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Abstract

BACKGROUND: Under scarcity of freshwater, the reuse and low-cost technological solutions applied to wastewaters seek to
reduce contamination to the users and freshwater biota.

RESULTS: A low-cost cellulose membrane was doped with silver nanoparticles to lter urban wastewater (UW) from a city in

Argentina. The total amount of coliforms and in the lter decreased by 99.6% and 99.9%, respectively. The leakEscherichia coli 

of silver from the lter was 275 ng L
−1, analyzed by square wave anodic stripping voltammetry. Silver nanoparticles tested on

HepG2 and A549 mammalian cell lines showed no toxicity in a broad concentration range. Calculation of the organic matter
provided by dead bacteria post- ltration was 347 ∼g L −1 proteins, 148 ∼g L−1 nucleic acids, 57 ∼g L−1 lipids, and 53 ∼g L−1

polysaccharides, indicating high availability of organicmatter. The retention of inorganic salts in the lter was 78.5%ammonia,

6.2%nitrates, 97.6%nitrites, and 19.2%phosphates. In post- lteredUW, the germination test showed early seed Lactuca sativa
germination between 90% and 95% in all the dilutions tested. In the range of 6.25% to 50.0%, ltered UW showed no signi - 

cant differences in the hypocotyl but the differencewas signi cant in the radicle length (mm) compared to the control made of

synthetic media ( 0.05).P <

CONCLUSION: The development of a low-cost lter based on cellulose membranes doped with silver nanoparticles allowed the

reuse of wastewater for domestic purposes and garden irrigation.
© 2021 Society of Chemical Industry (SCI).
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INTRODUCTION
Fr e sh wat e r scar cit y is amon g t h e g r e at e st e n vir on me n t al pr ob-

le ms cur r e n t ly be in g f ace d wor ldwide . It h as be e n pr e dict e d t h at

t h e n umbe r of pe ople livin g wit h limit e d wat e r acce ss will

in cr e ase t o 3.5 billion by 2025. Dome st ic r e claime d wat e r is an

opt ion t h at is be in g st udie d an d in cr e asin g ly adopt e d in ar e as

wit h wat e r sh or t ag e s, ar id r e g ion s, or f ar away f r om cit ie s. 1 Nove l

st r at e g ie s must be de ve lope d t o de al wit h t h is pr oble m, an d

wast e wat e r r e use is t h oug h t t o play a k e y r ole , e spe cially in pe r i-

ur ban , se mir ur al, or r ur al ar e as wh e r e mun icipal se wag e sy st e ms

an d t ap wat e r ar e n ot available , an d in de ve lopin g coun t r ie s

wh e r e ce n t r al se r vice s h ave y e t t o r e ach most of t h e populat ion . 2

Fin ally , small un it s f or r e cy clin g wat e r could be use d f or dome st ic

pur pose s an d g ar de n in g . Re usin g wat e r is n ot t h e on ly opt ion t o

balan ce supply an d de man d, but in man y case s, it is also a cost -

e f f e ct ive solut ion . Ur ban an d dome st ic wast e wat e r s usually con -

t ain a h ig h bact e r ial con ce n t r at ion t h at sh ould be dimin ish e d

be f or e t h e wat e r can be discar de d in t o t h e e n vir on me n t or r e use d

f or dif f e r e n t pur pose s. Accor din g t o t h e Wor ld He alt h Or g an iza-

t ion (WHO) g uide lin e s, t h e n umbe r of t ot al colif or ms e mploy e d

f or cr op ir r ig at ion (in cludin g t h ose e xpe ct e d t o be e at e n r aw

an d t h ose use d in public par k s or spor t s e lds) must be lowe r t h an

1000 pe r 100 mL . 3
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In r e ce n t y e ar s, t h e n e e d t o de ve lop e f cie n t an d e con omically

con ve n ie n t me t h ods f or t h e r e me diat ion an d r e use of ur ban an d

h ouse h old wast e wat e r s h as mot ivat e d t h e st udy of n e w t e ch n ol-

og ie s. For t h is pur pose , cur r e n t wast e wat e r t e ch n olog ie s r e quir e

e it h e r t h e de ve lopme n t of se ve r al st e ps in ar t i cial pon ds t o st abi-

lize an d de g r ade micr obe s an d vir use s or t h e use of comple x sy s-

t e ms t h at n e e d t o be supe r vise d, main t ain e d, an d ar e t ime -

con sumin g . Some wast e wat e r t r e at me n t s con t ain ch e mical disin -

f e ct an t s (such as ch lor in e or UV lig h t s) an d r e quir e st r on g ae r at ion

by micr o- an d n an obubble sy st e ms, in addit ion t o ope n de can t e r

t an k s an d man y lt r at ion un it s. Classical appr oach e s ar e base d on

me mbr an e t e ch n olog y , such as ult r a lt r at ion an d in ve r se osmo-

sis. 4 Howe ve r , t h e se t e ch n olog ie s ar e par t icular ly e xpe n sive f or

dome st ic applicat ion s or in t e n sive use an d t h e y r e quir e f ur t h e r

t r e at me n t of t h e wat e r be f or e disposal be cause of t h e h ig h n um-

be r of micr obe s an d vir use s. A cr it ical an d compr e h e n sive r e vie w

