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Abstract

Project Code: MRG5380280

Project Title: Effect of silver nanoparticle on nitrification process and performance

enhancement using cell entrapment technique

Investigator: Assist.Prof. Sumana Siripattanakul, Ph.D., Ubon Ratchathani University

Prof. Eakalak Khan, Ph.D., North Dakota State University
Assoc.Prof. Alisa Vangnai, Ph.D., Chulalongkorn University
E-mail Address: ensumasi@ubu.ac.th; jeans_sumana@yahoo.com
Project Period: 2 years

Abstract: Silver nanoparticles (AgNPs) have substantially increased in production and
utilization resulting in potential of AgNPs contamination in environment including
wastewater treatment plants. This study aimed to investigate effects of AgNPs on
nitrification process and enhance the system by cell entrapment technique. Initial
ammonia and AgNP concentrations, and entrapment materials and matrix sizes were
the variables. Nitrification activity was investigated using a respirometric assay.
Scanning and transmission electron microscopic observations of the microbial cells and
entrapment matrices were also performed. Results showed that nitrification and
ammonia oxidation followed Michaelis-Menten model with maximum oxygen uptake
rates (OUR,,,,) 0.2132 and 0.2273 mg-O,/L/min and half saturation coefficients (K,) of
5.42 and 15.87 mg-N/L, respectively. Presence of AgNPs resulted in lower OUR__ and
K,. The nitrification and ammonia oxidation processes in the case followed
uncompetitive inhibition kinetics with inhibition constants (K) of 9.3 and 5.5 mgiL,
respectively. The initial ammonia concentration did not influence the nitrification activity
while the AgNP concentrations (0.25-10.00 mg/L) inhibited the nitrification activity (8-
38% compared to the control) and ammonia oxidation activity (14-28% compared to
control). In the presence of AgNPs, both calcium alginate (CA) and polyvinyl alcohol
(PVA)-entrapped cells had higher nitrification activity compared to free cells. Nitrification
activity in the presence of AgNPs by the CA-entrapped cells was better than that of the
PVA-entrapped cells (64-100% versus 4-87% compared to without AgNPs). Cells
entrapped in a larger matrix size performed better. Based on micro-structural

observation, AgNPs caused damages to cell surface and cytoplasm which very likely led



to decreased nitrification activity. The entrapment matrices successfully reduced the

adverse effects of AgNPs on nitrification activity.

Keywords : cell entrapment, cell physiology, nitrification, respirometry, silver

nanoparticle
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Functional effect
To study nitrification process at different silver nanoparticle

concentrations in free and entrapped cell systems

v
v v

Physiological effect Microbial community structural effect
To observe the change in physiology caused by silver To investigate microbial community change induced by
nanoparticle using scanning electron microscopy silver nanoparticle using molecular biological technique

To understand effect of silver nanoparticle on wastewater treatment system (nitrification)

and enhance the process using entrapped cells
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1.1 fanuazanudrdyvasifam

ftiudaiaiouniaumiauili  (siver nanoparticle; AgNP) Lilugudsznayas
'3'&63ﬁlﬁﬁﬁ"lﬂluﬁmﬁamm:%ﬁmﬂ‘szﬁiﬁwmUmﬁ@ U WAAAMMYINANNEZENA
1098019 81 uaziene asananluszuulszin Tag AgNP fuszlomifaiduasainiie
wiaflosiumainadunid (Li et al, 2008; Blaser et al., 2008) wiiffagtudylifing
msAnEINIanedzas AgNP Tuisuiadavadistaian WANIIBUMIIE AgNP
Usunomnniulugag 10 DAk 1w Tun3vglsfinenumsls AgNP 30 audellu
7 a6 2004 Forndwidln 500 19N a.6. 2000 (Li et al., 2008) e
Juld e luemaadulng AgNP ﬁ]x@mﬁ’m‘lu'ﬁ?}aLn@]é”auﬂ%mmgaLﬁuﬁu Fanasidu
Iam%ﬁfﬂmﬁwﬁoﬁﬁmmLﬂuﬂmﬁv’a@iamgmﬁua:ﬁdLn@ﬁam lasfinonuanudn
Runsdoimadaas wuaitsy uasla$s (Xu et al., 2004: Elichiguerra et al., 2005; Limbach
et al., 2007) mane luafanuInFanasaunsaiauNtydan/Buruag
Qauﬂ%ﬁs‘fia‘swzm’;awdawa@iamsﬁ%ﬁm (Feng et al., 2000; Lok et al., 2006; Choi et al.,
2008) I@slLra,wwzazhaﬁoLﬁa%m’;a%ﬁagmﬂmm@mimzﬁwa@iaﬁaﬁ%ﬁmgxﬁn'jwaqmﬂ
2119 llA3H9 100 Wi (Lok et al., 2006) sainnd AgNP anednslusaunadauus
RSN ala A aunInsINanTENUAesr LU FILas aNuazszu L AlIn e Ie

suvthaidsdunigiinadouniiedl AGNP aaandsld  anmsanmues
Blaser et al. (2008) Wu31 AgNP a%mimy'auﬁng%ﬂaﬂ?}un@ﬁamm 9 WHwIzUULnga
WiEe Vl,&idwzl,ﬂm:uuﬂﬁﬁ'@ﬁﬁLﬁqumﬁmmmmﬁﬂﬁw AgNP Lwiag&u
vﬁamnﬁwLﬁﬂqmuﬁﬁmﬂﬁwﬁ@]ﬁmsﬁﬁﬁﬁhuﬂizﬂauLﬂu AgNP Lija AgNP gy

ﬂﬁﬁ'@ﬁ'}L%ﬂLLﬁ’;mi,mM’md'smza:maayﬂuﬁ%%ﬂ Lm'aygmﬂd’sulmujazgﬂg@sﬁ'uagﬁu

aznan (sludge) Mszuuthiatinge lasfinsmanisatiranatl AgNP andslegs
£19 39 mg-Ag/kg dry sewage sludge IMFMBANTAURITLAWIN AGNP Dumwr lkafiaz

s'mNaﬂsz‘vmﬁamﬂauﬁgﬁuﬂ%ﬁuazszuuﬂﬂﬁmﬁﬂL?maﬂ'wgw,mv[@ﬂuamﬂm
gmsumbotaindem lUinsuiumaihtandn 2 nswiums de mImia
mMIvan (carbonaceous removal) WATNNIANIN L lATLA% (nitrogenous removal) Al
ATTLIUNT MASALATH-A laSALATH (nitrification-denitrification processes) Lﬂuﬁjﬁu
mldinsruammsluasieswdunszuinmiienusanlndefuiadaunssanine
lunseussuy i luaﬂn:ﬁﬁqm%gﬁﬁ%amwmﬁwﬁmaoaarﬁLauazmﬂgm%a@‘i’]
Viwly 1udu é’aﬁ?ﬂumsﬁﬂmﬁ%@&jdLﬁum‘sﬁﬂms:uuﬂﬂﬁ'@ﬁﬂLﬁﬂludmmad
ATTLIWAT A SALATY nnmsansluedanuinnsuawmyluasietwiiod



YwdouvasasAwlszanTAIwNI¥nNwIzanaInin 1w lwnsAn¥1ved Park and Ely
(2008) WuILle Nitrosomonas europaea lésuansUsznavaselsauatuaaiion Usan
WALNBILAS NANUTNTUITTING 1-8 mg/L i lAUsz@nTamnmsrianuaaaiiissesas 90
fnsumsanmmstwdontas  AgNP  wudfenudutuandadies 1 mgll
nazuaums uesiiadugniugigefisiauas 86 (Choi et al, 2008)  M3IAN®IVa4 Choi
et al. (2008) 1w 1 lu 4 nsfns e ITasiUNATas AGNP daszuutidaiiieniier
luifaqeiu (Choi et al., 2008; Choi and Hu., 2008; Choi et al., 2009; Choi and Hu, 2009)
d a v 1 Y 1 v a a
Tenwddpmaiaiulunmafinmanseses AQNP  uaznavassnIdsznauinfauszd
wnuadanNUluABuas AgNP  lunszuiums uasiiaduirinim udasfanug
aenandeliisanadansszyanuduly (Fate) ve9 AgNP Mssdaszuuhiaiidouas
A' v n‘lp o > 1A a v d'd ] 1
AP IoL}Y wazuananitluilgiudsldfnuidondnsnazas AgNP dangu
aun3d nwnauwmilasiudywnmstwiauses AgNP daszuhiaiugs
o gl v v o o :/ a A a o A
RATULWINILAT YR NURUAAIVIT UL TR UFSITHIY Aa naliannianda
& A A a = & A a6y A &
\mad (cell entrapment) inailafidunsasausadafunidlinulussnedwet iiu a3
a a . . A a 6 .
LARLTENLLDNILWA (calcium alginate; CA) {1INR Niauaanazaaa (polyvinyl alcohol;
PVA) 1Judw (Siripattanakul et al., 2008a; Siripattanakul et al., 2008b) A 1WH 1 LHw
MNAIBENIVBILTARANAAGIE CA SuuaInaNnITeananelszny Aa §a1In
a 6 A a [ a [ U o a a 6 v
augulTinaumafdunidld wazaswefiwaimaninilesiuadunidananiniaaden
] 2 I dld I 1 =) ol a dld a A ol
da 9 18 g anzhfianudunsa-dsgenieduinll anznfigunniigansad
Vnld aaizifiansis udu (van Veen et al., 1997; Siripattanakul et al., 2008b;
e ¥ 0/ v e A ﬁ
Siripattanakul and Khan, 2010) wanNHINanEmelATIF e TRaanaaDIL Ik
la39ae1e (Siripattanakul et al., 2008b) Jumrlriunazilasnu AgNP hiliinmsAaisad
@auw‘%ﬂ@? NNENLAVBILTARANAAAINEITzULLITRaanaaiduszuunRananwlunms
Urgndinadasiudymnnanidndu lasszuuissdandauanainaziianainanzas
o YN ad a e A & ad AV . X @ '
Tumuauiauan BnkAaasanaaduwitnisnligeean dnlddedes  lal
o I o o 6 A a & & € A ° o 0 @
uludaslfgUnsniviamaluladiugs  unumasandasusahldldnuszuuina
:’ = d'd 1 Aa v ] =3 L% a “ A v
iiFandagiauld atnvlsfianulunisdszgndlfinafianmsanfaadliyszay
ANNESe STuezAasanEmIENe TR LATTIATEITARANGATILANNCEN TR
mafiaainanuwananaz ldldtounilynn  uddsenadinaliifelywinasnisBuniin
2DIDINIILAZDANTLAW (substrate and oxygen diffusion)
NnnguatIdwNuITijasiunsEnmHazes AgNP  danszuiumsluaidiadu
wazmIdSudpdnenmaainzuIuMIdsimaiiaimadanda lapifadundnsn Ao
ANULTNTUVEI AgGNP TRAUBILTARANAN (CA LAz PVA)  LRSIMAUBILTARGNANGD

ATTUIUMNT LA ALAT FIUNIANBRNBULNIINIEAN (physiology) wazlazaasnd



1 a a 6 . . . ai 1 A 6 A A a
VOINGNIAUNIEL (microbial community structure) ‘Ylaglug‘ﬂLﬁljaaamumwﬁaa@ﬂ@muau
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1.3 VB ULWANISIDY
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AgNP  &ataszdansnszuliunslulylalasasantu (borohydride  reduction
process)

Aa a a a dq, a A 6 1 ‘:;,
dunidluainhodamziiesnnnnaznauadunidnnzuuaznewss lasios
dy AD s 6 v a wa g A 1 ¥

Tuamsidsaasaansingluiasdfuaniaiuam 6 ow nauldim
manaaastduiuung (batch) luszauiasdfians
mMnaaasnTzuInm T uasiasutduldandsmasalnlsaiuesn (respirometric
method)
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a aw A A [Y
ﬂq@gllagﬂq%')%ﬂﬂlﬂﬂ')ﬂaﬂ
a 6
2.1 ﬁal')ﬂiﬂ%ﬂ']ﬂﬂ%’]ﬂ%’]‘[%

% 6 € 6
241 nmsdaanzinaznsisilszlazidanasonniaawianili
FBnsdaanzd AgNP Inaneiimaielildasniiaudd @we 3919 uaz
‘ﬁuﬁa) AUNGaINT (Xu et al.,, 2006; Choi and Hu, 2008; Duran et al.,, 2010;
Marambio-Jones and Hoek, 2010) lasnalU3Tnsaaanefansainaniaansnsuun
v & A o ad ad A ad
sanlailu 3 dszian Tedsznaudls AT memenn AmImaail wazismIng
A a a ad o A
TNy IUaLldATEIIDNITLEAIAIANTIN 2.1
aa = ad AN 9§ o A A v A & @ ' < o
ApmImsmeawidudtnmn lWleaneiindelfidsaantesudlasnaluls
WAIIWLAZLIRIWIW (Abou El-Nour et al., 2010) §udtmInstaiiduwisnsiiluwnfiow

anfiga (Marambio-Jones and Hoek, 2010) Lika331n3imidananadiiiumsiouasls

v
a o

\Winsedesfiofugrwia’ly uanmnﬁ%%mmmmmsnﬂ%’uﬂgaLﬁ@iﬁﬂﬁfﬁ@ﬁﬁqmauﬁ&
asseuidesmsld wdegndlsfianudimsfidmennldmsieiisuanalunissoa ey
waeThe (Marambio-Jones and Hoek, 2010) é’aﬁ?ﬁ%mima%ﬁﬂUﬁﬂﬁgﬂﬁ'@um"fu
TaeEmsiildanannsssumalumIsaesmes @w ssanaanivs AIANANAAUNI
1@ (Darroudi et al., 2010)

AgNP Vl,ﬁgﬂﬁwmLﬁaiﬁmm%mﬂ%muﬂizmw T MILTIUNIG
mauwng nalguluduwEeu uaz maldnulugaswnisn udu (Abou El-Nour et
al., 2010; Arvizo et al., 2012) gmsumsldaunmemsunng AgNP l9éwmsumssinga
wazm3inenlse 1w mssamseadeuszenisulunauns  nsaingelsalweiasie
memsuwng msthaiiasen wazmstandienaaalaan (Atiyeh et al., 2007; Tian et
al., 2007; Chen and Schluesener, 2008; Rai et al., 2009; Chaloupka et al., 2010; Arvizo
et al, 2012)  @wmItnuluduiEew AgNP usiudsznavlundanusinarosiia
aldtlosmmielsn W (Far 1edasdnens uasnAaseiwanaan 1ludw (Benn and
Westerhoff, 2008; Blaser et al., 2008; Chaudhry et al, 2008; Kokura et al., 2010) T
n9gamnnIIN AgNP anlflunisndaifuisas (McFarland and Van Duyne, 2003; Ren
et al., 2005; Zheng et al, 2008) uaﬂmnfﬁuﬂmﬁuﬂ'ﬂwuﬁﬂiw AgNP ldaninanlslu
ﬂizuauﬂﬁﬂ%'uﬂ;aqnl,ﬂ’]wﬁ’]LLa:ﬁ?ﬁLﬁﬂ i mymsauuaiiEeluingy Wudw (Lv et
al., 2009; Wu et al., 2010; Dankovich and Gray, 2011; Manimegalai et al., 2011)
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Method

Method description

Examples

Physical approach

Evaporation/condens

ation

Irradiation

Silver ion solution is vaporized into a carrier gas and then cooled for

nucleation and nanoparticle formation.

Silver nanoparticles are produced by irradiating (laser, microwave, or
ionization) silver solution.The particle size could be controlled by variation of

irradiation time and laser power.

Lehtinen et al. (2004)
Baker et al. (2005)
Raffi et al. (2007)
Becker et al. (1998)
Mafuné et al. (2000)
Pyatenko et al. (2004)
Amendola et al. (2007)

Chemical approach

Chemical reduction

Electrochemical

reduction

Silver ion in a solution is reduced by a reducing agent (such as borohydride,
citrate, poly (vinylpyrolidone), and poly (ethylene glycol)) and formed silver
atom (Ago). The silver atoms agglomerate and become particles. Also, a
capping agent (such as surfactant) might be used to stabilize AgNPs.

A silver anode is electrochemically dissolved in a solvent. The silver

nanoparticles are then separated from the solvent.

Bokshits et al. (2004)

He et al. (2004)

Wang et al. (2005)

Hsu and Wu (2007)
Rodriguez-Sanchez et al.
(2000)

Yin et al. (2003)

Murray et al. (2005)



Method

Method description

Examples

Photochemical

reduction

Silver ion in a solution is reduced by a reducing agent and then irradiated to

form silver nanoparticles.

Pietrobon and Kitaev
(2008)
Maretti et al. (2009)

Biological approach

The method is biochemical reduction. It is similar to chemical reduction
method but use extracts from organisms (microorganisms and plants) as
reducing agents and/or capping agents. The well-known biological extracts

used for AgNP synthesis are proteins, amino acids, and polysaccharides.

Sharma et al. (2009)
Darroudi et al.(2010)
Marambio-Jones and Hoek

(2010)




2.1.2 ﬂ'J’l&IL?]%iﬂllﬂzﬂ’]iﬂ%tﬁa%?.la\?%aL'Jagairgﬂ’lﬂﬂ%'lﬂ%'l‘[%
lunadszgndldass AgNP daiduiaguiialnal sarianudwliuazns
ﬂmﬁaumaa%aL’Ja%mgmﬂmmﬂmiuﬁaEfo"laj%mﬁmﬁﬂ faytiudiliddayasuganined
AgNP Tugsuradaw fidssdaysnnmimanisalanuuuiaesadiamaninianina
Aaauluszaussdifnsmsaszauihseaiusiulng (Blaser et al., 2008; Benn and
Westerhoff, 2008; Kaegi et al., 2010; Kim et al., 2010)

Blaser et al. (2008) "L@Tmm’mﬁagaLLa:ﬁmmﬁdmmLﬂuvlﬂmaa AgNP 1
qmmumsuéamuazwma&n msansaInaNenwilunansdseing wwu dssinalu
nidalds aluIminie LLazgﬂsﬂ WUI1 AgNP mﬁaﬁdéuumnﬂmﬁamﬁﬂgi:uumi
%’@ﬂwgaﬂaU%ﬂﬁg@ﬁﬁUamwlu%quﬁaﬂaugaﬂaﬂ &% AgNP U988 (Uszaunme 190-
410 tonlyr) mw:ihgh:uuﬁwﬁ@ﬁ%ﬁa LLaz'ﬁ'q@%ans:mﬂaal,m&m{ﬁﬁﬁumal,l,a:au
waNIMNATINGIT AgNP UTnndaaniznsguIteInannaiusaInszuIum Ik g
yarae iagaﬁmdnftmmsmwﬂmewmﬁu"l,ﬂmaa AgNP luq@mﬁﬂﬁuéwauaz
wmaaﬂvlﬁéﬁgﬂﬁ 2.1

a’mgﬂﬁ 21 Sssansodanaiuanlasninmanss AgNP  Ladaufirnm
NITUAUMIENS g AgNP anailaounasule (Nowack, 2010) Tl a.¢. 2010 Kim et
al. wudaiaida lWdeuniaviamly (Ag,SP) TuaznowanszuutiT At E U wis
luszimeawizonim  Unngmsafdinaniianaiinzfeann AgNe wasuWasuilu
Ag  uaz Ag,SP luﬁq@ luiandann Kaegi et al. (2011) sn8uduguin AgNP Waen
Wasuiln Ag,SP luszuuiiiasindsilidnsduenme dsnalwil Ag,SP 1iluaznamn
mamﬁmmuaamluﬁwmumiﬂ’lﬁw‘%a@m%ﬁE‘hmaomﬂauﬁg‘auﬁﬂmzuuﬂwﬂ'@ﬁwLﬁﬂ
197 2.2 "lﬁa‘gﬂmmmmiﬂmﬁawaa AgNP anawluada  laswuindmeanwnns
Uniounanunasrsinnuasiesuandaniwllamumnalulainsnda  suuTUTIuLe:
thiaiide waesnsusiiieanianssudns 9 (Benn and Westerhoff, 2008; Kim et al.,
2010; Nowack, 2010; Hoque et al., 2012)
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A15191 2.2 mydwdauvad AgNP lusswasauaninulueda

Study description Silver detected form Contaminated concentration Location Reference
Silver released from Total Ag (model) Predicted silver concentrations in WWTS and Switzerland Blaser et al.
nanoparticles incorporated into sludge were 2-18 Llg/L and 7-39 mg/kg, (2008)

textiles and plastics and risk respectively. The silver concentrations in Rhine

freshwater ecosystems were river were estimated at up t0148 ng/L.

determined.

Quantities of AgQNPs released AgNP (model) Predicted AgNP concentrations in air, water, and Switzerland Muller and

into environment and their risk soil ranged 0.002-0.004 },lg/ms, 0.03-0.08 UglL, Nowack (2008)

were modelled. 0.02-0.1 Ug/kg, respectively.
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Probabilistic material flow AgNP (model) Predicted AgNP concentrations in soil, sludge Europe, USA, Gottschalk et al.
analysis was used to model treated soil, surface water, WWTS effluent, WWTS  and (2009)

AgNP concentrations in sludge, sediment, and air in Europe were 22.7 Switzerland

environment. ng/kglyr, 1,581 ng/kgl/yr, 0.8 ng/L, 42.5 ng/L, 1.7

mg/kg, 952 ng/kg/yr, and 0.008 ng/m3, respectively.
Predicted AgNP concentrations in soil, sludge
treated soil, surface water, WWTS effluent, WWTS
sludge, sediment, and air in USA were 8.3 ng/kg/yr,
662 ng/kgl/yr, 0.1 ng/L, 21 ng/L, 1.6 mg/kg, 195
ng/kg/yr, and 0.002 ng/m3, respectively.
Predicted AgNP concentrations in soil, surface
water, WWTS effluent, WWTS sludge, sediment,
and air in Switzerland were 11.2 ng/kg/yr, 0.7 ng/L,
38.7 ng/L, 1.9 mg/kg, 1,203 ng/kg/yr, and 0.021
ng/m3, respectively.

'Release of AGNPs from paints  Total Ag Silver nanoparticles could leach at the Swizerland  Kaegietal.

used for outdoor applications concentration of up to 145 pg-Ag/L during the initial (2010)

via rain was investigated. runoff event.
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Predicted AgNP concentrations  AgNP (model) Silver nanoparticles released into wastewater were  Johannesburg, Musee et al.
releasing from cosmetic-based 7.8-306.6 kg/annum while AgNPs in WWTSs were  South Africa (2010)
nano-products to environment 6.2-184.2 kg/annum. Silver nanoparticles of 2.8-

were predicted and used for 183.2 kg/annum were released into aquatic

risk assessment. systems. The predicted AgNP concentration in

aquatic ecosystem were 0.003 to 0.619 pg/L.

Silver nanoparticle analysis by Dissolved silver (dAg) In influent, dAg of 520 ng/L and AgNPs of 200 ng/L  Boulder, CO, Mitrano et al.
an inductively coupled plasma— and AgNP were detected while dAg of 60 ng/L and AgNPs of  USA (2011)

mass spectrometry, operated in 100 ng/L were measured in the final effluent.

a single-particle counting mode

technique was developed.

