d
E ϴd d d d d d
ϳ ϳd d d d d d
ϵ ddd d d d d d
Eϰ ddd ϳd d d d d
Eϲ dϵ ϰϱ d d d d
EE d d d d d d
EE dd d d d d d

DĞĚŝĂ ϲE Eϰ ϰ E E E

ŽŶŝƐĞŐƵĞŶƚŝǀĂůŽƌŝĚŝƌŝĚƵǌŝŽŶĞ

D& WƵůƐĂŶƚŝĞƌĂΎ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ
ZŝĚƵǌŝŽŶĞй dй dddй dddй

ΎŵĂŝƌŝůĞǀĂƚĂůĂƉƌĞƐĞŶǌĂĚŝŵƵĨĨĞĞůŝĞǀŝƚŝŝŶĞŶƚƌĂŵďĞůĞĐŽƌƐŝĞ

н̂ WƵůƐĂŶƚŝĞƌĂ WĂƐƐĂŵĂŶŽ WĂƌĞƚĞ
ZŝĚƵǌŝŽŶĞй dddй dddй dddй



ĂŝĚĂƚŝƉƌĞƐĞŶƚĂƚŝğƉŽƐƐŝďŝůĞƚƌĂƌƌĞůĞƐĞŐƵĞŶƚŝĐŽŶĐůƵƐŝŽŶŝ͗

dL̓applicazionedeisistemi CUBEhadeterminato una costante migliore della qualità dell̓ aria per tutti i parametri

ricercati, con differenze di contaminazionefra la corsia “trattata” e quella di “controllo” di almeno due ordini di

ŐƌĂŶĚĞǌǌĂ͖ĚŝĨĨĞƌĞŶǌĞĞǀŝĚĞŶƚŝĨŝŶŽĚĂůƉƌŝŵŽŐŝŽƌŶŽĚŝƚƌĂƚƚĂŵĞŶƚŽĞƉŝƶŵĂƌĐĂƚŽĂŵĂŶŽĂŵĂŶŽĐŚĞŝůƚƌĂƚƚĂŵĞŶƚŽ

ğƉƌŽƐĞŐƵŝƚŽŶĞůƚĞŵƉŽ͖

dLacorsia“trattata” ha rilevato una importante diminuzionedei valori di contaminazione fino e ciò si evidenzia in

ƉĂƌƚŝĐŽůĂŵŽĚŽǀĂůƵƚĂŶĚŽŝǀĂůŽƌŝĚŝĂƌŝĐĂĂƚƚĞƌŝĐĂTotalea37°C;nelcasodellacorsia“trattata” l̓apporto inquinante

ĂŶƚƌŽƉŝĐŽ;ƌŝůĞǀĂƚŽĚĂůůĂƉƌĞƐĞŶǌĂĚĞŝ̂ ƚĂĨŝůŽĐŽĐĐŚŝĐŽĂŐƵůĂƐŝƉŽƐŝƚŝǀŝdğƌŝƐƵůƚĂƚŽƉĞƌĨĞƚƚĂŵĞŶƚĞƐŽƚƚŽĐŽŶƚƌŽůůŽ͕ĐŽŶ

ĐŽƐƚĂŶƚĞĂƐƐĞŶǌĂĚĞůŐĞƌŵĞƉĂƚŽŐĞŶŽŝŶƚƵƚƚŝŝĐĂŵƉŝŽŶŝĂŶĂůŝǌǌĂƚŝdŶĐŚĞƉĞƌƋƵĂŶƚŽƌŝŐƵĂƌĚĂŝŵŝĐĞƚŝ;ĂůĐƵŶŝĚĞŝƋƵĂůŝ

potenzialmentepatogeni) sonorisultati nonrilevabili, a ulteriore testimonianzadegliottimi livelli disalubritàdell̓ aria

ĂŵďŝĞŶƚĞ͖

dCosìcome accaduto nelle sale operatorie, l̓impiego di aria ioniǌǌĂƚĂŚĂĚĞƚĞƌŵŝŶĂƚŽƵŶĂŵĂƌĐĂƚĂĚŝŵŝŶƵǌŝŽŶĞĚĞŝ

livelli di contaminazionedelle superfici campionate, a diretta testimonianza delle potenzialità d i̓mpiegodi questa

ƚĞĐŶŽůŽŐŝĂd/ŶƉĂƌƚŝĐŽůĂƌĞĂƉƉĂƌĞĚĞŐŶŽĚŝƐŽƚƚŽůŝŶĞĂƚƵƌĂŝůƌŝƐƵůƚĂƚŽŽƚƚĞŶƵƚŽŶĞůůĂƉƵůƐĂŶƚŝĞƌĂĚĞůůĂŵĂĐĐŚŝŶĂĚĞů

ĐĂĨĨğd/ŶƋƵĞƐƚŽĐĂƐŽƐŝĂŵŽĚŝĨƌŽŶƚĞĂĚƵŶĂƐƵƉĞƌĨŝĐŝĞĐŚĞĞŶƚƌĂŵŽůƚŽƐƉĞƐƐŽŝŶĐŽŶƚĂƚƚŽĐŽŶůĞŵĂŶŝĚĞŝǀŝƐŝƚĂƚŽƌŝ͕

ĚĞůƉĞƌƐŽŶĂůĞĞĚĞŝƉĂǌŝĞŶƚŝ͕ŵŽůƚŽƐƉĞƐƐŽƚƌĂƐĐƵƌĂƚĂĚĂůůĞĐŽŶƐƵĞƚĞŽƉĞƌĂǌŝŽŶŝĚŝƐĂŶŝĨŝĐĂǌŝŽŶĞ͕ĞƉĞƌĐŝžŝŶŐƌĂĚŽĚŝ

trasferire potenzialiagentimicrobiciinfettivi da unsoggettoall̓ altro.

Come evidenziato dai risultati presentati questa superficie conferma le sue “potenzialità” nel caso della corsia di

ĐŽŶƚƌŽůůŽ͕ĐŽŶǀ ĂůŽƌŝĚŝĐŽŶƚĂŵŝŶĂǌŝŽŶĞĞƐƚƌĞŵĂŵĞŶƚĞĞůĞǀ Ăƚŝd&ĂŶŶŽĚĂĐŽŶƚƌĂůƚĂƌĞĂƋƵĞƐƚŝĚĂƚŝƋƵĞůůŝŽƚƚĞŶƵƚŝŶĞůůĂ

macchina collocata nella corsia “trattata” in cui si è assistito alla scomparsadegli stafilococchi e ad una brusca

ŝŵƉŽƌƚĂŶƚĞĚŝŵŝŶƵǌŝŽŶĞĚĞůůĞĐĂƌŝĐŚĞďĂƚƚĞƌŝĐŚĞƚŽƚĂůŝd

sĂŶƚĂŐŐŝĚĞůƉŽƐƐŝďŝůĞŝŵƉŝĞŐŽĚĞůƚƌĂƚƚĂŵĞŶƚŽEdWƉĞƌŝůZŝƐĐŚŝŽůŝŶŝĐŽ–ƌŝĚƵǌŝŽŶĞĚĞůZŝƐĐŚŝŽ
/ŶĨĞƚƚŝǀŽ
/ƌŝƐƵůƚĂƚŝŵŽƐƚƌĂƚŝĞǀ ŝĚĞŶǌŝĂŶŽĐŚĞůĂƚĞĐŶŽůŽŐŝĂEdWƉƌĞƐĞŶƚĂĚĞŐůŝĞĨĨĞƚƚŝŝŶƚĞƌĞƐƐĂŶƚŝƉĞƌƋƵĂŶƚŽĐŽŶĐĞƌŶĞůĂƐƵĂ

ĂƚƚŝǀŝƚăďŝŽĐŝĚĂd/ŶƉĂƌƚŝĐŽůĂƌĞğƌŝƐƵůƚĂƚĂĞǀ ŝĚĞŶƚĞůĂƐƵĂĞůĞǀĂƚĂĐĂƉĂĐŝƚĂĚŝĚŝƐŝŶĨĞǌŝŽŶĞĚĞůůĞƐƵƉĞƌĨŝĐŝŝŶƚĞŵƉŝ

ĂƐƐŽůƵƚĂŵĞŶƚĞĐŽŶƚĞŶƵƚŝd>ĂƉŽƐƐŝďŝůŝƚăƉŽŝĚŝĂďďŝŶĂƌĞŝůƚƌĂƚƚĂŵĞŶƚŽĚŝŝŽŶŝǌǌĂǌŝŽŶĞĐŽŶƋƵĞůůŽĚŝĨŝůƚƌĂǌŝŽŶĞ͕ĐƌĞĂ

ĚĞůůĞƉƌŽƐƉĞƚƚŝǀĞĂƐƐŽůƵƚĂŵĞŶƚĞŝŶƚĞƌĞƐƐĂŶƚŝd

ŝ̂ƉŽƚƌĞďďĞŝŶĨĂƚƚŝŝƉŽƚŝǌǌĂƌĞƵŶĚŝƐƉŽƐŝƚŝǀŽ͕ŵŽďŝůĞ͕ŝŶŐƌĂĚŽĚŝĞƐĞŐƵŝƌĞŝůƚƌĂƚƚĂŵĞŶƚŽĚŝĚŝƐŝŶĨĞǌŝŽŶĞĞĨŝůƚƌĂǌŝŽŶĞ

dell̓ariaůăĚŽǀĞƐŝƌŝƚŝĞŶĞĂůŵŽŵĞŶƚŽƉŝƶŶĞĐĞƐƐĂƌŝŽd



ĚĞƐĞŵƉŝŽŝŶƐĂůĂŽƉĞƌĂƚŽƌŝĂsiverrebbequindi a configurare come una unità che può integrare l̓aǌŝŽŶĞĚŝ

depurazione dell̓ aria ambiente esercitata dal sistema di trattamento canalizzato. In questo modo l̓ apparato

contribuirebbe adunʼazionedi “bonifica” del particolato che viene emessodurante gli interventi in sala operatoria,

ĂŶĚĂŶĚŽĂƌŝĐŝƌĐŽůĂƌĞĂƚƚƌĂǀĞƌƐŽƵŶƵůƚƌĂĨŝůƚƌŽ,W͕ĂƌŝĂŐŝăĚŝƉĞƌƐĠƚƌĂƚƚĂƚĂdYƵĞƐƚĂĨŝůƚƌĂǌŝŽŶĞƵůƚĞƌŝŽƌĞ͕ƐĞƉŽŝƵŶŝƚĂ

ĂůůĂŝŽŶŝǌǌĂǌŝŽŶĞŵĞĚŝĂŶƚĞEdW͕ŐĂƌĂŶƚŝƌĞďďĞůĂƉƌĞƐĞŶǌĂĚŝƵŶĂƌŝĂĂůŝǀĞůůŝĚŝƉƵƌĞǌǌĂĞƐƚƌĞŵĂŵĞŶƚĞĞůĞǀĂƚŝd

>ĂƐƵĂĐĂƉĂĐŝƚăĚŝƐĂŶŝĨŝĐĂƌĞůĞƐƵƉĞƌĨŝĐŝĐŽŶƚĂŵŝŶĂƚĞ͕ŝŶƚƌŽĚƵƌƌĞďďĞŝŶŽůƚƌĞƵůƚĞƌŝŽƌŝĞůĞŵĞŶƚŝĚŝŐĂƌĂŶǌŝĂ͕

contribuendoamigliorare l̓ igieneambientale ea ridurre l̓ insorgenzadi eventuali infezioni.

Un ipotetico scenario“tipo” potrebbecosìconfigurarsi:

/ŶŝǌŝŽŐŝŽƌŶĂƚĂŽƉĞƌĂƚŽƌŝĂd/ŵƉŝĂŶƚŽĚŝƚƌĂƚƚĂŵĞŶƚŽĂƌŝĂƐƚĂŶĚĂƌĚŝŶĨƵŶǌŝŽŶĞнƐŝƐƚĞŵĂĚŝƌŝĐŝƌĐŽůŽƐƵĨŝůƚƌŽ

, W ͖

Intervallo tra un intervento e l̓ altro. Entrata in funzionedel sistemadi ionizzazionedell̓ aria e disinfezione

ĚĞůůĞƐƵƉĞƌĨŝĐŝ͖

&ŝŶĞŐŝŽƌŶĂƚĂdWƵůŝǌŝĂƉƌŽĨŽŶĚĂĚĞůůĂƐĂůĂŽƉĞƌĂƚŽƌŝĂd̂ ƉĞŐŶŝŵĞŶƚŽĚĞůƐŝƐƚĞŵĂĚŝƚƌĂƚƚĂŵĞŶƚŽĂƌŝĂƐƚĂŶĚĂƌĚd

Entrata in funzionedel sistemadi ionizzazionedell̓ aria.

/ŶƋƵĞƐƚŽŵŽĚŽƐŝĂǀ ƌĞďďĞŝůǀĂŶƚĂŐŐŝŽŶŽŶŝƌƌŝůĞǀĂŶƚĞĚŝƚƌŽǀĂƌĞĂůŵĂƚƚŝŶŽƵŶĂŵďŝĞŶƚĞƉƵůŝƚŽĞĐŽƐƚĂŶƚĞŵĞŶƚĞ
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a b s t r a c t

This work investigates the feasibility of nonthermal low-pressureoxygen plasma on sanitization of spin-
ach, lettuce, tomato and potato surfaces from Salmonella enterica subsp. enterica serovar Typhimurium
str. LT2(Salmonella typhimuriumLT2). It was shown that the time of exposureand plasma power density
were two critical parameters influencing the bactericidal efficiency. Surface roughnessand hydrophobic-
ity did not influence the sanitization of produce.Oxygen plasma was more effective than washing with
3% H2O2 on eliminating S. typhimuriumLT2on spinach.Plasma treatment chemically changeda 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. Hu-
man 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 onesthat are consumedraw can lead to foodborne
illnesses. In recent years, the number of documented outbreaks of
human infections associated with the consumption of contami-
nated fruits and vegetables has increased (Berger et al., 2010;
Van Boxstael et al., 2013).

Typical approaches for the sanitization of pathogenic microor-
ganisms involve the use of heat, pressure, liquid or gas chemical
disinfectants, and ionizing or non-ionizingradiation. However, be-
cause of their fragile nature, high temperature methods are not
suitable for the decontamination of fresh produce.With outbreaks
of foodborneillnesses 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

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 decon-
taminating 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 technologiesare 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
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observed reductions up to 2.5 log CFU/eggshell and 4.5 log CFU/
eggshell for Salmonellaenteritidisusing air with low and high mois-
ture 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 innocuaand observeda 1 log reduc-
tion on skin, and a 3 log reductions on muscle under optimal
conditions.

The studies on the efficiency of nonthermal plasma on bacteria
responsible for foodborneillnesses when they are attached to fresh
producesurfacesis very limited. Niemira and Sites (2008) reported
the use of cold air plasma to inactivate human pathogens inocu-
lated 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 60Hz 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 atmo-
spheric pressures or low pressures. Both atmospheric and low
pressure plasma generates same species and same electron densi-
ties range (Schutze et al., 1998). Therefore, they have similar plas-
ma 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 ioniza-
tion decreases from 10,000V to 100V if the pressure reduces
from atmospheric pressure to 10 3 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 sur-
faces. 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. typhimuriumLT2) at-
tached on fresh lettuce, spinach, tomato, and potato surfaces. This
microorganism was selected because data from the US-CDCfood-
borne outbreak surveillance system show that the most com-
monly 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
(Bolʼshakov 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.

2. Materials and methods

2.1. Preparation of produce surface

Spinach, lettuce, tomato and potato were purchased from a lo-
cal grocery store (Wal-Mart, CollegeStation, 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 pro-
duce 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; ATCC700720) was ob-
tained 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 9.0mL of tryptic soy broth
(TSB; Becton, Dickinson and Co.) and incubating aerobically with-
out 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 with-
out agitation at 37.5 C for 24h. After incubation, the culture was
transferred to a 15 mL conical centrifuge tube (Thermo-Fisher Sci-
entific, 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 9.0mL
of Milli Q (MQ) water and washed by centrifugation for 15min
at 22 C; the entire centrifugation and washing procedure was re-
peated identically three times. After the final cycle, the pellet was
suspendedin 9.0mL MQ water and used immediately in the inoc-
ulation 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 24h aerobic incubation at
37.5 C.

2.3.Nonthermal oxygenplasma 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 strongRF electromagnetic field to the wafer

Vacuum Pump

Reaction Chamber

Process Controller

RF Power Generator

O2 gas

UV O

CO2

CO H2O

(A)

(B)

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 usingoxygengas.The sys-
tem runs at an RF frequency of 13.56MHz with a maximum power
output of 600W. The chamber is 15 cm in interior diameter with
2.5cm spacing between electrodes. When the gas in the chamber
is exposedto the oscillating electric field at high frequency and en-
ergy, the electrons of the gasstart to gain energy, eventually ioniz-
ing to atoms.The initial ionization will provide more energy to the
system to cause further ionizations in a chain reaction manner,
ultimately filling the chamberwith 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 oxygenplasma.Toensure
the reproducibility of the results, each experiment was repeated at
least three times.

Plasma chemistry ofpure oxygenRF plasmahas been well iden-
tified. Mogul et al. (2003) studied emission spectrum for pure O2
plasma discharge powered by a 13.56MHz radio frequency at
100W and 500 mTorr (67 Pa). They found the presence of excited
atomic oxygen,oxygencation, dioxygencation, andneutral excited
dioxygen in plasma. Bolʼshakov et al. (2004) also found the similar
results when they studied oxygen plasma generated at 13.56MHz
in the range of 13–67 Pa and pressure and 100–300W power.
Theseemission spectrum results were also consistent with the pre-
viously 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 (13.56MHz,
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.

2.4. Inoculation of produce surfaces

The experimental protocol for the inoculation of produce
surfacesused in plasma treatment studieswas as follows: Initially,
100 l l 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 30Pa with a gas flow
rate of 10 sccm. After the plasma treatment at room temperature,
the chamber was ventilated with air to reach atmospheric pres-
sure. 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 sur-
faces were measured for each exposure time and power density
of plasma treatment. Once the treated surfaceswere 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 900rpm for 10 min. Serial dilutions of the
suspension were made and plated on TSA supplemented with
80 lg/ml rifampicin. Survivors were enumerated following 24h
aerobic incubation at 37.5 C.

2.6.Water contact angle measurement

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

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 speci-
men, 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 sur-
faces. 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 sampleswere coated with

A A A

B

C

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

A
A

B
B

C

D

Fig. 3. Survival curve of S. typhimurium LT2 on spinach after plasma treatment at
0.34W/cm3 for different times of exposures.Treatments with same letters are not
significantly different based on Tukeyʼs test (p 6 0.05).
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a 50-nm layer of Au by sputter coater (Cressington 105HR, Cres-
sington, England) to ensure electrical conductivity.

2.8.Nuclear magnetic resonance (NMR)

Proton nuclear magnetic resonance(H NMR) was used to inves-
tigate chemical changes induced by oxygen plasma treatment. To-
mato 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 400MHz NMR
spectrometer (Bruker, Billerica, MA, USA) at 298K.

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.)
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Fig. 5. (A) Number of surviving S. typhimuriumLT2on different produce surfacesbefore andafter plasma treatment of 600s at 0.34W/cm3. (B) CorrespondingLogreductions
in number of surviving S. typhimuriumLT2 on different food surfaces. Treatments with same letters are not significantly different based on Tukeyʼs 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 Tukeyʼs 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 =100s). 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

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 0.57W/cm3. However, the spin-
ach surface showed some signs of etching at a power density of
0.79W/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 exposuretime 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
0.34W/cm3 (output power of 150W). The logarithmic number of
surviving bacteria before the exposure (t =0) was 6.3±0.1. The
complete sanitization was achieved at 800s (<1log CFU). No
visible side effect was observed on the spinach after a plasma
treatment of 800 s at 0.34W/cm3.The logarithmic numbers of
viable bacteria decreasedlinearly with increasing plasma exposure
time. Thisfinding implies the number ofsurviving microorganisms
decreased,as an exponential function of time. This trend is consis-
tent with other plasmasanitization 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
0.34W/cm3. Accordingly, an exposure time of 317s 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

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 <30for potato.
SEM micrographsshowed 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) hin-
dered bacterial adhesion (Fig. 4). This behavior is consistent with
the previous studies also showing that these surface properties
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Fig. 6. Number of surviving S. typhimuriumLT2 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 Tukeyʼs test (p 6 0.05).

Fig. 7. An illustration of tomato surface(A); SEM images of tomato beforeplasma treatment (B); after plasma treated for 100s (C) and then rinsing in MQ water (D); after
plasma treated for 600s (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).

Tobetter understand the effect ofproduce surfaceproperties on
the efficiency of plasma sanitization, we conducted plasma saniti-
zation 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 600s
at 0.34W/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 bac-
teria, these were 3.0 ±0.9, 2.7 ±1.0, 2.2 ±0.9 and 2.2 ±0.9 for spin-
ach, 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 im-
pact on oxygen plasma sanitization. Upon 600 s plasma treatment
at 0.34W/cm3, no visible damage was observed for all produce
surfaces.

3.4. Comparison to hydrogen peroxide washing

Hydrogen peroxide treatment is one of the most common san-
itization methods for vegetable and fruit surfaces (Parish et al.
2003a,b; Ukuku and Fett, 2006). Therefore, we compared the effi-
ciencies 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 con-
stant, 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 600s
exposure to 3% H2O2 while the number further decreased to
3.4±0.4 for the case of 600s plasma treatment at 0.34W/cm3.

When surface characteristics such as roughnessand hydropho-
bicity 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.

3.5. Physical changes occurring on produce surfaces after plasma
treatment

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 substancessuch 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 struc-
tures. Because the outermost layer is covered with cuticle, it was
not possible to directly visualize the upper epidermis. Upon an
exposure of 100s to oxygen plasma at 0.34W/cm3 (output power
of 150W), the surface roughnessincreased slightly and very small
amount of debris was observed on the surfaces(Fig. 7C).After rins-
ing with water, the debris was almost completely removed and
intercellular spacesbecame slightly more apparent (Fig. 7D). There
was no sign of damage in epidermis at this point.

Upon an exposure of 600 s to oxygen plasma at 0.34W/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 exposureof 600s to oxygenplasma at 0.34W/cm3 (Fig. 7F)
The damagewas more evident after water washing, since the plas-
ma treatment may convert hydrophobic groupsfrom wax to small
molecule weight hydrophilic forms and water can dissolve and
etch away the hydrophilic groupseasier.
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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 ʻʻbefore plasma treatmentʼʼ, and red lines
indicate ʻʻafter the plasma treatmentʼʼ; 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 suggestthat short exposure times have
no major effectson the produce surface while long exposuretimes
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
surfaceswith edible wax or other coatingsis becomingwidespread
(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, 100s, 0.34W/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-CH2COOHgroups, 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 toma-
to 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 presentstudy, we have investigated the efficiency of non-
thermal 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 exposureand plasma power density were two critical
parameters influencing the bactericidal efficiency of nonthermal
oxygen plasma treatment. The half-life of the oxygen plasma kill-
ing reaction of S. typhimuriumLT2was about 48 sat power density
of 0.34W/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 interme-
diate-exposuretimes. However for long exposure times, wax cuti-
cle 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 decompo-
sition 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.
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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.
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1. Inroduction

The inactivation of harmful microorganisms such as bac-
teria 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 sup-
porting the microorganisms. This does not present a prob-
lem 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 de-
velopment 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. Gen-
erally, various gas mixtures can be used to optimize the
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production of an agent or another and to optimize the ef-
ficiency of the inactivation process. The analysis presented
here, however, is for low temperature atmospheric pressure
plasmas generated in air. For information on plasma steril-
ization 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 combi-
nation 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 op-
erating 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 atmo-
spheric pressure air plasma generated by a Dielectric Bar-
rier 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.
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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 sym-
metrical aluminum plates covered by 1mm thick sheets of
alumina (Al2O3). The distance between the electrodes is
adjustable, up to 1.25 cm. Water cooling of the electrodes al-
lows 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.