of e me r g in g t r e n ds in sust ain able me mbr an e -base d wast e wat e r

t r e at me n t was publish e d e lse wh e r e . 5

Th e biocidal act ivit y of silve r h as be e n de scr ibe d sin ce t h e

be g in n in g of h uman socie t y . Mor e r e ce n t ly , t h e sy n t h e sis of silve r

n an opar t icle s (Ag NPs) h as ope n e d a n e w spe ct r um of applica-

t ion s in man y t h e r ape ut ic an d san it izin g de vice s be cause of t h e ir

h ig h an t imicr obial an d vir ucidal act ivit y . 6 Re ce n t ly , Ag NPs h ave

be e n use d f or wat e r t r e at me n t in suspe n sion , wit h t h e disadvan -

t ag e of t h e pot e n t it al silve r r e le ase t o t h e e n vir on me n t alon g wit h

t h e t r e at me n t . 7 An ot h e r st r at e g y was t o immobilize Ag NPs in

in or g an ic suppor t s, such as g r aph e n e 8 or poly e le ct r oly t e s cr oss-

lin k e d wit h g lut ar alde h y de . 9

Ce llulose an d it s de r ivat ive s ar e be in g use d f or dif f e r e n t t e ch n o-

log ical pur pose s, in cludin g n an o be r s, n an ocr y st als, an d me m-

br an e lt e r s of dif f e r e n t t y pe s.
1 0 Th e main advan t ag e s of

ce llulose de vice s ar e t h e lack of t oxicit y , e ase of scale -up, low cost ,

an d biode g r adabilit y .

Th e t oxicit y of wast e wat e r is main ly e valuat e d by acut e an d

ch r on ic bioassay s t h r oug h alg ae , h ig h e r plan t s, an d aquat ic in ve r -

t e br at e s as se n t in e ls. Micr oalg ae ar e un ice llular or g an isms an d

k e y compon e n t s as pr imar y pr oduce r s of aquat ic f ood we b st r uc-

t ur e an d f un ct ion alit y , so t h e ir damag e may impact t h e e n t ir e e co-

sy st e m. is a me mbe r of e uk ar y ot ic g r e e nC hlo rella vu lg a ris

micr oalg ae t h at mult iplie s ase xually wit h in 24 h . It is also

e xt r e me ly se n sit ive t o ch an g e s in it s e n vir on me n t , allowin g t h e

e valuat ion of t oxic e f f e ct s of pollut an t s ove r se ve r al g e n e r at ion s.

C . vu lg a ris is wide ly use d as a mode l aquat ic or g an ism f or t oxic

st udie s, t o e valuat e t e ch n olog ical pr oce sse s, an d in r e g ulat or y

t e st s.1 1

Th e advan t ag e s of cladoce r an s in t oxicolog ical assay s ar e par -

t h e n og e n e t ic r e pr oduct ion wit h out g e n e t ic modi cat ion s, sh or t

lif e cy cle , e ase of cult ivat ion un de r labor at or y con dit ion s, an d

h ig h se n sit ivit y t o t oxic subst an ce s. For t h e se r e ason s, t op r e g ula-

t or y ag e n cie s an d in t e r n at ion al or g an izat ion s de ve lope d

st an dar d t oxicolog ical me t h ods base d on cladoce r an s. Th e cla-

doce r an h as be e n use d e xt e n sive ly in aquat icC erio d a p hnia d u b ia

t oxicit y t e st s f or de cade s. 1 2

Th e pr e se n t wor k aime d t o de ve lop a ce llulose lt e r dope d wit h

silve r n an opar t icle s f or t h e t r e at me n t of ur ban wast e wat e r

(UW) e f ue n t t o be use d at a dome st ic scale f or g ar de n in g or

h ouse h old applicat ion s, in t e n sive use in san it ar y un it s, e t c. Ag NPs

we r e sy n t h e size d, an d t h e ir t oxicit y was t e st e d on mammalian ce ll

cult ur e s. Th e UW e f ue n t was ph y sicoch e mically ch ar act e r ize d by

pH, salin it y , con duct ivit y , dissolve d oxy g e n , t ot al an d dissolve d

suspe n de d solids; t h e amoun t of silve r in t h e lt e r e d UW sample

an d t h e ammon ium, n it r at e s, n it r it e s, an d ph osph at e s of t h e

e f ue n t we r e also de t e r min e d. Th e Ag - lt e r biocidal act ivit y was 

e valuat e d on t ot al colif or ms, an d an d biomole cule s r e le ase dE . co li

t o t h e me dium we r e e st imat e d. Post - lt e r e d UW sample s we r e  

st udie d f or t oxicit y usin g f r e sh wat e r biolog ical mode ls

(i.e ., an d ), an d was use d t o an a-C . vu lg a ris C . d u b ia L a ctu ca sa tiva

ly ze e ar ly se e d g e r min at ion an d g r owt h .

MATERIALS AND METHODS
Reagents and media

Silver nitrate (99.9%), polyvinylpyrrolidone (PVP, MW ≈ 40 kDa,

BiNO3, and MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium

bromide) were purchased from Sigma Chemical Co. (St. Louis, MO,

USA). All other chemicals, media, and reagents were of analytical

grade from Merck, Oxoid, Gibco, or similar and used without further

puri cation. A buffer composed of 100 mM NaCl and 100 mM acetic

acid/acetate (pH = 4.0) was u tilized i n the electr ochemical

measurements.