Influent and effluent samples

from a wastewater treatment in

Boulder, CO, USA were

detected for AgNP

concentrations.
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Novel detection method for AgNP The concentration and size of AgNPs in the influent Ontario, Hoque et al.
AgNPs was developed. The from a wastewater treatment in Peterborough, Canada (2012)
AgNPconcentratons in surface Ontario, Canada were 1.90 ng/mL and 9.3 nm,

water and influent of a reespectively. Surface water samples collected from

wastewater treatment plant Plastic Lake, Chemong Lake, and Otonabee River

were detected. in central Ontario, Canada did not detect AgNPs at

detection limit of 0.8 ng/mL.
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213 enadwisvasdarasannaawiauiln

nwidtlusdaldazyfsnnuiuisaas AgNP Ve /unId Ay Jal uaz
SJH,HET (Lok et al., 2006; Choi et al.; 2008; Damm et al., 2008; Marambio-Jones and
Hoek, 2010; Guzman, 2012; Lapresta-Fernandez et al., 2012) AgNP FIUIDYINANY
madlenaann 1) AgNP 189 2) Ag’ uaz 3) SuenfineenGlousliéd (reactive oxygen
species; ROS) %GLﬁﬂﬁl’m AgNP (Choi et al, 2008; Asharani et al., 2009; Marambio-
Jones and Hoek, 2010) nalnanuidufseraialaain AgNP nansuiisas L‘E‘iaﬁu
\mas uacEInlsznaudn 9 vaamas AgNP Sudsnszuanmswanluafusacimas uas

o d > g
AgNP ¥ina1s DNA Ua9LTas 598518821880 add

1) AgNP ¥ansihaLsas LHaRuoas wasainlsznaudy 9 2a4umas na tnit

a = A o & & &2 A o € ¥ o o
1fiaan AgNP Haimeiniaiaas nnuuduiwiboiuimsduaiinyiae
faudsznauvadTas  NNWIBNEIBIINLINTzAUTaIn NI uA e
AgNP uanedldauansmucisas  enadiagudimniuuuaiisalasni b
woiuuefiizounsuInaImMuaa AgNP g9niunTuay Likasanuuaiilss
ad a . A ~
wnsNuINSTwU@la lnawan (peptidoglycan layer) MNHRHIDIRINITD
Unilas AgNP 168n31 (Jung et al., 2008; Guzman, 2012) wananieadl
a v A + ' ' a {a {
NUATETBNWINTa8T (AGNP uaz Ag ) saulnimzfandivedsasd

foanasiduasddsznau (Morones et al. 2005; Hwang et al., 2008)

2) AgNP__ §U89NTUI UM I o AT Ta I Taawasyinaly DNA  NabnnIg

v & X a + o Aaaa s e A % o

gusshiiean Ag  ufnsenuienlednineidesnunszuIwmaIs 1w
LSTUUDILTAER (Marambio-Jones and Hoek, 2010; Lapresta-Fernandez et
al,, 2012) laswuidaneivdjisenunguinaaa (thiol group; -SH) N
agfllaiuiaa (Duran et al., 2010; Marambio-Jones and Hoek, 2010)
#anINit Ag  SIGUHINITFNATIZR ATP waznssunasine 3IuN989
LWWWNINANEUaI DNA (DNA mutation) — &3% ROS 810NI0NAARIIOUNA
Aa . A ' o £ A v 6 & o A v

a®3c (free radical) sﬁoaowammyvlmuu‘*uaoLaaﬁmmaal,ﬂum@ﬂ,mmﬁu
Leﬁaﬁgnv‘hmﬂ lUsGuinuiednd wazvinany DNA 1uﬁq@ (Mendiset
al., 2005; Nel et al., 2006; Choi et al, 2008; Marambio-Jones and Hoek,
2010)
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2.2 N3TUIBMT A LaZ®

Tuszuuridaindsnaly ssdsznavlulasaudruanaglugdasdsznaudunid
lulasiaunoy 3y sIaInaAzgnasaa1y  (Degradation)  wialalaslada
(Hydrolysis) duaeniiantdsznevezaswluiluuesluiioy (NH,) wdannsiuas
dhgnazuaumsluailindu Toonszurumsidunszuismaaswuesludion i
Tuan meldanslfoandloussuaasluaunsd 2.1 nszuawmyiaansautsean’le
w2 dunaw nande LLaquLﬁslngmﬂﬁﬂmﬂu"luvlmﬁ (NO,) unzlulasriazgn
Wagwdwluan (NOs) 1uﬁq@ fadsaugulunszuiumsluaifiedu da gunnd
30193 anuduTusesuanlufiouisudn ssRe danudunia-ane wazUSunm
2ONTLAW (Gerardi, 2002)

NH, = NO, = NO; FuMIN 2.1

a A ¢ aa @ . v & ' &
'ﬂqauqﬂiﬂ‘ﬂ’]Uluﬂizﬂquﬂqjvlu@]iwLﬂfﬁuLLUﬂaaﬂVl’@]Lﬂu 2 ﬂq&l ANNVWA DUV DN
. a a & A a A e a & =
necuINNIT Iﬂ Uﬂqm}auﬂiiﬂumu@]amﬁﬂ e ?ﬂu‘ﬂﬁﬂﬂﬁ’]u’ﬁﬂaaﬂsﬁvl@]sﬁLLauIaJL%El

2 v
1 =]

(Ammonia-oxidizing ~ microorganism)  dunIdlunguitinsnidunuefiSuuazeds

v
1A A

(Achea) (Leininger et al., 2006) luafinadunidwanlungud Ae unafiFomunugluana

3
Nitrosococcus Nitrosocystis  Nitrosolobus Nitrosomonas Wae Nitrosospira (Gerardi,
2002) lasuuafiiSoaiianan fa  Nitrosomonas NIENIIUL9 5 Dnasidsladng

duwuandufisnaninaandladuanlaiiole (Konneke et al., 2005)  &uadunIdnga
dl A Aa a G'dl al 6 P e . . .
fiwas Ao qRunIdnawineandladlulasyi  (Nitrite-oxidizing  microorganism)
dunIdnaniunguit Aa uuailFumowusluana Nitrobacter Nitrococcus Uz Nitrospira
lasuuafiSuvianan Aa Nitrobacter

Ao o o o

nyzuIums uesiietudunszurumsnitesnavasdnrmaiadljizsn  (Rate-

v '
A Q/ A

limiting process) laztuaaufiiiuiadbnan Aa tuaauusn easnnuuafiSolunguiil
aNMNdanlvIdagAIzMERANNIN 1w waluaSe lwesWgadlwiueniSouwuyly
|d' d'd a 1 1 =3 o
2IMA uafanhieandlauscmogindl 1 mg/l 0,  zdINanIiImIBLEIINTVRY
a t:l(t:ll a 6 = a a o a A ]
ﬁgaummmmmaanﬂamaﬂuLuﬁLLa:ﬂszawﬁmwm‘smmumaoLm@mLismqu
@9na? (Park and Noguera, 2004) UBNINBEINNTANEN DU UNANTZNY
Wasannstwilauvasgn i Park and Ely (2008) wuinila Nitrosomonas
Qs 6 Q/ dl v v 1 o v
europaea 93URTUTZNOLARD bIAUBIlARTAUNNANMUTNTUIZRING 1-8 mg/ll Tl
U ANTAWAININUAARINITasA: 90
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a o d' d' v 0/ aa o A 1 a| el gj a
NwIdsninedesnunTzuInm uasiiatuiinenwiunin 20 ¥ aenwuiae
) o a A A o Aa , A a o o o A 4 oAl
MIUTTMIERITZUY  WIamsasauNinadadseinTamwmsthdaiugeni 1ol
> a a w J 1 YV K 1
nudnwannany - Jeatufianmsnwissianuanizanis  lasenaudeldidu 2 ng
= o a o o o o ' ' .
Falaun 1) Nuwddsmanamwszuuihtasinielna ww nszuIwns SHARON (Hellinga
et al., 1998) miﬂ%uﬂ;aﬂszaﬂ%mwmsﬁ’muﬁammﬁamsﬁn@mmﬁ (Hill and
Khan, 2008) \udu  2) msfinwnalnlwdedn 1w 3u (gene) niataulminaiugu
nazuumTlueiiiatu  asaeannuITodunadunidrialniniofgatoiagfunidin
@IWN884 (Gerardi, 2002; Park and Noguera, 2004; Park and Ely, 2008)

2.,
€
33)

2.3 \BAAANARA

231  ANNANIYUATRANNITVAIHEAAANAN

a v s

nIandalmad  (cell entrapment) @a MINAAIRUNITEILTRGAIITL

6

UTANaNINE LN SHIDLHILUNILTY Lﬂumm'%aLsnaﬁﬁLﬁ@mﬂmsﬁﬁgauw’%ﬂgnﬁna@ag
melulasdlildvnugizenlasassiuiagessin  Smsitemusnuszgndlsldlnmm
wangUIzinn ’E’aqﬁﬁﬂﬂ‘*ﬁam laun  ansUsznevuealiue  (alginate) ANINIUUU
(carageenan) WoR NAauaanagas (polyvinyl alcohol) 1 it (Jen et al., 1996; Kok and
Hasirci, 2000; Park, 2000)

nmiandaimadlasnildudseaniiu 2 uaen ldun 1) nanauwadadunid

D

% o A 1 v Aa . . = [ >
LAZIRQANAA LAz 2) msnaliiialaa (gelation) (Dulieu et al., 1999) Baflanm ey

o

6 a a 6 @ 6 dl' 9/0'4 [ o A J ad

2.2 miwauLmaagaumﬂm@qﬂszmaLwamzmwﬁaﬂﬁmmq@ﬂm IV INFNLTAR
uansz lalasmniumslunenIainIasnIwuiindn (magnetic stirrer) 8%
FEmsneldiiaasunsaduunlaidu 2 3% e mIveaiduaa (droplet gelation) waz
mManduiaa (plated gelation) ﬂ'mamL'ﬂumaLﬂumwmdmwamziji’a@;é’ﬂa@

& o = . . v = A A& &
uazLTaRad lwENIaza8YiuTan (gel formation solution) laslfidufaswiety Loas
ANGAAIEATNNIRN AN B T UNTINaY fuM AN aat I wnI I NEI RN b
FTATAUYNUDNDE  NWUAAINALILTUTY LTRAANAAAILATANTRA AN LT UNTI

a 4
BIZGHEN
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Step 1: Mixing of cells and matrix

Cell Liquored
suspension matrix

Step 2: Gelation

Droplet gelation Plated gelation

31U 2.2 TUABUNIANAALDAA (Siripattanakul and Khan, 2010)

myfaliiialaaenaiia ldanwaions=uIuns (Bickerstaff G.F., 1997) &9
laun
a v . . . . I a Aaaa ;ﬂl v
1) M3NaLaaaInlszy  (ionictropic gelation) dumaifedfizonsenled
(cross-linking) TxwinvdaganfauasanIazaslszauan (cation) ¢lans
MIANGAUTZLANG Ao MIANAAMILLABLTLULOAILUA
2) mnﬁ@mmﬁUmsmﬁmﬁﬁmoqmﬁgﬁ (temperature-induced gelation)
umausnivadnogaunmnll nanfe  Lilsgumnliaaaisnazanlagan
a d' | o [l @ A J A @ A v
daAsuduian detremiandadsziandt de nsandAasmueimlsa

(agarose)  LAzlIALAAW (gelatin)
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a > Aa A 6 . . . & aaa
3) ATTUIUMTNORLND bILTTUBUNT S (organic polymerization) Lﬂuﬂgﬂim
TEWININBUBLNDTBUNTE dreeInsanaalssiandt e MIAnAasIuna
f9193a bud (polyacrylamide) uazwad lifiauaanadas (polyvinyl alcohol)
dudu  nszuasmaifasvesizgandedianiionaiimaiduansiiey
v . . dl 1 a v a dé/
127 (cross-linking agent) LNaasLa3ulANTAALAAGUY
. Ig Qs [ A 6 v @ o
4) MILBNINE (phase separation) LumsanaLmasIaunIddsainazany
A ! o Aad a0 0o A o A o o A
AzwInnalaa la At lddesfaulditasanalvinazansenadl

' a = v
wammumagaumﬂ@

232 Jd0 anaanianly
”a@;éﬁ'ﬂ@@ﬁﬁmwlﬁumumaﬁmﬁaLn@]ﬁaummsm‘hLLunaaﬂ"l@TLﬂu 2 ngu
fa faqﬁiiumaLLazi'aqé'aLﬂm:ﬁ i'aeqé'ﬂamﬁumalﬂumiwaﬁLtsﬁﬂmvl,sﬁ

(polysaccharide) 1 M9aN&WINY  (algae) TIBFININENLA  (seaweed) GBENILTY

LAALTONLOATLUG AT 01NITR LAY L9ALaGT LTIwd ﬁaui’aqﬁﬂaﬂ

s 6 & a 6 [} a = 6 = a 6 | v
FUATEALTUTNTNORINDT  LTW waammmvlm Lmzwaavhual,l,aaﬂaaaa 1uat

LLuawﬁoluﬂﬁLﬁani’a@;é‘ﬂama@ﬂﬂumiwﬁ 23
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ANUA

LWHINII

U a
[AaNIN

2
a

NUNRY (surface area)

2

a dad Aa
a@! NAANANUTNINININ

Kourkotus et al. (2004)

adA o a

DAL (handling) tas

dq’ .
NMIWNUINW (regeneration)

Kourkotus et al. (2004)

MINNLTAR (cell retention)

ANNLTAA LaNIN

h3))

RAGN
Al

Kourkotus et al. (2004)

Aa

Ada A 6
N1INDINY aa@gaumu (cell

viability)

% @ A

NAANNLTASLAIRINAGA

AAda

NINDINY aogﬁuw‘%ﬁﬁaﬂ

Kourkotus et al. (2004)

AANITUNITINN

(biological activity)

Qs @ A

’Jﬁ@l@]ﬂ@]@]ﬁﬂL‘ﬁﬂ&Lﬁ’JﬁﬁLﬁ%ﬂJ

AANITUNITINN

Jen et al. (1996)
Kourkotus et al. (2004)

AIUNIH (porosity) LA
AINUR mm‘lummwi‘
(diffusivity)

i'aqé'ﬂamﬁﬂawuwgul,l,az
mmmmmlummwigq

a A 6 @ a vl
(qaumummin@ﬂmvl@ml,az

ssamsunwiidgnolulad)

Jen et al. (1996)
Leenen et al. (1996)
Kourkotus et al. (2004)

Lﬁﬁﬂiﬂ"lWVl’NﬂaLLatVl’N
LAl (mechanical and

chemical stability)

5’&@1@3’ﬂ6@ﬁmﬁmmwmaﬂa

LLazmomi’lg@

Leenen et al. (1996)
Kourkotus et al. (2004)

PYUAAUNILAIULTARANGA

(preparation procedure)

YUAAUNTEAILULTARANGA

nyevinledng

Leenen et al. (1996)
Kourkotus et al. (2004)

AINURT mmlumsa:m |

(solubility)

i'aqé'ﬂamﬁﬂaﬂwaﬁuﬁinluﬂws

° v A A
NERTYAN ('Jﬁ@]]NLﬁn ﬂi.ﬂ’]‘ng‘l)

Leenen et al. (1996)

AMNRINIID INNTE a8
FRNEUNITIAN
(biodegradability)

i'aqé'ﬂaﬂmmmmmlums
HaLRANININTINNAN (17

ERHEERIES)

Leenen et al. (1996)

maasyiaulavasiaas

(cell growth)

6 Aa a A
raaaanInLesuAulalaa

Leenen et al. (1996)

fnlE3e (cost)

fnltane e

Leenen et al. (1996)
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a o J: v > A 6 A A 6 v =~ a .
NWIBHPLUUNTANAALTANIAUNIDAILEIUABLDUULONILUA  (Calcium
Alginate; CA) e mIanfadsmaiianaaneTiaiianad hiawaanagass
(Phosphorylated polyvinyl alcohol; PPVA) ﬁ’]‘lﬁ%ﬁﬂizﬂ’;%ﬂ’]i@ﬁdgﬂﬁ’m CA RII8ZANY
a a d' 04 6 A A 6, o aaa d; 3 . . 04
lofsunandiug (MNFUNULTANIAUNTIE) sz fisendonuuylad (Cross-linking) N
fIATasLAaLTIuARE [IRaIaUNNTA 2.2 (Smidsrod and Skjak-Braek, 1990)  ANEWAY
=< ¢ = = L A & Ao [ A
PNATTLIUMIAINTASRTIEY  CA  Telamusiduanzianvacainnh 1 lag

@ = I~ €Y A & 1 A a 6 A 6
Iﬂsomwimuqamﬂmammmaa@nmmﬂummal (3UN 23)  usslliadydurdgnen
faluida CA G937 2.3b

Na-alginate (I) + Ca’ (I) = Ca-Alginate (s) + Na () sUMN 2.2

UM 2.3 imadadunidmolwdeuaaiBounaaiiug (Siripattanakul et al., 2008a)

FMNILNTTLIBMIANGAGI8 PPVA &3 PVA (Juwafiuaiqonsein

A & A | A Ada a ) A o A o A o o

lidanuduindedsfidiouszioniadon sy PVA Tlawsiondagun 24 §miu

WmalanIanAauuy PPVA {unianda 2 Tuaaw  33nshw@ulag Chen and Lin

(1994) luduaeunl 1 &13 PVA ujisennunsauaecssunisn 2.3  anuniiia

AszUIuMIWeaWesLaTt (Phosphorylation) 33%319&15 PVA nuwaawasaiatdulas
HAaA eIl jAsedlaseaiiadagUn 2.5

HHHHHHHH
N T O
------ C—-C-C~C-C—C~C—C-
I O T I O
H OH H OH H OH H OH

U 2.4 a3 PVA
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H H H H
H /
H
>C/\O/ \O>\CH2+ B(OH), > >C/\o O>C§H2+ 4H,0
CH, . CH, BC
N J W |
/ / / / FUNIN 2.3
(—CcH—cH,—};
|
7
HO—I|:|’—OH
O

511 2.5 PPVA

ﬂ’]iﬂ‘itﬂqﬂ@ﬂ“ﬁymﬂﬁﬂﬂ’ﬁﬁﬂaﬂLmaﬁﬁuﬁu’]uﬂ’jﬁ 20 17 Tavluadanaiiad

v

gﬂlmnﬂlmm%{ BURZAATIANTING A E%m%“umsﬂs:qﬂ@ﬂﬂumuﬁaLn@é’am'%u

& a J 1 Iu U ‘g; ) b 2/
WWuwndouundulugie 10 TRe1wa I@ﬂmsﬂszqﬂ@ﬂ"ﬁﬁmlm:uummmLﬁmmzmi
WunWnundwitlaw (Siripattanakul and Khan, 2010) Fadinansltuszlomiiiaiin

2

UseAntnwaasssuuwsaiiofdas iy 11w 2,4-dichlorophenoxyacetic acid  3-
chlorobenzoate 3-chloroaniline diesel Waz atrazine tIua1 (Pramanik and Khan, 2008;
Siripattanakul et al.,, 2008b; Siripattanakul and Khan, 2010) é’m%’umiﬂszqﬂ@ﬂf
nafiamsenaamadiianisinasalulasandnsanuienls CA waz PPVA (Chen and
Lin, 1994; Yang et al., 1997; Chen et al., 1998; Hill and Khan, 2008)  ualuiuildn
muﬁ'aLﬁun’mﬁwﬂszaﬂ%mwmiﬁ’mufuan:uumsﬁﬁ@iﬂmmu
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3.1 NSAUN13IY

NIDULWIANVBIITWIVYWRINIIN LL&@]\‘IVLG]@NE‘L]‘YI 3.1 I@] YRR/IINANBINT W LLRS

a v { i v v a 9/& [ o v a wa 1
NUIALNLITDILED \‘i’]%’l"ﬂElﬁ‘lix‘iLﬂ%dﬂ%ﬂﬂﬂ@dl%ﬁz@ﬂ%ﬂdﬂgﬂ@m’]i&ﬂ&n'ﬁﬂuﬂdﬂ’]iz

Nuaanlaidu 2 #uran 1) MIANWINETEI AGNP NANUTUTUA 9 danseuinms

Tua3fasu lasfnsanesaensgugsres AgNP lUAIeUIunIaIna? Naues AgNP

@iaé’numzmamslmwmadﬂq'mﬁu‘n’%ﬁ LRZNAUDI AgNP @iaiﬂiaa‘?ﬁaﬂwa%anwwmaOﬂaju

Qam‘%ﬁ 2) miﬁﬂmmsﬁuﬂgaﬁﬂ HANNYBINITLIUN T ENARANIANAALTARG 28

FIANAAAITRABRLAIVWIA

3.2 35N HWN15IY

av A & =) a v a wa =) A a a =
GW%Q"DU%LU%ﬂ’ﬁﬂﬂE’]l%iZ@U%E]x‘i‘]_lg:]‘]J@m’TSIG]Elﬂﬂ‘i:l"]‘ﬂ(ﬂaad‘ﬂﬂ’]ﬂ’]"ﬁ’nﬂ’)ﬂ‘ii&uﬂ&l

AKIAINTIINANENT mﬁwmé’mquaﬂ’nmﬁ MIALAWINWIBLLIaanlu 5 129 Aa

D

2)

3)

4)

5)

midnmuszunudayafinetas  lasduaeauihdunsmunatoyasuia
289 AgNP  #anmIuasdItmIanfaisas aNUA28IRITANGA RANNITWAZITANT
a 6 g’ a av A A 2 A

Aenzdgunwiiiis manwldsiineidesdueda

MIDANUULMINGRDY DA oI wnTINIUHBLAZaaNLULNNINAR Y IC'] ]

QGLﬁusLﬁ’a aﬂLmulﬁmauﬂQui’@\gﬂs:mﬁmaamiﬁﬂmﬁmm uazilye
~ P A ¢ aA L = o
WS UL UL NNINLITAMNIT oUWV AINANITANE b

N1INAaaILazNIaAUNLUNA ﬂ’u@a%ﬁu‘juﬂ’]‘i‘ﬂ@a?N(?']']&JLLN%ﬂ'ﬁﬁ'J'NVL’S/@ﬂN

ﬂiaums”’if{'}'ﬂugﬂﬁ 3.1 WAZILATITHNANTANEN FUIBAIAIIRUNAANEN T
o o & a A4 A
nsthiaside Nl

g3UNaN1IANE °1Tmlauﬁl,‘flumia?]wamsﬁﬂmﬁ‘mm LRZLHB U LINIG

luns@nedaluamaa

NI O UNINRIT LA NTU Iz NG LT lauiae NANIANEN T laiLawa 1A
s 1 dl' o L4 J =4 > Qs

T3 angNUNaaaL1 LN amvl,ﬂﬂizqﬂ@ﬂ"ﬁ HANININANNIANBNGIDE LGTUNTT

wouwsluwansdmmakiumemadszgaising wIaunauIaeln

MIFIT I lada bl



PPVA entrapped cells

Small
bead

size

Large
bead

size

Test sets
CA entrapped cells Free cells
Small Large
bead bead
size size

Functional effect (Inhibition)
To study nitrification process using respirometry

at different silver nanoparticle concentrations

'

'

'

Physiological effect

microscopy

To observe the change in physiology caused by

silver nanoparticle using scanning electron

Microbial community structural effect
To investigate microbial community change

induced by silver nanoparticle

To understand effect of silver nanoparticle on wastewater treatment system (nitrification)

and enhance the process using entrapped cells

gﬂﬁ 3.1 NIAULUIAAIIWIRY
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° o a a a @ =g
RIWIUINEURSLD ﬂ@madmimaaomwauamm@a"lﬂu

oA a I3
321 andfvesBariasannavwiawilv
A & A =2 gy & o
Fanaseumavmamlunlilunsdnsfdsensddionszuunslolyla
lasdsanauanunuissluada (Hyning and Zukoski, 1998; Ngeontae et al., 2009).
aunaiunsnauiizwaiads 14 nm (3Uh 3.2) e plasmon extinction 1AL 403 nm

mi,mﬂé’nwmzﬁﬂuﬁﬁwlﬂmmq@mﬂmmﬁ'ﬂﬂ

E‘ﬂﬁ 3.2 TaLl ai{au‘,mﬂmm@miu

v U U
322 a1wsiagsauaznsusuanwizalwasniede
a = o ed =2 =~ o o o A .
aznauuanfvidasansnlglunsfnmiunnnszuuidadifoTusuum
J s 1 a I3 = { a 3
wilunganw g sruudanaruduszuuuendvidessadniaasinisiva 30,000 m/d
uazdainMINnaznan (solids retention time) YN 28 1%
a =3 e 6 | Y & Aa I [ a a
aznanuandnfasaasUsuamnldiluacnanuandiilfaaand luasniods
(nitrifying activated sludge; NAS) erznsdfinsoliduszuusuutesions swe 12 L
melagnznimadueimeaduing 2 wWew fawdumnasss osUnsoiuuuiesd
mﬁ@m:uul@zlmuqunmﬁ'ﬂﬁﬂ (hydraulic retention time) 2 % WAZLIAINNAZNDL
(solids retention time) 24 4w swFenlslunsdTuaawiuwinFeFaTeAng