2.1. Heat and its potential effect

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 conven-
tional 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 tempera-
ture 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 10W was also investigated. The re-

sults are shown in Fig. 3. For a very low flow (0.5 l/min), a
gas temperature of 340K 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 bio-
logical sample under treatment for various dissipated power

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.

Flow Rate [l/min]
0.0 2.0 4.0 6.0 8.0 10.0 12.0

G
as

Te
m
pe
ra
tu
re

[K
]

290

300

310

320

330

340

350

Fig. 3. Gas temperature vs. gas flow rate for a power of 10 W.
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Fig. 4. Increase of sample temperature vs. plasma dissipated power.

levels, as measured by a thermocouple. At our typical run-
ning power levels, amaximum increase of 21◦was observed.
Therefore, based on these measurements no substantial ther-
mal 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 pres-
ence 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 abil-
ity 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-
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Fig. 5. UV spectrum of a DBD in air in the 200–300 nm wavelength range.

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 cali-
brated 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.

2.3. Reactive species and their role

In high-pressure non-equilibrium plasma discharges, re-
active species are generated through various collisional path-
ways, 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 genera-
tion of these species in air plasmas are:

e + O2 → e + O2(A3
+

u
) → e + O(3P) + O(3P)

e + O2 → e + O2(B3
−

u
) → e + O(1D) + O(3P)

O + O2 + M → O3 + M

N + O +N2 → NO + N2

NO + O3 ↔ NO2 +O2

NO2 + O2 + hv → O3 + NO

H2O + O3 ↔ O2 + 2OH
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Fig. 6. Emission spectrum from a DBD in air showing OH band heads.

e + H2O → OH + H + e

O + H2O → 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 concentra-
tion 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

Fig. 7. Relative OH concentration as a function of plasma dissipated
power and air flow rate.
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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 10W).

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 rota-
tional 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. Ni-
trogen dioxide was measured as a function of the air flow
rate and for different power levels by a calibrated gas de-
tecting system and the results are shown in Fig. 9.

The reactive species mentioned above have direct im-
pact 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. 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 10W).
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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 com-
pounds 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.

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 origi-
nal 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 destruc-
tion 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% he-
lium/oxygen mixture, respectively, was used. After 10min
of treatment time the surviving spore population percentage
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Fig. 10. Percent of surviving Bacillus spores vs. plasma treatment time
for helium (black) and helium/oxygen mixture (97% He, 3% O2) (gray).
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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 pre-
vious 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 character-
istics. Their relatively simple and inexpensive designs, as
well as their non-toxic nature, give them the potential to re-
place 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 diag-
nostics and gas detection systems, we conclude that in the
case of low temperature air plasmas, it is the highly reac-
tive 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-thermalplasma devices, dielectric barrier discharge and magnetically-rotated
gliding arc, are being usedto sterilize air containing high concentrations of viral and bacterial bioaerosols. A
Pathogen Detection and Remediation Facility was designed for bioaerosol generation, containment, and
samplingduringplasmasterilization experiments.
Keywords: non-thermalplasma,sterilization; decontamination,airbornevirus, 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 andthe recent increasing threat of bioterrorism have raised awareness of the dangersof airborne
microorganisms in indoor environments. In recent years, non-thermalatmosphericpressureplasma hasbeenthe
focus of researchas an improved methodfor thesterilization of air from biological contaminates.Non-thermal
plasmahas beenproven to inactivate many different types of microorganisms, suchas viruses andbacteria, on
surfaces of materials, but there have beenfew scientific studies of air sterilization using non-thermalplasma.
Also, of thefew researchersthathave beenableto useplasmato decontaminatea moving air stream,manyrely
on highefficiency particulateair (HEPA) filters to removea large portionof 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 amongthe 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, andsomeportablenegative air ionizers, that
are all capable of reducing particulates and even certain levels of microbial contamination in indoor
environments. However, many of these methodsare not proven as an efficient and cost effective meansof
eliminating airborne viruses. In this ongoingscientific study, we will examinethe sterilization effect of two
types of non-thermalplasma; dielectric barrier discharge (DBD) and magnetically-rotated gliding arc on air
contaminatedwith highconcentrationsof aerosolized Influenza A virus. A non-pathogenicunicellular bacterium
known as Synechococcus Elongatus, or Cyanobacteria, was also used in initial trials to demonstrate the
decontaminationability of active chemical species generatedfrom dielectric barrier discharge for bacteria in
water andtoprovide benchmarkdataregardingbioaerosolsampling efficiency.

2. Non-thermalplasmafor air sterilization
Although Dielectric Barrier Discharge (DBD) and magnetically-rotatedGliding 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 componentof the sterilization process. There
aretwo mainsterilization effects thatbioaerosolsare subjectedtoastheyarepassedthrougheachplasmadevice:
the direct interaction with the lethal environment of the discharge itself and the downstreaminteraction with
active chemical species, suchas ozone (O3) and hydroxyl (OH), producedby the discharge. Figure 1 below
showsa photoof the DBD device which consists of a thin plane of wires with equally spacedair gapsof 1.5
mm.The high voltage electrodes are coated with a quartz capillary dielectric that has an approximatewall
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thickness of 0.5 mm and the device requires 14 kV for breakdown while
consumingless than 200watts of power. DBD is a low temperaturedischarge
that is very efficient for theproductionof ozone,which is a strongoxidizer and
provenmicrobial disinfectant [3-6]. The seconddischarge,magnetically-rotated
Gliding Arc, generatesa transitional non-thermalplasmaandhasa relatively low
translational gas temperaturewith ahigh electron temperature. Gliding Arc uses
a strong magnetic field to rotate and elongate an initial thermal arc resulting in
rapidconvective cooling, keepingthepassingair
flow near room temperature. This type of
discharge has a large power density that can
work at atmospheric pressure, but is still very

efficient in providing active species. The Gliding Arc device is eight inchesin
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, bothDBD andgliding arc devices have beendesignedtoprevent
an air pressure loss during operation and are capable of retrofit into existing
HVAC systems.

3. Preliminary experimentswithplasma-waterdecontamination
To understandthedecontaminationeffectiveness of DBD, we designeda simple experimentto test the effect of
active chemical species generated from this discharge on cyanobacteria suspendedin liquid growth medium.
Approximately 35ml of liquid with cyanobacteria was placed in a Petri dish at a distance of 30mmfrom the

surface of the plasma discharge.A small fan forced air through
the discharge at a direction normal to the surface of the liquid.
Figure 3 shows a diagram of the experimental setup. The DBD
discharge produces 0.11 mg of ozone per liter of air, most of
which was directed toward the liquid-gas interface as thesolution
was stirred with a magnetic stir bar. After 3.9 minutes of
treatment, we demonstratedmore than a 2-logreduction (99.3%)
of bacteria in thesolution. We attribute ozoneas themain active
specie responsible for the inactivation of bacteria in this case
because of its longer lifetime in comparison to hydroxyl. A
similar experiment was performed by Moreau, et al. [7] to
demonstratethe lethal effect ofa gliding arc dischargeonstrainof
abacterial plantpathogen,Erwina, suspendedin a liquid medium.

4. Air Decontamination/Sterilization
In order to prove that non-thermalplasmais the main factor responsible for sterilization, onemust first build a
system that is capable of creating, handling, and analyzing dense concentrations of viable bioaerosols.
Designing andbuilding anair sterilization systemis challenging becausethereare many factors thatcontribute
to losses of aerosolized microorganisms in moving air streams. These factors include diffusion of aerosol to
walls of theair flow system,desiccation stressonthemicroorganismduetoevaporation of bioaerosol droplets in
flight, and inertial and gravitational forces which can remove larger droplets from the air stream. The factors
causing these losses mustbe carefully considered in order to avoid misinterpretation of sterilization data and
mayalso beonereasonwhy bioaerosolsterilization studiesare limited in comparisontostudies involving water
or surface sterilization. Careful attention to these potential sources of error will yield greater accuracy and
validity in distinguishing non-thermalplasmaasthetruesterilizing agent.Figure 4below showsaschemeof the
Pathogen Detection and Remediation Facility (PDRF) which is a plug flow reactor that was designed for

Figure 3. Water decontamination
experiment using Dielectric Barrier
Discharge(DBD).

Figure 2.Magnetically Rotated
GlidingArc
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bioaerosol generation, containment, andsampling. It was designed to simulate conditions commonly found in
anHVAC system: it hasanoverall volumeof 250liters, andcanoperateat flow ratesupto25 liters persecond.
The PDRF housesinterchangeablenon-thermalplasma devices, DBD and Magnetic Gliding Arc, which are
connectedtothesystemwith four inch (10 cm) diameter flexible piping. At a flow rateof 25L/s, theresidence

time, that is, the time for one droplet
to make one revolution through the
system, is approximately 10 seconds.
An air samplingsystemis included in
thePDRF andwas designedto take as
large volumeair sampleaspossible (~
1 liter) in a shortperiod of time (~ 1
second) so that we do not disturb the
flow inside the system and can
evaluate theviability of thebioaerosol
asafunction of treatmenttime.
Liquid impingement was chosen as
the air sampling method for our
system, as opposed to filtration or
impaction, because it minimizes
dessication stress and allows for the
direct deposition of the
microorganismintogrowth media.

The AGI-30 liquid impinger is a commonlyusedbioaerosol sampler and it operatesby drawing a sampleof air
through in inlet tube submergedin a solution, thereby causing the air streamto strike the liquid bed trapping
aerosols in the solution through forces of inertia [8]. The AGI-30 impinger contains a critical orifice that
contains oneexit portand limits themaximumair sampling rate to12.5 liters per minute[9]. To accommodate
our desiredsampling rate of 1 liter per second,we modified the AGI-30 by increasing its overall volume and
replacing the standardcritical orifice with a hollow spherical tip with several exit ports. Several calibration
experimentsperformedwith our modified AGI-30 impinger demonstratedreproducibility in termsof sampling
efficiency. In theseexperiments,a Collison nebulizer was connecteddirectly to the modified liquid impinger
andafter five minutesof continuoussampling in eachtrial, we obtaineda stable sampling efficiency rating of
3.5%. Some may not consider this as an optimal efficiency rating, however, when sampling bioaerosols,
reproducibility is often consideredmore important thanthe efficiency rating becausethe final conclusions are
derived frominternal comparisonsbetweenvarious datacollected usingthesamesamplers [9].
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-thermalplasmais introduced. In theseexperiments,aCollison nebulizer was used
to generate thebioaerosol, theair flow rate was fixed at 25 liters per second, and the lifetime of dropletswas
measuredby periodic air samplingwith two modified liquid impingers. For all experimentsdescribedhere, the
systemwas prehumidified with sterile de-ionizedwater until the internal surface of thesystem walls were wet
prior to inputof thebioaerosol. Initial resultsshowedavery poor recovery of cyanobacteriabioaerosol fromthe
PDRF in comparisonto air samplercalibration experiments. When examiningthe sourcesof loss: diffusion,
inertia, and evaporation, we ruled out inertial forces because air velocity is relatively low and the aerosol
dropletsare small (1-2microns). Also, our estimateof droplet diffusion time to the wall is approximately 40
minutes,well beyondtheuppertime limit of thesetrials. 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
appliedcontinuously with thebioaerosolusinganadditional nebulizer with with sterile de-ionizedwater, andthe



second(Experiment B) without additional humidification. Our results, which are describedin figure 5 below,
showthat additional humidification reducesthe rateof inactivation of aerosolizedcyanobacteria, by dessication
stresscomparedtotheresultsof experimentswithout additional humidification.
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The experimentally estimatedmaximumlifetime of aerosolizedCyanobacteria is 10minutes,which is far below
the estimateddiffusion time of droplets to the walls of the system.We desire to have the ability to recover
viable cyanobacteria over an extendedperiod of time (tens of minutes) so that when we perform sterilization
experimentswith non-thermalplasma, we have enoughtime to take several air samplesandthusacquire many
datapointstoaccurately describe the rateof inactivation. To determineif thedropletswere indeedstill present
in theair flow after 10minutes,weaddeda laser to thesystemtocharacterize theoptical density of the bacterial
aerosol over time. Figure 6shows an imageof the illuminated laser beamat thefirst minuteof theexperiment
whentheconcentrationof viable Cyanobacteria is high. Illumination fromthe laserbeamslowly decayedovera
periodof nearly 2hours indicating that aerosolizedbacteria were still present
in the flow, however, they were non-viable. Similar resultswere reportedby
Ehresmann & Hatch, who described the optical density of aerosolized
unicellular bacteria lasting up to four hoursat 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 immunoassaydetection methodsused
to quantify viruses are less accurate than the serial dilution methodsused to
quantify Cyanobacteria in these calibration experiments. Sterilization
experimentswith Cyanobacteria andInfluenza A virus are in progressandwe
expectto have results in thesummerof 2005.

5. Plasmachemistrysterilizationmodeling
The results fromourexperimentswith thePDRF will beusedtoverify amodelofplasmachemical sterilization
[11]. We have composeda physiochemical model of the oxidizing effects of the active chemical species

Figure 5. Evaluation of theeffect ofdroplet evaporationonthesurvivability of
aerosolizedcyanobacteria. Experiment A minimizesevaporation by providing
constanthumidity.

Figure 6. A laser beamilluminates
the dense concentration of
bioaerosol



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 thereis a large
amountempirical data regarding the role of each of these componentsfor the sterilization of various bacteria,
viruses, andspores in various media.Our modelcombinesthis datawith thechemical kinetics of non-thermal
plasmatopredict therateof destructionof microorganismsundervarying conditions.
This research is supportedby Telemedicine and Advanced Technology Research Center of the US Department
of Defense(TATRC of DoD) throughCivilian Medical ResponseCenter(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.

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

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-to-
person 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, heat-
induced 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,

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

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.

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.

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: low-
pressure plasmas (10-4 to 10-2 kPa) and atmospheric-
pressure 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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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.

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.

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.

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

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.

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.

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.

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
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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 non-
detectable 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 non-
detectable levels after 10 min40.

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, NoV-
positive 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.

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.

In another study, the in vitro virucidal activity of radio
frequency atmospheric pressure plasma jet against feline

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.

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.

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 low-
temperature 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 ◦Candtherelative humidityof∼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.

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 high-
pathogenicity 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
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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.

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.

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.

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

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.

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.

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.

In another study, the inactivation effect of atmospheric-
pressure 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% (1.3-
log 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
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they were directly subjected to the APCP treatment for up
to 3 min.

Conclusion
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,

efficient, and clean solution for virus inactivation. Here, we present the recent

developments in this promising field of cold-plasma-mediated virus inactivation, and

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

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

need for alternative viral inactivation methods to replace, complement or upgrade

existing ones.

Journal Pre-proof



Jo
ur
na
l P
re
-p
ro
of

d

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

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

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

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

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

water. Transmission via contaminated surfaces and aerosols has shown to be of

great importance in the COVID-19 pandemic, caused by severe acute respiratory

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

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

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].

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

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

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

different fields, such as food production [11], medicine, and dentistry [12]. These

have even extended to oncotherapy applications, where cancer cells are targeted

instead of pathogenic microorganisms [13].

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 CP-

mediated 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

(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

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

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

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

Tables S1 and S2.

Human viruses

Enteric viruses

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

3).

Enteric viruses and their surrogates have been successfully treated in aqueous

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

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

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

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

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

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-culture-

based 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.

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

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

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

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

as DBDs for this purpose [29].

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

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

[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

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

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

activated liquids.

Respiratory viruses

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

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

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,

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

decrease of virus concentration [34].

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

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

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

treatment option in the future.

Animal viruses

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-virus-

subtypes.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

NDV vaccine induced even higher antibody titers compared to the traditionally

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

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

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

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

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,

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 UV-

radiation). 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

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

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

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

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

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

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

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,

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

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

the inactivation.

Reactive species responsible for inactivation

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

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

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

(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;

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

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

determination. Increased availability and development of more accurate methods for

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

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

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

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

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

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

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

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

viral proteins or their subunits stayed intact).

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

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.

Journal Pre-proof



Jo
ur
na
l P
re
-p
ro
of

dϱ

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

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

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

Concluding Remarks

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

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

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

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 small-

surface objects, such as tools and food. Even with the promising initial results, using

CP in medicinal treatments or vaccine preparation would still require significant

research before their actual implementation.

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

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

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

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

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

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

technologies could help to improve virus inactivation through synergistic effects, thus

providing an ultimate decontamination tool.
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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).

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

Morphologically different viruses under treatment with cold plasma. (b) Close-up of

the cold-plasma properties that are responsible for viral inactivation. The most

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

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

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

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

treatment, the virus particles and nucleic acids are partially or completely degraded

to non-infective particles that cannot cause any harm to their hosts.

Table 1. Mechanisms of viral inactivation by plasma.

Virus Reactive

oxygen

and/or

nitrogen

Mode of

virus

inactivation

Methods for

identification of

virus inactivation

Methods used for

cold-plasma

characterizationb

Re

f.

species

involved in

Prot

ein

DNA

/RN

Protein

degradat

DNA/RN

A
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inactivationa degr

adat

ion

A

degr

adat

ion

ion degradat

ion

Bacteriophage

λ NA Yes Yes SDS-

PAGE

alone, or

in

combinati

on with

in-vitro

packagin

g

Agarose

gel

electroph

oresis

alone, or

in

combinat

ion with

in-vitro

packagin

g

Optical emission

spectroscopy

[

5

0

]

MS2c ↑O Yes Yes SDS-

PAGE

RT-PCR,

agarose

gel

electroph

oresis

Optical emission

spectroscopy

[

4

9

]

MS2 O3
f NA No Not

measure

d

RT-

qPCR

Ozone sensor [

4

1

]

T4 1O2
g Yes Yes SDS-

PAGE

Agarose

gel

H2O2/peroxidase

assay kit,

[

4
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electroph

oresis

nitrite/nitrate

colorimetric assay kit,

electron spin

resonance

6

]

Animal surrogate of enteric virus

FCVd 1O2 or

ONOOH (in

acidic

conditions)g
,

O3
h, H2O2,

NO2
−f.

Yes NA SDS-

PAGE,

LC-

MS/MS

Not

measure

d

Colorimetric assay

with titanium sulfate,

Griess assay, LC/MS

equipped with

electrospray

ionization ion source,

fluorescence probe,

spectrophotometry

[

2

2

]

FCV 1O2 and

ONOO− or

ONOOH

(acidic

conditions)g

NA Yes Not

measure

d

RT-

qPCR

Optical emission

spectroscopy, UV test

strips, Griess assay,

H2O2 test strips

[

2

8

]

FCV 1O2
g, O3

h Yes Yes EMA-RT-

qPCR,

EMA-RT-

PCR,

SDS-

PAGE

RT-PCR,

RT-

qPCR,

sequenci

ng

Indirect

measurements with

LC-MS/MS

[

2

1

]

FCV NOx, O3
g NA NA Not

measure

d

Not

measure

d

UV light meter, UV

absorption

spectroscopy, Griess

[

2

0
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assay ]

Human virus

Adenovir

us

H2O2
f No Yes Immuno-

chromato

graphy

and

Western

blotting

PCR,

qPCR

H2O2, nitrite and

nitrate test strips

[

2

9

]

Adenovir

us

O3
f NA NA Not

measure

d

Not

measure

d

Optical spectrometer,

UV-Power meter,

photometric ozone

analyzer

[

4

7

]

Influenza

A and B

viruse

H2O2
g Yes Yes Hemaggl

utination

assays,

ELISA,

Western

blotting

RT-

qPCR

Chemical indicator

strips, multichannel

spectrophotometer,

gas detector

[

4

8

]

RSV H2O2
g No Yes Immunoc

hromatog

raphy kits

RT-PCR,

RT-

qPCR

Active O2 test strips [

3

1

]

HIV ↑O2
+, O, NO,

N2 (second

positive), N2
+

NA Yes Not

measure

d

qPCR Optical emission

spectroscopy

[

3

3

]

Animal virus

Journal Pre-proof



Jo
ur
na
l P
re
-p
ro
of

dϵ

NDV ↑Oxidation/

reduction

potential,

H2O2, OH˙,

NO˙

Yes Yes Bradford

protein

assay

kits

Agilent

2100

bioanalyz

er

Oxidation/reduction

potential probe, H2O2

assay kit, electrical

conductivity meter,

electron spin

resonance

[

3

8

]

NDV,

AIV

↑Oxidation/

reduction

potential, O,

NO, OH

NA NA Not

measure

d

Not

measure

d

Oxidation/reduction

potential probe,

optical emission

spectroscopy

[

3

5

]

Plant virus

TMV ↑H2O2, NO3
−,

HNO2, N2O2,

NO2
−

No Yes Western

blotting

RT-PCR Optical absorption

spectroscopy,

chemical probe

[

4

5

]

PVY H2O2
f. ↑OH,

O

NA Yes Not

measure

d

RT-PCR Optical emission

spectroscopy, H2O2

test strips

[

7

]

a ↑: In case where the increase of reactive oxygen and/or nitrogen species was only

measured but their importance in inactivation was not determined

b Measurements of pH and temperature are excluded as are scavenger experiments and

other methods used for indirect identification of RONS

c Methods to determine modes of viral inactivation were applied only for treated solutions

d Methods to determine modes of viral inactivation were applied only for plasma ignited in

99% Ar and 1% O2
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e The only group that noticed degradation of viral envelope using Fourier-Transform InfraRed

(FT-IR) spectrophotometer. ELISA was done only for Influenza B, Western blotting, RT-

qPCR, hemagglutination and FT-IR only for Influenza A

f Some role in the inactivation, it is not defined how important it is

g The main role in the inactivation

h Very important but does not have the main role in the inactivationAbbreviations: ELISA,

enzyme-linked immunosorbent assay; EMA, ethidium monoazide; LC-MS, liquid

chromatography-mass spectrometry; MS/MS, tandem mass spectrometry; NA, not

applicable; PCR, polymerase chain reaction; RT-PCR, Reverse transcription PCR; RT-

qPCR, Reverse transcription real-time PCR; SDS-PAGE, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis

Box 1. Viruses and methods for their disinfection.

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

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

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/managing-

epidemics/en/). Several viral agents have contributed to the well-deserved

‘biohazard’ fame of viruses, including influenza, Ebola, HIV and coronavirus SARS-

Journal Pre-proof



Jo
ur
na
l P
re
-p
ro
of

dd

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

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,

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

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

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

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

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

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 plasma-

based 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

oxygen and nitrogen species). Plasma of many gases represents an extensive

source of ultraviolet and vacuum ultraviolet radiation [59]. The possibility to use a

particular or a combination of constituents makes plasma a unique

material-treatment technique.