Wastewater sampling

Ur ban wast e wat e r sample s we r e colle ct e d f r om t h e wast e wat e r

t r e at me n t plan t locat e d in San Just o cit y , San t a Fe pr ovin ce ,

Ar g e n t in a (30 78° 0 9300 S, 60 62° 0 0900 W). Th e samplin g was pe r -

f or me d f r om a se con dar y f acult at ive lag oon of UW t r e at me n t t h at

is 50 m wide , 100 m lon g , an d 2.20 m de e p. A 20 L sample was

t ak e n in t wo 10 L dr ums f r om t h e out le t of t h e lag oon . Th e sam-

plin g was car r ie d out at t h e man h ole about 5 cm un de r t h e lag oon

sur f ace . On e 10 L sample was use d f or lt r at ion an d micr obiolog -

ical an aly sis, ce ll t oxicit y t e st s, an d g r owt h . Th e ot h e rL . sa tiva

in t act 10 L sample was k e pt at 4 C f or f ur t h e r an aly sis in volvin g° 

ph y sicoch e mical ch ar act e r izat ion , t h e ch e mical composit ion of

maj or compon e n t s, an d micr obiolog ical an aly sis of t h e e f ue n t .

All assay s we r e pe r f or me d in t r iplicat e on e ach sample .

Ef uent physicochemical characterization

Te mpe r at ur e , pH, salin it y (n g L−1), con duct ivit y (S cm−1 ), dis-

solve d oxy g e n (DO, mg L−1 ), t ot al suspe n de d solids (TSS,

mg cm−1), an d t ot al dissolve d solids (TDS, mg L−1) we r e me a-

sur e d wit h a YSI Pr of e ssion al Plus, 6050000 wat e r qualit y mult i-

par ame t e r in st r ume n t (Oh io, USA).

Determination of and total coliformsEscherichia coli

Th e micr obial quan t i cat ion of t ot al colif or ms an d was pe r - E . co li

f or me d by t h e most pr obable n umbe r (MPN), as out lin e d in St an -

dar d Me t h ods.1 3 Br ie y , sample s in oculat e d in laur y l t r y pt ose

(L ST) br ot h me dium we r e dilut e d 100- an d 1000-f old f or MPN in

 ve t e st t ube s an d in cubate d at 35 C f or 24 48 h . A posit ive r e sult° –

was in dicat e d by t h e pr e se n ce of acid an d g as pr oduct ion in t h e

Dur h am t ube . was quan t i e d in L ST supple me nt e d wit hE . co li 

t h e uor og e n ic subst r at e 4-me t hy lumbe llif e r y l-ß-D-g lucur on ide

(MUG) in cubat e d at 35 C f or 18 24 h .° –

1 3

Culture conditions and toxicity test with Chlorella vulgaris

C hlo rella vu lg a ris CL V 2 (BCN, Mx.) was cult ivat e d in 2 L Er le n me y e r

 ask s un de r st e r ile con dit ion s usin g Bold´ s Basal Me dium (BBM),

8000 lx/lx, an d 100 r pm at 23 ± 1 C.°
1 4 Th e alg al g r owt h in h ibit ion

t e st was pe r f or me d as r e comme n de d by OECD.1 5 Th e e xpe r i-

me n t s we r e car r ie d out wit h 10 4 ce lls/mL . Five UW dilut ion s

(6.2%, 12.5%, 25.0%, 50.0%, an d 100.0%) plus a n e g at ive con t r ol

we r e e valuat e d in t r iplicat e . Th r e e r e plicat e s of 100 L pe r sample

we r e coun t e d in t h e Ne ubaue r ch ambe r at 24, 48, an d 72 h . In all

in st an ce s, at le ast 25 squar e s we r e coun t e d t o e n sur e e r r or s lowe r
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t h an 10%. 1 4 Th e con side r e d e n dpoin t s we r e t h e ce ll de n sit y an d

alg al g r owt h in h ibit ion (pe r ce n t ag e of in h ibit ion , 1%), e st imat e d

accor din g t o OECD. 1 5

Culture conditions and toxicity test with Ceriodaphnia
dubia

C erio d a p hnia d u b ia was colle ct e d f r om t h e Par an a Rive r alluvial

valle y an d in dividually main t ain e d wit h 30 mL of sy n t h e t ic

me dium in g lass be ak e r s. An imals we r e f e d t h r e e t ime s a we e k

wit h a dr op of alg al suspe n sion ( ,Scened esmu s o b liq u u s

A 6 5 0 = <1.5) f or e ach cult ur e ch ambe r . Twe n t y n e on at e s ( 24 h )

of we r e divide d in t o ve g r oups of in dividuals f or e achC . d u b ia 

t r e at me n t an d n e g at ive con t r ol (wit h out e f ue n t ). Th e t e st or g an -

isms we r e e xpose d t o ve UW dilut ion s: 6.2%, 12.5%, 25.0%,

50.0%, an d 100.0%. Re sult s we r e con side r e d acce pt able wh e n

mor t alit y in t h e con t r ol g r oup was lowe r t h an 10% at 48 h .