FwUITNaUAINNTINN 3.1
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P ] Y &
M1319%N 3.1 FIBUTTNUUILFYRILATIZH

dawilsznay 331 (g/L)
(NH,),S0O, 0.33
NaHCO, 0.75
K,HPO, 2149
Na,HPO4+2H,0 5.07
. : : i 9
inorganic salt solution 1mL  a3dsznauaiy

MgSO,7H,0  40g
CaCI2'2Hzo 40 g

KH,PO, 20 g
FeSO,#7H,0  1g
NazMOO4 0.1 g

MnCl,*4H,0 029
CuS0O,*5H,0 0.02 g
ZnSO,7H,O 0.14g
CoCl,*6H,0 0.002 g

v
3.2.3 AINARBINITARNEINADDY AgNP ‘l%ﬂ'ﬁﬂﬂEldﬂizﬂ')%ﬂ']‘ﬂ%@l%ﬂlﬂ‘ﬁ%

g a 6 a a a
1) osUnaolss lwameduasna@nszuuLsa lwanas
NAS Mfusmwudigniwmioinazds 5 assdasinaseiunid (@
3.1) riaumsﬁgadluﬁ'ﬁﬂﬁmrﬁmav[wsma% asdfnsalisglwsmesiluwwieuds (250 mL)
Ua'lauunaiinlasiimsfaaslnsudla (DO probe, WTW GmbH, Weiheim, Germany) fu
29adnanLazinmsninmelualaalsinTasnIudsuaman  wananilwsudladaidn
nufiweidlafduiindeyalasasslunauaaas (U7 3.3)
msssuaaniol NAS  duudgnusnaasludadjnnlsalnane’
lasdanuiduduvasaznawlund YAy 113+14 mg-MLVSS/L  nhuiaLaNiinge
[ & [ S A o & & o A & v a & &
Faaned (Sudsznaunanlwihifudianefidudin1inm 3.1) awduuiideasgunaal

(Iwsu@louszdiiaat) asgun 3.3
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317 3.3 dedfnsalisalnamed
dq'g v & = 1 a A 6 1
mnasasiduunaaniaiduns@nsuazes AgNP dardur3s 2 ngu
A v ' a = a a v e . . . a A 6 = a a
Beleun 9aunIdluaInngds (nitrifying microorganism) uazaduniduanluiiineandlads
(ammonia-oxidizing microorganism; AOM) MINAKDING 2 9 Fiuwnsluan oy

a

Weau  anviunInasssgafnsaduniduenludueandladelimudulodouie lod
(sodium azide: NaN) luinide (enududuluasdfnaal iy 24 um) \Ragussms
ﬁ’]d’lWﬂadﬁgauﬁﬂuvl@liﬁaaﬂgfivlﬂgfm (nitrite-oxidizing microorganism; NOM)
msmaaa"ﬂy’u@lauf@aLﬁumsﬁﬂmwamao AgNP daa;ﬁuw%ﬂum‘%mhmﬁa
uazANEIzMItUSs  mamesasduiunmsmoludalfnsaiinan iludhsdulasfing
Saauenaledsldiaamssn 90 wifidagananss mynaasssuiinmsluansmsiilay
Usuasnenutuduvasuonluiiouas AgNP Léuﬁuagii:%dw 14-280 W&z 0.00-10.00
mg/L ANYUEGY NMINARBILARZANANUITNTRINTTIMIe 4 au
Mnuwisiranmsaaauea el mmieuaz NIt uas N e
mMsiuts @eneazBuaaznanidluiitesiell) desaunaiudunmsaaaudnalods
mM3samsluasiadu nadfe winszuufeandiananasunnusdiialuasfiaduann

EDUNY

2) MIMANITOIANH AU TIL HILAZNIRIWI DA FNASANN ST 19
mImemsaianwmemMssusRansanansanmsldoandion  (oxygen
uptake rate; OUR) lag) OUR fwmanmMadasuuiaswes DO @oLa NNUEINNTD
dwmwmdanmilioanfiaugaga OUR,,, uazfl K, aUENNIVEI Michaelis-Menten
FIFNNTN 3.1
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OUR = OUR, ., %ﬁ )
JFUN1IN 3.1
lag OUR = oxygen uptake rate (mg-O,/L/min)
OUR,, = maximum oxygen uptake rate (mg-O,/L/min)
S = ammonia concentration (mg-N/L)
K, = half saturation coefficient for ammonia (mg-N/L)

niuluansAfldndugs (AGNP) fumvnanEmensius 3 w fe
MIUSILUUEMIUTT  (competiive  inhibition)  mssudsuuyluinmsuaedn
(uncompetitive inhibition) nuumssuguulaugad (non-competitive inhibition)

FoFnadgmiumsanwiianwaemssusnduwuyliwgein ossdoe
yosuaugasluundaly) Fsgunish 3.1 ﬂ%’uﬂ;alﬂuaumiﬁ 3.2

OUR = OUR, p ——

K3+S(1+%) .
t JUN1IN 3.2
lag OUR = oxygen uptake rate (mg-O,/L/min)
OUR,, = maximum oxygen uptake rate (mg-O,/L/min)
S = ammonia concentration (mg-N/L)

= half saturation coefficient for ammonia (mg-N/L)
/ = concentration of AgQNPs (mg/L)
K. = inhibition constant (mg/L)

awmiéﬁna'nmmsﬂ%@gﬂawﬂ’ﬁvléflmjmw Lineweaver-Burk model @4
JUNIN 3.3 K, §1NI0AIWIINNIINIZRIe K/OUR, . uae | I@ﬂ@@éf@tmu X
leun -

1 K, 1 1 I
= —+ 1+ —
OUR OUR,, S OUR K, o
max max §UN1IN 3.3
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FRTUMIAIWIMIBazNNIIVE9IN AgNP  émasenn OUR
Wisuifpuiuzniganaaaind AgNP 6 o uazgaaiugu (Ll AgNP) msdiuaim
\Juadgunian 3.4

(OU I:<:0ntrol -0Ou I:eAgNPs) %100
OUR:ontroI

Inhibition(%) = auN137 3.4

3) MINATIERRNBULNINYATWGILLATEI TEM
@819 NAS anmianasadlunsdfnraiisalwames (feouuaznasnis
] o > o o v ad a > \
NAREY) MAANBIANHMINIINMBNINGILLAI8S TEM §WSUATNaaSuuaI0e1uasn1s

FATZALRAI L I wNIANWIN N1

324  nInaaaInlsudpdnanIweansELIRknIRaARANIIANGAA
6
Laa
a 6 A
1) MIAAILNLTARANA
NAS gniludieiaIasifuiwiesnanuiiazey 4,000 rpm Huan 5 wif
nnuuusnihlzesnuiiiorwnaulumsazasindeeiiunid  (augasluanmei 3.1)
USua 10 mL 3@ Lmas NAS [NT% LA NHULUELTARGL BB LIRS (vertical
shaker) tHuan 5 Wl tasawas nuuduinlgaivalsniinaniaan MSELTAN
o o & X A v (%
NIEARNHULALINUNITY 4 TOU TIFAYNHNLNAITAINTAR IUF TR
\nRaafiundsd NAS Januitudulszanm 5,000 mg-SS/L #%SUITMIaTulTasanaa

@28 CA uaz PVA #35nmaiasouuaas iluniauwin n2

2) MILAUIZLY

' a

Ao v & = a ¢ '
ﬂ']?ﬂ(ﬂﬂa\‘]uQWLLuﬂaaﬂvL@LﬂuﬂqﬁﬂﬂH']Na"ﬂaﬂ AgNP ADINUNIY 3 ﬂaqﬂJ

H
€ a v = P

A a A ea a = = . A I
A 9RuwnIdamsr [undandasie CA @waanuazlng  SaesuunuwaLFwEIL
& a Afe A v & A2 a A
awinany 3 uaz 6 mm) uas RuNIdandaciy PVA @waanuazlng Saeisunvwe
Lz%”umugluﬁﬂma 3 wsz 6 mm) Minasasdtinmamelunsunsainnanliludnsein
a a LA < I e A A o o &
lagimIfaaudialaawnizni DO ugudwiaasn mMmasasmnganizind 2 A%
A ' A
LNBRIALDRE
ANUUIITNANIAAMNAIA L MEUITWRT OUR LAz Yauasnstus
A o \ & v @ o A
uaﬂmﬂumamwﬁaamﬂmimaaama"g@%ﬂﬂmaﬂmmzmomUmwmﬂmsaa TEM
ez SEM
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3) MINATIERANBIUENINMENINGBLAT89 TEM uag SEM

=) 1

@9879 NAS Baszuazandaanmanessdlunidjniniaalnaned (now

=

WATRRINIINARDY) LAANHIANHUSNINEANGIBLATEI TEM Uaz SEM éwsuisnns

LU i’Jﬂ"]x‘]LLﬂzﬂ’]i’QJLﬂi’WﬁLLE"(@\‘JVL'ﬂ%ﬂ"Iﬂ NN N1



uUNn 4

WHan1sIeLaznIsanlnana
4.1 HaVd9 AgNP @anszuIwnI3 Inas Az

v
411 AnBMeA13TUSIVaI AgNP AanIzulwns inaINiaLn
1) mslteandaulasamalsinstuazifasaniauan
uanin NAS udlasmlulusssum@anaiinslfeandiaunlasydunid
1 A o & 1 ] = aa o
nguiamalilnsUniannidadomouan  Ssendinadanisansnizuiums luainiadu
lagATualnames  (fhasnidunsnansananmsloaanGlanisuni) aduufaws
naaasdslatinsAnwnazasdaduainanaiaiuduanugndaiseinmnanas
A v =2 a A6
MINANBITAAILAY 2 7@ T9 leur (1) TaANBIHATIRRUNITENgNEING
& Q a { a 1a v Aa
lslnsd @sdnwluasdfnvalisalnamesnén NAS usz AgNP uad latdunanluifie
2 o [ = o 1a & ad a ~

waz (2) gadnmwavasadumenen eEnsludsljnsalisalnrmeiniduuenlails
uae AgNP uadl lalein NAS

NnuaMINasaInL I lumImaneInizesgaidl DO AN (FUN 4.1 T9
4.3) Waskuisin OUR WuinWavasiladunawanildn OUR 1vinAL 0.002 mg-O,/L/min
1 = a a 6 ' an o a
sugafnmwavenndunidnguanalilng  lunszuiunmsluaiinduuazuanlail
2ONTLATWIAWNINL 0.000 ez 0.002 mg-O,/L/min @URIAU INNKHAAINAITINITOD
Taldinawnidnduiamalilnaluazfadoasuen ldsuniunszuaums luasfiaduuss

LLQ&II&ILﬁ&I@Bﬂ%LWEﬂ

i - T I )

y=-0.001x+ 7.481
R==00953

-2

(_] T T T T 1
0 20 40 60 80 100

Time (min)

dl s > 6 1 2 ) ]
EIJ‘YI 4.1 m’mauwuﬁszm’mﬂimmaaﬂmfm@anmlumi“n@aaa

ANENATaILANLKAN
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8 .
«_‘_'_H—"—-‘—‘—U—UH—H—Q——M—H_‘W_.’
6 - y=-0.002x+ 7.525
R==0.979
=
2
£
(=}
[
o -
() T T T T - 1
0 20 40 60 80 100
Time (min)

a

P v o ¢ , a a \ = A ¢
Ellﬂ 4.2 ﬂ?qwﬁuwuﬁiz'ﬁjqﬂﬂiuﬁlmaaﬂsﬁL"i]%@]aL?aqluﬂqiﬂ@aaﬂﬁﬂﬁqNﬂ"ﬂa\'}"gﬂuﬂiﬂ

ﬂ&juLamai‘ﬂmﬂ@ianszmums"lum‘%ﬂm%’u

8 -
B TR E R S RISV S S
0 - v=-0.000x+ 7.606
R°=0.885
-
B
£
=)
=
() T T T T 1
0 20 40 60 80 100
Time (min)

A « o ¢ ] a a ' 2 a A ¢
Eil"ﬂ 4.3 ﬂ’]']&lﬁﬂJW%ﬁiZ‘ﬁ’]’]\‘]ﬂilﬂf%E]ﬂﬂ‘m’i]%@]E]L’Jﬂ’]luﬂﬁiﬂ@]ﬂa\‘iﬂﬂ‘]ﬂﬂNﬂ“lla\‘i’%qﬂ%‘l’liﬂ

NRALELN alslnstdanszurnnitvanluiiisaandiatu
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2) FauwamaafBeiutsasnTzuInmsuasiinduuazuanluiie

2ONTLATUAIL AgNP

MINAsadnIzuInms wesiiadunszuanlufiivsandiaduinsninanu
utuvasuenluiioisudu 14 B9 280 mg-NiL Namiﬁﬂmuamlugﬂ OUR ¢aau
L°iT&|°1TmJaaLLaquLﬁUSuﬁué’dgﬂﬁ 4.3 UL 4.4 USIAU Namﬂ*’gﬂmaaoﬁ"l,&ivlﬁlﬁu
AgNP Juluanaluiaaas Michaelis-Menten lagiflafnuaminien OUR, . uaz K, wuin
nIzUInMI e AT wiazwan luiisaandiatuien OUR _ 1inn 0.2132 uaz 0.2273
mg-O,/L/min Waz K, LYiNNU 5.42 Uaz 15.87 mg-N/L a1u&1au (71971 4.1) HAGINE
93 ld OUR, . vatnszuaumsluasfiaduuazuonlaiiivaandiaduiidlndidsariuud
K. uanaanulaofuds nasnsmsibifatulwnuitofiiuaduiu Carrera et al,
2004) lapawddpaanaszyilunsdnsudisuifisumahnuwesaas lugduuuissd
Saszuaziganaiagy naznaumsluaifietuuazuanluifiveanfiatuild K, iy 1.6

uaz 11 mg-N/L @1us1au

o

b

o
|

S

e

N
1

0.00 = . . .
0 50 100 150 200 250 300

Initial ammonia concentration (mg-N L)
E‘i.lﬁ 4.3 mwé’uﬁuﬁ‘swﬁo OUR @iaﬂ'l"INLfﬂJf%ma\‘iLLQNINLﬁUL%Nﬁ%I%ﬂ’]‘WI@@QG

nszuaumsluasAatu iadl AQNP auitusu 0.00 (O) 0.25 (@) 0.50 (M)

5.00 (00) Waz 10 (¢) mglL
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0.20

.:
j—
tn

OUR (mg-0O, L' min'!)
<
=)

0.05

0.00 w . . .
0 50 100 150 200 250 300

Initial ammonia concentration (mg-N L)

31U 4.4 ANNFNAUTIENIN OUR daanudutuzasuanludiasudulunimensy
Aszviumsuwanluiisaandiati el AGNP anaduds 0.00 (O) 0.25 (@) 0.50 (M)

5.00 (O0) waz 10 () mg/L

@13197 4.1 /1 OUR,, Uaz K, 189n3z11umy iuasiiatuuazuauluisaandiati

muldan1izni AgNP

Nitrification Ammonia oxidation
AgNPs
OURmax Ks 2 OURmax Ks 2
(mg/L) R R
(mg-O,/L/min)  (mg-N/L) (mg-O,/L/min)  (mg-N/L)
0.00 0.2132 542 0.997 0.2273 15.87 0.989
0.25 0.1990 4.92 0.997 0.1984 16.15 0.988
0.50 0.1645 3.19 0.994 0.1564 9.99 0.994
5.00 0.1336 0.50 0.998 0.1497 8.82 0.998
10.00 0.1320 N7 A" 0.1448 833  0.999

1 )
@ data not available
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PNNATNN 4.1 wu1 meldan1izndl AgNP Laanudutuues AgNP
al U 1 v 6 s g; &/ > o aaa
Limugmawah OUR,,, WAz K, 8083 I0UWRAEATNNIHUGIIUagnunvind iz

‘é ° v & o > .
Yadiau brdgIgnnsaduunaantailu 3 ansues @ (1) wWULTNTWLITW (competitive)
1 1 o . 1 1 R ey é
(2) wuu bt (uncompetitive) ez (3) WU bad L9 (non-competitive) TINA
MINAaIasgUi 4.3 uaz 4.4 LiTIaaunamaninIdudidin AgNP lumsdnmiu
wuyli TN sua s wnlwnszuann T luasHiaTwuazian luibyaanGLa T
< 1 1 Aa a 1 6 Aa a 1 n'

lasmldinlansdns 9 uamwa@aLmaaﬁ;aumﬂ@mawwzamamms
\iaUAsenulds@iu (Ren and Frymier, 2003) lUs@uninumiuiisaivizuasadunis
L ksl LaZRITAY 9 lutras 1% DNA 6910198172 a3 INaNIINAa 83BN LN AgNP
ANIFINAAANTZUIUNNTYINIIWYDILAY M NLAEITaINLUNTZUIWATT LA TN LATIILAL
wanluiuaandatw  lasanwmaasnsousaiuiuuliinisuaitn  Wadiwimen
' A o & aa ) P A o Y
AAINMIEUEY K 2090320 M T lnasAlaTwuazuauluifioeanBiatv 1vinnu 9.3 uas
5.5 mg/L @us1aU

A a A . o &
uananiulafiansanidi 4.3 usz 4.4 szwindoysnnmiamesss (1w
6 I v 1 v v
19) WaTNIANANSHNINeE  ((DuEn) WUIINNINeRed o ANNTNTUYed AgNP
0.00 K&z 0.50 mg/L Helnatfssnuun walumImasss m ANNENTUVad AgNP 68
(5.00 &az 10.00 mg/L) WuIuwilihuued OUR aaadtilannuiduduzaswan luiiawig
& A o ) gy o & o o . A
I Faanwocuw lunuuiiduansmensgugieiaaed (self inhibition) Tawulu
A A Aa = A A o & ° & Ada

ATMN&ENI81MT (substrate) NRANUTURBRIaTULINIININUVBIEW lBnTalnTaN
U v QI 13/ Q g: 1 U ‘»G:' =)
iiudwAgadu (Park and Bae, 2009) aanua1ana1 ladndsngmaaiiduniesy

(synergistic effect) 289 AgNP Tuanlufiofinaduginivinauaadion bodens

3) $oazmsiuisasnszuInmsuasinduuazuenlufivaondiatudae

AgNP

$ouazmstussvesnszuiwmsluasinduuszuanlufigeandiatudae
AgNP uaasliluanefi 42 anenrasnsnusadldiinatnstaaniniae AgNe §
mmLiuﬁuLﬁmnﬂ%mzﬁmaam‘sﬁug’waogﬁumuﬁu AgNP finnuiduda 0.25 fis
10.00 mg/L danalwAamstiugadosas 8 A9 38 lunszuiumsluasinsuwuazsouas 14
9 28 Tunszuawminenlufiseandiatu sanenudutuvasnanlufoSududldine
fasenzmstuianitalan (mmmé’ommwa"[ﬁaﬂﬂd%’@ﬁﬂ%@@ﬂ@ﬂ@dﬂ&iﬁ AgNP
lugﬂﬁ 4.3 ua 4.4)

WONIINILTIHANINAR B98N I A nuTuTuas AgNP §98719
sanalEs Ve nuETwasuan oS uduinanidanseuiums luasiia g wias

=} a s é s U o n%‘c:; 2 =4 = 1 s
LLauINLuﬂaaﬂﬁmmwﬁmnwmzﬂmunuunvlmquumiﬂﬂmluawLmuﬂu (Wang et al.,
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2004)  udagd lAANKNANIINAaaIREY MIFINNTAT la a8 ITAL NN INA bNUBINTLESN

o & = a =2 oA & @ '
@ﬁuu"ﬂﬂﬂ’35uﬂ’]5ﬂﬂﬂ’]@]aLua\11uﬂ53L@u@]ﬂﬂa’]’)luauqﬂ@]

M13199 4.2 SeparnsHuHINTTUIUMT IeSAaTunazianluiiinaandiasuaay AgNP

Inhibition (%* standard deviation)

Factor Concentration (mg/L)
Nitrification Ammonia Oxidation

AgNP 0.25 8+48 14 +4.4
0.5 21+22 26+7.2

5 36 +14.4 28 +94

10 38 +14.2 28 +6.2

Ammonia 14 18 £ 4.1 8438
28 30+6.8 22 £ 9.1

50 25+11.5 25+25

70 26 + 13 29+ 10
280 47 +23.3 34 +£17.8

mu’i%’ﬂuaamzﬁaﬂazmiﬁ"uﬂ'ﬂumiv‘hmmaaqauﬂ%ﬂu@%m515\1
LANGINN% LTW Hu et al. (2010) izqwammmﬁmﬁaﬂaz 41 lwwoaef Choi et al.
(2008X NEUNANITENLDIT0LAT 86 MANNITNARBINANNTNTY AgNP ISuawrinnu (1
o et = a%'qz o & aa o =
mg/L) AWTUMIANEHTaYaTNTHUEINTZUIRNNT e A A THLazwaN LTy
2ANTLATWLARLLYINAL 21 LAz 26 MURGU LunINaaasNaNUTNTuvad AgNP 1innuy
& v Qs 1
0.50 mg/L TINFALINUMIANBIVEI Hu et al. (2010) AMNLANANVBINANIZNULY
WA ﬁLﬁ@"l@i”mnmwmmq LT ﬂ'%mmuamﬁmaaﬁgﬁuﬂ%ﬁﬁﬁﬂm AN

wazd3unnwes AGQNP mInunguued AgNP aaaadnsstziaFuna AgNP

412 wWapay AgNP Gaanmmeniiniamnuazlasasunediniwsainga
a s 6
aWN3
msmaaalu{fu@auﬁvl,@?ﬁmﬁaﬂLéﬁaﬁqﬁm‘%ﬁéf’aasmafmﬂ’ﬁmaaama"q@
LﬁaﬁﬁmmNa@iamalm‘wLLa:Iﬂiaaﬁﬁawwa%aﬂwwmaaﬂsjwﬁ;auﬁﬁ WUMSANEINUIN
5ﬂwmzm\1mﬂmwmaaqauw%ﬁnnqﬂmwmm (NINNTZLIUMT LA AL ATUILAS
a a o < a a s ' A 6 Aa A 6 o
wanluiisaandaty) duldlufanadoinu nande wulmaRaunIdgnrhaszu
luLmaﬁé’aammnmmsmaaa é’aé’aamﬂugﬂﬁ 45 G’fjal,mmmaﬁﬁ;ﬁuw%ﬁ NAS

MEnsININA8asng AgNP 10.00 mg/L
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3N 4.5 lradaunidnondanmanasfid AgNP 10 mg/L