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

all particles have roughly the same temperature (average kinetic energy of random

motion), and non-thermal, non-equilibrium, or cold plasma, where light electrons

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

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

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

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

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

concentration and type of impurities [62]. Thereare various techniques for measuring

both long- and short-lived RONS in liquids [63], but they are not used frequently by

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

parameters (voltage, current, power) rather than plasma parameters (concentration

of reactive species), which are necessary to compare various plasma sources. The

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

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

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

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

waterborne viral pathogens [46,49].

Bacteriophages have been successfully inactivated in water, where almost complete

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

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 plasma-

based alternative to protect against aerosolized pathogenic viruses would be using a

protective mask equipped with a miniature plasma source. Such a mask would have

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

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

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

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

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

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

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

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

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

been proposed to be used instead of infectivity assays.

Enteric viruses: A very diverse group of human viruses that are most commonly

transmitted via the fecal-oral route (including contaminated food and water),

including norovirus, rotavirus, hepatitis A, sapovirus, astrovirus and adenovirus. They

infect the gastrointestinal tract, where they replicate and are then excreted in high

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

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˙,
1O2) 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

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

ddWhat cold plasma source conditions will enable optimal efficiency of targeted

virus inactivation in terms of the required treatment times and energy

consumption?

ddWhich 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

determination?

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

nitrogen species in virus inactivation?

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

plasma-mediated virus inactivation strategies, and which viral characterization

methods should be used in each experiment to get a precise answer? Should

a standardized protocol be developed for this purpose?

ϱdWhat is the scale-up potential of cold-plasma treatments?

ϲd 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?

ϳd 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

parameters and to choose treatment durations that allow particles to interact

with the contaminated material.

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

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

Development of more accurate methods will provide information on which

plasma particles are crucial in each experiment, and how exactly do they

affect viruses.
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a b s t r a c t

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, Cgdecreased 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 7.30g/kWh. The likely main products in the outlet effluent were H2O, SO2,
and SO3.

2011Elsevier B.V. All rights reserved.

1. Introduction

There is a growing concern that malodorouspollution 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
compoundssuchashydrogensulfide (H2S), which hasan extremely
low odor threshold, is highly toxic and has a characteristic rotten-
eggsmell [1]. Prolonged exposure to aconcentration of 300ppm 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 odor-
causing materials into the atmosphere include absorption (wet
scrubbing), adsorption, incineration (either thermal or catalytic),
masking and biofiltration [3e10]. Unfortunately, all these technol-
ogiesmay have limitations when removing odor-causingsubstances
from gas streams. Absorption and adsorption transfer odor-causing
materials from the gas phase to scrubbing liquids or solid adsor-
bents, potentially causing other forms of pollution while resolving

the odor problems.Incineration can beeffective in controlling odor-
causing substances.However, the possibility of generating other air
pollutants such as NOx, potential poisoning of the catalyst, and
relatively high costassociatedwith this technology should betaken
into account. The technical and economic limitations of traditional
odor control methods are particularly important for low concen-
tration odor abatement. Nowadays, some new oxidation technolo-
gies such asmicrowave 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 easeof
operation, non-thermal plasma (NTP) processing has received
considerable attention. Recentprogressin applying NTP technology
to the control ofpolluting gasessuchasacidifying components (SO2
[15,16], NOx [17,18]) and volatile organic compounds [19e 22] is
very encouraging. While plasma technology has been used to
remove H2S [18,23e26], in our opinion, the combination ofplasma
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 ACof 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 plasmareactor,in which the spherical ceramicpellets
were filled.

* Corresponding author. Tel.: þ86 10 67392080.
E-mail address:liangwenj1978@hotmail.com (W.-J. Liang).
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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 decompositionofH2S
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 decom-
position of H2S were also evaluated, enabling destruction mecha-
nisms to be discussed.

2. Experimental setup

2.1. Experimental apparatus

Theschematic diagramof the experimental setup for the present
study is shown in Fig.1.Thesetupconsistedofa DBD plasmareactor,
an AC power supply (0e100 kV, 50e500 Hz, sine wave), a contin-
uous flow gas supply system and electric and gaseous analytical
systems.H2S (99.9%,Beĳing ZhaogeSpecial GasCo.)was mixed with
compressedair through a mixingchamber and then introduced into
the DBD reactor.The flow rate andH2S concentrationwere adjusted
by massflow 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 tungstenwire,1.25 mm diameter,placed onthe axisof 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 voltagewas applied to the reactor,
micro-dischargesbegan, 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-phenyl-
enediamine in acid, to which FeCl3 was added afterward to form
methylene blue. H2S was then determined by measuring absor-
bance at 665nm with a spectrophotometer (UV/vis 2000,Shanghai
Precision & Scientific Instrument CO.,LTD, China). A typical stan-
dard curve relating absorbance to the mass of H2S in solution is
shown in Fig.2.A linear relationship between absorbanceand mass
of H2S in solution was observed with a correlation coefficient of
0.999.The initial concentration of H2S was 30ppm and the gasflow
rate in the reactor was 8e 18L/min.

The H2S removal efficiency is calculated as:

hH2Sð%Þ ¼ Cin 9 Cout 8 100Cin
(1)

where Cin and Cout denote the inlet and outlet concentrations
(mg/m3)ofH2S respectively.

The products of the reaction were detected by GCeMS (Trace
DSQ,USA). Intermediate product analysis was done usingEI 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 Micro-
meritics, 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 charac-
teristics of the discharge, the voltage applied to the reactor was
sampled bya 12500:1voltage divider. Thecurrent was determined
from the voltage drop across a shunt resistor (R3 ¼ 10 kU) con-
nected 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 dischargewas measuredusing 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 Cmis the 2mFmeasuringcapacitance, 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 diagramof the experimental setup1.Air compressor2.H2S gascylinder 3.Mixing chamber4.DBD reactor 5.ACpower supply 6.Oscillograph 7.Spectrophotometer
8. MFC 9. Needle valve 10.Gas filtration system 11.Absorbent.
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Fig. 2. Typical standard curve for light absorbance with the mass of H2S.
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represent the capacitancesin theequivalent circuit ofthe reactor.In
this paper,C,Cd,and Cgdenote the total equivalent capacitance, the
equivalent capacitance of the dielectric barrier and the equivalent
capacitance of the gap,respectively. Therelationship between them
can be expressed as:

C ¼ Cd ; Cg
Cdþ Cg (3)

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

SED
<

J
.

l
:

¼ PðW Þ
Q

9
l=min

8 ; 60 (4)

where P and Q denote the discharge power (W) and gas flow rate
(l/min).

As a measureof the energy efficiency,the energy yield (EY) was
defined:

Fig. 3. Waveforms of applied voltage and discharge current (13 kV applied voltage,
300 Hz frequency).

Fig. 4. Typical Lissajous figures for three kinds of dielectric barrier discharge (13 kV
applied voltage, 300 Hz frequency).
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EY g=kWh ¼ Cin ; Cout
SED : 3:6 (5)

where Cin and Cout denote the inlet and outlet concentrations
(mg/m3)ofH2S 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 13kV
(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 nanosecondduration and
generated radicals,excited atomic or molecular species that initiate
plasma chemical reactions. Obviously, the number of micro-
discharge pulses in the presence of pellets was much larger than
without pellets. The number ofmicrodischarge is directly related to
the pollutant decomposition via non-thermal plasma.Thedischarge
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 negativemaximum,which is in agreementwith the
literature [27]. Typically, the voltage charge Lissajous figure of the

three kinds ofreactorswas shaped like a parallelogram,asshown in
Fig. 4. The area of this parallelogram was equal to the energy dissi-
pated during one period of the voltage [28]. Fig. 5 shows the vari-
ation in SED as a function of applied voltage in the presence and
absenceof pellets.The SED values for reactorswith 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 13kV, the SED of
the ceramicRaschigringsreactorwas slightly higher than thatof the
glassbeads reactor and the no pellets reactor. At an applied voltage
of13kV, the SEDs for the three reactorswere 21J/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 forall reactors,particularly thosecontaining pellets.As
the applied voltage increased from 13 to 21 kV, the SED of the
reactors increased from 21 J/l to 178J/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 9.16and 4.10,which meant
that theenergy storageability of the ceramicwas higher than thatof
glass.At low applied voltage, there was little effect of the materials
in the electric field, and the plasmawas mainly of the type referred
to ascorona discharge,which occurs in regions ofhigh 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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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.

ForDBD plasma,the plasma reactorcan beregardedasequivalent
toacapacitive load,sothe equivalent capacitanceof the gap(Cg) and
theequivalentcapacitanceofthedielectricbarrier(Cd) are important
parameters.In accordancewith methods in literature [29,30],Cgand
Cd for our experiments were calculated using V-Q Lissajous
diagrams. Fig. 6 shows the equivalent gap capacitance (Cg) as
a function ofapplied voltagefor the differentkindsofDBD reactor.In
general, Cgdecreased gradually with increasing applied voltage. At
the same time, Cg of the DBD reactor with ceramic Raschig rings
decreasedsharply when the applied voltage was 10e16 kV. For the
reactor with ceramic Raschig rings, when the applied voltage
increased from 10to 21 kV, Cgdecreased from 19pF to 6 pF.This is
consistent with the observations reported by Takakiet al. [30].

Theequivalent capacitance of the dielectric barrier (Cd,obtained
by V-QLissajousdiagrams) asa function ofapplied 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 10kV to 21kV, the Cd values changes asfollows: no
pelletsreactorincreasedfrom600pFto847pF; ceramicRaschigrings
reactorincreasedfrom151pFto441pF; glassbeadsreactorincreased

from 330pF to690pF.According tothe investigation by Takakiet al.
[30], a small capacitance of the reactor hassome advantages: 1) the
capacityofthepower supplyrequiredtodrive theDBD reactorcan 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 inFig.8.Boththe numberandaverage energyofelectronsand
active radicals apparently increased with increasingapplied voltage
andACfrequency,leadingtohigherH2Sremovalefficiency.Whenthe
frequency was lower than 300 Hz,H2S removal efficiency increased
slowly with frequency,while it increased sharply when frequency
was higher than 300Hz.The dependence of hH2S 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
observedwhen the appliedvoltagewas 21kV. When the amplitude
of the applied voltage is low, the voltage across the discharge gapis
not high enough to ignite the plasma. Once the voltage was high
enough to causebreakdown of the gas,the chargewas phaseshifted
with respect to the voltage due to resistive lossesin the charge [29].
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Theseresistive lossesarise asfree electrons or radicals transferall or
part of their kinetic energy tothe targetmolecules 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 temper-
ature 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.9presentsthe influenceofgasresidence time andSED onH2S

decomposition. Similar trends were observed for different gas resi-
dence times. It is found that the effectof increasing the gasresidence
timedependsontheSEDe asharpincreaseinremovalefficiencywas
observed when the SED was lower than 87.9J/l while only a slight
increase resulted when the SED was higher than 87.9J/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 radi-
cals. 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 asa function ofapplied voltage.TheH2S

removal efficiencies followed the same trend, that is, hH2S was
enhanced with increasing applied voltage. The H2S removal effi-
ciency 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 10kV 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% respec-
tively. Durme et al. [31] indicated that packing pellets are helpful
for expanding the discharge region because the streamers (or
micro-discharges) are apt to propagatealong the solid surfaces.Our
experiment results demonstrate that the packing material is an
important factor influencing H2S removal. In our experiment, the
BET surfaceareasof the ceramic Raschig rings andglassbeadswere
0.2461 m2/gand 0.0353 m2/g.This implies that more H2S mole-
cules, electrons and radicals could react with one another on the
ceramic pellet surface than on the glass pellet surface. And both
reactorswith pellets had higher H2S decompositionability 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 plasmareactor.From Equation (5), it can be
seen that EY is inversely proportional to SED. Fig.11illustrates 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 7.30g/
kWh for the ceramic Raschig rings reactor. Once the removal effi-
ciency ratio for the glass beads reactor and ceramic Raschig rings
reactor exceeded 35%,the EY stabilized at about 1.8g/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
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Fig. 13. Dominant pathways leading to the destruction of H2S molecules.

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 hasa function ofSED isgiven in Fig.12.Thereaction

rate constants for ceramic, glassand nopellet reactors were 0.3982,
0.3453and 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-phaseradicals (indirect gas-phaseradical reaction). Gas-phase
radicals may consist of O9,OH9,HO,

2 and O3. Suggested reactions at
normal temperature and pressureare shown in Equations (7)e(18)
[11,14e16,25,26].

H2S þ e / H9 þ HS9 (7)

H2S þ OH9 / HS9þH2O (8)

H2S þ O9 / HS9 þ OH9 (9)

HS9 þ OH9 / SO2 þ H9 (10)

HS9 þ O9 / SO2 þ H9 (11)

HS9 þ O3 / SO2 þ OH9 (12)

HS, þ HO,
2/ SO2þ H, (13)

HS9 þ O9 / SO3 þ H9 (14)

HS9 þ O3 / SO3 þ H9 (15)

SO2 þ O9 / SO3 (16)

SO2 þ OH9 / SO3 þ H9 (17)

SO2 þ HO,
2/ SO3 þ OH, (18)

It canbeseenfrom these reactions that generationofHS 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 gasand outlet
effluent were confirmed through GC-MS. From the mass spectro-
grams of inlet and outlet gases in Fig. 14A and B, we could deter-
mine 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/z¼ 39.94,68.09
and 69.86requires further investigation.

Toconfirm the products of H2S decomposition, the gasproducts
were sampled into distilled water and the ion chromatography(IC)
technique was employed to analyze products qualitatively. As
shown in Fig. 15,the main anions were Cl8, NO3

8, SO28
3 and SO28

4 ,
and no other anions were detected in the sample using IC.The SO2
and SO3 in outlet gasare the productsof H2S decomposition,while
the NO3

8 is assumedto result from nitrogen oxidesin the effluent.
The origin of Cl8 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 orACfrequency,which led to higher H2S removal efficiency.
Longer gasresidence times (which result in greater collision prob-
ability between H2S moleculesand electronsand radicals) enhanced
the removal of H2S, as did the choice of pellet material. The highest
EY was 7.30g/kWh for the ceramic Raschig rings reactor.The likely
major products in the outlet effluent were H2O, SO2,and SO3.
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a b s t r a c t

Non-thermalplasma(NTP)isanemergingtechnologyforthetreatmentofvolatileorganiccompounds
(VOCs)inpollutedpointsourceairstreams.Here,adielectricbarrierdischargeNTPwasusedtoevaluate
thetreatmentefficiencyofseveralcommonVOCsatconstantexperimentalconditions(gasresidence
timeof0.016sintheplasmazone,95–100ppmvaverageinletVOCconcentrationinair).Whentreated
assinglepollutantwithaspecificinputenergy(SIE)of350JL 1,theremovalefficiencyoftheVOCfol-
lowedthefollowingsequence:methylethylketone(50%),benzene(58%),toluene(74%),3-pentanone
(76%),methyltert-butylether(80%),ethylbenzene(81%),andn-hexane(90%).Theeffectsofpollutant
structureonVOCremovalefficiencywereinvestigated.Thehighestremovalefficiencieswereobserved
forcompoundswiththehighestpercentageofhydrogenintheirmolecularstructures.Duringtreatment
oftolueneandethylbenzenevapors,adarkbrown,tar-likedepositformedinsidetheplasmareactor.The
depositformationratedependedonbothtreatedVOCsaswellasonexperimentalconditionssuchasVOC
concentration,andSIE.

2016ElsevierB.V.Allrightsreserved.

1. Introduction

Theemissionofvolatileorganiccompounds(VOCs)from
anthropogenicsourcesisanimportantfactorassociatedwith

humanandenvironmentalhealth,andhasbothlocalandglobal
impacts.Forexample,benzeneemissionshavebeenlinkedto
childhoodleukemiainHouston,TX[1],ahighcorrelationbetween
VOCemissionsandsometypesofcancer(i.e.,brain,endocrinesys-
tem,andskin)hasbeenreported[2]andmanyVOCsareprecursors
toozoneformedbyphotochemicalreactionsleadingtoincreased
asthma[3].

DifferenttechnologieshavebeenusedforcontrollingVOCs,
includingadsorption,incineration,condensationandbiological
treatment[4–6].Adsorptionisgenerallycost-effectiveonlyfor
lowconcentrationsofVOCs,whereasincinerationandcondensa-
tionarebestusedforhighVOCconcentrations[7].Forairstreams
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withmediumtolowconcentrationsofVOCs,biologicaltreatment
methods(e.g.,biofiltration)haveproventobeeffective,however
biofiltrationisonlyapplicabletothetreatmentofbiodegradable
pollutants[4].

Anemergingairpollutioncontroltechnologyisnon-thermal
plasma(NTP)whichhasthepotentialtotreathighflowsforboth
low(<100ppmv)tohigh(>1000ppmv)concentrationsofpollu-
tants[8–11].Inparticular,NTPorcoldplasmahasbeenusedto
treataircontaminatedwithelementalmercury,H2S,SO2,NOx,
odors,andVOCssuchastoluene,benzene,acetone,andtrichlor-
oethylene[12–19].

InNTP,electronsandtheirsurroundingsarenotinthermal
equilibrium.Electricdischargesinthegasheattheelectrons
insteadofthegasitself,andtheresultinghighenergyelectrons,
activeradicalsandionspromotenumerouschemicalreactionsin
theionizedzonesthusproduced.WhileNTPisaverypromising
developmentforavarietyofapplications[20,21],italsohassome
drawbacks,notablylowenergyefficiency,incompleteoxidationof
thepollutantsundergoingtreatment,andtheformationofunde-
siredby-products[22–24].Forexample,thelowselectivityofthe
oxidationreactionscanleadtotoxicby-productformationsuch
asCO,NOx,andO3[25,26]andtypicalvaluesforVOCconversion
toCO2areonly30–70%[27,28].Inlightofthis,theoriginalmotiva-
tionforthepresentstudywastoexploreanddemonstratethe
feasibilityofcombiningNTPtreatmentwithabiotricklingfilter,
asapossiblemeansforeffectivetreatmentoflowconcentrations
ofselectedVOCs(includingrecalcitrantonessuchashexane)in
air.ThevisionwasthatNTPwouldonlyprovidepartialbreakdown
oftheVOCandthatincompletelyoxidizedby-productswouldsub-
sequentlyberemovedbiologicallyinabiotricklingfilter.This
wouldcapitalizeonthehighefficiencyofNTPforinitialbreakdown
ofhardtobiodegradeVOCsandrelyoneffectivebiotreatmentfor
completingtreatmentsimilartootherstudiescombiningadvanced
oxidationwithbiologicaltreatment[29,30].Thus,experiments
wereconductedwithaNTPoperatedataveryshortgasresidence
timeandtreatingselectedVOCsvapors.However,theseexperi-
mentsrevealedthatthetreatedVOCswerepreferablyconverted
toallthewaytoCO2withouttheformationofpartiallyoxidized
volatileintermediatessuggestingthattheNTPasusedwasunsuit-
ableasapretreatmenttoabiotricklingfilter.Ontheotherhand,a
significantamountofsolidwasfoundtodepositinsideourNTP
reactor,andthusthefocusofthestudywasshiftedtowardcharac-
terizingthefateofcommonVOCswhileundergoingtreatmentand
understandingNTPʼscriticallimitations.

2. Materials and methods

2.1.NTP reactor, conditions, and analytical

NTPwasgeneratedusingadielectricdischargebarrier(DBD)
consistingofacylindricalquartztube(9mminnerdiameter,
266mmlength,3.5mmthick)fittedwithanaluminumcylindrical
sleeve(5cmlong,3.2mmthick)servingastheexternalelectrode.
Theinternalhighvoltageelectrodewasastainlesssteelrod
(6.32mmouterdiameter,40cmlong)positionedinthecenterof
thequartztuberunningalongtheaxialdirectionofthereactor.
Thus,thedischargegapwas1.34mm,andthetotalvolumeof
theplasmazoneinthereactorwas1.6mL.Notethattheplasma
reactordidnotincludeanycatalystorpackingmaterials.Asche-
maticoftheexperimentalsetupisshowninFig.1.Theexcitation
frequencyfortheDBDwaskeptconstantat22kHzandthevoltage
wasvariedrangingfrom7to10kVusingaPVM500dielectric
barriercoronadriver(InformationUnlimited,Amherst,NH).

ThesyntheticVOC-ladenairstream(6.6Lmin 1)wasproduced
usingcompressedairfromourcentrallaboratoryairsystemwhich
producesdryandoil-freecompressedairfromambientair.A
meteredstreamofcompressedairwaspassedthroughthe
headspaceofa500mLflaskcontainingsmallvialsfilledwiththe
selectedVOC.ThisVOC-ladenstreamwasthendilutedwith
anothermeteredstreamofcompressedairatroomtemperature
totheprescribedVOCconcentration(95ppmvor100ppmv).For
experimentswithhumidair,themainairstreamwassplitprior
tobeingmixedwiththeVOCvaporandpartofitwasspargedin
acontainerfilledwithdeionizedwater.Thedryandmoistair
streamswerecombinedsuchthattheresultingairreachedthe
targetrelativehumidityof30%at20–22 C.

TheVOCconcentrationsattheinletandoutletoftheplasma
reactorweredeterminedusingaGC(Shimadzu2014,Kyoto,Japan)
equippedwithflameionizationdetector(FID).Theconcentrations
ofCO2inthereactorinfluentandeffluentweredeterminedusinga
non-dispersiveinfraredportableCO2meter(VaisalaCarbon
DioxideMeter-GMP70,Louisville,CO).Carbonmonoxideeffluent
concentrationsweredeterminedusingDräegertubes(Sugarland,
TX),andtheozoneconcentrationwasmeasuredbytheiodometric
method(IodometricMethod,StandardizedProcedure001/96,
InternationalOzoneAssociation)afterabsorptionofametered
airstreamintosolutionsofKI.Elementalanalysisofthedeposits
wasconductedbytheDukeEnvironmentalStableIsotopeLabora-
toryusingaCarloErbaElementalAnalyzer.Thetemperatureofthe

Fig. 1. Generalschematicoftheexperimentalsetup(seeFigs.SM-1andSM-2forpowermonitoringsetup).
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dischargezonewasmeasuredwithasurfacemountedK-typether-
mocoupleattachedtotheouterelectrode.Anotherthermocouple
wasplacedintheeffluentairdownstreamoftheplasmareactor.
Thethermocoupleswereconnectedtoadataloggertorecordtem-
peratureat5-sintervals.Averagetemperatureswerereported.

2.2.Electricalmeasurements

Oneofthemostimportantparametersforassessingplasma
reactorsforairorgastreatmentisthespecificinputenergy(SIE),
whichisthepowerdissipatedintheplasmadividedbythegas
flowrateandthushasunitsofJL<1.TheSIEwasdeterminedusing
Eq.(1)[31].

SIEðJL<1Þ¼ PowerðWÞ
FlowRateðLs<1Þ ð1Þ

Thedischargepowerwasdeterminedusingthecharge(Q)accu-
mulatedonanon-inductivecapacitor(C=0.22l F)calculated
(usingV=Q/C)fromthevoltagemeasuredusingahighfrequency
dataacquisition(NationalsInstruments,NI,USB-5132)(see
Fig.SM-1insupplementaryinformation).PlottingQvs.thevoltage
measuredacrossthecapacitorallowscalculationofthepower(i.e.,
theso-calledQ–VLissajousmethod).Themultiplicationoffre-
quencywiththeareaoftheparallelogramformedbyQvs.Vis
equaltothedischargepowerintheDBDreactor(Fig.SM-2).
Real-timecalculationofthedischargepowerwascarriedoutby
acustomLabView(NationalInstruments,Austin,TX)codeusing
Matlabsub-routines.