Nanoparticle synthesis

Silve r n an opar t icle s we r e sy n t h e size d by a ch e mical r e duct ion

me t h od usin g PV P in t h e pr e se n ce of NaOH, as pr e viously

r e por t e d. 1 6

Mammalian cell lines and culture conditions, cell viability,
and proliferation

Human h e pat oma (He pG2) (ATCC HB-8065 ) an d h uman alve o-® ™

lar ade n ocar cin oma (A549) (ATCC CCL -185) ce lls we r e cult ur e d as

pr e viously r e por t e d. 1 7 Af t e r con ue n ce , ce lls we r e in cubat e d in

DMEN supple me n t e d wit h dif f e r e n t con ce n t r at ion s of Ag NPs,

an d lat e r , t h e cy t ot oxic e f f e ct was de t e r min e d wit h MTT. Th e

r e sult s we r e e xpr e sse d as a pe r ce n t ag e of ce ll viabilit y compar e d

t o t h e con t r ol wit h out Ag NPs.

Filter device and ltration

Th e 412 mL lt e r was made of ce llulose (por e diame t e r 10 m) < 

coat e d wit h ph e n olic an d poly ur e t h an e r e sin s an d was imme r se d

in 500 mL Ag NPs at 25 C wit h st ir r in g f or 4 h . L at e r , t h e lt e r was° 

dr ie d at r oom t e mpe r at ur e f or 24 h an d wash e d 10 t ime s wit h

Milli-Q wat e r be f or e use . Th r e e UW e f ue n t s of 3-l subsample s

we r e lt e r e d an d k e pt at 4 C f or f ur t h e r an aly sis. °

Quanti cation of Ag(I) by SWASV

Th e e le ct r oche mical de t e r min at ion s of Ag (I) we r e pe r f or me d wit h

a volt amme t r ic an aly ze r Epsilon BAS, Bioan aly t ical Sy st e ms In c.

(We st L af ay e t t e , IN, USA). Th e me t h od is base d on Ag (I) de t e ct ion

on SPE modi e d wit h bismut h lm (BiFE) by SWASV . BiFE was 

plat e d by de posit ion of a dr op con t ain in g 0.1in situ g L
−1

of

Bi(III) an d t h e Ag (I) solut ion in wor k ing buf f e r , as pr eviously

r e por t ed. 1 8 Tr iplicat e s of t h e e f ue nt we r e t e st e d f or t h e pr e se n ce

of silve r ion s (Ag (I)) be f or e an d af t e r lt rat ion .

Lactuca sativa assays

Th e post - lt e r e d UW sample s we r e dilut e d in se r ial con ce n t r a-

t ion s: 6.2%, 12.5%, 25.0%, 50.0%, an d 100.0% wit h pr ope r con -

t r ol. 1 4 For e ach t r iplicat e e xpe r ime n t , 20 se e ds we r e place d in a

9 cm diame t e r g lass Pe t r i dish wit h lt e r pape r in t h e bot t om;

4 mL of t h e dif f e r e n t dilut ion s was pour e d in t o t h e plat e an d t h e n

in cubat e d in dar k n e ss at 20 ± 2 C f or 120 h . Th e e n dpoin t s we r e :°

(i) se e d g e r min at ion (SG, % of g e r min at e d se e ds af t e r t h e e xpe r i-

me n t ); (ii) r oot le n g t h (RL ), an d (iii) h y pocot y l le n g t h (HL ). 1 9

Statistical evaluation of the data

On e -way ANOV A or t h e Kr usk al-Wallis t e st was car r ie d out af t e r

ch e ck in g t h e n or malit y an d h omosce dast icit y of t h e dat a. St at ist i-

cal an aly se s we r e car r ie d out usin g t h e sof t war e Sig maPlot 12.0.

RESULTS AND DISCUSSION
Th e ph y sicoch e mical ch ar act e r ist ics of t h e UW e f ue n t f r om t h e

San Just o cit y wast e wat e r t r e at me n t plan t ar e summar ize d in

Table 1. Th e e f ue n t t e mpe r at ur e an d pH we r e 18 ± 2 C an d °

8.1 ± 0.1, r e spe ct ive ly , bot h of wh ich ar e in t h e r an g e of San t a

Fe st at e limit s f or wast e wat e r disch ar g e (pH r an g e 7.5 t o 8.5). 2 0

Th e h ig h ave r ag e value of dissolve d oxy g e n was

8.2 ± 0.1 mg L−1, wh ich is e n oug h f or t h e ae r obic de g r adat ion

of t h e or g an ic mat t e r an d suit able f or aquat ic or g an isms. Salin it y

an d e le ct r ic con duct ivit y value s we r e 0.53 ± 0.03 n g L−1 an d

958.33 ± 6.51 S c m
−1

, r e spe ct ive ly , an d t h e TSS con ce n t r at ion

of t h e e f ue n t was about 1140 ± 103 mg L
−1.