Eﬂﬁ 4.5a LLa@alﬁLﬁuLmaﬁgﬂﬁwaWUaaiwffmam Naanwmzadoiuitle
waad B lumInasesnlan TR erRadUTUNY LT titanium dioxide tDudu (Wu et al.,
2010) @IUUENNNIONAN EIIENIRBTINNG AGNP sinaliktIuazisadiuisasanine
= o x> ° o & A o & ° A
Lﬂ%LﬂQlﬂﬁﬂiﬂﬂUl%L‘Haai’lvl‘lﬁaLLaz‘Yﬂl%L‘Hﬂﬂ(v’l’]El‘vﬁﬂEliJEldﬂ’]i‘(l’]d']WlladL‘Iiafﬂuﬂq@]
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#ANANHAINNNIANEIGIY TEM FaWUMTMZNFUTBI AgNP JOULTRRA
Eﬂ‘ﬁ 450 lasndldiliananwusil Aa a138ALea (extracellular polymeric substance;
2 a £ A & a a 'Y .
EPS) mgﬂwamumluamazﬂLsﬁaaummmsmmnam’maau (environmental stress)
FIVINNITINE TEM H152naunusayasuazaaunamansn1saugsthwnatdlunite
Aouniftwuin  udlunmaaadNd AgNP 9 10 mg/L MIBUEINIIUATTLINANT IS
=Y L a Q v 1 v A =) Y v
Aatuuazwanlubyaandiatwiiagniisasa: 50 Gianaiaanmydniladiraaeuansd
= ﬁ' ] A 6 a 1 a a6 A A A A o o v o o
NLagihlad Na1lAa maammmhﬂqw'gaumﬂwamuaﬂaWLamam’amlmIamaama
AGNP ﬁaﬂamawalﬁwumiﬁuﬁani:mumﬂm%ﬂLﬂﬁuLLaxLLaquLﬁuaaﬂ%m"ﬁ'uvbjga
7N
FATUNAAD LA TIRT NN NTININNLTINNNANINAR DIIAUNAFIRATNNT
ﬂ'uﬂ'ammmszqvlﬁdw AgNP ﬁ%ﬂNa@ia'«gauﬂ%ﬁlu@%mﬂﬁaﬁmmLLaxLLauImﬁﬂaaﬂ%"L@
FIAINURINA AR UNRARATNNTEUEILANAIING uaﬂﬁnﬂﬁﬁnﬂgﬂ TEM ﬂ'aaﬁfumgmﬂ
o A ' a A6 = A A A A ¢
Iﬂsoaﬁdma‘mmwmaonqugaumsmmﬂaﬂuLLﬂaomﬂwamaa AgNP Litaa9ndaaunae
vsriiagninane W a eI lIAAINANNNANIAN AL WLRBNITLIT Lst T 0 90 LY AITE

NwITadaLitadlnlszlanaInand
v v a o A 6
4.2 Namsﬂsuﬂ‘gaﬁnﬂmwwaans:mumwﬁﬂLﬂﬂuﬂn'\mnmﬂwjaa

421 NITUIBNI IBAINIATRAILDARANAR
mimaaafumauf:sgaLﬁumsﬁﬂmm:muﬂ'ﬁvl,um‘%ﬂm%’u@hmaﬁé’n?m
¢ PVA uaz CA é’auamwahgﬂﬁ 4.6 uaz 47 uwlituvasdr DO lumInasasnnya
Juldlusnsmedioanu fe DO Fdaassdes 9 Wanarull laslummesesiid
AgNP L%Nﬁ%ﬂ?ﬂ&lﬁ&l“ﬁ%fﬂd DO aaasFniINMInanasfisl AgNP Hog



DO (mg-Oo /L)

DO (mg-O2 /L)
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10 @ SPVA-Ag 000 ® LPVA-AgO0.00
O  SPVA-Ag 0.50 O LPVA-Ag 0.50
SPVA-Ag 1.00 v LPVA-Ag1.00
¥ i
85553555g5525%6 v LPVA-Ag 5.00
(3 555 vy
¢ § OCRe Vo7, TY¥
Vg,
5 | e
0 200 400 600 8000 200 400 600 800
Time (min)
gﬂﬁ 4.6 ANVFNNUTIZRIIUT NI UALIA AN TEUIUM T AT ALATY
MLTARANAAGIE PVA (SPVA fia LTaaaaaasi PVA 2u1aLan
uaz LPVA fa Laaaaaadls PVA 1u1alng))
10
® SCA-Ag0.00 ® LCA-Ag0.00
O SCA-Ag 050 O LCA-Ag 0.50
8 % %? ¥ SCA-Ag1.00 v LCA-Ag1.00
h ¥ v v v SCA-Ag5.00 T@V v LCA-Ag 5.00
¥e o ¥y
g ooy U
5 gé L
¥4
; e
g,
4 ¥ % % v 8 1 . ﬁi?
2 g
vy I
2 ] w7 g 2
? v
0 200 400 600 8000 200 400 600 800
Time (min)

dl e o & 1 a a 1 a A o
37 4.7 enudunuiiznivdiinmeengiaudanalunszuaumsluaiiingdu
BLTARANAAG 1Y CA (SCA fa LTARAAAAAIY CA TUIALAN

uaz LCA fa Liasaaaaaag CA 21abngl)
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Waduwimmn OUR  aasminesasdroimasananduasanadi 4.3 74
NARILTARANAAGIY PVA wwiawanuaslngd OUR 1Ny 0.000-0.006 L&z 0.006-
0.014 mg-O,/L/min, ANS1A I@mﬁmﬂ%mﬁﬂuﬁwg@muqu (mmaaaﬁ"l,ajﬁ AgNP)
wuinnanssyluasiinsudaidusasas 5-11 was 44-88 VAITANILAY (@]’li’ld‘ﬁl 4.3) 8%
luganesassadandadis CA swadnuazlngiwuinden OUR 3:wing 0.009-0.014
ez 0.019-0.024 mg-O,/L/min aUEeL (AT197 4.3) I@mﬁam‘%ﬂmﬁyuﬁwg@muqu
(mmaaaﬁ"l,sjﬁ AgNP) wuinfanssnluasiiasudadusosuaz 65-110 waz 81-94 VIR
AILAY LﬁaLﬂ%ﬂuLﬁyuﬁ'uq@ﬂ@aaaLﬁﬁaﬁiﬁﬂa@ﬁazl PVA wudﬂmsﬁuﬂzﬂummaawﬁaﬁ

and@adin CA Hiaunilasawizatwbsluganansisadandasuwialng

M19197 4.3 OUR TaINILIUNNT e S ALATUALLTAAANGA

Type of Initial AgNP OUR % Activity
entrapment Bead size concentration (% compared to
(mg-O,/L/min)
material (mg/L) control)
0.00 0.014 100
Small
0.50 0.013 90
(3 mm in
1.00 0.015 110
diameter)
5.00 0.009 65
CA
0.00 0.024 100
Large
0.50 0.023 94
(6 mm in
1.00 0.020 84
diameter)
5.00 0.019 81
Small 0.00 0.006 100
(3 mmin 0.50 0.001 11
diameter) 1.00 0.000 5
PVA 0.00 0.014 100
Large
0.50 0.013 88
(6 mm in
1.00 0.012 82
diameter)

5.00 0.006 44
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LﬁaLﬂ%ﬂ‘ULﬁm.lLmaﬁﬁﬂa@"uuﬂ@LﬁﬂLmﬂﬁEijuiﬂﬂﬂﬂdﬁu?J%'UIuaa@]izqiﬁ
madaEnIMsasuiienng  (IuNIEIA) wazuARANITARANAAUWIA D
(Aksu and Bulbul, 1999: Dursun and Tepe, 2005) anuansnaaasindwllanuaudss
luafia nanfe iwadluisgandasuwialngldiunaain AgNP aunin (M3Uasnudg
wanasfiwianndt) senaliasnansswluaiiagulaanin ﬂﬁﬂgmifﬁﬁmm’nﬁ@ﬁnﬂ
5’aqé'ﬂ§@mmmslmyjﬁmwm\mmﬂﬂdw‘iﬂﬁﬁmsmﬁaumﬂlui'a@;wgmzU:matmu,a:
sNNENLNNINEINS IR S lan &t AgNP (4az Ag flaatsagaanain AgNP) RUNRLTAR
waunin uaﬂmnf:mu%'ﬂuaﬁ@ﬂ'qvlﬁi:qﬁolanﬂamsﬁwawgﬂ@@eﬁlﬁaui’a@;@ﬁ'ﬂaﬂ
(Cassidy et al., 1996; Siripattanakul et al., 2008b) RN AgNP magngw%’uﬁi’aqﬁﬂﬁ@
szmwmsmﬁaumugwgurﬁ'}gjma&?ﬁﬂﬁﬁﬁ%mm AgNP Lﬁﬁgﬂsﬁaﬁﬁasaamuﬁu

fnsuidaSouifiouasanaadiy CA uay PVA wWUL@asenanais CA
PINUANIUNTARANGAGIE PVA 41N G9A288190T% 1wg@1maaa°7iﬁ AgNP 5.00 mg/L
iradanAncIy CA walwaiiszansnwdnit PVA 9 2 i a1nwadansilanana
aEﬂvLﬁdﬂumiﬁﬂmf:fa@lé'ﬂa@ﬂm’]aaLmaﬁﬁauﬂ%ﬂﬁandwﬁawalﬁﬁ'nmwwm:munw
lua3faduginia

422 wWavad AgNP Aaan#meNI9NILNINYBILBAAANAA

wamiﬁﬂm‘[moaﬁ”’mLéﬁaa’é'ﬂa@lm:ﬁugaﬂmﬁqy SEM LLaméﬁgﬂﬁ 4.8
uaz 4.9 1ugﬂﬁ 4.8a wuihimqendadiy CA filasiaiiiadnoaziBuauinadiony
uunszany laslugnguvsnadnfimasafunidanaaagniolu (gﬂ‘ﬁ' 4.8b) 1A931961
deazBaiiiinannnuinmadeuoyluivesunaduuuazuaaiiua  (Smidsrod and
Skjak-Braek, 1990) wuananiisawuingdlulaslaladh (micro-colony) 2849AUNIiaTnyat
melugosinspmalngandas (gﬂ‘ﬁ' 4.8a) ﬁnﬂgﬂﬁ 4.8 ﬁaﬁum&ummﬁﬂﬁwaﬁau
%ﬁﬂf:lﬁmﬁugwguﬁ‘hummnlmmaﬁé’ﬂ@@%ddaNaslﬁl,ﬁ@msmﬁauﬁmﬂénmﬂmﬂu
LIARANG

ﬁ%m%'ugﬂﬁ 4.9a TougaILTRSENaAGE PVA WUIAIWIUIIWIBNAUAZ AN
wow Taogwgufiuuadszanm 10 - 20 pm wennifamuimadinsylusnsaclulas
lalafligudeinuisasanaasis CA
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311 4.8 adandadin CA a) a1 150x Waz b) Afasueny 10,000x

uanmnﬁ?‘lugﬂﬁ 490 uae ¢ s'fjlal,ﬂui'a@;é'ﬂa@ PVA (Lifiiradyfunis) wu
nauioused AgNP anmakzaduanues FsanwmiTuiiluadn Kim et al. (2006) &9
gk AgNP laofl PVA lludindszneufinunsmiunguues  PVA luanwoie
@8N walugﬂﬁand'nmmmﬂa'nvl,ﬁ’jﬁa@ﬁna@ PVA 48N1N928A LaMARNHEY 89
imaduaz AgNP uiafsunilasafiunidenn AgNP mamamulasmianguusziia AgNP

MyIEgenda (3UN 4.9c)

317 4.9 LBaRandaciy PVA a) fifn&ses 1,500% b) mMITnguad AgNP luisqdn
dia PVA (lifl NAS) fifnasusny 1,000% uas c) mMITunguuad AgNP lwizgenda PVA

(i NAS) Aifnasen810,000%

WallSouiguisasanaaals PVA way CA wuhuiaganfasay CA Yl

U 1 w A v L= a a 1 A 1 =)

fA1I0Ha AgNP 1699 PVA  Welwasaananals CA H9UszanTamwaningiaaiiie
nlAT9ai1eves CA fanuazduaunnnin PVA  annuaissmansadlasniinalnms

Unilasadgaunidglunditanaindunalnnemanwiduddn
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fRTUNANIANENGIE  TEM  WUILDR8 08IEUASITARANGANIRaITHal
anuuzafiuaIgn 4.10  laswuwasgniasansuzadaiuwdnuioadosszd
o 6 o 1 A I A A 1 o
Fumaasgniasannnd 3 4.10a ustisaddasnligniane (anganaass
. o 4 . . .
AUaY) WalTuuiieunuzUn 4.100 FudumadnunnmInanszanil AgNP wudnd
o 6 o [ ] ] & A A A A v 6 A
admelumasinwinan gadindaaindu AgNP fiaReufiduibaiuisadnie
A Qs 1 q’v 1 QI/
sapdnuavesiaas (Tolanwocveudy)  wenanAdiwuilimaTwazesssnolu
adeaUn - 4.10c Semaanwaziidullaunuidsiiiuen (Choi and Hu, 2008;
Marambio-Jones and Hoek, 2010)

31U 4.10 JUwad a) 3MNTAAILAN b) 1INTANE AgNP Uaz c) Loasngnyinany



uUNn 5

ﬁ‘gﬂ NAN13ILUA $’ZI/E] LdW DLW

5.1 a@wamﬁ%’s

1)

AszuIuMT s AeTuLazwan lufivaandiatimdullanluiaaves  Michaelis-
Menten lasfien OUR_ usz K, 289n3e0iwnsiuasdintuuazuonluiiy
28NTATH OUR,,, WinNU 0.2132 waz 0.2273 mg-O,/L/min uaz K, NNy 5.42
Waz 15.87 mg-N/L @1u81au

muldanzifl AgNP annuidutuues AgNP L‘%Nﬁugadwﬂﬁ OUR,, W&z
K, saas  lagaauwamaasmsdudisiy AgNP lumsenminduuuylaiins
wsunslunszuaums wasieduuazuanTuiiseandiadu FaReneafinms
Juds K veanszuammluasiiatuuazuanluiiisoondiadu wviiu 9.3 uas 5.5
mg/L enNEIGL

s AgNP ﬁm’mLﬁu"ﬁmﬁumﬂ"fmzé’umaamsﬂ'ugamaaga%u AgNP fimna
[t 0.25 A9 10.00 mg/L dsnalwAamssudsosas 8 9 38 lunszuiwms
TuasintuuazSonaz 14 99 28 lunszurumsuwanluiiioaanBiat §aua
duduvenenludioBududlddnadefasasmitussosnitalan
\TARYAUNIEININANEEI  AgNP lué'nwmzﬁNﬁfaLLazLﬁaﬁmsﬁaﬁﬂ;mLa:ﬁﬂm@
wonaniganuindnssa navesensmeluwsd

OUR aadmInaaaidleimasananals PVA awelanuazlnall OUR wihnu
0.000-0.006 L&z 0.006-0.014 mg-O,/L/min @N&1AL I@ﬂLﬁﬂLﬂ%ﬂULﬁyuﬁv’q@
ALY (q@ﬂ@aaaﬁ"lzjﬁ AgNP) wuinfansiv luasintudatlusanas 5-11 uay
44-88 1047007UAN Fuluzanasaasaniadiy CA saidnuazlngwuiig
@1 OUR 321314 0.009-0.014 uaz 0.019-0.024 mg-O,/L/min ¢na&16L Tagiile
Wisuiisuiureaiuquwuifanswlueilintudaduiosas 65-110 uaz 81-
94 YITANILAN

imadlwizgendauuwalngldiunaann  AgNP  faandn (MIasutneuis
IR sResNN) denaliasnanssn luasiaaulaanin

I TREANAAGIY CA aamItussanit PVA Wasanilassaafiazidoanin
nnnsAnmansuzmadandaluzauanianuina innsUnilasmadafunisg

ddq, 1 | [ o o
Tunsddaaindunalnnmemeanwdusag
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5.2 VOLABDLLNE

1)

3)

4)

ﬂ’]iﬁﬂ’]i‘ﬂ(ﬂaadaﬂﬁixﬁﬂLﬁuiZUUﬂﬂﬂ@ﬁﬁUL‘ﬁﬂﬁﬁﬂ?l@ﬁL%?J’]:&?J LT UInmh
aaﬂ%muﬁmm:aw ‘S:&lzL’Jmﬁ'ﬂﬁ’] (hydraulic retention time) ITULIRNNLTAE
(solid retention time) LHuaw Lﬁa?im_«nmmmmmun’aumiﬂizqﬂ@“l“ﬁﬁa@ia"lﬂ
msﬁms?ﬁﬂmmmm‘ﬂumawﬁaﬁﬁﬂﬁ@ Lﬁalﬁm’mmmmmzaﬂumﬂf&m
a‘%m’a‘lﬂ 'i’suﬁ”'amsﬁamﬁﬂmmauﬂqmmsﬁ'@uuﬁaqﬁﬂﬁ@ﬁﬁmmmwug\‘i
w'm*"ﬁvu

asflwdnsnaafiaslulsdunslnmassuaas AgNP IWiRAam U se
RIGN

AITINIANEING INASEUEIUad AGNP &lmzé'u%’ﬂmaqa
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The cell samples were fixed by a glutaraldehyde solution of 2.5% overnight at 4
°C.

The fixed cells were washed by a series of solutions including the phosphate
buffer and deionized water.

The washed cells were mixed with an osmium tetroxide solution of 1%.

After that, the mixture was mixed with melt agar of 1.5% to form the gel.

The hardened agar was cut as a cube and was then dehydrated with 35%,
50%, 70%, 95% of ethanol, and absolute ethanol, respectively.

The dehydrated cubic cells were saturated in propylene oxide and were then
soaked with spur resin and propylene oxide mixture.

The cubes were baked at 70 °C for 8 to 10 hr.

The baked cubes were cut by an ultramicrotome.

The cut cubes with sizes between 60 and 90 nm were pasted into copper grid

and stained with uranyl acetate and lead citrate for increasing the contrast.

10) The stained cubes with cells were observed using TEM (JEOL, JEM-2100,

Tokyo, Japan) at Chulalongkorn Univeristy, Thailand.
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The CA-entrapped cell beads were rinsed in a CaCl, solution and fixed in a
glutaraldehyde solution. The beads were cut into two parts (half) by
ultramicrotome (Leica, CM 3000, Nussloch, Germany). After that, they were
dehydrated with a series of ethanol and CaCl, solutions. Then, the absolute
ethanol was applied as the last step of dehydration. The dehydrated bead
pieces were dried using a critical point dryer (Balzers, CPD 020, Liechtenstein).
Then, the pieces were attached to a stub by glue and coated with gold using an
ion sputter (Balzers, SCD 040, Liechtenstein).

The PVA-entrapped cells were prepared in a similar manner as the CA-
entrapped cells. The PVA-entrapped cells were fixed in a glutaraldehyde
solution. The beads were dehydrated with a series of ethanol solutions. Then,
the beads were divided into two parts using a razor blade in liquid nitrogen,
attached to a stub, and coated with gold.

For free cells, 2 mL of the NAS samples were fixed with a glutaraldehyde
solution. The fixed cells were washed in phosphate buffer anda1% osmium
tetroxide solution. The cells were mixed with melt agar of 1.5% to form gel at
45-50°C. The hardened agar was cut into 0.5-mm cubes. The cubes with cells
were dehydrated with a series of ethanol solutions.

The dried CA and PVA beads and the free cells were observed using SEM with
an energy dispersive spectroscopyattachment (SEM-EDS) (JEOL, JSM-5410LV,
Tokyo, Japan).
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The entire CA cell entrapment preparation procedure was described elsewhere
(Smidsrod and Skjak-Braek, 1990; Siripattanakul and Khan, 2010).A sodium alginate
solution of 2% (w/v) was mixed with the concentrated NAS. The mixture was dropped
into a calcium chloride solution of 3.5% (w/v) to form CA spherical beads with a

diameter of3 or 6 mm. The CA beads were kept at 4°C until use.

The PVA cell entrapment preparation procedure was according to Siripattanakul
et al. (2008b). A polyvinyl alcohol solution of 10% (w/v) was mixed with the
concentrated NAS homogenously. The mixture was dropped into a saturated boric acid
solution to form 3 or 6 mm spherical beads. The formed spherical beads were
transferred to 500 mL of 1 M sodium orthophosphate buffer (pH 7.0) and left for 1-2 hr
to obtain harden PVA beads. The PVA beads were kept at 4 °C until use. Both CA and

PVA-entrapped cells were freshly prepared for each experiment.
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INTRODUCTION

Manoechnology relates to 2 wide range of technologies thar incorporate materials featre
with a range of dimensions between approximataly 1 and 100 nm. Manopamicles, partcles
in pano scale, are a part of napotechnologies claimed to substances, such as silver, rom,
gold, and the particles that have no direct analog, nanombes (nano-scale carbon), as well as,
dendrimers (nano-scale organic compounds) [1.2]. The nanopamicles bhave hesn
mcorporared o oumerons consumer products. Stlver napopartcle (nAg) is one of the most
well-liked nanopardcles udlized o the world. It is kpown as an antmicrobial agent In
mdustrial sector, nAg was broadiy utlized in produces, such as bioycles frames, plasoc
containers, dmg, spd texdles [3-§]. Thus far, mend of nAg udlizaton has cbvionsly
mereased. Although there was ne published document of Az confaminaton in the
environment, the nAg contanunation would be 2 problematc issue in environment either
surface warer, soil, grovmdwater, or wastewarer resnuent sysems in the near fisnirs.

Silver parficle inclnding wAz is wsed as an antimicrobial agent. The silver particle inhibits
growth of microbial cells, synthesizs of protein, decoyribonucleic acid, and ribonncleic acid,
apd acovity of debvdrogenases enzvines in tricarboxylic acid cycle [7]. Previouws studies
reportad that aninnicrobial capability of the silver particle was because of its toxiciny [B-8].
Crtherwize it was investigated thar the silver parmicle can dasmoy or artach o call membrane
resulting o the effect oo growth or viability [10]. Monetheless, most of previous studies
wers focused on effect of silver particles in micre-scale [B-10].

Among wastewatser freanuent processes, nimificaten is known as a sensitive process to
ervironmental condidons, sweh 25 temperature, pH, or toxic substanca [11-14]. There wears
a few studies on fare and toxicity mechanism of nA g v wastewater treannent systems, The
previons smdies focused on effect of the nAg in the diffsrsnce of sizes [10]. The result
mdicated thart nAz gave worse effact thap general silver pamicle (micre-scale) since nAg
could penemate through cell membrane and amribue o 100-1dme higher affect o the cells

This 3 Asian-Pacific Rasiora] Conferance on Practical Emvirommensa] Techrologies (APRCI010)
Ulom Batchathard Urdversity, Uboaratchathami, Thailand, March 24-27, 2000,



compared 1o the micro-scale sibver pamicle. The work is npeeded o contimme n differsnt
variatons for bemer understanding in the affect of nAz on the nimification process.

The anm of thiz smdy is to vestigzee the influence of ndg oo the actvity of MAS In
svothetic wastewster reatment systam based on respiromneiric experment. The woification
with different ndg and anumonia concentrations was conduced. Oxyzen uptaks rate (OTR)
and spacific cxyzen uptake rate (SOUER) wars than calonlatad.

MATERIALS AND METHODS

Nitrifring Activated Slndze and Cultural Condition:

Femmed actvated sludge fom Siphrave nmndcipal wastewster treatment plapt, Bangkok,
Thatland was mken and cultivared m two 12-L sequencing batch bicreactors (SBER) mnder
aerobic condiden for 1.5 months. The nirifving bacteria in thesa bioreactors were enriched

at 8 hbydraulic retention tme (HET) of 2 4 and 2 solid retention ome (SET) of
approximarely 24 d The composidoons of growth medinm and inerganic salt weare shown in
Tzhle 1.

Tahlel The compasiton of srowth medivm

Chemucal Concenmaion
(WHg504 D33gl
WaHCO: 075 gl
E:HPO: 21 gL
Wa,HEO 2H.O 507 gL
Inorzanic salt ] wll

Tahle? The compasiton of inorzanie salt

Chamical Concenmarion
Mg50 THO 40 gL
Cally 2HO 43 gL

EH:PO. 200 gL
FeS0, TH,O 1.0 gL

MWahoO, 01 =L
MnCly 4H0 0z =L
CuS0, SH,O 0.02 gL
IS0y THO 01 gL
CoCly 6H20 0002 gL

Silver Nanoparticle Characteristics

Silver nanopariclas were abtamed from Sensor Fessarch Unie ar Deparmiant of Chemismy,
Chmlalongkorn University, Thailand. The nAz was characterizad before used. The spherical
nAg with 2u average size of 14 mm was zpplied in the smdy since it is 3 tvpical propertes
of nAg widsely urlized in industrial secrion.
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Respirometer Setup and Operation

Tha daplicate experiments were conducted A respiroroeter was built fom 3 250-ml flask
with a screw cap coupled with the oxyzen probe (WTW molab Oxd 730, WTW GmbH,
Garmany]). The apparams was et 35 shown in Figore 1. The MNAS was mken and
cenrrifuged at 4,000 rpm for 5 min Supernatant was discarded. The cepinfiozed MAS was
rasnspended in a washing solution {an morganic szlt sohirion) and vigerously mixed using a
wverteal shaker. The resuspended MAS was cenmifiged The washing soluton was then
discarded The washed MAS was then rewashed with this manner for £ times.