2.3.Experimentalprotocol

Al lexper imentswerecarr iedoutatroomtemperature
(20–22 C)andatmosphericpressure.TheselectedVOCswere
toluene,benzene,ethylbenzene,methylethylketone(MEK),methyl
tert-butylether(MTBE),3-pentanone,andn-hexane.TheseVOCs
wereselectedtodeterminetheeffectofthemolecularstructure
(e.g.,aromatics,ketones,oralkanes)ontheremovaloftheseVOCs
intheNTPreactorandbecauseoftheirfrequentoccurrenceasair
pollutants.Experimentswereconductedataconstantairflowrate
(6.6Lmin<1correspondingtoacontacttimeof0.016sintheplasma
zone)andaconstantinletconcentrationofVOCs(95ppmv).Deter-
minationoftheVOCremoval,effluentCO2,O3concentrations,and

massofdepositwasperformedatselectedSIEsrangingfrom50to
300JL<1.Subsequently,VOCsthatcausedtheformationofdeposits
insidetheplasmareactorweretestedataconstantinletconcentra-
tion(100ppmv),flowrate(6.6Lmin<1),andSIE(360JL<1)inorder
todeterminetherelationshipbetweenVOCremoval,therateof
depositformation,andthetimeuntilreactorclogging.

3. Results and discussion

3.1.InfluenceofSIEonVOCremovalefficiency

TheeffectofSIEontheremovalefficiency(RE)ofVOCswasinves-
tigatedfirst.ManystudieshavereportedthatwhenkeepingtheSIE
constant,increasingtheVOCconcentrationand/ortheairflowrate
decreasedtheRE,andthatincreasingtheSIEataconstantairflow
rateandinletpollutantconcentrationincreasedpollutantremoval
[7,32].AswillbediscussedinmoredetailsinSection3.4,theVOCs
wereprimarilyconvertedtoCO2andsomeunaccountedfraction
(possiblyCO),andnopartiallydegradedvolatileorganicswere
detectedbyGC.Theabsenceofpartiallyoxidizedby-productshad
beenexplainedbyNunezetal.[14]bythefactthatoncethereaction
isinitiated,theheatofthereactionisgenerallysufficienttosustain
thecompletionoftheoxidationtoCO2.Fig.2showstheremovaleffi-
ciencyofthesevenVOCstestedasafunctionofSIE.Clearly,theRE
increasedproportionallywithSIE,however,boththeremovalof
theVOCsandtheeffectoftheSIEdependedonthespecificcom-
poundbeingtreated.Selectedresultsofthisstudyaresummarized
andcomparedtoothersinTable1.Holzeretal.[28]investigated
thetreatmentofMTBEandtoluenevapors;theadditionofacatalyst
intheirNTPsystemresultedinmuchhigherremovalefficiencies
(P90%)evenatveryhighinletconcentrations(240and450ppmv).
Delagrangeetal.[24]reportedthattheoxidationofhighconcentra-
tionsoftoluenerequiredhigherSIEsintheabsenceofacatalyst.In
non-catalystapplications,MistaandKacprzyk[33]focusedonthe
removaloftolueneusingadirectcurrent(DC)backcoronadischarge
reactoratroomtemperatureandfoundverylowRE(15%),despite
usingrelativelyhighSIE(400JL<1).Onelikelyreasonforthelower
removalmaybetheadditionalelectrode(describedasapassive
electrodeusedfortheback-ionizationprocess),whichcouldhave
resultedinnon-homogenousdistributionofenergeticelectrons.
Differencesinexperimentalconditionscanalsocausedifferences
inreactorperformance,hencetheinterestinsystematicstudieslike

Fig.2. Removalefficiencies(REs)ofselectedVOCsasafunctionofappliedspecificinputenergy(SIE)foraflowrateof6.6Lmin<1andaninletVOCsconcentrationof
95ppmv.
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oursforcomparisonpurposes.Guoetal.[34]reportedthathigher
oxygencontentinthegasstreamresultedinslightlylowerremoval
oftoluene.Overall,ourremovaldataseemtoindicateyieldsbetter
thanmost(butnotall)oftheselectedNTPstudies(seethecolumn
(gVOCremovedperkWh)inTable1),althoughinabsoluteterms,
theenergydemandforVOCtreatmentinNTPremainsquitehigh.
Onepossibleexplanationfortheloweryieldisthatsignificant
amountsofozonewereformedinourexperimentsasdiscussed
below,andthatparasiticdischargesoccurredontheouterelectrode
(insomeinstances,ozonecouldbedetectedinthelaboratory).Both
accountforsomeoftheenergyinputnotconvertedintobeneficial
reactions.

3.2.Determination of the overall reaction rate constants

Knowingtheoverallreactionrateconstantisimportanttocom-
paresystemsandtopredicttheremovalofVOCsinNTPreactors.A
previouslypublishedfirst-orderkineticmodelwasused[35,36].
Thismodel(Eqs.(2)and(3))issemi-empiricalanddoesnot
attempttodescribethedetailedchemistryoccurringintheplasma
reactor.Instead,itlumpsallprocessesintoasimpleequationthat
oftenprovidesanadequateoverallkineticrelationship.Themodel
hasbeenshowntobegenerallyapplicablewhentheVOCremoval
doesnotexceed95%[37].

_Oþ½VOC:!k products ð2Þ

½VOC:
½VOC:0

¼ e5SIE=b ð3Þ

where _O representstheoxygenradicalsproducedinthedischarge
zoneoftheplasma,and[VOC]0istheinletconcentrationofthe
VOC.Theb (JL51)parameteristhusdeterminedbyregressionof
thenaturallogarithmofVOC/VOC0vs.SIE.Theslopeofthestraight
line(51/b)is(minus)thereactionrateconstantk (LJ51).Thek and
b valuesobtainedforthesevenVOCsthatweretested(forthedry
aircondition)arereportedinTableSM-1.Similarreactionratecon-
stantsvalueswerereportedforsomeoftheVOCsbyothers
([23,38]).ThereactionratevaluesreportedinTableSM-1allow
directcomparisonofthereactivityofthetestedVOCssinceallcon-
ditionswerekeptthesame.Theresultshighlightthatimportantdif-
ferencesexistinthereactivityoftheVOCsthatwereselectedinour
study,a l lowingsomeexaminat ionofst ructure-act iv i ty
relationships.

Ithasbeensuggestedthatthehydrogenweightfractionofthe
pollutantundergoingtreatmentisanimportantfactoraffecting
thereactivityofVOCsinNTPreactors[39].Thisisbelievedtobe
becausemoleculeswithagreaternumberofmethylgroupstend
tobemorereactive,withaprotonlostorgainedatthemethyl
group[14].InFig.3,thereactionrateconstantforeachVOCwas
plottedvs.thehydrogenweightfraction.Indeed,thetrendshows
thatagreaterhydrogenfractiongenerallyresultedinagreater
reactionrate(inparticulark forhexanefarexceededallothers).
Thistrendandproposedmechanismmightexplainwhysimple
hydrocarbonsarebetterremovedcomparedtoaromaticsor
ketones.Inaddition,removalofaromaticcompounds(e.g.,
ethylbenzene,tolueneandbenzene)seemtofollowtheirown
trendwithrespecttothetheirhydrogenfractions.Overall,this
wasnotunexpected.Forexample,Choetal.foundthatmolecules

Table 1
Comparisonofselectedremovalefficiencies(RE)forthisandotherstudies(someusingacatalyst).Cin =inletconcentration,RE=removalefficiency,SIE=specificinputenergy,
V =voltage,ND=nodata.

VOCs C i n ( p p m v ) R E ( % ) S I E ( J L 5 1 ) G a p ( m m ) V ( k V ) C a t a l y s t g V O C r e m o v e d / k W h R e f e r e n c e s

T o l u e n e 9 5 74 360 1.3 7 – 1 0 N o n e 2.6 Thisstudy
T o l u e n e 2 0 0 15 400 ND 1 2 ( D C ) N o n e 1.0 [33]
T o l u e n e 5 0 9 5 . 9 7 5 6 8.0 30 MnO2 0.86 [34]
T o l u e n e 4 5 0 90 2400 1.5–10 0 – 3 5 B a T i O 3 a n d L a C o O 3 2.3 [28]
T o l u e n e 2 4 0 55 172 6.0 0 – 4 0 M n O 2 / A C 10.4 [24]
M T B E 9 5 80 360 1.3 7 – 1 0 N o n e 2.7 Thisstudy
M T B E 2 0 0 4 1 0 0 1 3 0 0 1.5–10 0 – 3 5 B a T i O 3 a n d L a C o O 3 2.0 [28]

Fig.3. CalculatedreactionrateconstantsoftheVOCsasafunctionofthehydrogenweightfractionH%(w/w)forthetestedVOCsforaconstantinletconcentration(95ppmv
indryair)andSIE(360JL51).
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withoxygenorchlorineleadtoformationofvolatileproductsin
theplasma,whichinturnenhancedthedecompositionofVOCs
[39].Anothercorrelationwasattemptedbetweenkandtheioniza-
tionpotentialsasameasureofhoweasilytheelectronsinamole-
culerespondtoaperturbation.TheresultsareshowninFig.SM-3
didnotleadtoanyobvioustrendaddingfurtherevidencethat
reactionmechanismsarecomplex.Clearly,inordertodevelopbet-
terpredictivemodelsbasedonchemicalstructures,manymore
VOCsshouldbetestedinasystematicandquantitativemanner.

3.3.InfluenceofSIEonozoneproduction

Ozoneproductionwasquiteimportant,withoutletconcentra-
tionsrangingfrom300to900ppmvdependingonthespecificcon-
ditions(Fig.4).ProductionofO3wasgreaterintheabsenceofVOCs
athigherSIE(>200JL 1)becauseozoneisconsumedbytheoxida-
tionofVOCs.Usingthislogic,onewouldexpectozoneconcentra-
tionstobelowerwhentreatingpollutantsthatarewellremoved,
butthiswasnotthecase,highlightingthefactthatdegradationof
theVOCvaporfollowscomplexmechanisms.Asimilardecreasein
ozoneconcentrationduringVOCtreatmentwasreportedbyHolzer
etal.[28],whileOda[23]observedthatpresenceofVOC(i.e.,TCE)
firstdecreasedtheozoneconcentration(4000ppmv–1000ppmv),
andthenremainedconstant.Twolikelyreasonsforthedifference
betweenstudiesare(1)thedifferenttypesofhighvoltagerods
(bolttypeorcoiltype)and/or(2)thatalowerSIEcouldcausedif-
ferenttrendsinozoneproductionandconsumption.Thesediffer-
enttypesofe lectrodes(e.g. ,wire ,rodorabold) inbarr ier
dischargereactorsmightchangethestabilityofthedischargefrom
theelectrodetothedielectricwall(barrier).Here,asexpected,
ozoneproductionincreasedwithincreasingSIEupto200JL 1

(Fig.4),butathigherSIE(>200JL 1),ozoneproductiondecreased.
Thisdecreasemaybecausedbydifferentmechanisms.Onepossi-
bleexplanationisthatthetemperatureintheNTPincreased(by
about10 C;temperatureindischargezonewas40±6 C)with
greaterSIEs,andozoneisknowntodecomposefasterathigher
temperatures[23].Anotherpossibleexplanationproposedby
Liangetal.[40]isthatathigherSIE,agreaterdensityofhigh
energyelectronreactswithozonetherebyloweringitsconcentra-
tions.Finally,itispossiblethatNOx( inparticularNO2)were
formedathighSIEaswasdescribedbyseveralauthors(seee.g.,
ShinandYoon,2013)[41].Unfortunately,NOxwerenotmeasured
inthereactoreffluent.Inanycase,detailedstudieswouldbe

neededtoconfirmandquantifythecontributionofeachofthese
mechanisms.Obviously,bothNOxandozoneareunwantedinthe
effluentofanairpollutioncontroldeviceandtheirformationsalso
reducetheenergyefficiencyoftheprocess.Oneapproachtolower
ozonegenerationistouseacatalystinsituorpostplasmaapplica-
tions.Forexample,usingaMnOx/SMFcatalystin-situdecreased
ozoneformationfrom800ppmvto500ppmv[32].Anotherstudy
alsoconcludedthatMnO2catalyst(thistimepost-plasma)
decreasedozoneproductionwhileincreasingtheremovalofben-
zenevapors[15].

3.4.Formationofdeposit

Thetreatmentoftolueneandethylbenzenevaporsresultedina
depositforminginsidetheplasmazone,whereasnodepositwas
observedduringthetreatmentoftheotherfiveVOCstested.
Depositswereobservedfirstascolorchanges(yellow–brown)to
solidsurfaces(electrodes,outlettubing)aswellasasignificant
amountofsmalldarkbrownparticlesaccumulatingattheexitport
oftheplasmareactor(seeGraphicalAbstract,Figs.SM-4andSM-
5) .Thesedeposi tsweredarkbrownincolorandgaveoffa
petroleum-ortar-likeodor.Thiscameasasurprise,sincethe
NTPpublishedliteratureisrelativelysilentontheformationof
suchdeposits.Onlyafewpapers[34,42,43]brieflymentionsimilar
observations,butthoroughandquantitativedeterminationsare
lacking.Guoeta l . [34]reportedthatayel lowproductwas
observedafterthetreatmentoftoluenevaporsinaDBD,and
describeditasanaromaticpolymer.Afewreportsexistondeposit
formationafterthetreatmentofVOCswithnon-thermalplasma
andcatalysthybridsystems[44–46].Theygenerallydescribed
thedepositsaspolymericsubstances,orcarbonaceousdeposits,
somewereidentifiedasbenzoicacidcrystals.Depositformation
increasedwithdecreasingflowrateorreducingtheSIE.Another
studybyDemidiouketal.[42]foundthatsolidparticlesformed
duringthetreatmentoftoluenevapors,butnotduringbutylacet-
ate.Thesepapersonlyfocusedonthequalitativeaspectsofthe
deposits.

Thus,animportantquestionwastodeterminewhatpercentage
ofthetreatedpollutantwastransformedintothesedeposits.The
carboncontentinthedepositwasdeterminedtobe54±1%by
massandnitrogenwas2.9±0.1%.AsshowninFig.5,between
1%and3%(ascarbon)ofthetolueneorethylbenzenefedtothe
reactorwasrecoveredasdeposit.Thisnumberstillleavesafairly

Fig.4. SIEimpactoneffluentozoneconcentrationataflowrateof6.6Lmin 1.Typicalstandarddeviationsfortheozonemeasurementswere40–60ppmv.
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largefractionofthecarbonunaccounted;itisquitepossiblethat
somesemi-ornon-volatilesleftviatheexhaustinsteadofbeing
deposited,andthuscouldbepartofthecarbonlabeledasʻʻunac-
counted”.Itwasreportedthathigherconcentrationsoftreated
VOCs(i.e.,1000ppmvstyrene)producedmore(60–70%)deposits
insideaplasmareactor[35].Inourexperiments,theCOconcentra-
tionintheexhaustwasmeasured,butwasalwaysbelowour
detectionlimitof20ppmv.Itisonlyinselectedexperiments(not
shown)conductedatSIE>700JL 1thatCOintheexhaustrose
toabout50ppmv.Becauseoftherelativelyhighdetectionlimit
ofCO,COcouldwellbeamajorfractionofthecarbonunaccounted
forinFig.5.Ifthiswasindeedthecase,itwouldbeconsistentwith
thelargeamountofCOobservedbyYu-fangetal.[47].

Thetimerequiredforthedeposittocausesignificantclogging
wasdeterminedbymeasuringthepressuredropoverthereactor
(Fig.6).Anincreaseinthepressuredropacrossthereactorcould
causeseriousmalfunctions,leakages,orfracturesinthedielectric
tubes.AsshowninFig.6,agreaterdepositformationwasobserved
inhumidconditionswhilenodepositwasobservedwithbenzene.
ThiscontrastswithCaletal.[48]whoreporteddepositformation
duringbenzenevaportreatmentandcouldeasilydissolveitwitha
smallamountofwater.Here,thedepositwasdifferentinnature
fromthatofCaletal.;itwasnotwatersoluble,andrequiredan
organicsolvent(ethanolormethanol)toremoveit.Inadditionto
thegreateramountofdeposityieldinhumidconditions,the
structureandvisualaspectsofthedepositinhumidconditions

Fig. 5. Fateofinfluentpollutant(ascarbonmassfraction)duringVOCtreatmentunderdryandhumidairconditions.(a)Toluene,dryair;(b)toluene,30%RH;(c)
ethylbenzene,dryair;(d)ethylbenzene,30%RH.Experimentalconditions:constantinletconcentration(100ppmv),flowrate(6.6Lmin 1),andSIE(360JL 1).

Fig.6. Pressuredropdeterminedasafunctionoftime.Experimentalconditionswere360JL 1SIE,agasflowrateof6.6Lmin 1,and100ppmvinletconcentration.
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wasdifferentthanindryconditions.Underhumidaircondition,
thedepositformedamorecompactthanunderdryairconditions
andsome(unidentified)crystalscouldbeseen(seeFig.SM5).The
resultsofFig.6showthatwhendepositsoccur,theycancause
reactormalfunctionifnotmanagedproperly.Solutionscaninclude
specialreactordesignsand/orspecificoperatingprocedures.For
example,Zhangetal.[49]demonstratedthatincreasingthevol-
umeofthedischargezoneandplacingadditionaldielectrictube
(i.e.,doubletubedielectricbarrierdischargereactor)couldover-
comethesoliddepositaccumulationinsidetheplasmazone.

4. Conclusions

Inthisstudy,thetreatmentofselectedvolatileorganicvapors
inaDBD-typenon-thermalplasmareactorwasevaluated.Experi-
mentsconductedatthesameoperatingconditionsforallVOCs
allowedtodeterminehowthetreatmentperformancewasaffected
bythenatureofthepollutantandbytheSIE.

Themainfindingscanbesummarizedasfollows:

(i)Removalof95ppmvofthetestedVOCsat350JL 1followed
thefollowingsequence:methylethylketone(50%),benzene
(58%),toluene(74%),3-pentanone(76%),methyltert-butyl
ether(80%),ethylbenzene(81%),andn-hexane(90%).The
treatedVOCswereprimarilyoxidizedtoCO2.

(ii)Thesoliddepositsthatformedwhentreatingtolueneand
ethylbenzenevaporscanbeproblematic.About1–3%of
thetotalinletcarbonwasrecoveredasadepositforthe
treatmentof100ppm vethylbenzeneandtolueneat
360JL 1.Whenhumidairwastreated,agreaterfraction
ofthetreatedpollutantwasrecoveredasdepositandreactor
clogginghappenedsooner.However,depositsfromtreating
benzenewereminoranddidnotclogthereactorwithinthe
durationoftheexperiments.

(iii)Depositsalsoaccumulateddownstreamthedielectrictube.
Theydidnotchangethereactorʼsremovalefficiency,but
causedcloggingproblemsovertime.

(iv)Thehydrogencontentofthemoleculesundergoingtreat-
mentwasareasonablepredictorforthetrendsinVOCreac-
tionrateconstants(k).Moleculeswithagreaterhydrogen
contentweremorereactiveandbetterremoved.

(v)Asaby-product,effluentozoneconcentrationsincreased
withtheSIE ,but leve ledoffordecreasedathighSIEs
(>200JL 1).Thehighoutletozoneconcentrations(200–
900ppmv)decreasetheprocessʼsenergyefficiencyandneed
furtherconsideration.

Appendix A. Supplementary data

Supplementarydataassociatedwiththisarticlecanbefound,in
theonlineversion,athttp://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 bestremoval efficiencies in the presenceof 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 com-
pounds than individual VOCs, probably due to the formation of reactive intermediates like aldehydes,
peroxides, etc.

© 2012Elsevier B.V. All rights reserved.

1. Introduction

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

Corresponding author. Tel.: +9140 23016050; fax: +9140 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
(<1000ppmv), 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

0304-3894/$–see front matter © 2012 Elsevier B.V. All rights reserved.
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between NTP and catalytic action is expectedwith suitable catalyst
integration with plasma in order to overcome the low selectivity
problems of NTP [4–6]. As the typical industrial emissions com-
prise 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
presentstudy,a mixture ofVOCsof different nature wastested 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, con-
centration 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

Merck (Germany). All the solutionswere prepared with deionized
water.Sintered metal fiber (SMF) filters made ofstainlesssteel con-
sisting of thin uniform metal fibers of diameter 30 m, wetness
capacityof∼30wt%andporosity of∼80%wereacquired,Southwest
Screens and Filters SA, Belgium.

2.2. Catalyst supported SMF preparation

Manganese oxideandsilver supportedmanganeseoxideonSMF
were prepared by wet chemical route.The SMF was first oxidized
at 873K for 3h, followed by impregnation with manganeseacetate
aqueous solutions of desired concentration. Then it was dried at
room temperature followed by calcination in air at 773K for 5h
to obtain MnOx/SMF, whereas, AgOx/MnOx/SMFwere prepared by
deposition of AgNO3 and drying at room temperature followed by
calcination at 773K for 5h.Finally, SMF filters were subjectedto an
electrical hot press to shape them into cylindrical form giving the
desired discharge gap of 2.5mm.

2.3. Experimental procedure

A detailed description of the reactor has been given elsewhere
[11]. Briefly, the dielectric discharge was generated in a cylindri-
cal quartz tube with an inner diameter of 18.5mm. 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 dis-
charge zonediffusesthrough the SMF and was analyzed with a gas
chromatograph at the outlet. The discharge length was 10cm and

discharge gap was fixed at 2.5mm during the destruction of VOCs.
V-QLissajousmethod was used to determine the dischargepower
(W) fromwhich specificinputenergy(SIE) was calculatedby divid-
ing power (W) with flow rate (l/s).SIE in the present study was
varied in between 60 and 650J/l by changing the amplitude of AC
highvoltage(14–22kV/50Hz).TheVOCsBZ,CB andTOLwereintro-
duced with a motor driven syringepump and were mixed with air
at a flow rate of 250ml/min at standard temperature and pressure
and were fed into the plasma reactor with a Teflon tube. Conver-
sion at each voltage was measured after 30min. The concentration
ofVOCsat the outlet of reactor was measuredwith a gaschromato-
graph (Varian 450) equipped with a flame ionization detector and
a VF1 capillary column (50m length,0.25mm thickness), whereas
an on-lineGC–MS (Thermo Fisher Scientific) was used to identify
the by-productsformed. The formation ofCO2 and COwas simulta-
neously monitored with an online infrared gas analyser (Analyser
Instruments Company,India),whereas ozoneformed in the plasma
reactor was measuredwith UV absorption ozonemonitor (API-450
NEMA). As the volume change due to chemical reactions is neg-
ligible, global selectivity of CO2 and COx was defined as follows:

Conversion of CB (%) = [CB]in − [CB]out
[CB]in

× 100%

Conversion of TOL (%) = [TOL]in − [TOL]out
[TOL]in

× 100%

Conversion of BZ (%) = [BZ]in − [BZ]out
[BZ]in

× 100%

Global selectivity of COSCO = [CO]out
6 × ([BZ]in − [BZ]out) + 7 × ([TOL]in − [TOL]out) + 6 × ([CB]in − [CB]out)

× 100%

Global selectivity of CO2SCO2 = [CO2]out
6 × ([BZ]in − [BZ]out) + 7 × ([TOL]in − [TOL]out) + 6 × ([CB]in − [CB]out)

× 100%

SCOx = SCO + SCO2

where all concentrationsare in ppmv.