C hlo rella vu lg a ris g r owt h was n ot in h ibit e d in t h e pr e se n ce of

6.25% t o 100% e f ue n t . No sig n i can t dif f e r e n ce s in alg ae g r owt h 

be t we e n t h e t wo lowe st e f ue n t con ce n t r at ion s (6.2% an d 12.5%)

an d t h e con t r ol we r e f oun d ( 0.05). Con ve r se ly , e f ue n t con -P > 

ce n t r at ion s h ig h e r t h an 25% an d up t o 100% pr oduce d a sig n i -

can t st imulat ion of ce ll pr olif e r at ion ( 0.05) be t we e n 48 an dP <

72 h (Fig . 1). Con se que n t ly , t h e e f ue n t was ide n t i e d n ot on ly 

as n on t oxic t o t h e micr oalg ae but also as a st imulan t of C . vu lg a ris

g r owin g at 25% an d h ig he r con ce n t r at ions. Similar r e sults on

Table 1. Phy s i c o c he m i c al p ar am e t e r s o f S an J u s t o c i t y u r b an
w as t e w at e r

Par am e t e r s Val u e s

T e m p e r at u r e ( C) 1 8 2° ±

p H 8 . 1 0 . 1±

S al i ni t y (ng L
−1

) 0 . 5 3 0 . 0 3±

D i s s o l ve d o xy ge n (m g L−1) 8 . 2 0 . 1±

Co nd u c t i vi t y (S cm
−1

) 9 5 8 6±

T S S (m g L−1 ) 1 1 4 0 1 0 3±

T D S (m g L−1 ) 7 3 9 7 6±

T S S , t o t al s u s p e nd e d s o l i d s ; T D S , t o t al d i s s o l ve d s o l i d s .

Figure 1. E f f e c t o f u r b an e f u e nt c o nc e nt r at i o n o n Chl o re l l a v u l g a ri s
gr o w t h at t i m e s 2 4 ), 4 8 ), and 7 2 ( ) h. E r r o r b ar s i nd i c at e t he s t and ar d
d e vi at i o n (t hr e e r e p l i c at e s p e r t r e at m e nt and c o nt r o l (w i t ho u t UW). An
as t e r i s k (*) d e no t e s s i gni c ant d i f f e r e nc e s t o t he c o nt r o l ( 0 . 0 5 ). P <
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C . vu lg a ris g r owth in t h e pr ese n ce of 25% t o 100% UW we r e

r e por t e d e lsewh e r e.2 1 Th e C . vu lg a ris mixot roph ic g r owt h con di-

t ion s g e n er at ed more biomass t h an t h e aut otr oph ic con dit ion s. 2 2

In mixot r ophic cult ur es, car bon assimilat ion occurs f r om or g an ic

compounds; h oweve r , in ph ot oaut otr oph ic cult ure s car bon dioxide

(CO2 ) is t h e un ique sour ce of car bon.1 4 Similar r e sult s we r e f oun d

for t he cl adoceran C . d u b ia in t r e at me n ts wit h t h e e f uen t at

48 h . Be side s t h e lack of e f ue n t t oxicit y t o t h e micr oalg ae an d

t h e cladoce ran , t h e micr obial con te n t of t h e pr e lt e re d UW e f uen t 

was in t h e or der of 10 6 ce lls/mL (Table 2). Re g ulator y or g an izat ion s,

such as t h e En viron men t al Pr ote ct ion Ag e ncy (Guidelin es f or Wat e r

Re use AR-1530. EPA/600/R-12/618, US) an d t h e Eur opean Un ion

(Towar ds a le g al in str ume nt on wat er r e use at EU le vel), h ave e st ab-

lish ed a co ncent rati on o f E . co li be low 200 CFU/100 mL an d

100 CFU/100 mL f or domest ic use s, r e spe ct ive ly. 2 3 ,24 Also, t h e EU

r e commen ds a con cen t r at ion of E . co li lower t han

1000 CFU/100 mL f or dr ip irr ig at ion. 2 4

Th e sy n t h e sis of Ag NPs in alk alin e PV P was pr e viously

r e por t e d, 1 6 an d t oxicit y t e st s of Ag NPs on t h e h uman live r

(He pG2) an d lun g (A549) ce ll lin e s sh owe d n o t oxicit y up t o

0.365 mg L−1 in He pG2 ce lls (Fig . 2(a)). Similar r e sult s we r e pr e vi-

ously r e por t e d usin g Ag NPs cappe d wit h poly e t h y le n e imin e ,

r e ach in g t h e t oxicit y limit at con ce n t r at ion s lowe r t h an

1 mg mL−1.2 5 Be side s, Ag NPs slig h t ly but n ot sig n i can t ly dimin -

ish e d A549 ce ll g r owt h in a con ce n t r at ion -in de pe n de n t man n e r

accor din g t o t h e ISO 10993-5 st an dar d, 2 6 e st ablish in g t h e cy t ot ox-

icit y limit at 30% of ce ll de at h (Fig . 2(b)). Th e se r e sult s de mon -

st r at e t h at Ag NPs ar e n on t oxic t o t h e mammalian ce lls t e st e d in

a wide r an g e of con ce n t r at ion s.