The cleaned MAS was mansferred imte the respirometar. The syntheiic wastewater
containing with different ammmonia and nAg concenmatons a5 shown in Table 3 was addad
into the respirometsr. Mote that the final mipcmure m the respirometer contained the cleansd
MAS st volatile suspended solid (W55} of 500 mg/L. The respirometer was operated and
rnonitored every munute undl dissolved oxygen (DO concentrations reached stabla.

’ b = [0 probe

pepElE
Drmeher .

Eeal-tunewonilored

Figure 1 Fespirometer setup

Tzble3 Synthefic wastewaier composidons

M. Test Mame nA = concentration (gL} MH,; conceniration (mzL)
1 D0528NF 0.0s 28
2 052EMP 0.30 28
3 SIENE 5.00 28
4 QOSTONE 0.03 70
5 05T0WP 0.30 70
G STONE 5.00 70

Oxyzen Uptale Rate and Specific Oxygen Uptalee Eate Calculation

Oxyzen Uptake Fate was figured by DO value while SOUFE. was calculated by OUR and
cell mass value in the respiromerer. The rates were calculated as shown  equaton 1 and 2.
Mlofe that the rates were caloulated only during the log (rapid declining} pertod.
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Tzhled Oxyzen Uptake Fates and Specific Oxyzen Uptske Fames

IH; nig OUR SOUR
Mo. Tast name CODCENTAtion  COnCenITATOn (g (mez Oa'g
(mz-ILy [mgL) i L/ mdm WVES/min)
1 00528MP 23 .05 01675 04437
2 0525HP 23 0.50 0.1649 04368
3 528MP 23 5.00 0.0038 00101
4 DS TINE 70 .05 0.1350 03600
5 QET0P 70 0.50 0.1455 03854
g STONE 70 5.00 0.0058 00154

The average V55 was 0.3775=0.1 mg-V55L
Effect of Initinl Silver Nano-particle Concentration

Mimrification of the nAg-contzminated wastewarer at different nAg conceniratlons was
performed (Figure 3). Figares 3a and 3b present similar results, The DO concentrations of
the tests at the nAg concenmranons of 003 and 0.5 megT were simular, The DO values
dramatcally decreased during the first hour to accomplizshed DO of 0 mg O/l Oo the
other hand DD ar the nAgz concentration of 3 mz/L was gradually reduced snd did not
reach steady state. If is also noticed that the tests at the Az conceniraton of 3 mg'L were
romch mare tmme-consuming.

Based on the OUER and S0UR resulis in Table 4, o iz obvious that different oAg
concanmations played an fmportant rols in nimification process. The rates of the tests ar
nAg concenirations of 0.05 and 0.5 mg'L were nearly the same (OUR of 0,014 to 0016
mg-0h Limin and SOUR of 0,36 to 044 mz-0.'z V35 min) while the rates of the tests at
nA g concentranons of 5 meL were 30-times less than those from orher teses. This indicatad
that nAg apparently inhibited nirificadon process. However, the concenmrations of nAg
alsp influenced nimificadon differently. It could tply that threshold concenmation of nAg
to nitrifving bacteriz and wirificaton process may be berween 0.5 and 5 mzT. Similarky,
Cegen et al. concluded thar the increasing of heavy mel concentration inhibited the OUR
acivity in wmifying bacteria [16-17].

This 3 Asian-Pacific Rasiora] Conferance on Practical Emvirommensa] Techrologies (APRCI010)
Ulom Batchathard Urdversity, Uboaratchathami, Thailand, March 24-27, 2000,

64



)

\

s = w BO@ERL
[eladi o]
F M b W b " B = W MW

] in 100 JEL] nn @ L 10w 19 01

S — Thuwe jsain)

Figure 3 Dissolved oxygen from the tests at nA g concenraions of
0,05 mz'L (light grey), 0.5 mgL (grev), and 5 meT (black)
with ammaniz concentrations of a) 28 mez-IN/L and &) 70 mz-F/L, raspecavely.

CONCLUSIONS

Mimification of the nAg-contaminated wastewarer at different nAg concentrations was
mmvestzated. The results showed that the initial smmonia concentration did net influence
nitrification while the nAg conceniration plaved sn imporfant role in nitrification process.
The tests at the nAz concentrations of 0.05 and 0.5 mg'L completed woification within an
hanr while nimificaton from the tests with high nA s concentration (5 meL) was obvionsly
tohibited. The OUER and SOUR. values ranged from 0,004 wo 0,018 mg-0.Limin and 0.01
to 044 me-Ch/EVES/min, respactivaly. The rates from tests 3t nAg concenmattons of 5
mg/lL were 50-times less than those from other rests. For funwe stody, the other
environmental factors on pimfcaton of the pAz-contamdnated wastewater, such as
temperanue and pH should be conducted for a beter understanding. Also, imsight
nformation of the inhibirion mechanism and abatement tachuology shonld be concemed.
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Abstract

Ammonium oxidation plays an important role in nitrogen removal in any wastewater treatment
facilities. This process is known as a very low microbial reproduction rate since the
microorganisms are very sensitive to non-growth substrates including toxic substances. Silver
nanoparticles (AgNPs) are one of the toxic substances significantly increased in production and
use. In this study, the inhibitory effect of AgNPs on ammonium oxidation was investigated. The
initial concentrations of AgNPs and ammonium nitrogen ranged from 0.25 to 10 mg/L and 14 to
280 mg/L, respectively. The result showed that the effect of AgNPs on ammonium oxidation
process followed uncompetitive inhibition model. The calculated inhibition coefficient (Ki) was
21.7 mg/L while half saturation coefficient (Ks) was 15.9 mgN-NH,"/L. The results also indicated
that AgNPs inhibited ammonium oxidation of 25 to 30% for the low and moderate and
approximately 41% for the high ammonium containing wastewater treatment plants. The initial
concentration of AgNPs caused side-effects for ammonium oxidation was recorded at 0.25 mg/L.
Silver nanoparticles at low concentrations of 0.25, 0.5 and 1 mg/L inhibited up to 16%, 26% and
38% ammonium oxidation activities in wastewater treatment plants, respectively. The findings
imply that AgNPs have negative impacts on nitrogen removal in biological reactors.

Key words: ammonia oxidizing microorganism, silver nanoparticle, inhibition
coefficient, nitrifying activated sludge

Introduction

Silver nanoparticles (AgNPs) have been widely used and gained public attention due to
its biocidal characteristics. It was proved having negative impact on human cells as well as
environment (Kim et al., 2008; Kim et al., 2009), especially nitrification process in activated
sludge systems (Blaser, 2008). Nitrification is widely used process for biological removal of
nitrogen from wastewater. Among wastewater treatment processes, it is believed that one of the
most sensitive processes in wastewater treatment systems. The process comprises of two-steps.
Ammonia (NHs) is oxidized to nitrite (NO,") by ammonia-oxidizing microorganisms (AOM) and
then nitrite is subsequently oxidized to nitrate (NOj3) by nitrite-oxidizing microorganisms
(NOM). Of which, ammonium oxidation is known as a rate-limiting and more sensitive step
because of the microorganism behaviors. Thus, the presence of AgNPs in wastewater treatment
facilities may cause unexpected effects on ammonium oxidative performances of the systems.
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Effects of toxic substances in wastewater treatment plants have been intensively
investigated. Several heavy metals, such as Cr¥*, Cr®*, Zn**, Mn*, Cu**, Ni**, and Cd** have been
studied and postulated to cause significant effects as a non-competitive inhibitor on nitrification
process in activated sludge systems (Lewandowski et al., 1985; Cokgor et al., 2007). However,
inhibitory kinetic information of AgNPs in ammonium oxidation process is still lacking.

Purpose

The purpose of the present study was to investigate the ammonium oxidation inhibitory
kinetics by AgNPs. The findings of this study will contribute understanding the effects of AgNPs
on wastewater treatment operation. This can be useful in many practical applications that can
result in improved biological reactor design and regulations of production and use of AgNPs
products.

Materials and methods

Silver nanoparticle synthesis

Silver nanoparticles were obtained from Sensor Research Unit at Department of
Chemistry, Chulalongkorn University, Thailand. The particles were synthesized by borohydride
reduction process followed method described elsewhere (Hyning and Zukoski, 1998; Ngeontae et
al., 2009). The silver nanoparticles were synthesized from silver nitrate with sodium borohydride
in the methyl cellulose solution. The spherical AgNPs with an average size of 14 nm were
characterized using transmission electron microscopy. Note that size and shape were chosen
because they are typical characteristics applied in commercial products.

Enrichment of nitrifying activated sludge (NAS)

The activated sludge was collected from Siphraya Municipal Wastewater Treatment Plant
(Bangkok, Thailand) and enriched in 12-L reactors in sequencing batch reactor mode for 6
months before use. The hydraulic retention time and solid retention time of the reactors were
maintained at 2 days and 24 days, respectively. Temperature, pH, and dissolved oxygen
concentration (DO) were maintained at 25-30°C, 7-8, and above 2 mg/L, respectively. The
activity of NAS was monitored by measuring the decrease of ammonium (NH,") and increase of
nitrate (NO3") in the reactors. The stock sludge was used for the respirometric experiments when
the ammonia utilization rate reached steady state. Enrichment medium was described elsewhere
(Limpiyakorn et al., 2007). A synthetic stock feed medium contained 0.33 g/L (NH4),SO4, 4.04
o/L NapHPQ,, 2.1 g/L K,HPO,, 0.75 g/L NaHCOg;, and trace inorganic salt solution 1mL. The
solution comprised 40 g/L MgSO,.7H,O, 40 ¢g/L CaCl,.2H,0, 200 ¢g/L KH,PO,, 1 g/L
FeSO,.7H,O, 0.1 g/L Na,MoO, 0.2 g/L MnCl,.4H,0, 0.02 g/L CuSO.5H,0, 0.1 g/L
ZnS0,.7H,0, and 0.002 g/L CoCl,.6H,0. All chemicals were purchased from Merck Company
(Darmstadt, Germany) via local distributor.
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Respirometric essay setup and operation

In respirometric experiments, mix liquor volatile suspended solids (MLVSS) of 110 + 14
mg/L was centrifuged, washed, and added to the vessel, which was later filled up with synthetic
wastewater. The synthetic wastewater formulation was the same with the stock feed prepared by
phosphate buffer with pH range from 7.8 to 8.2. Sodium azide (NaN3) was added to the final
concentration of 24 uM to inhibit nitrite oxidizers (Ginestet et al., 1998). The vessel was
magnetically stirred and operated at room temperature (23-25°C). The DO depletion in the vessel
due to ammonium utilization was monitored and recorded every minute by using DO probe (DO
meter, WTW GmbH, Weiheim, Germany). For the tests with AgNPs, six duplicate experiments
were performed. Each of experiment was carried out with the initial concentrations of N-NH,"
ranged from 14-280 mg/L at fixed AgNPs. The initial AgQNP concentrations were 0.25, 0.5, 1, 3,
5, and 10 mg/L. The vessel was aerated until it reached saturation at dissolved oxygen
concentration of 7-8 mg/L. The blank experiments were performed as the same manner but no
AgNPs were supplied. The oxygen consumption by heterotrophs also was tested by using the
treatment without ammonium.

Analytical methods

Nitrogen species such as N-NH,", N-NO,, N-NOs, and MLVSS were determined
followed protocols in Standard Method for the Examination of Water and Wastewater, 20"
Edition (APHA, 1998). Regarding to these protocols, ammonium was measured by using phenate
method, nitrite was followed colorimetric method, and nitrate was followed ultraviolet
spectrophotometric screening method. Analysis of MLVSS was performed by using 2540E
method. The DO concentrations and pH were measured by WTW OxiLevel-2 DO meter (WTW
GmbH, Weiheim, Germany) and WTW Inolab-1 pH meter (WTW GmbH, Weiheim, Germany),
respectively.

Kinetic analysis

Oxygen Uptake Rate (OUR) was determined based on the change of dissolved oxygen
over the time. The OUR was then used for determination of OUR,x and K values by fitting the
OUR and initial ammonium concentrations into Monod equation with Mechaelis-Menten type
(equation 1) by using SigmaPlot version 11.0 (Sigmaplot, Dick Mitchell, SYSTAT, Inc.):

OUR = OUR gy —— Q)

where OUR is the oxygen uptake rate (mg O,/L.min™); OURa is the maximum oxygen
uptake rate (mg O,/L.min™), S is the growth-substrate concentration (mg N-NH,"/L), Ks is the
half saturation coefficient for growth-substrate (mg N-NH,/L). Under the presence of AgNPs the
equation (1) is rewritten as follow (equation 2):

S )
I
Ks+S(1+ ?i)

OUR =OUR__,
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where | is the concentration of AgNPs (mg/L), Ki is inhibition constant (mg/L). The
equation (2) can be taken the reciprocal of both sides to give the Lineweaver-Burk model as
shown below (equation 3):

1 K

S

= l+ ! 1+L (3)
OUR OUR,, S OUR,_, K,

The Ki value in equation 2 can be estimated by plotting Ks values against the inhibitor [I]
concentration. A better approach to estimate Ki is to plot the Ks/ OURnax versus inhibitor

concentration [1]. The intercept on the x-axis will give the —Ki value. Enzyme Kinetic Modules
incorporated in the SigmaPlot software (Sigmaplot, Dick Mitchell, SYSTAT, Inc.) could easily
solve for Ki based on equation (3).

Results and discussion

Ammonia oxidizing activity without AQNPs

The experiment comprises of phosphate and bicarbonate buffer but no ammonia and no
AgNPs were used to test heterotrophic activity. The result (Figure 1) showed that dissolved
oxygen was constant at 7.5 mg/L meaning that the slope representing for the oxygen consumption
rate was zero (Figure 1a). This implied that heterotrophs insignificantly competed oxygen with
ammonium oxidizing microbes. In addition, the experiment included ammonium concentration of
70 mg/L mixed together with relevant amounts of phosphate and bicarbonate buffer, with AgNPs
at the concentration of 10 mg/L and without any nitrifying cells was also performed. The result
obtained was the same with heterotrophic test that there was found not any dissolved oxygen
consumed (Figure 1b) implying that there was only nitrifying microorganisms consumed
dissolved oxygen.
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Figure 1. The control experiments (a) heterotrophs test (b) dissolved oxygen sink test

Influence of initial N-NH," concentrations on ammonium oxidation performance was
showed in the Figure 2. The rate of oxygen consumption was expressed by slope of the linear line
that represents for depletion of dissolved oxygen with respect to time. The results indicated that
the initial N-NH," concentrations influenced ammonium oxidation activity in the manner that
higher N-NH," concentration result in higher ammonium oxidation rate. Dissolved oxygen
decreased rapidly or the slope increased when N-NH," concentration increased. For instances, the
slopes were 0.002, 0.064, 0.123, 0.125, 0.193 and 0.198 mgO,/L.min corresponded to N-NH;"
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concentrations of 0, 5, 10, 50, 70, and 280 mg/L. It was observed that the slope increase slowly
when N-NH," concentration increased from 70 mg/L to 280 mg/L. The result of this study was in
the line with that reported by Kim et al. that the N-NH," concentration of lower than 350 mg/L
did not affect the nitrification process thus did not influence ammonium oxidation process.

Figure 2. Influence of N-NH," concentration on Oxygen Uptake Rate
Ammonia oxidizing activity with AgNPs

Influence of AgNPs and N-NH," on oxygen uptake rate on the ammonium oxidation
(Figure 3) was investigated. As can be seen, AgNPs reduced dissolved oxygen consumption
ability of nitrifying microbes. For example, at the fixed concentration of N-NH," of 14 mg/L, the
oxygen uptake rates for ammonium oxidation were 0.097, 0.093, 0.088, 0.085, and 0.085
mgO,/L.min corresponding to the AgNPs concentrations of 0, 0.25, 0.5, 1 and 5 mg/L. At higher
N-NH," concentrations of 28 mg/L and 70 mg/L which were selected to represent for the N-NH,"
concentration in most of the municipal and industrial wastewater treatment plants, the results of
oxygen uptake rates also indicated when increasing AgNPs concentrations resulted in decreasing
in oxygen uptake rates but the slopes almost leveled off when AgNPs in the range of 1-10 mg/L
regardless of the N-NH," concentration.

Figure 3. Oxygen Uptake Rate in the presence of AgNPs
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Inhibitory ammonium oxidation kinetics

The ammonium oxidation kinetics was calculated followed Monod or Michaelis-Menten
equation as shown in Figure 4. The calculated OUR .« and Ks were 0.227 mg O,/L.min and 15.88
mg N-NH4/L respectively. The calculated Ks value was lower to that of Bilge and Cecen (2007)
(Ks = 60-70 mgN/L) but higher than in Carrera’s study (Ks = 11mgN/L). This could be because
in the prior study, the activated sludge was fed with high initial N-NH," concentration of 200
mg/L whereas this study only used around 70 mg/L of N-NH," resulting in lower values. In
another study, Racz et al. (2010) found Ks values of 17.8 mg-N/L, and 26.5 mg-N/L for peptone-
fed reactor and glucose-fed reactor, respectively. It was believed that the concentration of organic
carbon was different in activated sludge resulted in different microbial community leading to
different in ammonium oxidation. This explanation was in accordance with the result
interpretation from Bilge and Cecen (2007). However, the result in Figure 4 shows that NAS in
this study mostly consume oxygen for ammonium oxidation process since OURax and Ks values
of ammonium oxidation and full nitrification were similar.

Figure 4. Oxygen uptake rate of the enriched NAS

At different concentrations of AgNPs, apparent OUR patterns followed the Michaelis-
Menten type (Figure 3). The Mechaelis-Menten equation is the fundamental equation of Enzymes
Kinetics and describes a rectangular hyperbolic dependence of velocity on substrate. It has the
dual nature because it is a combination of zero-order and first-order kinetics. When substrate is
low, the equation for rate is first-order in substrate and when substrate is high, the equation for
rate is zero-order. In this study, an increasing AgNPs led to a decreasing of oxygen uptake rates
indicating that the inhibitory effect of AgNPs on ammonium oxidation. It seemed that AgNPs
have the characteristics of an uncompetitive inhibition because the apparent OUR . and Ks are
both slightly decreased. In fact, for true uncompetitive inhibition, the OURy« and the Ks are
decreased by the same factor (1+ I/Ki), so the ratio of Ks/OURy.x does not change. This resulted
in a Lineweaver-Burk plot with two parallel lines corresponding to the uninhibited and inhibited
experiments (Figure 5).
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Figure 5. Lineweaver - Burk Plot
Inhibition coefficient Ki

The calculated inhibition coefficient Ki was 21.7 mg/L. So far, there is no published
report of Ki value for AgNPs for ammonium oxidation in the activated sludge system. Only a few
studies have been focused on calculation of Ki values for heavy metals (Lewandowski et al.,
1985). Effects of metals on biodegradation of methyl tert-butyl ether (MTBE) by using pure
culture of Pseudomonas aeruginosa were studied. Accordingly, the inhibition coefficient Ki for
Cr¥, Zn®*, and Mn?* were in the range of 161-165 mg/L while the inhibition coefficient for Cu®*
was recorded at the concentration of 32.4 mg/L. The calculated Ki for AgNPs in this study was
lower than that of literature. Some other studies found lower Ki values compared to this study.
For examples, Ki value of 12 mg/L also was estimated for cadmium (Cd?*) in the denitrification
process in activated sludge (Gumaelius et al., 1996) and inhibition coefficient for Cr®* was found
to be 1.2 mg/L in the biological reactors (Lewandowski et al., 1985). Silver nanoparticles
exhibited inhibitory effect differently from heavy metals. Most of heavy metals fell into
noncompetitive inhibition while AgNPs was found to be uncompetitive behavior in the present
study. Some heavy metals can stimulate the growth of the microbes for instances, Ni**, Co**, Cr®*
at the concentration of 10, 5, and 25 mg/L were significantly stimulated the maximum growth
rate in the activated sludge (Gikas, 2007). This kind of stimulation effect was not observed in this
study.

Quantification of the inhibition of AgNPs for ammonium oxidation indicated that AgNPs
at the very low concentrations of 0.25, 0.5 and 1 mg/L inhibit 16 + 8.2%, 26 + 7.3% and 38 £
11.3% of ammonium oxidation activity in the experimental conditions, respectively. The
inhibition effect of AgNPs was slightly changed when its concentrations increased from 1 to 10
mg/L. Furthermore, the effect of N-NH," concentration under the presence of AgNPs also was
observed. The results showed that higher N-NH," concentration may result in higher inhibition
rate of respiration of ammonium oxidative microorganisms. The percentage of inhibition was 8
4.85%, 25 £ 8.98%, 26 £ 2.76%, 30 £ 7.93%, and 41 + 17.21% for the concentration of 14, 28,
50, 70 and 280 mg N-NH,"/L, respectively. The integration effect of AgNPs and N-NH," was
observed at high (280 mg/L) concentration of N-NH," but more evidence needed to make a
stronger conclusion.

The previous studies reported that Cr®* and Ni?* inhibited microbial oxygen uptake rate
up to 15% and 40%, respectively, within 30 min. Respiration rate of nitrifying bacteria was found
to be inhibited by up to 86% at the AgNPs concentration of 1 mg/L (Choi et al., 2008). However,
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the result of this present study showed that there was only 38% respiration rate inhibited at the
concentration of 1 mg/L. This discrepancy may be because of the presence of both Ammonium
Oxidizing Bacteria (AOB) and Ammonium Oxidizing Archaea (AOA) in the cultivated culture.
In previous study, it was found that the original activated sludge used in this study comprised
both AOA and AOB (Sonthiphand and Limpiyakorn, 2009). Also, it is known that AOA have
been reported to be well tolerated in the extreme environments thus they may tolerate with the
presence of AgNPs.

Several mechanisms have been proposed for effect of AgNPs on bacteria but not archaea.
The growth inhibition of microbes may be related to the formation of free radicals from the
surface of AgNPs (Panacek et al., 2009). Uncontrolled generation of free radicals can attach
membrane lipids and then lead to a breakdown of membrane function. This may not be the reason
for this study, because by nature, free radicals will consume oxygen in the experimental
condition; however, the control experiment was conducted and proved that there was no dissolved
oxygen consumption other than microbial activity. Another suggested mechanism is the
formation of “pits” in the cell wall of bacteria under the presence of AgNPs (Choi et al., 2008).
Furthermore, it was recommended that the nanoparticles preferably attack the respiratory chain,
cell division finally leading to cell death (Sondi and Salopek-Sondi, 2004). Unfortunately, little
information of AgNPs effect mechanisms has been proposed for the case of AOA.