3. Results and discussion

The present study has been aimed at the removal of mix-
ture 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 mod-
ified catalysts. At 60J/l, MnOx/SMF showed conversion of 30, 50
and 60%,respectively for CB,BZ and TOLand with increasing SIE to
650J/l, conversion increased up to 90, 90 and 100%, respectively.
Interestingly, AgOx/MnOx/SMFcatalyst showed higher conversion
compared to MnOx/SMF in the entire SIE range. Even at 60J/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 prod-
ucts and the selectivity to CO2 may not be 100%.As seen in Fig. 1b,
selectivity to COx (CO+CO2) was never 100%,indicating the forma-
tionofby productsalongwithcarbonaceousdepositsonthewallsof
the reactor. For the VOCstested in the present study, the selectivity
to CO2 followed the order SMF <MnOx <AgOx/MnOx/SMF.

3.1. Plasma-catalytic oxidation of mixture ofVOCs

The performance of various catalytic electrodes during the
destruction of200ppm ofmixture ofVOCs(50 ppm CB,100 ppm BZ
and 50ppm TOL) in the SIE rangeof60–650 J/lwas 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 60–650J/l and 100ppm of VOCs).

of TOL even at 60J/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 andCB increased to 70and 80%,respectively. SMF
showed complete conversion ofBZ and CB only at 530J/l,whereas,
with AgOx/MnOx/SMFthe same result was obtained even at 400J/l.
AgOx/MnOx/SMFshowed 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 300J/l, whereas, relatively high energy (420 J/l) was
neededwith unmodified SMF.

Fig. 2b presents the global selectivity of COx (CO+CO2) for var-
ious catalysts during the destruction of 200ppm of VOCsmixture.
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 650J/l.Fig.2balso presents the CO2 selectivity that alsofol-
lowed asimilar 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 VOCsmixture hasbeen exam-
ined by employing a feed gas containing 50–100ppm of each VOC
in 2% of water vapor (20,000ppmv). Fig. 2a and b shows the con-
version and selectivity to COx as a function of SIE. As seen from
Fig. 2, AgOx/MnOx/SMFunder humid conditions showed ∼85–90%
conversion even at 60J/l, especially for CB and BZ, against 70 and
80% conversion under dry conditions. The complete conversion
was achieved with AgOx/MnOx/SMF/humidair at SIE of 280J/l.COx

and CO2 selectivity was always high under humid conditionsover
AgOx/MnOx/SMF. For example at 650J/l,AgOx/MnOx/SMF showed
∼95% selectivity to CO2 under humid conditions, whereas for dry
mixture, it was around80%.A similar trend was earlier reported by
Gerasimov and Kim during the destruction ofVOCs,where on addi-
tion of water vapor conversion increased due to in situ formation
of OH radicals [5,12].

3.2. Decomposition of ozoneon metal oxidecatalysts

During the present study, SMF electrode modified by transition
metal oxides shifted the product distribution toward total oxida-
tion. It was generally believed that ozone decomposition on the
metal oxide surface may lead to the formation of a strongoxidant
atomic oxygenthat 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 hasbeen observed that 850,450and 350ppm ofozone
formedat 260J/l(Fig.3) withSMF,MnOx/SMFandAgOx/MnOx/SMF,
respectively,whereasunder humidconditionsozoneconcentration
with AgOx/MnOx/SMFcatalyst was zero.Thisdecrease 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].

H2O e−
−→H2O → 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 bet-
ter performanceover SMF, which changedthe product distribution
toward the total oxidation of mixture (Fig. 3). Even though MnOx
facilitates the ozonedecomposition leading to formation ofatomic
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Fig. 2. Influence of SIE and SMF modification during the destruction dry and humid
air of mixture VOCs.(a) Conversion and (b) selectivity (SIE 60–650J/l and 200ppm
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 260J/l.

oxygen, AgOx/MnOx on humid conditions destroyed ozone com-
pletely and showed the bestperformance.

Some transition-metal oxides may deactivate in NTP due to
the poisoning effect of carbonaceous deposit, whereas, during the
present study, the reactivity of AgOwas stable.The oxygen species
produced on Ag may be remarkably active in the oxidative process
compared with other transition-metaloxides.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 → Ag2O + O2 (5)

Ag2O + O3 → AgIAgIIIO2 + O2 (6)

O3 → O2 +Oads (7)

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 =−177.2kJmol−1 O2) is larger than the enthalpy of forma-
tion of silver oxides( H =−60.6kJmol−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 ofoxidecatalysts to water vapor results in adsorp-
tion of H2O molecules that may then dissociates into OH− and H+,
forming surfacehydroxyl group.

3.3. Performance of the reactor on individual and mixture of
VOCsdecomposition

In order to understand the nature of individual VOCs (100ppm)
and itspresence in the mixture (100ppm each) wastested in the SIE
range 60 and 650J/lwith 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 60J/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 60J/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 650J/l,against ∼95% for
the mixture. Hence, during the destruction of individual and mix-
ture ofVOCs,individual VOC demands high energy than mixture. A
single component VOCmay generatereactive intermediates.How-
ever, number of such reactive species generated in a mixture may
be more, hence a higher probability to form reaction intermedi-
ates/radicals.As seen from the data presented in the manuscript;
conversion of any VOCwas higher in a mixture when compared to
individual one. Hence, it may beconcluded that treatment ofVOCs
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/orpartially decomposedmolecules in the mixture.

In order to understand the observed phenomena, two funda-
mental types of chemisorption processes on the catalyst surface
canbeproposednamely,molecular orassociativechemisorption,in
which all bondsof the adsorbatemolecules are retained. Whereas,
dissociative chemisorption proceeds via cleavage of adsorbate
molecules and fragmented specieswill be adsorbedon the catalyst
surface. As the dissociative chemisorption is always exothermic,
the reaction enthalpy is largeand positive.Similar observationwas
made by some authors that the VOCs can be easily activated in a
mixture [23–25]. Piotrowska and Syczewska found that the oxi-
dation of n-butyl acetate was high in a mixture of aromatics and
alcohols [25]. Theseactivations areprobably due to the exothermic
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Fig. 4. Influence ofsingle VOCsand mixture ofVOCson AgOx–MnOx/SMF electrode.
(a) Conversion and (b) selectivity to COxand 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 30min and the surface area
of 5wt% of catalyst on SMF was less than 10m2/g,hence the acti-
vation of VOCs in NTP is due to exothermic nature of the oxidation
reactions.

3.4. Performance of the reactor for conversion of VOCsat higher
initial concentrations

During the present study, concentration of VOCs mixture
was changed from 200 to 400ppm in order to understand
the performance of the reactor at higher concentration
of VOCs. The experiment was performed under dry con-
ditions. Fig. 5a presents the activity of various catalytic
electrodes during the conversion of 400ppm 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
400ppm, 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 400ppm 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 VOCconcentrations.(a) Conversionand
(b) selectivity to COxand CO2.

shown in Fig. 5b. As seen from Figs. 2b and 5b, for 400ppm of
VOC mixture ∼40% selectivity to COx was observed at 260 J/l,
whereas under the same conditions, for 200ppm of VOCsmixture,
selectivity to COx was around 70% for AgOx/MnOx/SMF. Hence,
during the destruction of 200ppm of VOC mixture, at any SIE,
selectivity to COx and CO2 was high. For 400ppm of VOCs mix-
ture, SMF showed ∼35% selectivity to CO2 at 260J/l, whereas
AgOx/MnOx/SMF showed around 40% CO2 selectivity even at
260J/l and reached 65% at 650J/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 infor-
mation).
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Catalytic oxidation of mixture of VOCswas studied over modi-
fied SMF catalysts and it was observedthat carbonbalance was not
100%.High removal efficiencies not always accompanied by high
COxorCO2selectivity andformationofby-productslikeNOx,ozone,
partially fragmented products (benzaldehyde, ethyl benzene, aro-
matic 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
andon the inner electrode,however,they were notanalyzed.MnOx
and AgOx/MnOxcatalysts integration to plasma not only increased
the selectivity to CO2,but also decreased the by-productslike aro-
matic and aliphatic acids and alcohols. Besides these by-products,
the formation of HCl and Cl2 is also expected from chlorobenzene
[26,27]. Close to 60ppm of NO was detected under dry condi-
tions at SIE of260J/l,whereas, under humid conditions it increased
to ∼150ppm. With increasing SIE to >400J/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 for-
mation of HNO3. Nitric acid formation was confirmedby acid–base
titration of the water after bubbling gas stream for 4h. It has been
reported that in NTP process,NO molecules may beoxidizedto NO2
and finally to HNO3 [14,28].

Concerningthe reactionmechanism responsiblefor 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. sug-
gested 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 acceptedthat ionic reaction may be favored
in both dry and humid conditions. The presence of mixture has a
beneficial effecton the amount and type ofundesired sideproducts,
notably ozone and NOx. Thus,VOC mixture reduces the formation
of ozone and promotes the conversion of NOx to HNO3. The forma-
tion 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 correspondingoxy 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/MnOxon 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 cat-
alytic oxidesurface) to form a peroxy radical (ROO•) andoxyradical
(RO•) [31–36]. The reactions of such radicals either via hydrogen
abstraction by molecular oxygenand/orfragmentation lead to car-
bonyl derivatives, notably aldehydes and ketones. These carbonyl
intermediates may form the ultimate oxidation products,CO2 and
water [37,38].Earlier studiesfound that the catalytic oxidationand
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
usinga DBD reactor operating at ambient conditionswas reported.
The present study reveals that NTP is an energy-efficient technol-
ogy 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

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 assistedremoval 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. Thesefindings implied that
NTP is a promising technique for the removal of mixture of VOCs
with MnOx and AgOx/MnOxcatalysts integration.
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H I G H L I G H T S

•The history, microdischarge formation
and application of DBD were pre-
sented.

•The effect of reactor structure, power
supplies, packing materials and gas
properties on VOCs removal were de-
scribed.

•The discussion of the above factors
was based on discharge behaviors,
VOCs removal and mineralization
rate, and by-products.

•The practical implementation of DBD
in VOCs abatement were examined.

•Future trends on DBD for VOCs treat-
ment were given.
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A B S T R A C T

This review describes the history and current status of dielectric barrier discharge (DBD) non-thermalplasma
(NTP) for volatile organic compounds(VOCs) abatement. Firstly, the history of DBD, the formation of micro-
discharge and its environmental applications were presented.Next, the statusquo ofDBD for VOCs removal was
discussedin 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 pulsedpower 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 suggestedbased on the existing research works.

1. Introduction

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

researchersand 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 sig-
nificant componentsof fine particulate matter [3–5]. In addition to the
adverse effects on the environment, VOCs also have hazards for human
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health. Many VOCs are carcinogenic, affecting the central nervous
system, causing respiratory diseases[6–8], etc.

In order to reduce the emissionof VOCs, three techniqueshave been
developed, namely source, processand terminal control. Although the
first two techniques can decrease the production or emission of VOCs,
end-of-pipesolution is still essential. End-of-pipetechniques 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 avail-
able for VOCs removal [26–29]. Among these techniques, adsorption
and thermal oxidation are the most widely applied ones in the in-
dustrial 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 consumptionby heating a large
amountof gas[30]. Alternatively, non-thermalplasma(NTP) is widely
deemedto 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 di-
electric barrier discharge) device for producing ozone in 1857 [34],
until 1928, the term ʻplasmaʼ was proposedby Irving Langmuir to de-
scribe a ʻregion containing balanced charges of ionsand electrons [35].
In other words, plasma is a partially or fully ionized gas consisting of
electrons, atoms, ions and ground state, metastable and excited mole-
cules. It is worth noting that not all balanced chargesof ionized gasare
plasma. In plasma, the spatial scale of the ʻregionʼ should be much
larger than Debye length (λD) and the density of chargedspeciesshould
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 speciesare at thermal equilibrium.
In non-thermalplasma, the temperature is beyondthermal equilibrium,
and the temperature ofelectrons (104-105K) is much higher than heavy
particles (300–1000 K) due to the differences in their mass [36]. For
environmental pollution control, thermal plasma processesare usedfor
the decontamination of solids like sludge, filter ash, municipal waste
and hospitalwaste [37], while non-thermalplasmais mainly applied to
the control of gaseouspollutants like SOx, NOx and VOCs [38].

Accelerated in an electric field, electrons in NTP reach a tempera-
ture of 10000 K to 250000 K (1–20 eV) due to their light mass [39].
Bombarded by these high-energyelectrons, the ground state molecules
(e.g. N2,O2) become metastable (N2

m,O2
m) or excited (N2*, O2*).

Thesemetastableand excitedstateparticles 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-stepphysical and che-
mical reactions, free radicals and ions are formed. These free radicals
(e.g. ·O, ·OH) are ideal oxidants that react with gaseouscontaminants
and intermediates generated from the collision of electrons and pre-
cursors to form harmless products like CO2 and H2O. These chemical

changescan berealized 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 con-
sidered to have the following advantages: (1) Its geometrical config-
uration is very simple; (2) It can be scaledup for industrial application
without additional difficulties; (3) It is available togetreliable, efficient
and affordable power supplies; (4) It requires no vacuum chambers
with delicate windows like electron beam;(5) The plasmaconditions 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 compensatedby optimizing
reactor configuration andpacking thereactor with suitable catalysts. In
addition, mostof the current researchers on VOCs removal by NTP use
DBD reactors, especially in the presenceof 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 presentsan overview of the applications of dielectric
barrier discharge NTP in VOCs abatement. In the first part, an in-
troduction of DBD is given, including the history, microdischarge for-
mation 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 thick-
ness, and number of dielectrics), power supplies (including applied
voltage, frequency and pulsed power supply), packing materials (in-
cluding packed position, propertiesof packing material, loaded catalyst
on support and synergy of plasma and catalysis) and gas properties
(including target reactants, gasflow rate, initial concentration, oxygen
content and humidity level) on discharge characteristics and VOCs re-
moval 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 pro-
mising technique are described.

2. What is dielectric barrier discharge?

2.1. History

It has been over 150 years since the invention of dielectric barrier
dischargeby W. Siemens in 1857 [53]. The first DBD device focusedon
the ozonegeneration and it was the earliest environmental application
of an NTP. As presented in Fig. 1, the device consists of two coaxial
cylindrical glass tubesand 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 passedthrough a
narrow annular gap between two glass tubes, where discharge hap-
pened. Since then, DBD was primarily applied to generate ozone for
water disinfection. In addition to industrial application, the processesof
ozone and nitrogen oxide formation in DBD became a significant re-
search area for many decades[54]. An important work was made by K.
Buss (1932), who photographed the traces of current filaments on di-
electric plates (as depicted in Fig. 2) and pointed out that air break-
down occurs in these filaments [55]. Then, a lot of works on these

Fig. 1. Historic ozonatorof W. Siemens,1857 [53].
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current filaments was documented. Another considerable step was
taken in 1943by T. C. Manley, who proposeda methodfor determining
the dissipatedpower in DBD by measuringclosedLissajousfigures[56].
Around 1970, extensive studies were conducted to better understand
the physical and chemical processesin 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 abate-
ment of VOCs with DBD began around 1990. More details about the
history of DBD can be found in Kogelschatzʼsreviews [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 commonDBD 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 di-
electric can limit the amountof accumulated chargeand 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 dischargegap 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 commonappearance
of micro-dischargesin a DBD at atmospheric pressureis shown in Fig. 4.

Each micro-dischargehas an approximately cylindrical plasma channel
with a radius about 100 μm. A single micro-dischargedevelops rapidly
in few nanoseconds to tens of nanoseconds and propagates at the di-
electric 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-dis-
charge is created at the original position. Fig. 5 depicts the model of an
individual micro-discharge.The charges transported by a single micro-

Fig. 2. Photographic footprints of current filaments [55].

Fig. 3. Illustrations of various DBD reactors.

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

Fig. 5. The shapeof a singlemicrodischarge[64].

S. Li, et al. Chemical EngineeringJournal 388 (2020) 124275

3



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 filamen-
tary, regularly patterned or diffuse, laterally homogeneousdischarges
that canexistin DBD [62]. In the studyby Starostinet al. [63], different
types of DBD were observed, including stationary filaments, Townsend
discharge, non-stationarymicrodischarges and glow. They investigated
the pathways of formation and temporal evolution of the diffuse glow-
like DBD at atmosphere pressure by means of optical (fast imaging
camera) and electrical diagnostics.

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 collisionpartnerlike O2,N2 will participate in the latter
reaction. The time scale for ozone formation during atmospheric dis-
charge is about 10 μsin oxygen and 100 μsin air. The yield of ozone is
affected by the feed gas composition, supply voltage, gas temperature,
dielectric thicknessand 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 im-
provement of ozonizer performance. For example, at a fixed input
power, the useof high frequency power makesit possible tooperate 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 processesof DBD are similar, some
research results on ozonizer can inspire other environmental applica-
tions.

Air pollutioncontrol:The application of DBD on air pollution control
primarily involves the abatement of gaseous contaminants like NOx,
SO2,H2S and VOCs. Dependingon the chemical process,there are two
strategies for removing NOx: oxidation and reduction. Whether it is a
stationary source (e.g. coal-firedfuel 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, activa-
tion 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, cat-
alyst poisoning or blockage and the construction of solution stations
will affect the useof SCR [69–71]. For a stationary sourcelike 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 con-
struction space and high investment cost [72]. Non-thermalplasma is a
promising technique for simultaneous removal of SO2 and NOx. Recent
studies have shown that DBD can effectively remove SO2 and NOx si-
multaneously at low energy consumption [73–75]. DBD can also be
applied to remove H2S, which emit from sewageindustrial 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 researcheson 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 consideredasa 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

research of VOCs abatement. In the past two decades, extensive re-
search 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 im-
provements in DBD reactor and the destruction of mixture of various
VOCs. Since organic by-productsare unavoidable in the degradation
processof VOCs, it is necessary tousemineralization rate (also refers to
as COx selectivity) and CO2 selectivity rather than just removal effi-
ciency as evaluation index. The type of organic by-productsgenerated
during VOCs degradationhasnot beendiscusseddetailly in this review,
as it is mainly used to speculate about the VOCs decomposition path-
ways. 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.

2.4. Summary

Dielectric barrier discharge was invented some150 years ago, i.e.,
over a century earilier than its application in VOCs abatement. In the
past 100 years, the physical characteristics and chemical processesof
DBD have beenextensively investigated, and tremendousachievements
were obtained. The chemical reaction channels in DBD are provided by
a large number of current filaments (micro-discharges) and their for-
mation process and physical characteristics have been clarified.
However, filamentary dischargeis not the only dischargemodein DBD.
In fact, DBD can be operated in the form of filamentary, regularly
patterned or diffuse, laterally homogeneousdischarges. Studying how
VOCs are degradedin discharge formsother 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 focusingon the statusquo and looking into the future,
we should also review history, and there may be someserendipity 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 elec-
trodes directly affect the discharge characteristics of DBD reactor,
thereby affecting the degradation performance of VOCs. The high vol-
tage electrode can be made of stainless steel [115], tungsten [116],
molybdenum[94], copper [117], nickel [118], brass [119], iron, me-
tallic oxide [120], sinteredmetal fiber [121] or MWNTs (Multi-walled
carbon nanotubes)/sponge[122] with a structure of wire [123], rod
[124], bolt [125] and coil [126]. The dischargecurrent and electrical
field distribution of plasmareactor is directly affectedby work function
and secondary electron emissionof 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] in-
vestigated 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
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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 bedecreasedby 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, re-
sulting in more secondary electron emission [131].

The materials that make up the ground electrodesare 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 re-
searchers also usedsilver paste asa ground electrode [132,133]. Bahri
et al. [134] investigated the effect of groundelectrode 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 elec-
trodesis 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
usedto ionize air in the outer ofdielectric can beconsideredas “wasted
energy”, meaningthat it doesnot contribute to the degradationof 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 usedto ionize thegasinside reactor,
resulting in higher energy yield and better degradation of VOCs.

3.2. Discharge gapand length

A suitable discharge gap is significant for VOCs abatement in DBD.
On the one hand, increasing the discharge gap increases the gas re-
sidencetime, which facilitates the removal of VOCs.On the otherhand,
increasing the discharge gap reducesthe 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 dischargegapof 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 of1–5 mm.The resultsshowed that shorter gap(1–3 mm) is more
favorable for the conversion of TCE. However, in the dry reforming of
methaneexperimentsconductedby Khoja et al [137], the conversion of
methane and CO2 increased first and then decreased with the increase
of dischargegap(1–5 mm). A higher power density can beachieved at a
constant discharge power, and current filaments are more likely to
cover theentire dischargevolume with a small gap[138]. But if the gap
is too short, arc or spark discharge may occur, and the interaction be-
tween target contamination molecule and active speciesmight be lim-
ited due to a short residence time. Therefore, to obtain a good perfor-
mance 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 degrada-
tion of VOCs. By increasing the effective discharge length, lower vol-
tage 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 prob-
ability 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 in-
creased chance of collision between VOCs molecule and energetic
electronsand other reactive species.Changet 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 in-
crease of discharge length. The same experimental results wereTa
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obtainedby Zhanget al. [140]. However, at a fixedinput 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 lossdue 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 insulatingdielectric material in DBD reactor can beglass[142],
quartz [143], plexiglas [144], pyrex [145], alumina [146], mullite
[147], ceramics[148], polytef [149], polyethylenetherephtalate[150],
teflon and epoxyresin [151]. Amongthesematerials, quartz is the most
widely useddue to its moderateprice 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, in-
creasing 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 re-
moval and found that the dischargecurrent 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 99-
ceramic (5–10) than quartz(3.5–4.5). In the studyof Khoja etal. [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 gasresidence time. Therefore, the longer residence
time in aluminum reactor allowed more collision between gas mole-
cules 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
emissionof MgO (0.11) than that of alumina (0.099).

The performanceof the DBD reactor is also affectedby the thickness
of dielectric barrier, which typically ranges from 1 to 3 mm. As the
thickness of the dielectric barrier increases, the required plasma igni-
tion voltage increases and the current pulses reduces [153]. Mei et al.
[138] investigated the influence of dielectric material thicknesson CO2
conversion and they pointed out that increasing the thickness of the
quartz dielectric reduced the conversion of CO2 at a fixed specific en-
ergy input due to a decreased transferred charge. Interestingly, Ozkan
et al. [147] observed the opposite results. In their study, a thick di-
electric 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 di-
electric barrier cannot be chosen at will. Because most dielectric ma-
terial are fragile, electrical breakdown may occur if it is too thin.

3.4. Numberof dielectrics

Although most of the current DBD reactors contain only one di-
electric, the first DBD reactor created by Siemens consisted of two di-
electrics. An important reason why double dielectric barrier discharge
(DDBD) is lessof concern is that its structure is more complicated than
single dielectric barrier discharge(SDBD). The electric field strengthof
dischargegapis uniformin planar DBD, whereasin cylindrical DBD it is
related with the distance to high voltage electrode. As a result, the
difference betweenDDBD and SDBD is more remarkable for cylindrical
reactor than for planar reactor. Therefore, the DDBD discussedlater is
mainly usedfor cylindrical reactors.As depicted in Fig. 6, there are two
different configurations of DDBD reactors, oneof 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

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 re-
gions simultaneously.