L at e r , Ag NP suspe n sion con t ain in g 365 mg L
−1

Ag (I), me asur e d

by SWASV (CV 7%, n 3), was use d t o dope t h e lt e r . Due t o= = 

possible e n vir on me n t al an d h uman h e alt h e f f e ct s f r om silve r

e xposur e , t h e silve r con t e n t of t h e e f ue n t post - lt r at ion was also 

an aly ze d (Fig . 3). Th e le ak e d Ag (I) con ce n t r at ion in lt e r e d UW

was 275 ± 34 n g L−1 Ag (I) (CV 12%, n 3), wh ich is on ly= =

0.007% of t h e or ig in al silve r con ce n t r at ion an d le ss t h an t h e

WHO (2008) g uide lin e limit s f or dr in k in g wat e r ( 0.10 an d<

0.05 mg L−1, r e spe ct ive ly ) an d t h e EPA sur f ace wat e r qualit y cr i-

t e r ia ( 0.07 mg L≤
−1 ). Th e an aly sis of ur ban wast e wat e r e f ue n t s

in t h e US an d Eur ope display e d a wide r an g e of Ag NPs, f r om

1.0 n g L
−1

t o 0.2 g L
−1

.
2 7

Also, ce llulose is a n on t oxic an d e n vi-

r on me n t ally biode g r adable poly me r .2 8 Fur t h e r mor e , t h e r e sin of

t h e ce llulose lt e r do n ot pose a h e alt h r isk , as man y in dust r ie s

use t h e m f or mult iple pur pose s. Sin ce man y r e sin s ar e f r e que n t ly

use d f or de n t al, ph ar mace ut ical applicat ion s, an d dr in k in g -wat e r

t r e at me n t . 2 9 Th e se r e sult s st r on g ly sug g e st t h at t h e silve r -t r e at e d

e f ue n t is n on t oxic an d mak e it possible t o con side r t h e r e use of

t h e e f ue n t f or dome st ic pur pose s.

Th e an t imicr obial act ivit y of t h e Ag NPs- lt e r sh owe d a r e duc-

t ion of 99.9% of t ot al colif or ms an d 99.6% of in t h e e f ue n tE . co li 

(Table 2). Par t icular ly , t h e con ce n t r at ion in t h e e f ue n t post -E . co li 

 lt r at ion was 8.69, 86.95, an d 867.56 f olds lowe r t h an t h e maxi-

mum le ve ls allowe d by t h e EPA an d t h e EU (Table 2). Not ably ,

t h e r e duct ion in t h e con ce n t r at ion in t h e e f ue n t wasE . co li 

obt ain e d wit h out an y ch e mical t r e at me n t , t h e r e f or e avoidin g

t h e use of t oxic subst an ce s, such as ch lor in e . Be side s, in t h e t r e at -

me n t wit h ch lor in e , t h e t r e at e d UW e xce e de d 0.6 t ime s t h e

Figure 2. E f f e c t o f s i l ve r nano p ar t i c l e c o nc e nt r at i o ns o n He p G2 (a) and
A5 4 9 (b ) c e l l s vi ab i l i t y at 4 8 h. D o t t e d l i ne s i nd i c at e t he 7 0 % o f vi ab i l i t y ;
b e l o w t hat val u e , t he f o r m u l at i o n i s c o ns i d e r e d as c y t o t o xi c . Co nc e nt r a-
t i o n o f 1 1 0×

−3% (v/v) AgN Ps i s e q u i val e nt t o 0 . 3 4 5 m g L−1 Ag.

Figure 3. S WAS V o f t he Ag(I ) r e s p o ns e o n B i FE o f t he b l ank s o l u t i o n ( ),
p r e - l t e r e d ( ), and p o s t - l t e r e d ( ) UW. E xp e r i m e nt al c o nd i t i o ns :

1 0 0 m M N aCl 1 0 0 m M ac e t i c ac i d /ac e t at e b u f f e r (p H 4 . 0 ). Par am e t e r s :=

ac c u m u l at i o n at 1 . 2 7 8 V f o r 6 0 s , e q u i l i b r at i o n s t e p o f 2 s , s q u ar e - w ave−

ano d i c s t r i p p i ng vo l t am m e t r y s c an w i t h p o t e nt i al r angi ng f r o m 0 . 6 t o−

0 . 2 V, f r e q u e nc y o f 2 5 Hz, am p l i t u d e o f 2 5 . 0 m V, and p o t e nt i al s t e p
o f 5 m V.

www.soci.or g AM Gag n e t e n et a l.

wile yonline library.com/jctb © 2 0 2 1 Soci ety of Chem i ca l I ndustry ( SCI ) . 2 0 2 1J Ch em Tech n ol B iotech n ol

4

P
rinted b

y
 [U

niversidad
 N

acion
al D

el L
itoral - 190.1

22.2
40.075

 - /do
i/ep

df/10
.10

02/jctb.671
0] at [15/0

3/2
021

].



g uide lin e le ve ls of t ot al f e cal colif or ms. In t h is con t e xt , a lt e r con -

t ain in g Ag NPs as a biocide was de ve lope d t o t e st t h e pot e n t ial

r e use of t h e e f ue n t f or h ouse h old use s.