Conclusions

Influence of AgNPs on ammonium oxidation was investigated by using respirometric
method. Under the presence of AgNPs, the maximum oxygen uptake rate (OUR.) and half
saturation constant (Ks) were slightly declined. The effect of AgNPs on both followed
uncompetitive inhibition model. This model was tested using Lineweaver-Burk plot (1/OUR vs
1/S) resulted in the parallel lines of with and without AgNPs. Half saturation constants (Ks)
without AgNPs for ammonium oxidation was 15.88mg N-NH,"/L and the inhibition coefficients
(Ki) was 21.7 mg/L. Silver nanoparticles at the very low concentrations of 0.25, 0.5 and 1 mg/L
inhibited 16 + 8.2%, 26 + 7.3% and 38 + 11.3%, respectively, of ammonium oxidation activity in
the experimental conditions. The inhibitory effect of AgNPs was slightly changed when its
concentrations increased from 1 to 10 mg/L. It is anticipated that the findings of this study will be
useful in regulations of production and use of AgNPs products.
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Abstract

Silver nanoparticles (AgNPs) have substantially increased in production and
utilization resulting in potential of AgNPs contamination in engineered and natural
environment including wastewater treatment plants. Effects of AgNPs on nitrification
activities of free and entrapped nitrifying activated sludge were investigated using a
respirometric assay. Initial ammonia and AgNP concentrations, and entrapment materials
and matrix sizeswere the variables. Scanning and transmission electron microscopic
observations of the microbial cells and entrapment matrices were also performed. Results
showed that the initial ammonia concentration (28 and 70 mg-N/L) did not influence the
nitrification activity while the AgNP concentrations (0.05-5.00 mg/L) affected the
nitrification activity (2% to 98% compared to the control). In the presence of AgNPs,
both calcium alginate (CA)and polyvinyl alcohol (PVA)-entrapped cells had higher
nitrification activity compared to free cells. Nitrification activity in the presence of
AgNPs by the CA-entrapped cells was better than that of the PVA-entrapped cells (64%
to 100% versus 4% to 87% compared to without AgNPs). Cells entrapped in a larger
matrix size performed better. Silver nanoparticles caused damages to cell membrane and
cytoplasm which very likely led to decreased nitrification activity. The entrapment
matrices successfully reduced the adverse effects of AgNPs on nitrification activity.
Keywords: cell entrapment, cell physiology, nitrification, respirometry, silver

nanoparticle
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1. Introduction

Silver nanoparticle (AgNP) is one of the most widely utilized nanoparticles in the

world. It is known as an effective biocidal agent (Blaser et al., 2008; Marambio-Jones and

Hoek, 2010). Silver nanoparticles are broadly applied in products, such as plastic
containers, drug, detergent, and textiles. Previous studies have proved that AgNPs
adversely influenced microbial viability (Zhang et al., 2008; Marambio-Jones and Hoek,
2010; Guzman et al., 2012). Therefore, AgNP contamination after production or
utilization could potentially be a problematic environmental issue in the near future.
Blaser et al. (2008) reported that most AgNPs polluted environment via wastewater
treatment systems. The particles might enter wastewater stream via industrial production
processes or products during use. Silver nanoparticles tended to attach on microbial
sludge at a concentration of up to 39 mg-Ag/kg dry sludge (Blaser et al., 2008). This can
cause failure tobiological wastewater treatment systems.Among traditional wastewater
treatment processes (carbonaceous and nitrogenous removal processes), nitrification is
known as a sensitive process (Choi et al., 2008). This is because nitrifying
microorganisms are slow growing and sensitive to environmental stresses such as
temperature, dissolved oxygen concentration, pH, and toxic substances. For example,
nitrification was inhibited at 86%when wastewater was contaminated withl mg/L
of AgNPs(Choi et al., 2008). Thus far, there have been only few studies on fate and
toxicity mechanism of AgNPs in the nitrification process (Choi et al., 2008; Choi and Hu,
2008; Choi and Hu, 2009; Radniecki et al, 2011). There has been no published report on

how to mitigate the negative effect of AgNPson the process.
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Cell entrapment technique, immobilization of microorganism in a porous polymeric
matrix, is a potential method to alleviate the AgNP inhibition problem. The technique
was successfully applied for removal of nitrogen, carbon, and hazardous substances
(Chen et al., 1998; Siripattanakul et al., 2008; Siripattanakul and Khan, 2010). Several
previous studies reported the success of the entrapped cell utilization for toxic
protection(Cassidy et al., 1996; Dursun and Tepe, 2005; Siripattanakul and Khan, 2010).
In this case, the technique should be able to lessen the AgNP toxicity leading to reliable
nitrification activity in wastewater treatment plant.

This study aimed to investigate the use of cell entrapment technique for providing
effective nitrification of wastewater contaminated with AgNPs. Two widely used
polymeric materials including calcium alginate (CA) and polyvinyl alcohol (PVA) were
chosen as entrapment matrices. Nitrification kinetics was tested using a respirometric
assay. Initial ammonia and AgNP concentrations, entrapment material types (CA and
PVA), and matrix sizes (small and large diameter beads) were the variables. A free cell
system was examined as a comparison. Microbial cells and matrix microstructures were

observed using electron microscopy to gain insight information on AgNP toxicity.

2. Materials and Methods

2.1 Chemicals

Alginic acid sodium salt was acquired from Sigma-Aldrich (Singapore) and polyvinyl
alcohol (99.0-99.8% fully hydrolyzed, molecular weight 77,000-79,000) was obtained

from J.T. Baker (NJ, USA). Other chemicals including chemicals for cultural medium,
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cell entrapment, nitrification parameter analyses, and sample preparation for microscopic

observation were laboratory grade obtaining from local distributors (Bangkok, Thailand).

2.2 Silver nanoparticle synthesis

Silver nanoparticleswere synthesized by aborohydridereduction process followinga
method described elsewhere (Hyning and Zukoski, 1998; Ngeontae et al., 2009). The
plasmon extinction of the particles was at 403 nm with a narrow full width at half height
of 50 nm. The particles were spherical and had an average size of 14 nm based on
transmission electron microscopy (TEM) (Figure 1). The size and shape were consistent

with typical characteristics of commercial AgNPs.

2.3 Nitrifying activated sludge and cultural condition

Returned activated sludge was collected from a Municipal Wastewater Treatment
Plant, Bangkok, Thailand. The plant employs an activated sludge process with a flow rate
of 30,000 m%d and a solids retention time of 28 d. Nitrifying bacteria in the collected
sludge was enriched in two 12-L sequencing batch reactors under aerobic conditions for
1.5 months. The hydraulic and solids retention times of the reactors were 2 and 24 d,
respectively. Synthetic wastewater was used for the enrichment and comprised (in 1L):
0.33 g of (NH4)2S0q4, 0.75 g of NaHCO3, K;HPO, of 2.1 g, Na;HPO4+2H,0 of 5.07, and
an inorganic salt solution of 1mL. The inorganic salt solution contained 40 g of
MgSO,4¢7H,0, 40 g of CaCl,*2H,0 , KH,PO, of 20 g, FeSO4+7H,0 of 1 g, Na,MoO, of
0.1 g, MnCl,»4H,0 of 0.2g, CuSO4*5H,0 of 0.02 g, ZnSO47H,O of 0.1 g, and

CoCl,*6H,0 of 0.002 g.
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2.4 Cell preparation

241 Free cell preparation

The enriched nitrifying activated sludge (NAS) was centrifuged at 4,000 rpm for
5 min and the supernatant was discarded. The centrifuged NAS was resuspended in a
washing solution of 10 mL (an inorganic salt solution described earlier) and vigorously
mixed using a vertical shaker for 5 min. The resuspended NAS was washed by vigorous
shaking, centrifuging, and discarding the washing solution for 4 times. The washed NAS
was then resuspended in the inorganic salt solution to obtain concentrated NAS of 5,000
mg/L.

242 Entrapped cell preparation

The entire CA cell entrapment preparation procedure was described elsewhere
(Smidsrod and Skjak-Braek, 1990;Siripattanakul and Khan, 2010).A sodium alginate
solution of 2% (w/v) was mixed with the concentrated NAS. The mixture was dropped
into a calcium chloride solution of 3.5% (w/v) to form CA spherical beads with a
diameter of3 or 6 mm. The CA beads were kept at 4°C until use.

The PVA cell entrapment preparation procedure was according toSiripattanakul et
al. (2008). A polyvinyl alcohol solution of 10% (w/v) was mixed with the concentrated
NAS homogenously. The mixture was dropped into a saturated boric acid solution to
form 3 or 6 mm spherical beads. The formed spherical beads were transferred to 500 mL

of 1 M sodium orthophosphate buffer (pH 7.0) and left for 1-2 hr to obtain harden PVA
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beads. The PVA beads were kept at 4 °C until use. Both CA and PVA-entrapped cells

were freshly prepared for each experiment.

2.5 Respirometer setup and operation

A respirometer was built from a 250-mL flask with a screw cap coupled with a
dissolved oxygen (DO) meter (WTW inoLabOxi 730, WTW GmbH, Germany).The DO
concentration was continuously measured and recorded in a computer for the entirety of
each experiment. The setup was tested for interferences from the environment by
monitoring DO concentration continuously using sterilized synthetic wastewater with no
inoculation. It was found that the DO remained stable throughout the test duration of 12
hr.

The cleaned NAS (free cells), CA-entrapped cells, or PVA-entrapped cells were
transferred into the respirometer which was later completely filled with the synthetic
wastewater containing different ammonia and AgNP concentrations (described later) to
avoid oxygen diffusion into the system. The final mixture in the respirometer contained
the cleaned NAS at a volatile suspended solids (VSS) concentration of 500 mg/Lfor both
free and entrapped cells. The respirometer was operated and monitored every minute
until DO concentration stabilized. The DO data were recorded and calculated for oxygen
uptake rate (OUR) according to equation 1. The rates were calculated only during the log
(rapid DO declining) period. Percentage of the nitrification activity was calculated using

equation 2.

d[DO]

OUR = ”

equation 1
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OURtest

% Activity = x 100

OURCO?H!‘OI .
equation 2

[DO] is DO concentration (mg/L) while t is time (min). OURst (Mg-O2/L/min) is a
calculated OUR of the test (such as one for CA-entrapped cells, 3 mm matrix diameter,
ammonia of 28 mg/L, and AgNPs of 0.50 mg/L, see the next paragraph for variables).
OURcontror 1S @ calculated OUR of the test at the same conditions but without AgNPs.

All experiments in this study were duplicated. For the tests by free NAS, the
influences of initial ammonia concentration (28 and 70 mg-N/L) and AgNP concentration
(0.00, 0.05, 0.50, and 5.00 mg/L) were examined. Later, the effect of the CA and PVA-
entrapped bead sizes (3 mm and 6mm in diameter representing small and large beads)
was determined for selected initial ammonia and AgNP concentrations. After the
respirometric assay, the entrapped NAS and the matrices (only the material used as a
control to compare to the entrapped cells) of 5 beads were observed for bead physiology
using scanning electron microscopy (SEM). Twenty milliliters of the free cells and 20
beads of CA and PVA-entrapped cells were also examined for structural changes using

TEM and SEM, respectively.

2.6 Scanning electron microscopy

The CA and PVA-entrapped cells were prepared for SEM observations according to a
procedure described elsewhere (Siripattanakul et al., 2008; Siripattanakul et al.,
2010).Briefly, the CA-entrapped cell beads were rinsed in a CaCl, solution and fixed in a
glutaraldehyde solution. The beads were cut into two parts (half) by ultramicrotome
(Leica, CM 3000, Nussloch, Germany). After that, they were dehydrated with a series of

ethanol and CaCl; solutions. Then, the absolute ethanol was applied as the last step of
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dehydration. The dehydrated bead pieces were dried using a critical point dryer (Balzers,
CPD 020, Liechtenstein). Then, the pieces were attached to a stub by glue and coated
with gold using an ion sputter (Balzers, SCD 040, Liechtenstein).

The PVA-entrapped cells were prepared in a similar manner as the CA-entrapped
cells. The PVA-entrapped cells were fixed in a glutaraldehyde solution. The beads were
dehydrated with a series of ethanol solutions. Then, the beads were divided into two parts
using a razor blade in liquid nitrogen, attached to a stub, and coated with gold. The dried
CA and PVA beads were observed using SEM with an energy dispersive spectroscopy

attachment (SEM-EDS) (JEOL, JSM-5410LV, Tokyo, Japan).

2.7 Transmission electron microscopy

For free cells, 2 mL of the NAS samples were fixed with aglutaraldehyde solution.
The fixed cells were washed in phosphate buffer andal% osmium tetroxide solution. The
cells were mixed with melt agar of 1.5% to form gel at 45-50°C. The hardened agar was
cut into 0.5-mm cubes. The cubes with cells were dehydrated with a series of ethanol
solutions similar to the SEM sample preparation. The dehydrated cubes were saturated in
a series of propylene oxide and spur resin. Next, the cubes were baked at 70°C for 8-10
hr. The baked cubes were cut by an ultramicrotome. The cut cubes with thickness of
between 60 and 90 nm were pasted onto copper grid and stained with uranyl acetate and
lead citrate to increase the contrast. For the entrapment beads, 5 beads were cut into small
pieces and then squeezed to get the microbial cells out of the matrices. After that, the
cells were prepared in the same manner as the free cells. The stained cubes with cells

were observed using TEM (JEOL, JEM-2100, Tokyo, Japan).
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3. Results and Discussion

3.1 Effects of initial ammonia and AgNP concentrations on nitrification activity of free cells

The DO curves from the tests at different AGNP concentrations (0.00, 0.05, 0.50, and
5.00 mg/L) and ammonia concentrations (28 and 70 mg-N/L) are shown in Figure 2. It is
noted that these two ammonia concentrations were chosen because they are the typical
influent concentrations of the municipal wastewater treatment systems. For most of the
tests, the DO quickly decreased during the first 150 min and tended to stabilize after it
was approaching depletion. Only DO of the tests at AgNP concentration of 5.00 mg/L
decreased gradually and at the end of the experiments (180 to 200 min), DO of
approximately 4 to 7 mg-O,/L remained.

Based on the results in Figure 2, OURs were calculated and presented in Table 1. The
OUR values for the tests at different AgNP concentrations ranged from 0.004 to 0.168
and 0.006 to 0.146 mg-O,/L/min at the initial ammonia concentrations of 28 and 70 mg-
N/L, respectively. These OUR results suggested that initial ammonia concentration
slightly affected nitrification activity (OUR). Normally, initial ammonia concentration
influences nitrification rate (Anthonisen et al., 1976; Yoon and Kim, 2003; Kim et al.,
2006; Park et al., 2009). Higher ammonia concentration gives higher nitrification rate
while too high ammonia concentration inhibits the activity. The phenomenon observed in
this study could be because both tested ammonia concentrations were much lower than
inhibition level and were not different enough resulting in similar OURs.

It is obvious that initial AgNP concentrations affected OUR. The OURs at the initial
AgNP concentrations of 0.00 (control), 0.05, and 0.50 mg/L were nearly the same (OUR

of 0.1 mg-O,/L/min) (Table 1). The nitrification activity decreased 18-29% as the initial
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AgNP concentration increased from 0.05 to 0.50 mg/L. The OURs of the tests at the
initial AgNP concentration of 5.00 mg/L were up to 14-times less than those of the other
tests and decreased 96% compared to the test without AgNP (control)(Table 1). The
results suggested that AgNPs at a concentration of 5.00mg/L or higher almost completely
inhibited nitrification.

It was reported that portions of AgNPs can dissolve to Ag” ions (ranging between 0.1
to 2.2% of the total silver content) but the degree of dissolution depends on AgNP
preparation method and experimental conditions (Lok et al., 2007; Choi et al.,
2008).Silver can affect cellular physiology especially interactions with proteins including
cell organelles, enzymes, or nucleic acids resulting in partial or complete inhibition to
microbial activity (Ren and Frymier, 2003; Choi et al., 2008; Marambio-Jones and Hoek,
2010). Antibacterial action of AgNPs can be from two mechanisms: 1) Intracellular
protein damage by Ag" ions releasing from AgNPs or reactive oxygen species created by
Ag” ions and AgNPs and 2) Cell surface damage by attachment of Ag® ions and AgNPs
(Marambio-Jones and Hoek, 2010).The nitrification inhibition observed in this study
could be from either cell surface or protein damage by AgNPs and Ag® ions. Since
ammonia monooxygenase and hydroxylamine oxidoreductase, which are enzymes
governing ammonia oxidation, are located in cell membrane (Choi et al., 2008), the
attachment of AgNPs and Ag" ions onto the cell surface and penetration into cell

membrane may result in deactivation of the enzymes.
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3.2 Nitrification mitigation using the entrapped cells

Dissolved oxygen concentrations along the tests involving the small and large
matrices of entrapped cells are presented in Figures 3 to 4. The trends of DO profiles for
all the tests were similar when comparing to the tests by the free cells. The DO value
gradually dropped. The DO of the tests at higher AgNP concentrations decreased slower
than those from the tests at lower AgNPs.

For the CA-entrapped cells, the OURs by the small and large matrices were 0.009-
0.014 and 0.019-0.024 mg-O,/L/min, respectively (Table 2). The nitrification activities
by the small and large CA matrices of entrapped cells were 65-110% and 81-94% of the
control. The inhibition by AgNPs was less in the tests of the CA-entrapped cells
compared to the PVA-entrapped cells, especially, for those in the large matrix.

The OURs by the small and large matrices of PVA-entrapped cells were 0.000-0.006
and 0.006-0.014 mg-O,/L/min, respectively (Table 2). The nitrification activities by the
small and large PVA-entrapped cells were 5-11% and 44-88% of the control. Dissolved
oxygen reduction in the tests with the PVA-entrapped cells at high AgNPs (> 0.50 mg/L)
was limited, especially for the small matrix. Similar to the CA-entrapped cells, the two
sizes of the entrapment matrix provided different levels of mitigation on nitrification
inhibition by AgNPs.

Previous studies reported that small entrapment beads have better mass (including
toxic substance) and gas transfer (Aksu and Bulbul, 1999; Dursun and Tepe, 2005). As
expected, the cells entrapped in the larger matrix were less adversely affected by AgNPs

in term of nitrification activity. This could be because the thicker layer of matrix led to
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more torturous transport of AgNPs resulting in less AgNP contact (also Ag” released
from AgNPs) with the cells.

The entrapped cells at the optimum preparation conditions significantly alleviated the
inhibition by AgNPs compared to the free cells. The entrapment matrices could reduce
contact between cells and AgNP leading to lower inhibition. Also, it is known that
several toxic substances could sorb on the entrapment matrices (Cassidy et al., 1996;
Siripattanakul et al., 2008). Therefore, some AgNPs may sorb on the matrices resulting in
lower AgNP penetration.

Between the CA and PVA-entrapped cells, the CA-entrapped cells exhibited more
effective nitrification. As an example, for the large matrix, the activity of CA-entrapped
cells at the AgNP concentration at 5.00 mg/L was twice of the PVA-entrapped cells
(Table 2). This indicates that the CA matrix provided better environment (better cell
protection) for the cells resulting in higher nitrification performances.

3.3 Microscopic observation on the free and entrapped cells

The microstructures of the CA and PVA entrapment matrices were investigated by
SEM (Figures5 and 6). In Figure 5a, a dense network (sheet like) contained numerous
very fine pores fully occupied by the cells (Figure 5b).The dense cross-linking was
network of calcium and alginate (Smidsrod and Skjak-Braek, 1990). Some microcolonies
were also found in macropores (Figure 5a). The SEM images supported the nitrification
test results. There were numerous pores leading to torturous transport and sorption of
AgNPs as discussed earlier.

Figure 6a presents the PVA matrix which contained plenty of pores and rough

surface. The pore sizes ranged from 10 to 20 um. The cells occupied as microcolonies
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inside the matrix as found in the CA matrix were observed. It is noted that in Figures 6b
and 6c¢, only AgNPs with no cells were added. Interestingly, agglomeration of AgNPs
within the PVA matrix was detected as white balls (Figures6b and 6¢).Similarly, Kim et
al. (2006) synthesized AgNPs using a technique utilizing PVA, they also found the
agglomeration between AgNPs and PVA (as white balls). This observation supported
that, the PVA-entrapped cells physically protected the cells from AgNPs. The matrix
could reduce opportunity for AgNP-cell contact. Also, in the PVA matrix, the
agglomerated AgNPs adhered on the net structure increasing the reduction of the AgNP-
cell contact (Figure 6c).

To compare the CA and PVA-entrapped cells, even though the CA matrix did not
bind with AgNPs as the PVA matrix, the nitrification performance was even higher than
the PVA-entrapped cells. This might be from the CA microstructure which was much
smaller. The microscopic results suggested that the entrapment matrices play an
important role on the cell protection from AgNPs. The main protection mechanism is
likely physical.

The free cell and the cells separated from the PVA and CA matrices were observed
for the influence of AgNPs using TEM (Figure 7). The damage observed in the free and
entrapped cells was similar but the magnitude of the damage in the free cells was more
than those observed in the entrapped cells (data not shown).Figure 7a presents a free
NAS cell without damage which was taken from the control test (no AgNPs). It is evident
that AgNPs penetrated into the cells (Figure 7b). The cell membrane and cell wall were
noticeably damaged (soft edge) after treating with AgNPs (Figures 7b and 7c). The

interior component moved out of the cells (white area in Figure 7c). The result was
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similar to previous studies that reported penetration of nanoparticles through cell
membrane and wall causing cell damage (Choi and Hu, 2008; Marambio-Jones and

Hoek, 2010; Wu et al., 2010).

4. Conclusions

The initial AgNP concentration apparently affected the nitrification process. Higher
AgNP concentrations inhibited nitrification more (up to 98% inhibition). This study
successfully mitigated the AgNP inhibition problem using the entrapped cell technique.
Both CA and PVA-entrapped cells could lessen the inhibition but nitrification
performance by the CA-entrapped cells was better. The larger entrapment matrix
performed better than the small one. The microscopic observations supported the
respirometric results. Silver nanoparticles injured cell membrane and cytoplasm. A future
study on microbial viability and community change induced by AgNPs is recommended.

A long-term reliability of entrapped cells exposed to AgNPs should be investigated.
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Table 1 Oxygen uptake rates by free NAS

Table 20xygen uptake rate by entrapped NAS

Figure 1 TEM images of AgNPs

Figure 2 Dissolved oxygen concentrations from the tests by free cells (FC) at ammonia

concentrations of 28 and 70 mg/L and AgNP concentrations of 0.00, 0.05, 0.050, and

5.00 mg/L

Figure 3Dissolved oxygen concentrations from the tests by small and large matrices of

CA-entrapped cells (SCA and LCA)

Figure 4Dissolved oxygen concentrations from the tests by small and large matrices of

PVA-entrapped cells (SPVA and LPVA)

Figure 5 SEM images of a) CA-entrapment matrix at 150x and b) cells inside the CA
matrix at 10,000x(Both figures were from the test with the entrapped NAS at AgNPs of

0.05 mg/L)

Figure 6 SEM images of a) PVA-entrapment matrix at 1,500x%, b) AgNP agglomeration

in PVA-entrapment matrix (no NAS) at 1,000x, and c) AgNP agglomeration in PVA-
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entrapment matrix at 10,000x (Figure 6a was from the test with the entrapped NAS at

AgNPs of 1.00 mg/L. Figures 6b and 6¢ were from the test with AgNPs of 1.00 mg/L)

Figure 7 TEM images of a) control cell, b) cell with AgNPs, and c) damaged cell (Figure
7a was the free NAS without AgNP contact. Figure 7b was from the test with the free
NAS at AgNPs of 5 mg/L. Figure 7c was from the test with the PVA-entrapped NAS at

AgNPs of 5 mg/L.)
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Test conditions

i % Activity
Initial NH3 Initial AgNP 835(;:%) (% compared to
concentration concentration 2 control)

(mg-N/L) (mg/L)

28 0.00 0.168 100

28 0.05 0.165 98

28 0.50 0.120 71

28 5.00 0.004 2

70 0.00 0.146 100

70 0.05 0.136 93

70 0.50 0.120 82

70 1.00 0.082 56

70 5.00 0.006 4
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Type of _ Initial Agl_\IP OUR % Activity
entrapment Bead size concentration (mg-O,/L/min) (% compared to
material (mg/L) control)
0.00 0.014 100
(Bqu"in 0.50 0.013 90
diameter) 1.00 0.015 110
CA 5.00 0.009 65
0.00 0.024 100
(GL;rr%ein 0.50 0.023 94
diameter) 1.00 0.020 84
5.00 0.019 81
Small 0.00 0.006 100
(3mmin 0.50 0.001 11
diameter) 1.00 0.000 5
PVA 0.00 0.014 100
( GL;rr?]ein 0.50 0.013 88
diameter) 1.00 0.012 82
5.00 0.006 44
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Highlight

Silver nanoparticles distribute, deposit in, and influence the engineered environmental
treatment systemsincluding wastewater treatment and environmental remediation.
Silver contamination in the systems could be in particle or ion forms.