Some studies have shown that VOCs can be efficiently removed in
DDBD [154,155], but thereare notmany studiescomparingDDBD with
traditional SDBD. Fig. 7 presentedthe currentand voltage waveformsof
DDBD and SDBD. Obviously, the current pulses in SDBD are more than
DDBD, which meansmore micro-dischargesare formed in SDBD. Since
micro-discharge is developed from the cathode, the inner dielectric
barrier of DDBD will prevent the advancement of micro-dischargeto
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 gasand dielectric barrier. Zhang et al. [156] used
DBD to degradestyrene andfoundthat 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-stagereactor that achieves high miner-
alization of VOCs and inhibits the generation of by-product like ozone
and NOx.Much of the information aboutVOCs 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 struc-
ture 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 char-
acteristic 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-productssuchas
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 in-
creased. This could be due to a change in discharge type in DDBD re-
actor. 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 ex-
plain explicitly how the discharge characteristics are altered by these
factors. This is largely due to the lack of electrical diagnostics for dis-
charge behaviors and the complexity of gas discharges. In the near
future, the application of advanced plasma diagnostics (such as in-
tensified charge coupled device (ICCD) imaging) and fluid modeling
will provide new opportunities for investigating how these reactor
structures affect VOCs removal.

Fig. 6. Configuration of DDBD reactors.
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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 ap-
plied voltage means a strong electric field strength. Therefore, an in-
crease in voltage causesan increase in the kinetic energy of free elec-
trons, causingan increase in the collision crosssection ofelectrons with
other particles, meaning that the gaseous molecule or atom is more
susceptible to ionization and dissociation. As depicted in Fig. 7, both
the numberand intensity of current pluses increase with rising voltage,
which means more micro-discharges are formed at a high voltage.

Therefore, VOCs are more easily removed at high voltages. Because the
chemical bondsof VOCs molecules are moreeasily 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 dischargemay
occur [159], and the dielectric barrier may be brokendown. Finally, a
high voltage causesmore 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

The frequency ofAC applied to DBD for removing VOCs rangesfrom
several tens of Hz to several tens of kHz. The samenumber of identical
micro-discharges is produced in each period. Therefore, a higher fre-
quency means that more micro-dischargesare 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 thismay bedue to a dropin the electron density involved
in CO2 splitting. In each half-cycle, the numberof current pulsesat low

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

Fig. 8. The input power of DDBD and SDBD.
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frequency is more than higher frequency [164–166]. At high fre-
quencies, multiple breakdowns do not occur during discharge due to
insufficient time in between the voltage cycles [166]. Moreover, the
formation of micro-dischargemay 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 reduceswith elevating frequency [131].
Another notable feature of high frequencies is that it can reduce the
breakdown voltage at a fixedinput power. Because by operatingat high
frequencies, the DBD discharge exhibits a high memory voltage due to
the accumulation of charge on the surface of dielectric [167]. In sum-
mary, the choice of a suitable frequency is important and it may also
refer to the applied voltage.

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 wa-
veform of AC andpulsedischargesis 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 peakcurrent of pulseddischarge is muchhigher 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].

In contrast, for pulsed DBD, the discharge is homogeneousand without
any bright spot or irregular distribution mode. In [170], Yuan et al.
reported that both ·OHformation and energy efficiency of bipolar pulse
power were superior than thosedriven by AC power. Wang et al. [171]
investigated the effect of power supply mode on removal of benzene
and foundthat at the sameinput power, the removal efficiency and CO2
selectivity of benzeneof bipolar pulsedpower were higher than thoseof
AC power. For pulseddischargeDBD, in addition to applied voltageand
frequency, pulse rise time, pulse-formingcapacitance and pulsed modes
also affect its discharge characteristics. Chirumamilla et al. [172] in-
vestigated 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-formingcapacitor(Cp). In [149], Jiang et al. reportedthat the
toluene decomposition efficiency increases and the energy yield re-
duces with the increase of Cp. Jiang et al. [110] also researched the
effect of pulsed modes on toluene destruction, indicating that the re-
moval efficiency and energy yield decrease is in the order of:±
pulse> +pulse > − pulse. Although pulsed DBD seems to be su-
perior to AC DBD in VOCs abatement, AC power supply is widely ap-
plied due to economic reasons.

4.4. Summary

The power supply has a significant effect on VOCs removal in a
given DBD reactor. Generally, increasing theapplied voltage amplitude
will increase the removal andmineralization rate of VOCs, but moreby-
products (O3 and N2O) will be generated. In addition, a high voltage
amplitude can also lead to low energy efficiency. Increasing the fre-
quency will result in more micro-dischargesin a fixed time, leading an
increase in removal and mineralization rate of VOCs, but alsoa raise in
residual O3 and NOx formation and a decrease in energy efficiency.
Therefore, it is imperative to choosea properapplied voltage amplitude
and frequency to trade off removal efficiency, mineralization rate, by-
products 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
homogeneousin pulsed DBD than AC DBD. Although pulsed DBD ex-
hibits 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.

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 con-
figuration, electrode or power supplies. However, most of these ap-
proaches increase VOCs removal efficiency at the expenseof producing
more undesiredby-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 re-
moval efficiency of VOCs and suppress by-products at low energy
consumption. In packed bed DBD reactors, a packing material is posi-
tioned in plasma zone or downstream of plasma zone. In the former
case, there are synergistic effectsbetween plasmaand packing material,
which promotes the degradation of VOCs. The electrical and morpho-
logical properties and the loaded catalyst of packing material all in-
fluence the characteristics of plasma and thus affect VOCs removal ef-
ficiency as well as by-productproduction.

5.1. Packed position

As illustrated in Fig. 10, the common types of packed bed DBD re-
actor include one-and two-stageconfigurations. In one-stagesystem(a)
(also referred to as in plasma catalysis-IPC), the packing material is

Fig. 9. Typical voltage and current waveforms of (a) nanosecondpulsed dis-
charge and (b) AC discharge[173].
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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 con-
figuration, only long-lived specieslike 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 electron-
and 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 assertwhich configuration is better. Although in
most cases, IPC configuration is superior to PPC in VOCs removal
[100,157,175–180], somestudieshave shown that PPC systemis better
than IPC [102,181]. Moreover, in the research by Durme et al. [182],
IPC or PPC systemis better related to the type of catalyst.

Besides the location of packing material, operational process is an-
other important basis for packed bed DBD reactor classification.
According to whether the plasma is turned on when VOCs-containing
gasenters the reactor, there are continuous and sequential processes.In
a sequential operating system, VOCs are first adsorbedonto 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 con-
tinuously or sequentially. Therefore, the packed bed DBD reactor in-
cludes four systems, namely continuous IPC (CIPC), continuous PPC
(CPPC), sequential IPC (SIPC) and sequentialPPC (SPPC). In a CPPC
system,VOCs are partially decomposedand then reach the downstream
packing region if the VOCs-containing gas stream passes through dis-
charge zone. For the SPPC system, VOCs are only degraded in the
packed area since VOCs have been adsorbedbefore plasma is turned on.
In some studies of CPPC system [102,181], the VOCs-containing gas
stream is in parallel with the gas streamthrough DBD reactor, and the
two gas streams were mixed and then passed through packed zone.
Hence, in CPPC systemandSPPC systemwith parallel gasflow, 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 en-
ergy efficiency of VOCs abatement. In an IPC configuration, a better
understanding of the interaction between plasma and catalyst is sig-
nificantly important for further optimization of a given system.
Therefore, the discussion of the next few sections is based on the IPC

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), semi-
conductors(TiO2, WO3) andzeolites(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.

Dielectricconstant: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 meansthat a
new capacitor is added to the series circuit. Since the packing material
generally hasa dielectric constantgreater than that of air, a packedbed
reactor can store more energy than DBD alone during a single dis-
charge. At the sameapplied voltage, there is a greaterdischarge current
when DBD is packed with a material with a high permittivity, as illu-
strated 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], benzeneconver-
sion 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 rangeof lessthan 100plays 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 perfor-
manceof DBD undera certain range. Recently, somefluid 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 per-
mittivity on electric is limited toa certain value ofpermittivity, being9
for a micro-gapand 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 poresizesonly yield enhanced

Fig. 10. Types of packed bed DBD reactors according to packing material po-
sition.

Fig. 11. Waveforms of voltage and current for various dielectric constant of
sphere pellet at 14 kVpp applied voltage [190].
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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 meansthat plasma is more
easily formed inside pores of low permittivity materials. Hence, the
porosity of packing material cannot be neglected when investigating
the influenceof permittivity on VOCsremoval. 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 becomesmore resistive rather than capacitive [189],
which is confirmed by the fact that the shape of V-Q Lissajous figure
changesfrom a parallelogram to an ellipse [51]. Therefore, an increase
in temperature lowers dielectric constant, which may result in a de-
crease of VOCs removal efficiency.

Surface properties:DBD reactor packed with porous material is more
favorable for the decomposition of VOCs than with non-porousmate-
rials because porous material has a strong adsorption capacity, and
micro-dischargemay be formed in its inner pores. Gandhi et al. [191]
examined the performance of porous and nonporous α-alumina (α-
Al2O3) for the degradation of ethylene in a DBD reactor and the results
indicated that the decompositionefficiency obtained with the porousα-
alumina 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 surfacearea ofmaterial is directly related to its adsorptioncapacity
for VOCs, which affects the residence time of VOCs in reactor and the
probability of collision between VOCsand active species.As theSBET of
flake-like HZSM-5 decreased from 366 to 341 m2/g, the carbon balance
of tolueneremoval reducedsignificantly from81.9% 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 doesnot
necessarily meana high VOCsremoval performance. For example,ZSM-
5 (306.6 m2/g) hasa 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 becauseγ-Al2O3has a higher dielectric constant than ZSM-5and
thus has a better discharge performance. Moreover, the surface area is
reduced after metal is loaded on the support, but VOCs removal effi-
ciency is improved [193,194]. Wang et al. [195] investigated toluene
degradation over different MnO2 polymorphs and found that α-MnO2
showed the besttoluene conversion, but its surface area is lower than γ-
MnO2 and δ-MnO2.Therefore, in addition to surfacearea, 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 sizeof benzeneis 5.9Å, which is smaller than the poresizeof
HY (7.4 Å) but greater than ferrierite (4.3–5.3 Å). As the pore size of
HZSM-5 decreasedfrom 0.533 to 0.522 nm, the equilibrium adsorption
capacity of toluene decreased from 39.70 to 30.32 mg/g, and removal
efficiency decreasedfrom 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 studyby Zhanget al. [196], the strongestelectric 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-dischargewill 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 optimumpacking material size may vary for
different reactors. In addition, it should benotedthat theselow particle
sizesmay 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 ma-
terials, they are not morphologically advantageous for enhancing dis-
charge.Becausea stronglocal electric field is morelikely to appearnear
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 shapeson 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 cy-
linder and sphere were 3.7 and 2.5 g/kWh, respectively. Furthermore,
the pressuredropsof the reactor with hollow cylindrical is lower than
that with sphere [198], which is advantageous for industrial applica-
tions.

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 de-
gradation in a plasma-drivencatalysts system.According to Kim [126],
the VOCs decomposition process occurs primarily on the surface of
packingmaterial rather than onthe loadedmetal catalyst. However, the
supportedmetal catalyst facilitates further oxidation of CO and carbon
balance.

The type, loading amount, shape and size of supported metal cata-
lyst will affect VOCs abatement. Although there has been a lot of re-
search on plasma catalytic abatement of VOCs, it has not been con-
cluded 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 sequenceof 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
plasmain not only related to the target pollutant, but alsoto the reactor
configuration, packing position, type of support and the like. The dif-
ference between various metal catalysts at a given condition depends
primarily on their ability to decomposeozone in to oxygen radicals
(O2−,O2

2−,O−), which are indispensableinthe degradationof VOCs.
Ozone molecules are adsorbed and decomposed in oxygen vacancies,
which are electron-deficientas Lewis acid sites [199].

The loading amount of metal catalyst has an optimumvalue. Below
this value, the increase in theamount is beneficial to VOCsdegradation,
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 benzeneremoval efficiency increased with the increaseof Ag
loading in the rangeof 4–15wt%, and thendecreasedat higher loading
amount.Wu et al. [201] investigated the effectof Ni loading of NiO/γ-
Al2O3 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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multilayer or bulk NiO may occur, resulting in a decrease of active
component area exposedto air.

In the study by Peng et al. [203], the shape effect of Pt/CeO2 cat-
alysts on catalytic oxidation of toluene was elucidated. The im-
mobilized Pt particles on nanorods,nanoparticles, and nanocubesCeO2.
Pt/CeO2-rods achieved the best catalytic performance due to its best
reducibility and highest concentration of surface oxygen vacancies.
Further, they found thesizeeffect ofPt nanoparticles in the rangeof 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 oxi-
dation, the results are useful for plasma-catalytic process.

Recently, somestudies 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 metalswill significantly affecttheactivity 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-adsorbedOand
better reducibility through the synergy between Ag and Mn. In [109],
the best ratio of Ce-Mnwas 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 im-
pregnation sequenceof 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 break-
through 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

better promotion of surface-active oxygen migration in Ag-Mn(F)/ γ-
Al2O3.

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/non-
catalytic packingmaterials in plasmaregion. In a fully packedbedDBD,
the discharge mode partially changes from bulk streamers to more in-
tense 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-dischargewill 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 pro-
moting the degradation of VOCs. Since most packing materials are
porous, it is possible for micro-dischargesto 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-porousalumina. 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 in-
creasing energy efficiency. In was observedthat the breakdown voltage
decreasedfrom 3.3to 0.75kV with the addition of Ni/Al2O3 catalyst in
a DBD reactor [216]. In addition to physical properties, the chemical
characteristics of plasmaare alsoaltered by the presenceof catalyst. For

Fig. 12. Plausible mechanismfor the plasma-drivencatalysis of VOCs [126].

Table 2
VOCs removal by different type of catalyst.

Reactor Target pollutant Support Catalyst performance Reference

CIPC Ethyl acetate LaCoO3 > LaMnO3 > LaFeO3 (MR) [113]
CPPC Benzene γ-Al2O3 AgOx > MnOx > CuOx > FeOx (RE) [144]
CIPC Acetone γ-Al2O3 CuOx > MnOx ≈ CoOx > NiOx > CeOx (RE) [200]
SPPC Toluene HZSM-5 Ag–Mn > Ce–Mn > Mn > Ag > Ce (MR) [193]
CIPC Toluene γ-Al2O3 NiO > MnO2 > CeO2 > Fe2O3 > CuO (RE) [201]
CIPC/CPPC Toluene Al2O3 Au > Ag > Cu > Co (RE) [177]
SIPC/SPPC Benzene HZ Ce > Cu > Zn > Ag > Fe > Mn > Ni > Co (MR) [178]
CPPC Methanol γ-Al2O3 Mn-Cu > Mn-Ce > Mn > Cu ≥ Ce (RE) [202]
Here MR and RE refer to mineralization rate and removal efficiency, respectively.
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instance, ozone is easily decomposed by catalysts to produce oxyge-
nated radicals, which have higher oxidation activity, thus enhancing
the decomposition of VOCs [109,217].

Effect of plasmaon catalyst: Since NTP can be applied as a material
surface modification technique, in can also be used for catalyst pre-
paration. When the catalyst is exposedto plasma, active sites will be
moreuniform andparticle sizewill bedecreased,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 degreeof dispersion andsintering resistance of Pd, thereby a higher
stability [220]. The adsorption behavior of catalyst in plasma is dif-
ferent from conventional thermal catalytic process. Compared to mo-
lecules, atoms and radicals are more susceptible to adsorption by cat-
alysts 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 ra-
dicals 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 toreducedactivation energyandhigher
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 ty-
pically less than 400 K, which generally does not result in thermo-
catalytic activation. However, hotspotscan be createdbetween corners
of adjacent pellets and sharp edges due to local intense electric fields
[39]. Furthermore, the metal particles dispersedon the support have a
high electrical conductivity, and Joule heating is generatedasdischarge
spreads along the surface [221]. Hence, VOCs may be degraded par-
tially through thermal catalysis.

5.5. VOCs decompositionmechanisms

In order to verify the degradation pathway of VOCs in packed-bed
DBD, various surface analysis techniques such as gas chromatography-
mass 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, theseanalyses
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 sur-
face can beobtained. The application of in-situdetection technique will
provide more real anddetailed 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 resultsindicated that toluene wasgradually removed
and organic intermediates were mostly destructedafter 90 min reaction
in sequential system, while the types of organic by-productsaccumu-
lated on catalyst surface in continuous system,and eventually impeded
the further stepsof 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 probingtoluenesurfacecoverageand
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 ben-
zoic acid started beyond 500 s. Compared to PPC system, somesimilar
trends were observed in IPC configuration (Fig. 13 (b)). However, the

concentration ofbenzyl alcohol in IPC increasedfaster than that in PPC
and the formationof nitrobenzenein 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 speciescontributed 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 experi-
mental 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-cat-
alyzed oxidation of VOCs. However, in other fields of plasma catalysis,
somestudiescan be referenced. Shirazi et al. [223] conducteda density
functional theory (DFT) study of Ni-catalyzed plasmadry for methane
reforming. They inspected many activation barriers, from the early
stageof adsorption of major chemical fragmentsderived 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 fa-
vored compared to the simple hydrogenation of the chemical fragment
at the bare Ni (1 1 1) surface. The surface-boundH atoms and the re-
maining chemical fragmentsat 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 iden-
tifier for the choice of a suitable catalyst.

5.6. Summary

Plasma catalysis is considered as the most promising way to im-
prove the performance of DBD in VOCs abatement due to its excellent
capability in the enhancement of mineralization rate and energy

Fig. 13. Evolution of toluene and adsorbed intermediates surface coverage on
CeO2 as a function of post situ (a) and in situ (b) NTP exposuretime [175].

S. Li, et al. Chemical EngineeringJournal 388 (2020) 124275

13



efficiency as well as the suppression of by-products. There are four
types of packed-bedDBD system according to the catalyst packing po-
sition 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 decompositionperformance.
These effects can be partially confirmed by measuring the discharge
characteristics, represented by the current–voltage waveforms and
Lissajous figuresobtained 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 sig-
nificant role in plasma catalyst system, investigating the change and
distribution of temperature in packed-bedDBD through fluid modeling
may yield somevital findings. The loading of metal catalyst on packing
material will further improve VOCs removal performance, which is
affected by the type, loading amount, shapeand sizeof supportedmetal
catalyst. In a plasma catalysis system, there are synergistic effects be-
tween the catalyst and plasma.However, the fundamentalphysical and
chemical processesof the interactions between plasma and catalyst are
still not well understood. As a result, the selection of catalyst and op-
erating 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 un-
derstanding about VOCs decomposition mechanism in plasma catalysis
system.Combined with the results from in situ analysis, computational
chemistry makes it possibleto tailor the catalyst for a specific chemical
reaction process.More details about the synergy of plasmaand catalyst
can be accessed in recent reviews [34,36,39,61,79,189,218,224–230].

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 re-
actor. 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 decom-
position in DBD may be related to its chemical structure, ionization

potential and hydrogencontent (masspercentage). Karatum etal. [107]
chose methyl ethyl ketone, benzene, toluene, 3-pentanone,methyl tert-
butyl ether, ethylbenzene, and n-hexaneas target reactants to degrade
in a DBD reactor. The results showedthat the molecule (n-hexane)with
the highesthydrogencontent has the highestremoval efficiency (90%).
The reaction rate constantsof differentVOCsare 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 resultswere 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 andradicals, which gives rise to thehigher degradationefficiency
of VOCs. In addition, the three alkanes deviate from the main trenddue
to their inclusion of more single bonds, which are more easily des-
tructed in NTP. In the studyby Kim et al. [232], no correlation between
the ionization potential and VOCs degradation was observedin plasma
driven catalyst reactor, which indicates that the decomposition me-
chanism of VOCs in packed bed reactor is different from NTP alone.
Moreover, the effect of chemical structure on removal rate is not neg-
ligible, e.g., the presence of double or triple bondsof 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-acti-
vated single bondcompound.Hill et al. found that at an input energyof
100 J/ L, the removal rates were 16% and 68% for propane and pro-
pene, respectively [234]. This is dueto 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.

6.2. Gas flow rate

The gas flow rate significantly affects the performance of VOCs

Table 3
Overview of various VOCs degradedby DBD.

Classification VOCs Reference

Aromatics Toluene [33,109,114,118,143,149,157,161,235–239]
Benzene [101,129,178,207,240–243]
Styrene [116,139,140,156,232,244]
Xylene [96,117,232,245–247]

Ketones Acetone [41,200,248–250]
Aldehydes Formaldehyde [86,179,208,251,252]

Acetaldehyde [94,145,253]
Alcohols Methanol [42,202,206,254]

Ethanol [255,256]
Esters Ethyl acetate [113,154,231]
Alkanes Methane [155,180,257,258]

Propane [234,259–264]
Alkenes Ethylene [176,191,265]

Propene [234,258,259,266]
Halocarbons Dichloromethane [267–271]

Tetrachloromethane [272–274]
Chlorobenzene [103,106,133,205,275,276]
Trifluoromethane [148,277–279]
Trichloroethylene (TCE) [136,272,280–285]

Odors Dimethylamine, dimethyl sulfide, acetaldehyde, ammonia, dimethyl sulphide, thiols, hydrothion [112,233,286–290]
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degradation in DBD reactor. A higher gas flow rate means that more
VOCs molecules passthrough the reaction zoneper unit time, resulting
in a reduction in the number of active species available for each mo-
lecule. In addition, a higher gasflow rate results in a shorter residence
time, which reduces the probability of collision between VOCs mole-
cules andactive particles. As a result, increasing the gasflow rate leads
to a decrease in VOCs removal efficiency and CO2 selectivity. For ex-
ample, in [109], when the gasflow rate varies from 0.13 to 0.4L/ min,
the residence time is reduced from 4.3 s to 1.4 s, the toluene decom-
position 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 gasflow rate significantly enhancesthe energyefficiency for a given
system[206], as the active speciescan be more fully utilized at a high
gas flow rate. If VOCs are decomposedby 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 speciesto react
with the adsorbedVOCs, 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 degradationof VOCs. In [114], the toluene
mineralization rate and CO2 selectivity with discharge gasflow 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 de-
creases, and the mineralization rate (or COx selectivity) remains con-
stant. Therefore, the effect of gas flow rate on VOCs degradation in
sequential treatment is dependent on the specific experimental condi-
tions.

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 con-
centration of VOCs leads to a decrease in the number of active species
that react with each molecule, resulting in a decrease in removal effi-
ciency 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 con-
centration will increase the amount of VOCs removed [106], thereby
increasing energy efficiency. This is becausethe 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 ef-
ficiency increased from 0.56 to 1.18 g/kWh when the initial con-
centration 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 from53.17 to65.44 μmol, the carbon balance
decreasedfrom 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 decompositionin 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.

6.4. Oxygencontent

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 processalone, the degrada-
tion efficiency of VOCsgenerally increasesfirst and thendecreaseswith
the increase of oxygen content. In pure nitrogen, VOCs are removed by

collision with electrons and active metastable nitrogen atoms and mo-
lecules. After adding oxygen, the active oxygenatomsand 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 toosmall to
contribute to VOCs degradation.