Similar r e sult s we r e r e por t e d usin g ce llulose blot t in g sh e e t s

dope d wit h Ag NPs t o pur if y dr in k in g wat e r wit h a log de cay of

6 an d 3 f or an d , r e spe ct ive ly .E . co li E . fa eca lis 3 0 Similar ly , Ag NPs

adsor be d on a lm made of we ak e le ct r oly t e s cr oss-lin k e d wit h

g lut ar alde h y de sh owe d a r e duct ion of 93% colif or ms in in dust r ial

wast e wat e r af t e r 60 h of t r e at me n t . 9

Th e int e raction of Ag NPs wit h obser ved by TEM sh owe d t h eE. coli

attachment o f the nanoparticles to the ou ter membrane, f ollowed

by cell in ternalization and bacterial lysis. 29 In anot h er work , AgNPs

t est ed on t h e Gram-positive S. aureus and B. cereus, an d on th e

Gram-negative E. coli and P. aeruginosa sh owed hig h an t imicr obial

activity; particularly, TEM images revealed the incorporation of

AgNPs inside P. aeruginosa cells, producing lysis. 31

Th e lack of t oxicit y of lt e r e d UW e f ue n t in plan t s was t e st e d in 

L . sa tiva . Ear ly se e d g e r min at ion in post - lt e r e d UW r an g e d f r om

90% t o 95% in all t h e dilut ion s t e st e d. Similar r e sult s we r e

obse r ve d in t h e con t r ol, wit h a se e d g e r min at ion pe r ce n t ag e

above 90% (Table 3). Th e r e sult s sh owe d t h at t h e g r owt h of

L . sa tiva r oot s was se n sit ive t o un dilut e d post - lt e r e d e f ue n t 

(100%) wit h sig n i can t dif f e r e n ce s compar e d wit h t h e con t r ol

made in min imal sy n t h e t ic me dia ( 0.05) (Fig . 4). Th is couldP <

be be cause t h e r oot sy st e m is mor e susce pt ible t o e n vir on me n t al

con dit ion s t h an t h e spr out in g sy st e m. 3 2 Similar ly , h alf UW dilut ion

use d f or wat e r in g , , an dSo la nu m ly co p ersicu m L . sa tiva R a p ha nu s

sa tivu s sh owe d a sig n i can t r oot de cr e ase .
3 3

On t h e con t r ar y , n o

dif f e r e n ce s we r e obse r ve d in t h e h y pocot y l le n g t h (mm) in t h e

pr e se n ce of UW dilut ion s an d t h e con t r ol (Fig . 4). Th e posit ive

e f f e ct s on g e r min at ion an d g r owt h , as in t h e con t r olL . sa tiva

g r oup, could be due t o t h e h ig h con ce n t r at ion s of in or g an ic n ut r i-

e n t s (such as n it r og e n an d ph osph or us) an d or g an ic mole cule s

f r om bact e r ia in t h e post - lt e r e d e f ue n t . Th e h ig h n ut r it ion al 

pot e n t ial of wast e wat e r st imulat e d se e d g e r min at ion an d g r owt h ,

me asur e d as r oot an d h y pocot y l e lon g at ion . In pr e vious wor k ,

mun icipal wast e wat e r use d t o wat e r was f oun d t o beL . sa tiva

n on t oxic.3 4

The removal ef ciency of majo r inorganic components present in

the ef uen t by t h e Ag NP dope d lte r was: 78.5% ammon ium, 6.2%

nitrate, 97.6% nitrite, and 19.2% phosphate (Table 4). The high co n-

tent of nitrate (93.8%) and phosphate (80.8%) in the post- ltered

wastewater suggests the effective application of AgNPs- lter fo r

the treatm ent of wastew aters. Similarly, UW treat ed w ith soil/s and

 lters showed 0 .06 mg L−1 ammonium an d 1.48 mg L−1 nitrate in

the  ltrate o f Likovris is plant (Attica, Greece). 3 5

Table 2. Fi l t e r e f c i e nc y o n b ac t e r i al r e m o val o f S an J u s t o c i t y u r b an w as t e w at e r

M i c r o o r gani s m s

B ac t e r i o l o gi c al c o u nt s (CFU/1 0 0 m L )

Re m o val E f c i e nc y (% )Pr e - l t r at i o n Po s t - l t r at i o n  

T o t al Co l i f o r m s 2 . 1 1 0×
6 3 3 0 9 9 . 9

E s c he ri c hi a c o l i 3 . 0 1 0×
3

1 1 9 9 . 6

Table 3. Ave r age and s t and ar d d e vi at i o n o f r o o t l e ngt h and hy p o -
c o t y l l e ngt h i n UW d i l u t i o ns and t he c o nt r o l

UW d i l u t i o ns (% )

Ave r age and s t and ar d d e vi at i o n

Ro o t l e ngt h (m m ) Hy p o c o t y l l e ngt h (m m )

1 0 0 . 0 0 1 5 . 9 ± 3 . 9 2 8 . 0 ± 6 . 1

5 0 . 0 0 2 0 . 6 ± 7 . 0 2 8 . 3 ± 6 . 2

2 5 . 0 0 2 0 . 7 ± 5 . 4 2 8 . 6 ± 5 . 1

1 2 . 5 0 1 9 . 9 ± 4 . 4 2 7 . 7 ± 4 . 6

6 . 2 5 2 0 . 9 ± 7 . 5 2 6 . 0 ± 7 . 3

0 . 0 0 (Co nt r o l ) 2 1 . 0 ± 1 1 . 0 2 8 . 0 ± 8 . 7

Figure 4. E f f e c t o f l t e r e d u r b an e f u e nt c o nc e nt r at i o ns o n t he l e ngt h 