Silver could minimize chemical process performance by chemical reactions.

Silver could fail biological processes by damaging biological organisms in the
systems.

Effect of silver nanoparticles in the engineered environmental treatment systems

varied based on the particle properties and studied conditions.
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Abstract

Silver nanoparticles (AgNPs) have been developed and broadly used for various
applications, especially biocidal propose. This could lead to contamination of AgNPsin
engineered environmental treatment systems which include wastewater treatment and
environmental remediation.This review conveys basic knowledge of AgNPsincluding
synthesis techniques, fate and contamination, and toxicity mechanism. The work emphasizes
on the influence of AgNPsto the wastewater treatment and environmental remediation system
performances. Silver nanoparticles could be synthesized using physical, chemical, or
biological methods. After production or utilization,AgNPs distribute intothe wastewater
treatment and remediation systems via wastewater and wastewater treatment excess sludge,
respectively. Toxicity of AgNPs including cell surface defection, cell metabolism inhibition,
and protein damage by AgNPs, silver ions, or reactive oxygen species is reviewed. In the
engineered environmental treatment systems, silver (ions and particles) may substantially
influence the chemical and biological processes. For the chemical processes, silver species
are able to lessen the process performance by chemical interaction while silver could be toxic
to organisms in biological processes and fail the process performance later on. It was found
that previous works presented inconsistent results oninfluence of AgNPs to theengineered
environmental treatment systems because of difference in AgNP properties, tested conditions,
and environmental conditions.
Keywords:AgNP, biological, chemical, performance, process, remediation,wastewater

treatment
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1. Introduction

Silver is a metal which has been known to be useful for medical, industrial, and
householdapplications, such as biocides, electrical conductors, currency coins, and ornaments
forlong time (Arvizo et al., 2012). Recently, nanotechnology has been developed and silver
was also synthesized in nano size (1-100 nm), called silver nanoparticle (AgNP). Silver
nanoparticles broadly used because of its highereffectivenesscompared to traditional silver
(Ray et al., 2009; Rai et al., 2009; Guzman, 2012).

Silver nanoparticles have been normally applied for biocidal purposein various
applications, such as a component in wound dressings, medical device coatings, textile
fabrics, cosmetic products, and detergents (Ray et al., 2009; Rai et al., 2009). This leads to a
large amount of the AgNP utilization. Blaser et al. (2008) claimed that the biocidal silver use
increased for up to 30 t0230 ton/yrin 2004 and 2010, respectively. It was also reported that up
to 15% of total silver in the form of monovalent silver ions (Ag") or AgNPs could be released
from biocidal plastics and textile into water. Another recent study confirmed that AgNPs
were easily released from AgNP-coated socks during washing process (Benn and Westerhoff,
2008). Based on a large amount of AgNP utilization and the AgNPrelease information from
the earlier studies, AgNPs are likely to be spread over and might cause a problem in aquatic,
terrestrial, or atmospheric environmentsin the near future (Blaser et al., 2008; Lapresta-
Fernandez et al., 2012).

According to silver fate and transport reported by Blaser et al. (2008), the silver residue
after production or utilization mostly went to solid waste management systems including
solid waste landfill and incineration. Incinerators may create tiny portion of silver in smoke
moving out to atmosphere. The incineration ashes and fresh solid waste (from the areas

where do not incinerate the waste) are disposed in landfills. The landfillswhich line by
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impermeable materials thencompactly restrict the silver-containing waste at the waste
disposal site. Therefore, the rest of silver residue distributing in the environment was in
wastewater. This residue then passed through natural receiving water and soil via treated
wastewater and sludge, respectively.

As known, engineered environmental treatment systemsinclude water treatment,
wastewater treatment, air pollution control, solid waste management, and site remediation
systems. The engineered environmental treatment systems related to silver fateare wastewater
treatment and site remediation which receive AgNPs from wastewater and sludge,
respectively. Especially, biological treatment processes (biological wastewater treatment and
bioremediation) could be substantially influenced because AgNPs damage microorganisms in
the systems leading to failure of the treatment.

Thus far, there was no published review focusing on the influence of AgNPs to the
engineered environmental systems.Previously, review studies mainly concentrated on AgNP
syntheses, applications, toxicities (Sharma et al., 2009; Abou EI-Nour et al., 2010; Duran et
al., 2010; Marambio-Jones and Hoek, 2010; Arvizo et al., 2012; Guzman, 2012). From
previous works, it was clear that AgNPs are toxic to microorganisms, plants, and animals;
however, the particles are very useful and likely remain as an important composition in daily
life products in the long run. Therefore, along with the development of AgNP-containing
products, knowledge of AgNP fate in the engineered environmental treatment systems is also
needed. Consequently, this study emphasizes on the influence of AgNPson the wastewater
treatment system (WWTS) and environmental remediation system (ERS) performances. The
work also includes information of AgNP synthesis, utilization,fate, contamination,toxicity
mechanism, and potential AgNP control techniques. This work should assemble the
knowledge related to AgNPs and give perspective to deal with the influence of AgNPs in the

future.
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2. Silver nanoparticle synthesis, utilization, and contamination
2.1 Silver nanoparticle synthesis and utilization

Several synthesis methods have been developed to achieve desired characteristics (sizes,
shapes, and surfaces) (Xu et al., 2006; Choi and Hu, 2008; Duran et al., 2010; Marambio-
Jones and Hoek, 2010).The AgNP synthesis methods could be divided into 3 approaches
including physical, chemical, and biological approaches. Details of the methods are presented
inTable 1. The physical approach uses minimal or no chemicals but the approach consumes a
lot of energy and time (Abou EI-Nour et al., 2010). The chemical approach is the most
common technique to synthesize silver materials (Marambio-Jones and Hoek, 2010). This
approach can use various chemicals and easily modifies the method to accomplish target
properties. However, the approach deals with many hazardous chemicals (Marambio-Jones
and Hoek, 2010).Lately, a biological approach which applies extracts from organisms as
reducing agents and/or capping agents was developed. This technique is a green synthesis but
biological reaction rate sometimes is slow resulting in the need of accelerators (Darroudi et
al., 2010).

Silver nanoparticles have beendeveloped and used in variousapplications, such as
medical, residential, and industrial applications (Abou EI-Nour et al., 2010; Arvizo et al.,
2012).For medical application, AgNPshave been applied for disinfection and therapeutics,
such as infected burn and wound reduction, medical device sterilization, tumor therapy, and
cardiovascular implant (Atiyeh et al., 2007; Tian et al., 2007; Chen and Schluesener, 2008;
Rai et al., 2009;Chaloupka et al., 2010; Arvizo et al., 2012). Silver nanoparticles are also
incorporated in daily life products, such as apparel, cosmetics, and plastics for antimicrobial
property (Benn and Westerhoff, 2008; Blaser et al., 2008; Chaudhry et al, 2008; Kokura et
al., 2010). Moreover, in industrial sector, AgNPs are used as sensors and a component in

biosensors (McFarland and Van Duyne, 2003; Ren et al., 2005; Zheng et al, 2008). The
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particles also begin to apply in water and wastewater treatments, such as for pesticide and
bacterial removals(Lv et al., 2009; Wu et al., 2010; Dankovich and Gray, 2011; Manimegalai
etal., 2011).

2.2 Silver nanoparticle fate and contamination

Silver nanoparticlesare new components in real practice; therefore, fate and
contamination of AgNPs are not well understood. The published information mostly is
estimated from computer models and detected from laboratory or pilot results (Blaser et al.,
2008; Benn and Westerhoff, 2008; Kaegi et al., 2010; Kim et al., 2010). Currently, there is no
complete mass balance of AgNPs in the environment.

Fate of AgNPsrelated to textiles and plastics from a study by Blaser et al. (2008) was
calculated. It was reported that the silver residuesfrom many countries in Asia, North
America, and Europe generally went to solid waste managementand retained in solid waste
landfill. The rest of silver residues(approximately 190-410 ton/yr) passed to WWTSs and
distributed to natural water and soil (Table 2). Otherwise, small portion of silver could be
released to the atmosphere viastack gas from solid waste incineration (Table 2). Based on the
silver flow mentioned above, the potential AgNP fate in the environment including the
engineered environmental treatment systems is presented in Figure 1.1t is noticed that after
passing the processes,AgNPs may change their form (Figure 1) (Nowack, 2010). Recently,
Kim et al. (2010) found nanosized silver sulfide particles(Ag,SP) in sludge from aAgNP-
contaminated wastewater treatment plant in USA. It was implied that AgNPs could change
their form to be Ag* and Ag.SP. Later,Kaegi et al. (2011) confirmed that most AgNPs
transformed to Ag,SPin the non-aerated wastewater treatment tank.This resulted in Ag,SPs
suspended in the treated effluent or sorbed on sludge.

Table 3 is a summary of silver contamination related to AgNPs from previous

works.Most studies reported the contamination in term of total silver due to quick and
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reversible transformation of silver species and limitation of detection method. Table 3 shows
that the silver contamination wasvaried. This caused by AgNP-incorporated technology used
in each product,wastewater collection and treatment systems, and wastewater compositions

(Benn and Westerhoff, 2008; Kim et al., 2010; Nowack, 2010; Hoque et al., 2012).

3. Silver nanoparticletoxicity and resistance
3.1 Toxicity and resistance mechanism

Numerous previous studies informed toxicity of AgNPs to microbial, plant, or animal
cells (Lok et al., 2006; Choi et al.; 2008; Damm et al., 2008; Marambio-Jones and Hoek,
2010; Guzman, 2012; Lapresta-Fernandez et al., 2012). The silver nanoparticles could
damage the cells by AgNPs themselves and Ag® and/or reactive oxygen species (ROS)
created by AgNP oxidation (Choi et al, 2008; Asharani et al., 2009; Marambio-Jones and
Hoek, 2010). These three species could: i) defectcell wall, membrane, andcomponents, ii)
inhibit cell metabolism,and iii) damage cell DNA. Generally, biological cells correlated to the
engineered environmental treatment systemsis microorganisms, especially bacteria.
Consequently, in this review, the mechanism of AgNP toxicity to microorganisms was
focuses.

Defection of cell wall, membrane, and components--Silver nanoparticles could attach on
cell membrane and penetrate into and damage the cells. This action varied based on microbial
species.Mostly, gram-positive bacteria had higher resistant to AgNPs compared to gram-
negative bacteria (Jung et al., 2008; Guzman, 2012). The previous results suggested that
gram-positive bacteria had thick peptidoglycan layer resulted in high tolerance of AgNP
toxicity(Jung et al., 2008; Guzman, 2012).

Silver (AgNPs and Ag") was likely to bind/attach to proteins containing sulphur at the

cell surface (Morones et al. 2005; Hwang et al., 2008).Another explanation was about
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electrostatic attractive force (Raffi et al. 2008; Dasari et al., 2010). The positively charged
particles could easily attach onto the microbial cells which normally are negative charge. The
particles were then interact to cell membrane and caused broken walls and membranes. Some
portion of cellular content disappeared thereafter (Smetana et al., 2008). Figure 2 presents an
example of the cell damage by AgNPs. The activated sludge after nitrification process in
presence of AgNPs (5 mg/L) was studied. The cell envelope obviously damaged and cellular
content released out.

Inhibition of cell metabolism and Damaging of DNA--Silver ions could interact with
enzymes involving respiration in the microbial cells (Marambio-Jones and Hoek, 2010;
Lapresta-Fernandez et al., 2012). Silver had high affinity to react with thiol group (-SH) of
respiratory proteins locating at the cell membrane (Durén et al., 2010; Marambio-Jones and
Hoek, 2010). Silver ionscould also inhibit ATP synthesis and phosphate uptakeand increase
DNA mutation. Futhermore, free radicals caused by ROS could damage membrane lipid
resulting in membrane collapse, protein malfunction, and DNA damage (Mendiset al., 2005;
Nel et al., 2006; Choi et al, 2008; Marambio-Jones and Hoek, 2010).

For AgNP resistance, like silvermicroparticles, silver ions, and other biocidal agents,
some microorganisms could tolerate some toxic substances naturally (Marambio-Jones and
Hoek, 2010). Most previous worksinvolving the AgNP-resistant strainsfocused on the use of
the strains for the AgNP biosynthesis (Parikh et al., 2008; Suresh et al., 2010; Saravanan et
al. 2011). The prior works emphasizing mechanism of silver resistance was on silver ion
(Gupta et al., 2001; Silver, 2003). The silver ion resistance was encoded in both chromosome
and plasmid genes, such as sil and agrgene series in Salmonella and Escherichia coli,
respectively (Gupta et al., 2001; Silver, 2003). These genes brought Ag* out by pumping H*

into the cellsresulting in Ag-resistant property.
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In overall, thus far, AgNP toxicity and resistance mechanisms mostly depended on the
mechanism of Ag+. Even though AgNPs were likely to dissolve in an aqueous solution, the
portion of Ag*was varied ranged from 0.1% to 70% (Lok et al., 2007; Choi et al., 2008; Liu
and Hurt, 2010; Sotiriou andPratsinis, 2010;Hou et al., 2012). Previous works reported less
Ag dissolution (0.1 to 4.0% of total Ag) found that AgNP toxicity was higher than that of
Ag’(Lok et al., 2007; Choi et al., 2008; Liu and Hurt, 2010; Hou et al., 2012).This indicated
that AgNPs themselves were also toxic to microorganisms. Contrarily, a few studies
presented that toxicity of AgNPs was from Ag+ only (Navarro et al., 2008; Sotiriou and
Pratsinis, 2010). The different results should be due to high Ag dissolution took place in the
cases leading to insignificant toxicity of AgNPs. Currently, directtoxicity mechanism of
AgNPs was proved only the cell surface damage by microscopic imaging.No publication on
the functional genes (or protein) involving in the direct AgNP toxicity and resistance
mechanismswas clearly proposed.The continued work on these mechanisms to
microorganisms should be conducted.

3.2 Toxicity influencing factors

Factors influencing toxicity could be divided into two main groups: i) AgNP properties
and ii) environmental conditions. Silver nanoparticle properties related to toxicity
includedphysical properties (size, shape, crystallinity, and surface charge)and chemical
properties (surface coating, elemental composition, and solubility)(Morones et al., 2005; Pal
et al. 2007; Choi and Hu, 2008; Somasundaran et al., 2010; Marambio-Jones and Hoek, 2010;
Lapresta-Fernandez et al., 2012). Environmental conditions, such as pH, ionic strength,
organic matters (OM), dissolved oxygen concentration (DO),and lightaffected the AgNP
toxicity (Dasari et al., 2010; Marambio-Jones and Hoek, 2010; Lapresta-Fernandez et al.,

2012). Table 4 presents the summary of the factors on AgNP toxicity.
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Based on the information from previous works, cytotoxicity caused by the above
factorshas been inconsistently presented. For example, earlier, Choi and Hu (2008) reported
that the AgNP sizes significantly affected toxicity level of nitrifying microorganisms. Later,
another study by Suresh et al. (2012) found that the sizes did not influence AgNP toxicity but
the particle surface (coating type) played an important role in the cytotoxicity.The
inconsistent results were due to the tested AgNPs and environmental conditions performed by
each research group were varied. In this context, it could state that toxicity mechanism and
toxicity influencing factors could be generally described as mentioned above but the

relatively exact prediction needs to estimate case by case.

4. Influence of AgNPs to engineered environmental treatment systems
4.1 Wastewater treatment systems

Based on fate of AgNPs shown in Figure 1, the engineered environmental treatment
systems include wastewater treatment and site remediation could be noticeably influenced by
AgNPs. General wastewater treatment comprisesphysical, chemical, and biological processes.

Physical processes--The physical processes normally apply for preliminary and primary
treatmentsto remove debris, grit, large particles, such as screening, sedimentation,
flocculation, and filtration. Since, as known, the physical processes are gravity and/or size
separation processes,the physical processesshould not be obviously disturbed by AgNPs
(small and light weight). Nevertheless, these processes may be able to remove some portion
of AgNPs sorbing on the large particles (Brar et al., 2010). The particles (mono-dispersed
particles or aggregates) could attach on general particles in the wastewater but opportunity of
aggregation and attachment depended on wastewater characteristics, such as alkalinity, NOM
concentration, and solids concentration (Huang and Wang, 2001).However, slight efficiency

(approximately 10%) of AgNP treatment by the physical process (simulated primary clarifier
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by jar test) was reported (Hou et al.,, 2012). This could imply that AgNPs should not
substantially affect the physical processes, and vice versa.

Chemical processes--The chemical processes involving chemical reactions, such
asadsorption, coagulation, ion exchange, precipitation target for reducing small particles or
dissolved solids. Silver nanoparticles could play a role in the chemical processes. Silver may
battle other particles (with similar surface charge) in the chemical processes resulting in
lower treatment efficiency.Figure 3 is a schematic diagram of potential reactions related to
AgNPs. Reactions including dissolution/oxidation, precipitation, sulfidation, complexation,
aggregation, attachment/adsorption, and sedimentation (physical process) may take place.
Silver nanoparticles could dissolve or oxidize and convert to Ag®. Along with the oxidation,
ROS may be created. These dissolution and oxidationare important processes which normally
occur in all WWTSs (Lok et al., 2007; Choi et al., 2008; Liu and Hurt, 2010; Hou et al.,
2012). The reaction may decrease amount of oxidizing agent (such as O, or H,0,) in the
systems.

Precipitation and sulfidation (precipitation by sulfide) are to form Ag insoluble species,
such as Ag,SP. It was reported that AgNPs directly and indirectly precipitated to Ag2SP
which is less toxicity and more stable (highly insoluble) compared to AgNPs as shown in
Figure 3 (Kim et al., 2010; Liu et al.,, 2011).These reactions depended on wastewater
characteristics, such as pH,DO, NOM concentration, and ionic strength. For sulfidation, even
though the reaction needs O, this chemical reaction well arises in the incompletely anaerobic
treatment systems (slight oxygen concentration). This is due to in aerobic environment
sulphur normally is in sulfate and sulfite forms (mainly sulfate) which were proved no
reaction to AgNPs while the sulfidation was also inhibitedin oxygen-absent condition (Liu et
al., 2011). Aggregation is AgNP self complexation which could lead to higher (or easier) Ag

sedimentation. Complexation and attachment/adsorption are to bind Ag species to solids,
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such as debris and biosolids. These reactions are important process to remove Ag from the
wastewater; however, Ag in biosolids could be toxic to microorganisms as mentioned in the
previous section (details on the effect to biosolidsin the WWTSs presented in later content).

In practice, AgNPs are likely to contaminate in environment at low concentration. The
AgNP concentrations in WWTS of 2-18 pg/L was estimated (Blaser et al, 2008).In this
context, AgNPs may not greatlyimpact the chemical processes. On the other hand, the
chemical processes could reduce or detoxify AgNPs contaminated the wastewater via
sulfidation,complexation and sorption.

Biological processes--The biological processes normally used for secondary or advanced
wastewater treatment. The processes are to remove organic, nutrient, and specific organic
compounds by microorganisms. Previously, it was reported that AgNPs in the contaminated
wastewater after passing a simulated first clarifier (physical process) were removed for only
10% (Hou et al., 2012). Therefore, microorganisms in the biological processes could be
noticeably influenced by AgNPs leading to lower performance of the treatment systems. The
examples of the affected systems were summarized in Table 5.1t is notice that the
environmental studies mostly applied AgNPs with spherical shape at average size of 5-30 nm
(Table 5). This is because the particles with this shape and sizes are likely to use in
commercial products. Hence, in the case of utilizedAgNPs are in other shapes, such as
triangular shape, the toxicity and influence should be higher than those of spherical AgNPs
(information of shape-dependent toxicity is reviewed earlier). Based on the information in
Table 5, the summary suggested that the biological processes could be either totally inhibited
or uninhibited. The results from each study obviously varied.

In aerobic biological process, autotrophs are responsible for nitrification while
heterotrophs are organic carbon oxidizers. Among the studies, it was found that trend of

AgNP effect to autotrophs and nitrificationactivitieswas higher than that of heterotrophs
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(Table 5). Unsurprisingly,nitrification is known as a sensitive process. This is because the
nitrifying microorganisms are slow growing and sensitive to environmental stresses, such as
temperature, DO, pH, and toxic substances. The nitrification inhibition could be due to
thedamage of cell surface and protein by AgNPs, Ag*,and ROS. Moreover, ammonia
monooxygenase and hydroxylamine oxidoreductasewhich were enzymes governing ammonia
oxidation, located in cell membrane and periplasm (Chain et al., 2003; Choi et al., 2008).
Therefore, AgNPs and Ag“not only damage the cell viability but also the nitrification process
performance.

In the aerobic heterotrophic process, the AgNP toxicity action on aerobic heterotrophs
was similar to autotrophs stated above. It was found either substantial or slight effects by
AgNPs (Choi et al., 2008; Liang et al., 2010; Garcia et al., 2012). This conflict results could
be from two reasons as follows. The first reason is the difference in tested environmental
conditions and cultures. For example, Choi et al. (2008) found the heterotrophic process
inhibition of 55% from the test with AgNPs of 1 mg/L while Garcia et al.(2012) reported
slight significant inhibition from the test with AgNPs of 0.17 mg/L. The tested concentrations
were much different (approximately 6 times). Additionally, the test with the low
concentration of AgNPs may be not over susceptibility of the microbial cultures leading to
stable wastewater treatment performance. Another reason is different interaction of AgNPs to
WWTSs. Numerous studies reported the difference of the AgNP dissolution or agglomeration
magnitudes as stated in previous section. For example, Wang et al. (2012) found the AgNP
sorption of 88% onto microbial sludge while Kiser et al. (2010) reported the
AgNPbiosorption of 97%. This couldresult in different biological performance. The more
sorption may cause the more toxicity to microbial cells and the less AgNP distribution in the
WWTS. Also, in the long term, this may cause the accumulation of AgNP in returned sludge

resulting lower wastewater treatment efficiency thereafter.



124

In the anaerobic heterotrophic process, theoretically, the AgNP toxicity action should be
similar to autotrophs and aerobic heterotrophs stated above. However, there was a report of
no to moderate effect of AgNP to the anaerobic WWTSs (Garcia et al., 2012; Yang et al.,
2012). This may be due to the occurrence of AgNP sulfidation resulting in lower
AgNPbioavailabity. A good illustration of this situation is the work by Yang et al. (2012).
The studied reported the stable anaerobic treatment and microbial community from the
experiment at the AgNP concentration of up to 40 mg/L.

For comparative study of suspended microbial cells and biofilm performance,
interestingly, the cells in biofilm form performed much better than the suspended microbial
cells in the test at AQNP concentration of 200 mg/L (Sheng and Liu, 2011). This is because of
a role of EPS and physical protection by the layer of the cells. The result suggested that the
microorganisms themselves have their own protection system. However, based on overall of
the AgNP effect to biological process, it could say that the biological process could be
severely affected by AgNPs. The exact biological wastewater treatment response mechanism
to AgNPs is still inconclusive. The continued work on the point is needed.

4.2 Environmental remediation systems

Environmental remediation systems involve pollutant detoxification in soil, groundwater,
surface water, and sediment. In general, the pollutants go to environment via direct
wastewater discharge, treated wastewaterdischarge, sludge, and runoff as shown in Figure 1.
The two main sources of AgNPs polluted in environment are the treated wastewater (to
surface water) and the sludge (to soil). As referred formerly, most AgNPs were probable to
sorb on sludge resulting in low AgNP concentrations in the treated effluent (Kiser et al.,
2010; Wang et al., 2012). It was estimated that only 10% of Ag would be in the treated
wastewater while 90% of Ag was in the sludge applying in soil later (Whiteley et al., 2011).

Therefore, in this case, soil and groundwater contamination and remediation should be more
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concerned.Table 5 presents previous studies on effect of AgNPs related to ERSs. Similar to
the wastewater treatment processes, general environmental remediation comprises physical,
chemical, and biological processes.Details of the processes andAgNP effect are follows.