Several studies have reported the dependence of VOCs decomposi-
tion on oxygen content in DBD and the maximum efficiency was ob-
tained 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 affectedby
the partial pressure of O2 compared with decomposition efficiency.
Unlike DBD alone, a high oxygen content enhances VOCs decomposi-
tion 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 specieson the surface of catalyst, thereby increasing the
decomposition efficiency and COx selectivity of VOCs. In [126], the
increase ofO2 concentration elevated both thedegradation efficiency of
benzeneand CO2 selectivity regardlessof the type of catalysts (TiO2, γ-
Al2O3, zeolites). If the target reactant contains oxygenatoms, 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 oxygenconcentration with or without packing materials (γ-
Al2O3, α-Al2O3 and glassbeads). This is because acetone is lessreactive
with oxygen species than other VOCs such as toluene and benzene.

6.5. Humidity level

Since industrial VOCs containing exhaust gases usually contain
water vapors, the effectof humidity on the degradationof VOCs in DBD
is not negligible. The presence of water vapor cannot be neglected in
VOCs removal by NTP since it can be decomposedinto ·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-catalyticelectrode (SMF/TiO2), the concentration of ·OH at
a relative humidity (RH) of 80% is approximatelythree timesthan
that
at 10% RH [294]. The dischargecharacteristics of DBD are affected by
the presence of water. Water vapor may cover the surface of the di-
electric, resulting in reduced surfaceresistanceand increased dielectric
capacitance, which leads to decline oftotal transferreddischarge[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 findingsmay 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 suppressedbenzene removal, while toluene decom-
position was slightly enhanced by increasing RH from 30% to 50–80%
and p-xyleneconversion 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
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adsorption [299]. Therefore, the resistance to water should be con-
sidered when choosing a catalyst.

As for the influence of water vapor on COx selectivity, the results
reported by various studiesare also different. In [161] and [207], the
highestCOxyield and CO2 selectivity were obtained at 30% RH, which
is consistentwith the effectof humidity on decompositionefficiency. In
other studies [93,240,296], increasing humidity enhances CO2 se-
lectivity due to the further oxidation of intermediates by ·OH. The
presenceof catalyst affectsthe influence ofhumidity on CO2 selectivity.
In [300], the CO2 selectivity by DBD alone increased while that by
packedbedDBD decreasedwith the increaseof RH. The humidity level
also affects the formation of O3 and NOx. Generally, an increase in
humidity results in a decreasein O3 concentration due to the quenchof
high energy electrons by water molecular, which led to the decreaseof
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 moleculeson thecatalyst [207]. For NO2, its concentration
decreaseswith 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.

6.6. Summary

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 effi-
ciency. 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 ofstoredVOCs 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 ·Oand ·OH). An increase
in oxygen content will lead to an increase in ozone, which is hard to
oxidize VOCs but is easily decomposedinto strong oxidizing species by
catalyst. In contrast, too much water vapor will cover the active sitesof
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 ob-
tained from laboratory-scale experiments. In the future, more efforts
should focus on using DBD to remove VOCs-containing gaseswhich are
close to industrial conditions.

7. Practical application

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 thesensibility to humidity. Theoretically, the
presence of suitable catalysts can alleviate these problems, which has
been confirmed in many laboratory experiments. However, the per-
formance of plasma catalysis for the treatment of industrial VOCs-
containing exhaustgasis still uncertain. Therefore, beforethe 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-upexperiments on DBD removal of VOCs. In these experi-
ments, VOCs-containing exhaust gas come from industrial processesor Ta
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laboratories, and in most cases the gas flow rate is about several hun-
dred cubic meters. These industrial waste gasesare emitted from water
treatment plants, oil shale processing plant, animal quartering centers
and sludgecentrifugation. Most of theseexperimentswere 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 re-
sultsobtained from laboratory, in which the gasconditions 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 sys-
tems 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
seriesat 10.5 kV. Surely, this was achieved at the expenseof increasing
constructional and operational costs.

Upon inspection of these scale-up experiments, DBD system ap-
peared to exhibit high potential for odorelimination. 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 consistentwith 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 in-
dustrial VOCs despite the different gas conditions.

During the scale-upexperiment, some unpredictable situations may
occur due to the changes in operating conditions. Therefore, the com-
parison of lab-scaleand pilot-scaletest is imperative. Liang et al. [303]
evaluated the performance of toluene decomposition in two DBD re-
actors with different scale. They found that the toluene removal rate in
lab-scalereactor was higher than that in pilot-scale reactor at the same
applied voltage. This was due to the fact that the dischargegapof pilot-
scale reactor (6 mm) is larger than that of lab-scalereactor (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 attrib-
uted this to the muchweaker wall effect in pilot-scalereactor 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 reactorsand they believed that
the plasma reactor scale-upfor 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 de-
pends on its construction and operational costs. Ye et al. [301] calcu-
lated the treatment cost of benzene destruction in DBD (509 m3/h,
RH = 50%) and concludedthat the costrangedfrom0.24to 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 andoperational costswere 11.17$/(m3/h) and 0.53$/103

m3, respectively. Martini et al. [304] have made hypotheseson fixed
and variable costs for a Q = 50,000 m3/h BDB system and concluded
that the DBD fixed costand the annual variable costwere 33.99 $/(m3/
h) and 0.0112 $/103 m3, respectively. The costs in the above two stu-
dies were calculated basedon original data and the exchange rate of €
and $ (1€ =1.1175$). It should bepointed out that Dobslawʼs research
included the construction and operational costs of adsorber and bio-
trickling filter, which was not considered in Martiniʼs economic ana-
lysis. Even if the two costsare added in Martini̓ s study, the results of
the two economic analyses are still very different, which may be cor-
related 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 aspectswhich 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
gasescontain 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 equipmentʼscapability for pollu-
tants 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 amountof O3 andNOx formation. Similarly, the voltage shouldbe
raised with the increase of pollutant load to ensure removal rate.
Various industrial processessuch asprinting 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 ac-
count for the majority. The operational cost will be dictated pre-
dominately by electricity cost, which consists of power supply and
ventilator consumption. For plasma catalysis systems, the cost of cata-
lyst purchase and disposal needs to be considered. The price of com-
mercially viable catalysts ranges from several $ to hundreds $ per kg.
Therefore, in practical applications, there should be a compromisebe-
tween the costand efficiency of the catalyst. In addition, the disposalof
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 cat-
alysts. Thismeansthat morethan 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-termaccumulation of
these aerosolswill 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-pro-
ducts. Currently, there are few studies related to the deactivation of
catalysts during VOCs removal in DBD. Although ozoneis an oxidant, it
hardly reacts with VOCs in the absenceof catalysts. This is why a large
amount of ozone can be detected in the exhaust gas while the miner-
alization rate is low. Depending on the reactor configuration and ap-
plied voltage, the residual ozone concentration ranges from tens to
thousands of ppm. Nevertheless, the residual ozone can be easily de-
composedif a suitable catalyst is located downstream of the discharge
zonein 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
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condensation to avoid creepage and creeping discharge. Lastly, the
organic by-productsdeposited in the equipment should be cleaned in
due course of time. These deposits may be ignited by local high tem-
perature 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 op-
eration.

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 seriesor in parallel, which provides a high degreeof 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
benefitsof 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.

8. Conclusions and perspectives

The application of dielectric barrier discharge non-thermalplasma
in VOCs abatement was discussed along with the history, micro-dis-
charge formationand 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 shouldhave 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 in-
troduction 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 re-
ference for the industrial applications of DBD. Based on several pilot
scale experiments, a number of aspects associated to the practical im-
plementation and targets for DBD systemswere discussed.

In the past three decades, a huge number of researches have been
implemented and greatachievements 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 dis-
charge process and the degradation pathways of VOCs in the presence
or absence of a catalyst. In the early days, the discharge process in-
formation such as consumed power was mainly obtained through os-
cilloscopes. 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 bedDBD will be more
fully understood. Unexpectedly, few researchers have focused on the
impact of reactor structure on discharge behavior through these ad-
vanced means and methods.

About VOCs decomposition mechanisms, most of them were
speculated from the information obtained by ex situ detection techni-
ques.To date, the underlying physical and chemical processesof VOCs
degradation with or without catalyst are still not clear enough.This is
mainly becausethe survival time of reactive speciessuchasradicals and
electrons in plasma and the intermediates generated from VOCs are too

short to bedetected.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 measure-
mentscan beusedin conjunction with computational chemistry such as
DFT (Density Functional Theory) to gain a better insight into the re-
action pathways of packed-bedDBD systems.

Although a deep insight into the mechanismsof discharge andVOCs
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 plasmabehavior, especially in the presence of
catalysts. Therefore, in addition to theoretical research, we can also
focus on practical aspectsto promote the industrial application of DBD
in VOCs abatement through process improvement and scale-up ex-
periments. The possible research areas that needs to be explored are as
follows:

1) Since real exhaustgascontains 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 (adsorp-
tion with plasma off and oxidation with plasma on) exhibits high en-
ergy 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 moreenergy efficient systems.For instance, DBD
can be operated as a pre-treatment stage to decompose VOCs into hy-
drophilic substances,which can beeffectively 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 ensuringa
low residual ozone level. On the other hand, it may be difficult for a
single catalyst to effectively remove various types of VOCs simulta-
neously. A multistage arrangement with different catalysts may be a
valid option to address this issue. Therefore, the investigation of mul-
tistage 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 gui-
dance for its practical implementation. In order to promote the com-
mercial application of DBD in VOCs abatement, more scale-upexperi-
ments and economic analysis need to be performed in the future.
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Introduction

Airborne infectious diseaseoutbreakssuchasmeasles,tubercu-
losis, andsevereacuterespiratorysyndrome(SARS) cancause
riskof infection bytheessentialandinvoluntaryactionofrespi-
ration. Airborne diseasetransmission, theprocessesgoverning
it, and the developmentof protective measuresagainst it, are
less understoodthan transmission via water, food, arthropod
vectors, anddirect contact with infected individuals. Disease
transmission amonghumansandanimals often involves either
direct contact with an infected individual or transport across

very short distances; however, pathogen transmission over
longerdistancescanalsooccur.TheSARS outbreakwithin the
Amoy Gardenshousingcomplexin HongKong [1] wasspread
betweenapartmentsby sewer main gasesdrawnin by improp-
erly sizedventilation fansandpoorly maintaineddrains.

Livestock diseasessuchasNewcastle disease,avian influ-
enza, hoof-and-mouthdisease, porcine reproductive and res-
piratorysyndrome(PRRS), andAfrican swineflu arepotential
threatstoglobal foodsecurity. In porkandpoultry production,
biosecurity measuresfor preventing the introduction of path-
ogens into animal confinement buildings primarily protect
againstdiseasespreadthroughdirect contactbetweenanimals
and from pathogen-contaminatedsurfaces. PRRS and avian
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and porcine influenza are two examplesof high impact dis-
easesfor which biosecurity measureshavebeenimplemented
topreventairborne transmission.Thevirus thatcausesPRRS
is understoodtosurvive transmission throughtheatmosphere
in greater numbers when atmospheric conditions are cool,
damp,or cloudy [2]. Long-termchangesin climate andtheir
influences on infectious disease outbreaks vary by route of
transmissionand are highly uncertain [3]. While increasing
vector populations with increasing annual average temper-
ature andprecipitation could increase vector-bornetransmis-
sion, the influencesof changingmeteorological conditionson
airborne transmission of pathogensareunclear.

In contextswherehumansoranimalsmovefreely, thepoten-
tial for disease transmission throughdirect contact is greater,
reducing the importance of airborne transmission and greatly
limiting theutility of airbornepathogeninactivation. However,
where airborne transmission is or is suspected of being an
importanttransmissionroute,fewmitigation technologiesexist.
Disinfection by UV irradiation requiresUV dosesinvolving a
combination of radiative fluxes and exposuretimes that have
beenestablished [4], which are difficult to implement in air.
Upper-roomUV irradiation relies on natural air circulation
patterns within a room to transport airborne pathogens into
the illumination zoneof a wall-mounted,upward facing UV
fixturenear theceiling. Upper roomUV wasproveneffective
in reducingTB transmissionin hospital wards [5] andrubella
transmissionwithin armybarracks[6]. UV germicidal irradia-
tion (UVGI) directs UV radiation onto conventionalparticu-
late filters within ventilation systemsto inactivate bacteriaand
viruses capturedonthefilter surfaces[7]; however,virusesand
bacteria that migrate into the filter media or that are shielded
from the UV source as subsequentparticles are collected,
are inactivatedwith lower efficiencies [7]. The US EPA con-
cludes that there is insufficient evidence, andno standardtest
procedures,for assessingUVGI performanceandthat UVGI
providesvirtually noadditionalprotectionovertheuseofcon-
ventionalHEPA filtrationalone[8]. Conventionalfiltrationpre-
sentsseveral drawbacks, including the low fluid permeability
neededfor highparticle collection efficiency, which inherently
increasesthedifferential pressureacrossthefilter andpromotes
infiltration ofuntreatedair intoindoorspacesatpartialvacuum.
In buildings not constructed to an air-tight standard, this can
leadtohigh costsofbuilding reconstructionandretrofit.

Two factors govern the potential for disease transmission
of airborne pathogenssuch as viruses and bacteria: aerosol
transport and aerosol infectivity [9]. UV radiation alone
only addressesaerosol infectivity andparticle filtration only
addressesaerosol transport. Unlike filtration and UV irra-
diation, non-thermalplasmas(NTPs) can addressbothtrans-
port (by charge-drivenfiltration) and infectivity (by reaction
with reactive plasmaspecies) of airborne pathogens.NTP is
a result of electrical discharges within a neutral gas under
atmosphericconditionsandmainly consistsofelectrons, ions,
and radicals. Unlike thermal plasma, where all constituents
are in thermal equilibrium, a NTP in comparisonis always
in astateof non-equilibriumbecausetheelectrons with very
light massescanreachhigher temperatures(104–2.5 × 105K)
and attain higher kinetic energy (1–20eV) than the rest of

theNTP constituents,which areheavier andat lower temper-
atures [10]. On thesebases, an NTP is also known as non-
equilibriumplasmaorcoldplasma.A commonlyappliedNTP
reactortype is thedielectric barrier discharge(DBD) reactor.
DBD or silent discharge refers to the electrical discharge
throughadielectric barrier, suchasglass, quartz,oralumina.
A highvoltageAC sourceis commonlyusedinaDBD reactor,
becausethechangingpolarity ofAC is essential tosustain the
electrical dischargeinaDBD reactor.Thedominantelectrical
dischargemode in a DBD reactor is microdischarge,which
is in a formof filamentswith nanosecondlifespan. When the
microdischargereachesadielectric barrier, thedielectric sur-
face allows for thespreadingandaccumulation of thecharges
andthusreducestheelectric field until the field is completely
quenched.The useof anAC source repeats thecycle by gen-
erating microdischargewith a different electrical polarity. In
studying theeffectiveness of removing air pollutants suchas
methyl tert-butylether (MTBE) by NTP, Holzer et al [11]
utilized a gaseousplasma generatedby a DBD reactor using
differentdielectric barriers including glass,Al2O3, andTiO2.
Kuwaharaetal [12]developedaDBD reactorusingpolyester-
laminated electrodes to evaluate the removal characteristics
of odorouscompounds,including NH3 andNH3 mixedwith
CH3CHO, by NTP. In studying oil mist-to-gasconversion,
Park et al [13] developeda DBD reactor using thin copper
electrodes (0.05mm thickness) where each electrode was
sandwiched in betweenby twodielectric platesmadeof alu-
mina(1mm thickness).

A packed-bedreactor provides a more efficient way of
treating trace air pollutants by adding pellets between the
electrodesin a coronareactoror a DBD reactor.A typical air
pollutant hasaconcentration in therangeof partspermillion
by volume (ppmv), so direct interactions between the elec-
tronsandair pollutants are usually negligible underambient
conditions [10]. In a packed-bedreactor, theelectron-impact
reactionsserve as themainplasmachemistry for air pollutant
decomposition[14]. By packing thepellets, electron genera-
tion takes place throughpartial discharges at the pellet con-
tact points within a packed-bedreactor. More specifically,
anexternal electric field applied between thepellets and the
electrodesenablespolarization, which in turn inducespartial
discharges and subsequently the electron-impact reactions.
While a packed-bedarrangementcan provide evenly distrib-
utedflows, it can also lead to a higher pressuredrop across
thepacked-bed.Perovskitepellets, suchasBaTiO3 andAl2O3
are commonly useddielectric materials for packed-bedreac-
tors. The addition of catalytically active materials can fur-
ther improve the selectivity of a packed-bedreactor. Mizuno
et al [15, 16] discovered that a ferroelectric pellet packed-
bed reactorwas notonly capableof collecting particles, but
also destroyingyeast cells. In studyingorganicsolvents (e.g.
MTBE, toluene, and acetone), Holzer et al [11] evaluated
three packed-bedmaterials (i.e. glass beads, BaTiO3,and
PbZrO3–PbTiO3) andonecatalyst(i.e. LaCoO3) usingvarious
cylindrical DBD reactorsdesigns,which showedthatthefer-
roelectric packed-bedreactor using BaTiO3 pellets signifi-
cantly increasedtheconversionof MTBE andtoluenetoCOx.
Kuwahara et al [12] useda ferroelectric packed-bedreactor
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to study the decomposition of odorous compounds (i.e.
NH3) by addingBaTiO3 pellets to thepreviously developed
DBD reactor, which used polyester-laminated electrodes.
The results showed that the DBD reactor with ferroelectric
packed-bedpellets could decomposeNH3 at a much faster
rate thantheDBD reactoralone.

Researchers [17, 18] havereportedreductionsin infective
airborne pathogen concentrations as a result of NTP treat-
ment, results that included confounding effects of extended
exposureof viral aerosols toozone[17] or loss of viral aero-
solsbycharge-drivenfiltration[18]. In onestudy,aDBD NTP
reactorwith 10splasmaexposureandavery highair flow rate
(25 l s−1) resulted in 97% Escherichia coli inactivation
[17]. The research groupfound that the synergetic action of
short-living plasma agents, such as hydroxyl radicals, and
plasma-generated ozone, achieved the previously meas-
ured 97% in-flight inactivation of aerosolized E. coli [19].
Another research groupconstructed a 12mmdiameter DBD
NTP device andreported>95% inactivation of bacteria and
85%–98% inactivation of fungal specieswith a 24W reactor
energyoutputanda flow rateof28.3LPM (liters perminute)
[20]. That sameteamexaminedNTP inactivation ofMS2 and
reportedover 95% MS2 airstreaminactivation with a 28W
reactor energy output at 12.5 LPM flow rate [18]. None of
theseresearch, however, examinedtheairstream inactivation
performanceof areactor with apack-bedfeature.

In this study, we describe the development and perfor-
manceof a packed-bedNTP in-flight airstream disinfection
process. A DBD NTP reactor was constructed to treat an
air stream seededwith viral aerosols. Aerosols of bacterio-
phageMS2 were generatedby the evaporation of fine mists
producedby ultrasonic atomization.Plaque assayandquanti-
tative polymerase chain reaction (qPCR) analyses were
conducted to determine the abundanceof infective and total
MS2 aerosols, respectively, in the pre- and post-treatment
samples.Ultimately, theability to removeresidualozonewith
carbonfilters wasassessed.A maximumof 2.3 log reduction
of infective MS2 virus was achieved by the reactor, demon-
strating NTP is a viable technology for in-flight disinfection
andthepreventionof airbornevirus transmission.

Materials andmethods

Experimental setup

The experimental apparatus(figure 1) for NTP inactivation
of viral aerosolsincludes: (1) an induceddraft (ID) fan, (2)
a DBD reactor, (3) an aerosol generator,(4) a digital oscil-
loscope,(5) ahighvoltageamplifier,and(6) adigital function
generator. The aerosol generator is a modified consumer-
grade cool-mist humidifier (Vicks V5100-N) that piezo-
electrically atomizesvirus buffer solution containing MS2,
a single-strandedRNA bacteriophage.A 10.2cm (4-inch) ID
fan at theendof theapparatusdrawsambientair (25%–36%
RH) into a flexible duct(8.9cm (3.5-inch) ID and4 m(13-ft)
length), wheremixingoccursbetweentheair andthedroplets,
allowing for droplet evaporation andthusbioaerosol genera-
tion. The droplet evaporation process is further enhancedby

the addition of a facility-supplied streamof dry compressed
air (<10% RH; figure 1). The DBD reactor is poweredby
one of the two AC voltage amplifiers, namely a variable 0 to
20kV (peak-to-peak)high voltage amplifier (Trek Model-
610E) anda30kV neontransformer(France 15030P5G-2UE
ServiceMaster). The variable 0 to 20kV high voltage ampli-
fier iscoupledwith adigital functiongenerator(BK Precision
Model-4052),whichoutputs60HzsinusoidalAC voltage.The
amplifier canoutputappliedvoltage (U) signalsat1V/1000V
andtwo current (I) signals, total current andreturn current,
at 1 V/200µA, which can be monitoreddirectly by a digital
oscilloscope (BK Precision Model-2190D). For the 30kV
neon transformer,a high voltage probe (Cal Test Electronics
CT2700, 1 V/1000 V) and a Pearson current coil (Model
6585,1V/1A) areconnectedtooneofthepowersupply’s high
voltageelectrodes (theschematic is illustrated in figureS1 in
the supplementary information, available online (stacks.iop.
org/JPhysD/52/255201/mmedia)), whose output signals are
monitoredby thedigital oscilloscope. The power (P) of the
reactorwas thereforecalculated according totheequation:

P = 1
T

ˆ

T
U ×Idt (1)

whereT is theperiodof theAC voltage. A honeycomb-struc-
turedozonefilter (figure 1; Burnett Process Inc. BP-4810) is
located downstreamof the reactor to remove ozonefrom the
exhaust. Two impingers installed upstreamand downstream
(figure 1) of the reactor enabled the quantification of virus
inactivation by the NTP reactor.

NTP and reactordesign

The NTP reactor developed in the presentstudy utilizes the
characteristics of DBD and packed-beddischarge for the
application of viral aerosol inactivation. Figure 2 is a close-
up schematic of the DBD packed-bedreactor. The reactor
is composedof one larger Plexiglas tube (10.2cm (4-inch)
OD, 9.5cm (3.75-inch) ID, 20.3cm (8-inch) length) andtwo
smaller tubes (8.9cm (3.5-inch) OD, 7.6cm (3-inch) ID,
30.5cm(12-inch) length).The smaller tubesslide freely rela-
tive tothelargertubeduetoaclearanceof0.3cm(0.125-inch).
TworubberO-rings,which sit in thegroovesontheOD ofthe
smaller tubepermit an air-tightsliding mechanism.As indi-
cated in figure 2,a circular perforatedbrassplate is installed
attheendof eachsliding tubetoserveasthegroundelectrode
andtoevenly distributethe inlet andoutlet flow of thereactor.
The design of the sliding electrode allows for packed bed
depthadjustment ranging between 0.6 and12.7cm (0.25 and
6 inches).A brassring (0.9mm (0.035-inch) thickness,2.5cm
(1-inch)width) adheredto theOD of the largerPlexiglas tube
serves as the high voltage electrode for theAC high voltage
supply.Twoflow plugsmadeofstyrofoam(6.35cm (2.5-inch)
OD) are positioned at the center of the reactor to direct the
airflow with viral aerosolsthroughanannularregioninwhich
theplasma is concentrated(figure 2). The DBD reactor uti-
lizes themicrodischargegeneratedthroughadielectric barrier
madeof Plexiglas. The packed-bed,consisting of 500 inert
borosilicate glassbeads(0.6cm (0.25-inch)diameter), further
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enhancesthemicrodischarge by partial dischargesat thecon-
tactpointsbetweentheglassbeadsfor effective electron-viral
aerosol collisions andinactivation process.