(m m ) o f t he r o o t ) and hy p o c o t y l ) o f L a c tu c a s a ti v a . E r r o r b ar s i nd i c at e
t he s t and ar d d e vi at i o n (t hr e e r e p l i c at e s p e r t r e at m e nt and c o nt r o l . As t e r -
i s k (*) d e no t e s s i gni c ant d i f f e r e nc e s t o t he c o nt r o l ( 0 . 0 5 ). P <

Table 4. Fi l t e r p e r f o r m anc e o f i no r gani c c o m p o ne nt s r e m o val

Co m p o ne nt s

Co nc e nt r at i o n (m g L−1)

Re m o val E f c i e nc y (% )Pr e - l t r at i o n Po s t - l t r at i o n  

Am m o ni u m 3 . 4 0 . 7 7 8 . 5

N i t r at e 3 . 1 2 . 9 6 . 2

N i t r i t e 2 4 . 5 0 . 6 9 7 . 6

Pho s p hat e 1 4 . 6 1 1 . 8 1 9 . 2
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Additionally , t h e biocidal e f f ect of Ag NPs is we ll k n own ; t he y

cause ce ll ly sis an d t h e subseque n t r e lease of biological molecule s

to the media, w hich are an excellent source o f varied organic nutri-

ents that can be easily assimilable by cells and/o r biodegradable,

improving the s oil qu ality. The theo retical macromolecular compo-

sition and cell weight of E. coli were reported previo usly; it is com-

posed of 55.0% proteins, 20.5% RNA , 3.1% DNA, 9.1% lipids, and

8.4% of various polysaccharides (i.e., lipopolysaccharides, peptido -

glycan, and glycogen), with a u nitary mass of 3 × 10−1 3 g/bacterial

cell.3 6 Con side rin g t h ese par ame te r s an d t he bact er ial ce ll concen -

t ra ti on i n th e pr e-  ltered an d po st- ltered UW, and assu ming that

t ot al colif orms (wh ich in clude me mbe rs of t h e g e ne ra ,Es cherichia

Citrobacter, Enterobacter, and Klebsiella) have similar macromo lecu-

lar composition and cell weigh t, it is possible to estimate the num-

ber of macromolecules in the post- ltered UW. The metabolites

contributing to post- ltered UW were ro ughly 3 47 g L
−1

of pro-

teins, 148 g L−1 of n ucle ic acids, 57 g L−1 of lipids, and 53 g L−1

of polysaccharides. T hese biolo gical molecules and the ino rganic

components present in th e  ltrate can potentially be us ed for man y

purposes, including watering vegetables an d gardening, as previ-

ously sugg est ed.3 7 Amon g t h e advan t ag es of Ag NPs- lter for UW

treatment are reuse and th e provision of es sential organic nutrients

for plant growth. Particularly, the low application of fertiliz ers an d

chemical co mpounds can be remarked.

Th e t r e at e d wast e wat e r addit ion t o soil in cr e ase s t h e con ce n t r a-

t ion of n it r og e n , ph osph or us, 3 7 an d ot h e r compoun ds (K, Ca, Na,

an d Mg , amon g ot h e r s), 3 8 an d could be be n e cial f or bot h soil

an d plan t s by r e ducin g t h e n e e d f or ch e mical f e r t ilize r s an d

impr ovin g soil f e r t ilit y an d cr op pr oduct ivit y . 3 9 Also, wast e wat e r

r e use is a way t o r e duce pr e ssur e on f r e sh wat e r r e sour ce s.

CONCLUSIONS
Th is pr e limin ar y wor k e mph asize s: (i) t h e t oxicit y t e st in g of e f u-

e n t on t wo biolog ical mode ls, (ii) t h e an t ibact e r ial e f cie n cy of

Ag NPs dope d in a ce llulose lt e r , an d (iii) t h e e valuat ion of it s

pot e n t ial t o be r e use d as a liquid f e r t ilize r . Th e e f ue n t of San

Just o cit y doe s n ot sh ow an y t oxicit y t o t h e micr oalg ae

C . vu lg a ris C . d u b iaan d t h e cladoce r an , but it h as a h ig h micr obial

con t e n t . Th e Ag NPs- lt e r r e duce s t h e micr obial con ce n t r at ion by

99% in colif or ms an d . Th e Ag NPs- lt e r e d UW e f ue n tE . co li  

sh owe d low silve r le ak ag e an d was able t o suppor t t h e g r owt h

of (le t t uce ). Th e se pr omisin g r e sult s sh owe d t h at t h eL . sa tiva

Ag NP dope d ce llulose lt e r could be a simple an d f ast alt e r n at ive

f or wast e wat e r t r e at me n t wit h h ig h biocidal act ivit y an d scalabil-

it y . Mor e e xpe r ime n t s must be pe r f or me d t o con r m t h e advan -

t ag e s of Ag NPs- lt e r f or t h e t r e at me n t of UW.
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