Physicalprocesses--Physical processes for ERSsinclude the application of physical
techniques, such as in-situ grouting, soil washing, and air sparging/air stripping.The physical
processes are onlyphysical separation, such as the in-situ grouting is to restrict the pollutants
by cement wall or containment. Hence, the physical processes should not be
visiblyinfluenced by AgNPs. It is notice thatthe particles could physically attach tosoilon the
top soil layer (Bradford et al., 2009;Coutris et al., 2012).

Chemical processes--Chemical processes are the main remediation process in practice.
The processes involve the application of chemicals to immobilize or extract the pollutants off
the soil and groundwater. There are several techniques, such as pump and treat,surfactant
enhanced aquifer remediation (to use surfactant to increase pollutant solubility before
removal), chemical stabilization, and chemical oxidation.

In the environment, Ag may be in various forms. Silver has four oxidation states (0,+1,
+2, and +3) and can exist in the forms of silver oxide, silver nitrate, silver halides (Fluoride,
Chloride, Bromide), silver sulfate, silver thiosulfate complexes and silver sulfide also. But
Ag® and Ag* typically found in the environment (Purcell and Peters, 1998). In remediation
systems, Ag species distributing in the system should be rely on the species in sludge.
Silverspecies including AgNPs, Ag®*, and Ag,SPsare expected.All Ag species could then
respond to chemical processes.

All reactions which could occur in WWTSs, may take place in the remediation systems
(Figure 3). It was reported that the Ag species could sorb on soil (Ag fixation) but with
different degrees of sorption (Coutris et al., 2012). Silver sulfide particles are known about

their low toxicity and reactivity. Physical sorption of Ag,SPs was believed. Silver ions are
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possible to sorb quicker and higher than AgNPs. Hou et al. (2005) reported that 88% of Ag”
(at 3 mg/kg soil) was sorbed on the top soil (0-2 cm).It can say that the sorbed Ag is an
inactive (fixed) form. Therefore, among Ag®, AgNPs, and Ag,SPs,AgNPs(with the lowest
sorption) are possible to cause the most influence to the chemical process.

Thus far, there was no report on direct effect of AgNPs to the chemical process
performance. However, apparently, silver residues could respond the chemicals on chemical
processes. For example, AgNPs can be oxidized by H,O, used in the in-situ catalyzed
peroxide remediation resulting in lower remediation efficiency. However, factors associated
the level of influence, such as soil characteristics (organic content, soil composition, and pH)
and chemicals used in the systems are needed for consideration.

Biological processes--Biological processes are important processes for removing
contaminants in soil or groundwater by organisms (microorganisms called microbial
remediation and plants called phytoremediation). Normally, the processes are applied for
degrading organic compound to be less mobility or toxicity, such as carbon dioxide and
water.

Effect of AgNPs (and all other transformed species) to bioremediation process is similar
to that of WWTSs which were inconsistent as shown in Table 5 (Bradford et al., 2009;
Kumar et al., 2011). This mainly caused by different environmental conditions and microbial
community tolerance. The studied conditions with organic matter or salt-rich environments
are likely to lessen silver-biocidalability leading to lower effect on the bioremediation
performance (Bradford et al., 2009; Dasari et al., 2010). However, in the bioremediation
systems, the microbial community is more complex than one in the WWTSs. Whether some
microbial cultures are sensitive and could not survive in the Ag contaminated environment,
this may contribute to failure for entire of the ecosystems. For example, Kumar et al. (2011)

reported that in arctic soil, bacteria under order of Bacillales were growing better in presence
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of AgNPs butBradyrhizobium, a nitrogen-fixing species, was noticeably influenced. This

situation could cause the impact to nitrogen cycle at the arctic ecosystem.

5. Potential AgNP control alternatives

Silver nanoparticle contamination control strategy could be completed in two
incorporated ways: policies and technical alternatives. For policies, regulations,
environmental standards, or economic incentives could be set. In this review, the alternatives
in technical point of view are focused. The technical AgNP control alternatives have
consideredrecently. Table 6 is a summary of the control alternatives presented earlier. Based
on Table 6, natural/existing and modified/additional control techniques were proposed.

It can be seen that the AgNPcontrol alternatives could be divided into 2 main processes:
chemical and biological processes.Note that the physical processes(gravity separation) may
not be appropriate for AgNP removal except the case of AgNP macro-aggregates. For the
chemical processes, precipitation and sorption were proposed based on previous investigation
(Choi et al., 2009; Kim et al., 2010; Kiser et al., 2010; Elmachliy et al., 2011; Hou et al.,
2012; Liu et al., 2012; Wang et al., 2012). Precipitation by sulfide is to convert Ag* and
AgNPs to Ag,SP as referred in earlier section. Biosorption on biomass or plant was another
efficient chemical process to remove Ag species. Although these two techniques provide
efficient Ag species, there is a drawback needed to consider before real practice. Earlier, Ag
precipitation in anaerobic biological reactors was proposed (Liu et al., 2012). After
precipitation, Ag in solid forms (such as Ag.SP) will attach on sludge. Therefore, it could say
that AgNPs end up associated in biosludge for both control techniques. These techniques
could affect biological process performance after Ag accumulation for the long time. Also,

excess biosludge with contaminated Ag may cause the problem during land application later
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on. However, the additional precipitation or sorption tank before secondary treatment may be
better alternatives (Figure 4).

For the biological processes, Ag-detoxifying species, such as
Chromobacteriumviolaceumwere isolated for cell bioaugmentation(Duréan et al., 2010). Cell
bioaugmentation, addition of pollutant-detoxifying microorganisms, is one of the efficient
engineered environmental treatment techniques which could apply for both wastewater
treatment and environmental remediation (Siripattanakul and Khan, 2010).

Alternatively, cell entrapment technique may apply for this situation. The technique is to
immobilize microorganism in a porous polymeric matrix. The technique was successfully
applied for either removal of hazardous substances or minimization of hazardous substance-
cell contact (Cassidy et al., 1996; Siripattanakul et al., 2008; Siripattanakul-Ratpukdi, in
press). The technique may combine to bioaugmentation, called entrapped cell
bioaugmentation. The combined technique is an efficient and economical alternative because
the pollutant-detoxifying in the entrapped cell form can be reused. Figure 4 presents the
application of cell bioaugementation and cell entrapment for Ag control. Lastly,
phytoremediation could apply for nano-size Ag similar to traditional metal remediation(Bech

et al., 2002; Archer and Caldwell, 2004).

6. Conclusion and future perspectives

Silver nanoparticles have been developed to serve various applications. Also, influence
of AgNPs in the environment including the engineered environmental treatment systems has
been considered and studied lately. In conclusion, what can state here is inconclusive.
Numerous questions on AgNPsversus speciation, transport, and influence mechanism to
engineered environmental treatment systems arise. This is because a number of factors

involving in this issue. Thus far, the issue is critical because of its unpredictability.
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Silver nanoparticles enter WWTSs and remediation systems via wastewater and sludge,
respectively.Silver nanoparticles could dissolve and re-precipitate definitely. Silver in nano
sizes (ions and particles) spreads over and deposits in the engineered environmental treatment
systems. This circumstance could substantially influence the chemical and biological
processes. For the chemical processes, Ag species are able to lessen the process performance
by their substitution of chemical reaction components or as interference in chemical reaction.
In biological processes, a role of Ag toxicity to biological organisms in the systems is
considered. This affects biological process performance eventually. Up to now, potential
AgNP control techniques are not well proposed since Ag influence mechanisms are
limited.However, the chemical processes (precipitation and sorption) and biological
processes (cell bioaugmentation and cell entrapment) may be considered.

Further required works are listed below.

1) Fate of AgNPs in the engineered environmental treatment systems including AgNP
dissolution, Ag re-precipitation, AgNP aggregation and sorption, and interaction to
chemical processes

ii) Operating and environmental conditions affecting the systems in presence of AgNPs,
such as hydraulic retention time, solid retention time, substrate concentration,
biomass concentration, pH, and temperature

iii) Insight AgNP influence mechanism on microbial community and microbial response
(toxicity and resistance related to corresponded functional genes, enzymes, and

proteins)
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Table 1.

Method Method description

Examples

Physical approach

Evaporation/condens  Silver ion solution is vaporized into a carrier gas and then cooled for

ation nucleation and nanoparticle formation.

Irradiation Silver nanoparticles are produced by irradiating (laser, microwave, or
ionization) silver solution.The particle size could be controlled by variation

of irradiation time and laser power.

Lehtinen et al. (2004)
Baker et al. (2005)
Raffi et al. (2007)
Becker et al. (1998)
Mafuné et al. (2000)
Pyatenko et al. (2004)

Amendola et al. (2007)

Chemical approach

Chemical reduction  Silver ion in a solution is reduced by a reducing agent (such as
borohydride, citrate, poly (vinylpyrolidone), and poly (ethylene glycol))
and formed silver atom (AgP). The silver atoms agglomerate and become
particles. Also, a capping agent (such as surfactant) might be used to

stabilize AgNPs.

Bokshits et al. (2004)
He et al. (2004)
Wang et al. (2005)

Hsu and Wu (2007)
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Electrochemical A silver anode is electrochemically dissolved in a solvent. The silver Rodriguez-Sanchez et al.
reduction nanoparticles are then separated from the solvent. (2000)
Yin et al. (2003)
Murray et al. (2005)
‘Photochemical Silver ion in a solution is reduced by a reducing agent and then irradiated to  Pietrobon andKitaev

reduction form silver nanoparticles. (2008)

Maretti et al. (2009)

Biological approach  The method is biochemical reduction. It is similar to chemical reduction Sharma et al. (2009)

method but use extracts from organisms (microorganisms and plants) as Darroudi et al.(2010)
reducing agents and/or capping agents. The well-known biological extracts Marambio-Jones and Hoek

used for AgNP synthesis are proteins, amino acids, and polysaccharides. (2010)




Table 2.
Amount of silver
Environmental medium

ton/yr %
WWTSs 190-410 100.00
Natural receiving water (from treated wastewater) 20-130 11.53-31.70
Soil (from wastewater treatment sludge for agricultural purpose) 80-190 42.10-46.34
Atmosphere (from solid waste incineration smoke) 8-17 4.06-4.21

Remark: silver entered solid waste landfill is neglect
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Table 3.

Study description Silver detected Contaminated concentration Location Reference
form

Silver released from nanoparticles Total Ag (model)  Predicted silver concentrations in WWTS and Switzerland Blaser et al.

incorporated into textiles and plastics sludge were 2-18 ug/L and 7-39 mg/kg, (2008)

and risk freshwater ecosystems were respectively. The silver concentrations in Rhine

determined. river were estimated at up to148 ng/L.

“Quantities of AgNPs released into ~ AgNP (model) ~ Predicted AgNP concentrations in air, water, and ~ Switzerland ~ Mullerand
environment and their risk were soil ranged 0.002-0.004 pg/m®, 0.03-0.08 pg/L, Nowack (2008)
modelled. 0.02-0.1 pg/kg, respectively.

Probabilistic material flow analysis ~ AgNP (model)  Predicted AgNP concentrations in soil, sludge Europe, USA,  Gottschalk etal.
was used to model AgNP treated soil, surface water, WWTS effluent, and (2009)
concentrations in environment. WWTS sludge, sediment, and air in Europe were  Switzerland

22.7 ng/kglyr, 1,581 ng/kg/yr, 0.8 ng/L, 42.5 ng/L,

1.7 mg/kg, 952 ng/kg/yr, and 0.008 ng/m®,
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~respectively.
Predicted AgNP concentrations in soil, sludge
treated soil, surface water, WWTS effluent,
WWTS sludge, sediment, and air in USA were 8.3
ng/kglyr, 662 ng/kg/yr, 0.1 ng/L, 21 ng/L, 1.6
mg/kg, 195 ng/kg/yr, and 0.002 ng/m®,
respectively.
Predicted AgNP concentrations in soil, surface
water, WWTS effluent, WWTS sludge, sediment,
and air in Switzerland were 11.2 ng/kg/yr, 0.7
ng/L, 38.7 ng/L, 1.9 mg/kg, 1,203 ng/kg/yr, and
0.021 ng/m?®, respectively.
'Release of AgNPs from paintsused ~ Total Ag Silver nanoparticles could leach atthe Switzerland ~ Kaegietal.

for outdoor applications via rain was concentration of up to 145 pg-Ag/L during the (2010)

investigated. initial runoff event.



“Predicted AgNP concentrations
releasing from cosmetic-based nano-
products to environment were
predicted and used for risk
assessment.

Silver nanoparticle analysis by an Dissolved silver
inductively coupled plasma—mass (dAg) and AgNP
spectrometry, operated in a single-

particle counting mode technique was

developed. Influent and effluent

samples from a wastewater treatment

in Boulder, CO, USA were detected

for AgNP concentrations.

~ AgNP (model)

Silver nanoparticles released into wastewater were  Johannesburg,

7.8-306.6 kg/annum while AgNPs in WWTSs
were 6.2-184.2 kg/annum. Silver nanoparticles of
2.8-183.2 kg/annum were released into aquatic
systems. The predicted AgNP concentration in
aquatic ecosystem were 0.003 to 0.619 pg/L.

In influent, dAg of 520 ng/L and AgNPs of 200
ng/L were detected while dAg of 60 ng/L and USA
AgNPs of 100 ng/L were measured in the final

effluent.

South Africa
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Musee et al.

(2010)

Boulder, CO,

Mitrano et al.

(2011)



150

“Novel detection method for AgNPs ~ AgNP ~ The concentration and size of AgNPsinthe ~ Ontario, =~ Hoqueetal.
was developed. The influent from a wastewater treatment in Canada (2012)
AgNPconcentratons in surface water Peterborough, Ontario, Canada were 1.90 ng/mL
and influent of a wastewater treatment and 9.3 nm, reespectively. Surface water samples
plant were detected. collected from Plastic Lake, Chemong Lake, and

Otonabee River in central Ontario, Canada did not

detect AgNPs at detection limit of 0.8 ng/mL.
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Factor

Description

Examples

Silver nanoparticle properties

Physical properties

(size, shape, and surface)

AgNPs synthesized todifferent shapes (such as truncated triangular, spherical,
and rod-shapes) had different active facets. Silver nanoparticles with a {111}
lattice plane as the basal plane (like truncated triangular shape) showed the
highest biocidal property compared to others. For size, it is obvious that the
particles at smaller size had higher surface area resulting in higher biocidal
activities. Futhermore, the AgNP surface physical properties including surface
charge, surface curvature, crystallinity, porosity, heterogeneity, and roughness

influenced toxicity but degree of toxicity was varied.

Pal et al. (2007)

Carlson et al. (2008)

Choi and Hu (2008)
Somasundaran et al. (2010)

El Badawy et al. (2011)

Chemical properties
(surface coating, elemental

composition, and stability)

Among various AgNP synthesis methods, several reducing and capping agents
and synthesis techniques were applied and resulted in different particle surface
properties. These properties significantly affected the microbial cell surface and
membrane causing cell death or malfunction. Moreover, the factors also

influenced AgNP stability; the more particle stability (less aggregation) leaded

Kvitek et al. (2008)
El Badawy et al. (2011)

Suresh et al. (2012)




to the more toxicity.

Environmental conditions

Environmental conditions, such as pH, light,ionic strength, salinity, OM, and
DO affected the AgNP toxicity. The pH close to the isoelectric pointand OM
(including natural OM and exopolymeric substances (EPS) released during cell
lysis) could stimulate AgNPaggregation resulting in lower toxicity. For DO and
light, these parameters promoted ROS attributing to higher AgNP toxicity.
Natural chemicals related to ionic strength and salinity (such as cysteine ligands
and chloride) influence both AgNP dissolution and re-precipitation. Therefore,

these factors could either promote or decrease the AgNP toxicity.

Lok et al. (2007)
Choi and Hu (2008)
Choi et al. (2009)
Gao et al. (2009)
Nel et al. (2009)
Dasari et al (2010)

Lushchak (2011)
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Table 5.

System description Effect on system performance and microbial community Reference

Wastewater treatment systems

The inhibitory effect by AgNPs at concentration e  Growth of autotrophic nitrifying organisms (86%) was inhibited more Choi et al. (2008)
of 1 mg/L on theautotrophic and heterotrophic than that of heterotrophic Escherichia coli PHL628-gfp (55%).EPS was

growth was determined in bench scale. The observed. AgNPs attached to cell surface might cause the damage on cell

commercial AgNPs at 14 nm were applied but the membrane.

measured size of AgNPs was approximately 200

nm because of their aggregation.

The study was to determine inhibition of nitrifying e  Sizes of AgNPs played an important to nitrifying organism growth Choi and Hu (2008)
organism growth by AgNPs at different sizes (9- inhibition. The effective concentration of AgNPs causing 50% inhibition
21 nm)in bench scale. (ECsp) was 0.14 mg/L. The intracellular ROS generation by AgNPs was

observed and likely to influence inhibition of the cell growth.
The research was to study the impact of ligands ¢ Nitrification inhibition of 100% occurred at AgNPs of 1 mg/L. Sulfide Choi et al. (2009)
(CI', SO,2, PO, EDTA™, and S) on AgNP(at effectively reduced AgNP toxicity (by 80%).

average size of 6-24 nm) toxicity to nitrification. e Ammonia-oxidizing microorganisms (related to ammonia



monooxygenase enzyme) were more sensitive than nitrite-oxidizing

microorganisms.
“Planktonic and biofilm activitiesfrom AgNP (at e Biofilms were four-time higher resistance to AgNPs comparedto ~ Choi etal. (2010)
average size of 15-21 nm) contaminated planktonic cells.
wastewater treatment were determined. ¢ Silver ion was more toxic to E. coli because AgNPs were aggregated and

resulted in lower toxicity.
Sorption of AgNPs (at average size of 13 nm) onto e  Sorption of AgNPs on HIV-1 virus(39% removal) should cause ~ Kiseretal. (2010)
activated sludge was studied. bybinding ofAgNPs and glycoprotein from the virallipid
membrane.Sorption, aggregation, and sedimentation promoted AgNP

removal of 97% in total.

The inhibitory effectfrom shock loading of AgNPs

Silver nanoparticles and Ag+ (total Ag of 1 mg/L) inhibited nitrification ~ Liang et al. (2010)
(at average size of 1-29 nm and concentration of 1 for 41.4% and 13.5%, respectively.

mg/L) to autotrophs and heterotrophswas e Silver significantly affected nitrifying microorganisms (both ammonia

evaluated. and nitrite-oxidizing microorganisms) resulting in lower nitrification

performance while heterotrophs could resist in the Ag-contaminated

wastewater and maintain organic removal performance.



Effect of AgNPs on biofilm and planktonic pure e  Biofilm well grew in the contaminated wastewater which was promoted ~ Sheng and Liu

culture in wastewater treatment was performed. by EPS. (2011)
The study was conducted at AGNPs of 200mg- e In comparison to planktonic pure culture, biofilm microbial community
Ag/Land average size of <5 nm. was much more tolerant. Among bacteria in biofilm, Thiotrichalesis more

sensitive to AgNPs than others.

Effect of AgNPs on activated sludge process was e  Silver nanoparticles did not present effecton WWTS performance. Also, ~ Wang et al. (2012)
studied. Sequencing batch reactors were operated AgNPs of 88% was removed during the treatment. The result revealed

under sludge retention time, AgNP loadings and that AgNPsshould accumulate in biomass rather than treated effluent.

biomass concentrations of 6 d, 0.5-1.5 mg/L, and

1,500-2,500 mg/L, respectively similar to a

WWTS in Arizona, USA.
 The work determined effect of AgNPs on aerobic e  Silver nanoparticles caused biogas production inhibition of 33 to 50% and ~ Garcia etal. (2012)
and anaerobic wastewater treatment. The study a slight inhibition in aerobic heterotrophic treatment andnitrification.

was conducted at AgNPs of 0.17 mg /L and

average size of 30 nm.

Fate and impact of AgNPs (0.1-1.0 mg/L) e Silver nanoparticles of 90% remained in the wastewater after simulated Hou et al. (2012)



insimulated wastewater treatment processes were primary clarification. In sequencing batch reactor processes, AgNPs
determined. werecompletely removed. Removal of COD remained stable while
reduction of NH,4 was inhibited in early period and then fully recovered in

later period of the experiment.

Impact of AgNPs on anaerobic glucose e There was nosignificant difference in biogas and methane production Yang etal. (2012)
degradation and sludge digestion was performed. between the sludge treated withAgNPs at the concentrations up to 40 mg-
The study was conducted at AgNPs of 40 mg /L Ag/L.In treated wastewater, more than 90% of AgNPs was removed into
and average size of 21 nm. sludge. Almost no silver ions were released from AgNPs under the tested
conditions.

e The microbial community which Methanosaeta and Methanomicrobiales

were dominant remained unchanged.

Environmental remediation systems

Effects of AgNPs on naturalbacterial community e It was found that AgNPs accumulated in the surface layer of the sediment Bradford et al.
in estuarine environment were studied. The study (approximately 3 mm from top). (2009)
was conducted at AgNPs of 0-1 mg/L and average e  No or little significant AGNP impacts on the prokaryotic abundance were

size of <100 nm. detected. Possible reasons for inactive (non-toxic) AgNPs could be due to
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environmental factors, especially chloride ions in estuarywater. This
could affect the chemistry and behavior of AgNPs.

The effect of humic acid (HA) on the AgNP e Inriver water, AgNPs were reduced to Ag” up to 33% but HA could bind Dasari et al.

cytotoxicity to aquatic bacterial community was Ag" and reduce Ag" toxicity. (2010)

studied.The study was conducted at AQNPs of 0- e  Concentrations of AgNP, types of HA, and light influenced the

5uM and average size of 15-25 nm and HA of 0- cytotoxicity.
40 ppm

“The influence of AgNPs on arctic soil microbial e  Silver nanoparticles significantly reduced the recovery of 16S sequences | Kumaretal.
Diversity was investigated. The study was (13-70%) in orders of Solirubrobacterales, Actinomycetales, Rhizobiales, (2011)

conducted at AgNP average size of 20 nm. Acidobacteriales and Clostridiales.Bacillales relatively increased in

number. This may be because Bacillales are spore-formers which are well
survived under extreme conditions. Moreover, nitrogen-fixing
Bradyrhizobium species found to be susceptible to AgNPs may impact to
biogeochemical cycles and arctic ecosystem.

The work was to assessthe colloidal stability and e  Silver nanoparticles partially agglomerated in the pond water. Degree of Chinnapongse et

agglomeration of AgNPs in aquatic ecosystem. agglomeration and sedimentation depended on water hardness orsalinity al. (2011)



The study was conducted at AgNP average size of (high agglomeration at high hardness or salinity)
20 nm. e It was also found that NOM promoted colloidal stabilization.
The study was to compare soil-binding behaviorof e~ All types of silver were more mobile in themineral soil thaninthe ~ Coutris etal. (2012) -
silver nitrate,citrate-stabilized Ag NPs (5 nm) and organic soil. Silver nitrate and citrate-stabilized Ag NPs wererapidly
uncoated Ag NPs (19 nm) in two soils (organic immobilized in soil (low bioaccessibility) while the uncoated

and mineral soils). AgNPbioaccessibilityincreased over time.
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Control technique

Reference

Natural / existing control techniques

Transformation of AgNPs to Ag,SP which less toxicity and more stable by anaerobic wastewater
treatment systems withsulphur-rich environments

Sorption on biomass during biological treatment process

Kim et al. (2010)

Hou et al. (2012)

Wang et al. (2012)

Modified/additional control techniques

Addition of sulfide to form Ag,SP which less toxic and stable in an aqueous solution

Isolation of Ag-detoxifying species, such as Chromobacteriumviolaceumto augment in contaminated

wastewater or soil.

Sorption on biomass in biological treatment process

Microwave radiation and plant biosorption as an additional (advanced) treatment

Choi et al. (2009)
Liu etal. (2012)

Duréan et al. (2010)

Kiser et al. (2010)
Khan et al. (2012)

Elmachliy et al. (2011)
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