Experimental procedure

During the virus inactivation tests, a consumer-gradeultra-
sonichumidifierwasusedtogenerateMS2 viral aerosolsfrom

the original virus solution. Each inactivation test involved
adding 300ml (for a 60min test) or 200ml (for a 30min
test) of MS2 solution consisting of ~1× 108 pfu ml−1 in
phosphate-bufferedsaline (PBS; 0.78g NaH2PO4/L, 0.58g
NaCl/L, pH of 7.5) into the ultrasonic humidifier reservoir.
Thehumidifierwassettobuilt-inpowerlevel 2(labeled asH2)
and the atomization rate was approximately 117ml h−1 over
a 30min experimentalperiod [21]. The air flow rate through

Figure 1. Experimental setupfor theinactivationof viral aerosolswith the0–20kV variable amplifier.

Figure 2. Schematicof theDBD packed-bedreactor.
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thesamplingtrainwasmaintainedby the ID fanwith aviable
transformer(Staco Energy 3PN221B). In eachtest,theID fan
andhumidifier were turnedon for five minutesuntil reaching
steadystate.Then thepacked-bedNTP reactor wasactivated
bytheselectedhighvoltagesupply.An electric vacuumpump
(McMaster–Carr model #4176K11) was turned on to draw
samples from the air streamnear the inner wall of the pipe
through the impingers (ACE Glass 7533-13)upstream and
downstreamof the reactor at1LPM, leading tocollection of
MS2 aerosolsin the20ml impingercollection fluid (PBS).

For inactivation tests with the reactor powered by the
0–20kV variable amplifier, thesamplingtimewas30min. For
testswith the30kV transformer,thesampling timewas60min
in order to collect a higher numberof viable viruses within
the impinger installed downstreamof the reactor (figure 1).
Virus samples were also collected directly from the ultra-
sonichumidifier reservoir beforeeachtrial. Plaque assaysand
reverse transcriptase quantitative polymerase chain reaction
(RT-qPCR) assays, bothdescribed in detail below,were per-
formedoneachsampletodeterminetheconcentrationofinfec-
tiousMS2 plaqueformingunits (pfu/ml)andtheconcentration
ofMS2 genomecopies(gc/ml) in thePBS collecting solution.
To compare the humidifier reservoir sampleswith impinger
samples,all of theacquired infectious MS2 concentrationsin
aqueousPBS solutionswereconvertedtoconcentrationsinthe
air streamusingthefollowing twomassbalanceequations:

C8,air = V̇ × C3

Q̇air
(2)

C10,air = VimpingerC10

Q̇sampletsample
; C11,air = VimpingerC11

Q̇sampletsample
(3)

whereV̇ istheaverageultrasonicatomizationrate(117mlh−1), C3
isthemeasuredinfective MS2 concentrationsinsamplesacquired
fromthehumidifierreservoir (position 3infigure 1) immediately
beforeeachtest.C10andC11aretheinfective MS2 concentrations
in the impingers (positions 10and11 in figure 1 respectively).
C8,air, C10,air andC11,air areconvertedinfectious MS2 concentra-
tions in theairstream atthehumidifier outlet andattheupstream
anddownstreamsamplingpoints, respectively. Q̇air is theair flow
ratethroughtheapparatus,Vimpinger is thevolumeofPBS in each
of theimpingers(20ml), andQ̇sample andtsampleare, respectively,
air flow rates throughthe impingers (1 LPM) andthe standard
elapsedtime allowed for sampling (30 or 60min). It shouldbe
notedthattheMS2 inactivation in thereservoir duringatomiza-
tionis notconsideredin thecalculation ofC8,air, sothecalculated
results should be good approximations rather than true values.
According toourpreviousstudy,theremaybea0.3logreduction
of viable MS2 concentrationin the humidifier reservoir during
the30min test,butthis inactivation would notaffect theestima-
tion of theNTP reactorinactivation efficiency aslong asviable
MS2 aremeasuredintheupstreamimpinger[21]. Similarly, total
virus genomeconcentrations(bothinfective andinactivated) were
assessedwith qPCR andmeasuredasgenomecopies per milli-
liter ofsolution(gc/ml), correctedwith equations(2) and(3), and
reportedasgenomecopiesperliter ofair.

MS2 propagation and enumeration. Bacteriophage MS2
(ATCC 15597-B1)and its correspondingE. coli hostATCC
15597waspurchasedfromAmerican TypeCulture Collection
(ATCC). MS2 was propagatedandassayedin its E. coli host
usingpreviously publishedmethods[22,23].The virus stocks
werepurifiedusinganEcono FastProtein Liquid Chromatog-
raphysystem(Bio-Rad, USA) with aHiPrep Sephacryl S-400
HR column(GE, USA). Thepurifiedvirusfractionswerecon-
centratedwith 100kDa Amicon ultracentrifugal filters (Mil-
lipore, USA), and finally filter-sterilizedwith 0.22µm PES
membranefilters. The final MS2 stocks(~1011pfuml−1 were
storedinphosphatebuffer (5mM NaH2PO4 and10mM NaCl,
pH 7.5) at 4 °C. In theexperiments,thedetection limit was
10pfuml−1 since only 100µl of asamplewasusedfor each
plate.

RT-qPCR. Viral RNA wasextractedfrom200µl MS2 virus
samplesusingMaxwell 16Viral TotalNucleic Acid Purifica-
tion Kits (Promega, Madison,WI) accordingto themanufac-
turer’s instructions.ExtractedRNA waselutedusing50µl of
nuclease-freewater.The forward primer (5′-CCGCTACCTT-
GCCCTAAAC-3′) and reverse primer (5′-GACGACAAC-
CATGCCAAAC-3′) were designed with the Primer3free
software (http://primer3.sourceforge.net/)andpurchasedfrom
ThermoFisherScientific (Grand Island, NY). ExtractedMS2
RNA samplesandRNA standardswerereversetranscribedand
amplified inparallel in anEppendorfMastercycler eprealplex
Real-timePCR System (Eppendorf, Hauppauge,NY). Each
reverse transcription-qPCR reactionwas run in 20µl of total
volumecomprising10µl ofGoTaq1-StepMasterMix, 0.4µl
ofRT mix,0.6µl eachof10µM forwardandreverseprimers,
6.4 µl of nuclease-freewater and 2 µl of RNA sample(Pro-
mega,Madison,WI). The following thermocyclingconditions
were used:15minat 40°C; 10min at95°C; and45cycles of
95°C for15s, 60°C for30s and72°C for40s, followed bya
melting rampfrom68to95°C, with thetemperatureheldfor
45s at60°C andfor 5s atall subsequenttemperatures.

Measurements of system performance. During the experi-
ment, a portable humidity/temperaturepen (Traceable 4093)
measuredthe temperatureand relative humidity (RH) inside
the sampling train upstream of the reactor. An insertable
anemometer(Extech 407123)measuredtheair streamradial
velocity profile ~30.5cm(12-inch)downstreamofthereactor.
The pressure drops across the packed-bedNTP reactor and
theozonefilter were measuredby a low-pressuredifferential
gauge (Magnehelic 2300-0).When the reactor was powered
by the0–20kV variableamplifier,anoscilloscope(BK Preci-
sion Model-2190D) monitored the applied voltage and cur-
rent to the packed-bedNTP reactor, from which the input
anddischargepowercanbecalculated. When thereactorwas
poweredbythefixed 30kV transformer, thetotal inputpower
consumptionof thetransformerwas measuredby anelectric-
ity powermeter (P3 International P4460), and thedischarge
power was measuredby a high voltage probe and a Pearson
coil, asdiscussedin theexperimentalsetupsection. Toensure
thatcollected MS2 would notbe inactivated in the impinger
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liquid duringsampling,20ml of 1× 106pfuml−1 MS2-PBS
solution wasaddedinto thedownstreamimpinger, which was
thenconnectedtothedownstreamsampling port.The packed-
bed NTP reactor was either inactivated or activated by the
20kV voltagesupply, andtheeffluentgasfromthereactorwas
bubbled through the impinger liquid for 15, 30 and 45min,
afterwhich theinfectiousMS2 concentrationsin the impinger
were assayed.Ozonegeneratedby thepacked-bedNTP reac-
torwhenenergizedhadthepotential todissolve intosampling
liquid in thedownstreamimpingerandinactivate MS2 during
andafter samplecollection. Toquenchtheozonein solution,
50mMofanhydroussodiumsulfite (Na2SO3, Fisher Scientific
BP355-500) was addedinto the downstream20ml impinger
collection liquid. An ozone sensor (EcoSensors A-21ZX)
measured the ozone concentration either upstream of the
ozonefilter (downstreamof thereactor) ordownstreamof the
filter todeterminetheamountof ozonegeneratedby thepack-
bedNTP reactorat various powerandflow rate levels andto
examinetheremovalefficiency of ozoneby theozonefilter.

Results anddiscussion

Operating conditions

In this study, the overall air flow rate through the sampling
train was estimated to be 170 LPM at 30% voltage setting

of the ID fan and 330LPM at 60% voltage setting,by inte-
gratingthemeasuredair velocity profile alongthepiperadius.
Thepressuredifference upstreamanddownstreamof theNTP
DBD packed bed measuredat the 170 LPM flow rate was
45Pa, areasonably low difference duetothehighporosity of
thepackedbed.Theozonefilter wasalso quiteporous,with a
honeycomb structure that produceda pressure drop of 20Pa
at the flow rate of 170LPM. The total pressuredropacross
thesystem was about65Pa at theflow rate of 170LPM, or
0.38 Pa/LPM. It was estimatedthat at 170 LPM, the virus
exposuretimetoNTP specieswas about0.25s.

Typical applied voltage andcurrent waveforms measured
by theoscilloscope are presentedin figure 3, andall voltage
and current waveforms at all voltage setups (12kV, 16kV,
20kV and30kV) canbefoundin thesupportinginformation.
Two current waveforms were measured:thetotal current rep-
resentedthecurrent supplied into thesystem andwas usedto
calculate input power; the return current representedthecur-
rentreturnedtothesupplyfrom thegroundelectrode, andwas
usedtocalculateNTP dischargepower.When appliedvoltage
increased from 12kV to 20kV, 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 etal [12] reportedsimilar differences(76%)
between input and discharge power, and two other research
reported that20%–27% of the input powerwas converted to

Figure 3. Applied voltageand(a) total currentor (b) returncurrentwaveformacquiredby theoscilloscopewith 20kV peak-to-peak
voltage.

Figure 4. (a) Input anddischargepowerof thereactorat12kV, 16kV and20kV appliedvoltagewith the0–20kV variable amplifier;
(b) estimateddischargepowershowedastrongexponential correlation with theappliedvoltage with bothhighvoltage powersupplies.
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plasma dischargepower in their NTP reactor [24, 25]. With
the0–20kV variable amplifier, themaximumdischargepower
in thereactorwas 0.56W (198 J m−3 at170LPM) at 20kV.
With the fixed 30kV neon transformer, the actual peak-to-
peak voltage applied to the reactor was 28kV and the total
input power consumptionwas ~21W measuredby the com-
mercial power meter. The estimated discharge power was
2.08W (734 J m−3 at 170 LPM), 10% of the input power,
according to the high voltage probeand Pearson coil meas-
urements. The estimated discharge power showed a strong
exponentialcorrelation with theappliedpeak-to-peakvoltage,
nomatterwhich powersupply is used(figure 4(b)). In future,
theV–Q Lissajous methodcanbeapplied tomoreaccurately
estimate thedischargepower with boththe0–20kV variable
amplifier andthe30kV neontransformer.

When ambientair wassupplementedwith dry compressed
air, the initial temperatureandRH of theair streaminside the
sampling train were 20 °C and30%, respectively. The addi-
tion of water mist from the humidifier into the air stream
can induce evaporative cooling, in which theair temperature
wouldbereduced,andtheRH wouldbe increased.According
to the measurementdata, at 170LPM air flow rate and the
humidifierpowerlevel 2(H2; atomizationrateof117mlh−1),
both the temperatureand RH reached steady state values of
16.5°C and60%, respectively, after30min.

Control tests were conducted during which 20ml of an
MS2 solution (1 × 106pfu ml−1 in PBS) was addedinto the
downstream impinger and the effluent gas from the reactor
was bubbledthroughthe impinger liquid. The concentration
of infective viruses when the NTP reactor was off proved
that bubbling ozone-freeair throughthe impinger for 45min
did not inactivate theMS2 (figure 5). When the reactorwas
on,a 3 log reduction in the infective MS2 concentrationwas
observed in the impinger solution over the first 15min. This
indicated that when the reactor was activated by 20kV, the
generatedozonedissolved in the impinger liquid and inacti-
vatedthesampledMS2. As thegoalof theseexperimentswas
to inactivate viruseswithin thereactorandnotin thesampling

liquid downstreamof thereactor, theozonethatdissolved in
thedownstreamimpinger liquid wasquenchedwith 50mM of
anhydrous sodium sulfite. According to the measuredozone
concentrationandthecalculated equilibrium dissolved ozone
concentrationin theimpingerliquid (basedonHenry’s Law),
theaddedsodiumsulfite shouldbesufficient toquenchall of
the dissolved ozoneduring the packed-bedNTP inactivation
tests. Control experimentsprovedthat thesodium sulfite did
notinactivate MS2 within theexperimentaltimeframe.

MS2 Inactivation

The decreasein infective MS2 particles and total MS2 par-
ticles acrossthereactorwereassayedbytaking samplesfrom
the atomizer reservoir and samples from impingers both
upstreamand downstreamof the NTP treatment. Although
plaque assay results are normally reported in pfu per ml of
solutionandqPCR resultsarereportedasgenecopies (gc) per
mlofsolution, ourreportedconcentrationsare inpfuorgcper
liter ofair,whichcorrespondtotheoverall air flow ratefor the
case of grossconcentrations entering thesampling train, and
to the1 LPM air samplingrate throughtheimpingers.

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 upstreamimpinger was observed, as was a ~0.35 log
decrease between the upstream and downstream impingers
(figure 6). The qPCR results,which reflect thetotal numberof
viruses, suggesteda decreaseof ~1 log betweenthe humidi-
fier outlet andtheupstreamimpinger andadecreaseof ~0.35
log between the upstreamanddownstreamimpingers (figure
6). The ~1 log decreasein genecopy concentrations fromthe
humidifier outlet (position 8) to theupstreamimpinger (posi-
tion10),which indicates thelossof total (infectious andinac-
tivated) viruses duringatomization,mayhaveseveral causes,
including wall losses along the four-meter-longduct. These
impactsare discussedin greaterdetail in Xia et al [21]. The
additional1.6 log reductionin infectious MS2 concentrations

Figure 5. Changeof infectious MS2 concentrationin thedownstreamimpingerwith eitherozone-freeair (reactor off) orozone-loadedair
(reactor activatedby20kV) bubblingthroughtheimpinger liquid.
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was most likely caused by inactivation during the evapora-
tion process of the atomized MS2-PBS droplets. Based on
theqPCR results, the0.35 log decreaseof infectious viruses
throughthepackedbedwhen thereactor was off was notdue
to inactivation ofviruses in theaerosolsandwas likely dueto
physical filtration of thevirus by thepackedbed.

When thereactor was poweredwith the30kV neontrans-
former, samples collected post-NTP treatment contained
infective virus concentrationsbelowourplaqueassay limit of
quantification (10 pfuml−1). Consequently,thereactorcaused
a decreaseof more than2.3 log infective MS2 (2 log inac-
tivation if excluding the 0.35 log filtration discussedabove)
(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 discussthelikely
mechanismsresponsible for thenearly three log reduction in
infective MS2 concentration betweenthe introduction of the
aerosol at position 8to theupstreamimpinger at position 10
(figure 1).

MS2 inactivation wasmeasuredovera rangeof lower volt-
ages (12, 16, and 20kV) and two air flow rates (170 LPM
and 330 LPM). Increasing the voltage resulted in an expo-
nential increasein MS2 inactivation by the reactor(figure 7),
whenthepacked-bedfiltration effect (an averageof 0.14log)
wassubtracted.At anair flow rateof170LPM and12kV, an
infective virus inactivation reductionacrossthereactorof0.23
log was observed. This increased to a 0.78 log reduction at

Figure 6. Concentrationsof viruses inair measuredwithplaqueassaysandRT-qPCR in theNTP reactorpoweredby30kVAC supplyat a
170LPM air flow rate(*: detectionlimit).

Figure 7. Log-reductionof infectious MS2 inairstreamdueto inactivation of thepacked-bedNTPreactoractivatedby thevariablevoltage
amplifier at 12kV, 16kV and20kV (CD andCU representthedownstreamandupstreamconcentrationsin air, respectively).
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20kV. Inactivation of infectious agentsby chemical oxidants
generally follows aChick–Watson model,asillustratedby the
equationbelow[26, 27]:

ln CD
CU

= − k C n
inactt (4)

where CD and CU are downstreamand upstream infectious
virus concentrations respectively, Cinact is the concentration
of the inactivating agentgeneratedby NTP, n is the coeffi-
cient of dilution (usually assumedto be 1), t is duration of
treatment,andk is a kinetic constant.When theNTP reactor
is operating at steady state understeady applied AC voltage,
Cinact andtreatmenttime t should remainconstant.Increasing
applied voltage to the NTP reactor increases the concentra-
tion of reactive ionsandelectrons (Cinact) in theplasma,and
according to figure 7andequation (4), Cinact should increase
exponentiallywith increasingappliedvoltage.This assertion,
however, needs to be justified in future plasmaspecies mea-
surementsandanalysis. Increasing the flow rate to330LPM,
and consequently reducing the treatment time by approxi-
mately 50%, had a small impact on inactivation (figure 7),
which indicates that the amountof treatedair by the reactor
canbeincreasedwithouthavingamajorimpactoninactivation
efficiency. This maybebecause that thepredominantspecies
inactivating aerosolized MS2 in this study were short-lived
radicals rather than long-livedozone,whoselifetime is at the
scale of nanoseconds[28] andwould not be affected by the
changeofsecond-scaleexposuretime.Wu etal [18] reported
similar limited impact of treatmenttime on NTP inactiva-
tion efficiency. Specifically, the study showed thatdoubling
the treatmenttime would only causea 2%–4% further inac-
tivation of waterborneMS2 by plasmagas. Extrapolating the
resultsobtainedat12–20kV and170LPM to30kV according
tothetrendlinewouldyield anestimated3.5 logreduction, in
agreementwith thegreaterthan2log reduction obtainedwith
the fixed 30kV neontransformer.

In this study,at the flow rate of 170LPM, thevirus expo-
suretime toNTP species was about0.25s, andthesteady state
ozone concentration downstream of the reactor was meas-
ured as 0.21ppm at 20kV and 2.08ppm at 30kV. The ozone

dose received by aerosolized MS2 was thereby estimated as
0.0017min mgm−3 at 20kV and 0.017min mgm−3 at 30kV
(assumingroomtemperatureandpressure).According toTseng
andLi [29], 90% (1 log) inactivationofairborneMS2 required
an ozonedose of 1.28min mgm−3, which is 75–750 times of
theozonedoseprovidedin thisstudy.It wasthereforeconcluded
thatozoneactedasasecondaryinactivating reagentin thisstudy
andthataerosolizedMS2 waspredominantlyinactivated byrad-
icals andotherreactive oxygenspecies(ROS) generatedby the
packed-bedNTP reactor over theshortexposuretime.

Our MS2 inactivation results (figures 6 and7) are compa-
rablewith thepreviousstudies.Forexample,Vazeetal applied
28kV 600µspulsedischargestogenerateNTP, andthereactor
achieved97% inactivationofE. coli (1.5logreduction)during
the10streatmenttime[17]. When theplasmagenerationarea
was reducedby 25%, the reactor’s E. coli inactivation effi-
ciency reducedsignificantly to29% (0.16log reduction)[19].
Wu et al applied a 14kV 10kHz AC power supply, and at
20W powerlevel, the reactorachieved ~80% MS2
inactiva-
tion (0.9 log reduction) in roomair during a 0.12s treatment
time [18]. Both of thesestudies, however, only reportedthe
reductionsof viable bioaerosol concentrationafter the NTP
treatment,and did not separatethe inactivation effect of the
active plasmaspecies fromthephysical electrostatic precipi-
tationor filtering effect of thereactor.

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
spacesshould not produce ozoneconcentrations greater than
0.05ppm in treated air streams. We therefore adapted con-
sumer-gradeactivated carbon honeycomb filters, normally
installed overexhaustventsofphotocopiersandlaserprinters,
for useasapost-NTP treatmentozonefilter.

The ozoneconcentrations were measuredin the airstream
upstreamof the ozonefilter (downstream of the packed bed

Figure 8. Measuredozoneconcentrationsupstreamof theozonefilter asa functionof Vpp andair flow rate.
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section of thereactor), asa function of peak-to-peakvoltage
(Vpp) applied by the Trek high voltage power supply (figure
8). The baseline ozone concentration in the room air was
0.03ppm. Results suggestthatplasma was notestablished in
the reactor andno ozonewas produceduntil the applied Vpp
exceeded10kV (figure 8). Above 10kV, theozoneconcentra-
tion downstreamof thepackedbedandupstreamof theozone
filter increased with increasing Vpp and decreased due to
reductionofNTP dischargeenergydensity (discharge energy
perunit volumeof theair flow) with increasingair flow rate,
as setby the ID fan. When 20kV AC voltage was applied to
thepacked-bedNTP reactorandat the170LPM flow rate, the
highest ozoneconcentration downstreamof the reactor was
0.21ppm.

Ozone concentrations were measured upstream and
downstreamof a single, centimeter-thick ozone filter under
reactor-onconditions at 20kV (discharge power of 0.56W)
and30kV (discharge power of 2.08W) over a rangeof air
flow rates (figure 9). Increasing air flow rates corresponded
with decreasing upstreamozoneconcentrations duetoreduc-
tion of NTP dischargeenergydensity, and increasing down-
streamozoneconcentrations, likely due to increasing space
velocity (defined as volumetric flow rate normalizedby filter
volume) and thus decreasing filter performance. The much
higher supplied power of the 30kV power supply, as com-
paredto the 20kV power supply, also producedmore ozone,
approximately ten times higher at all three flow rate condi-
tions (figure 9). This was likely a result of greater oxygen
atom radical (O) production at the higher power, which
reactedwith the available O2 to form moreO3 [32, 33]. At
170LPM and30kV, thesingle layer of theactivated carbon
filter reducedupstreamozoneconcentrations by 96%; how-
ever, the downstream O3 concentration (0.09ppm) still
exceededthe 0.05ppm California standard.The addition of

asecondfilter wouldvery likely reduceconcentrationsbelow
the California standard, with little increase in the pressure
dropacrossthefilter (20Pa at theflow rateof170LPM).

Conclusion

In this study, we successfully designed and constructed a
packed-bedDBD NTP reactor that was effective at inacti-
vating bacteriophageMS2 in aerosols with minimal pressure
dropacrossthereactor. Ozonegeneratedby theactive plasma
was effectively reducedto meet regulation standardsby the
insertionof commercialozonefilters withoutsignificant pres-
sure drop. In future applications, the packed-beddepth, the
dielectric material, andtheair flow rate throughthesampling
train can be modified to achieve improved performance at
various flow conditions.
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