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ABSTRACT

Municipal water resource recovery facilities are the primary recipients of a significant fraction of
discharged silver nanoparticle (AgNP)-containing wastes, yet the fate and potential risks of
AgNPs in attached-growth biological wastewater treatment processes are poorly understood. The
fate and inhibitory effects of polyvinylpyrrolidone (PVP)-coated AgNPs at environmentally-
relevant nominal concentrations (10, 100, 600 ng/L) were investigated, for the first time, in high
rate moving bed biofilm reactors (MBBRs) for soluble organic matter removal. The behavior and
removal of continuously added AgNPs were characterized using single-particle inductively
coupled plasma mass spectrometry (spICP-MS). While no inhibitory effect at average influent
concentration of 10.8 pg/L Ag was observed, soluble COD removal efficiency was significantly
decreased at 131 pg/L Ag in 18 days and 631 pug/L Ag in 5 days with suppressed biofilm
viability. The inhibitory effect of AgNPs on treatment efficiency was highly correlated to the
retained mass of total Ag in attached biofilm on the carriers. Biofilm demonstrated limited
retention capacity for AgNPs over 18 days. Considerable mass of Ag (38% to 75%) was released
via effluent, predominantly as NPs. We detected some chemically transformed and potentially
less toxic forms of silver nanoparticles (Agz2S, AgCl), over the exposure period. This study
demonstrated the distinct interaction dynamics, bioavailability and inhibitory effects of AgNPs in
a biofilm system. Release of bioavailable AgNPs via effluent and AgNP-rich biofilm, sloughing
off the carriers, can affect the treatment chain efficiency of downstream processes. Thus, the
inhibitory effects of AgNPs can be a concern even at concentrations as low as 100 to 600 ug/L

Ag in biological attached growth wastewater treatments.
Keywords: Silver nanoparticles, moving bed biofilm reactor, toxicity, single particle ICP-MS,

dissolution.
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1. Introduction

Silver nanoparticles (AgNPs) are the most widely used metal nanoparticles in various
commercial products, cosmetics, food processing and also as an alternative disinfectant and anti-
biofouling agent in various products and in industrial pipelines (e.g., in the food, fermentation
and water treatment industries), due to their effective antimicrobial properties (Huang et al.,
2016; Liu et al., 2014; Patlolla et al.; 2012, Mohanta et al., 2017). Materials flow analyses of
released AgNPs from personal care products, various household and industrial products suggest
that a significant fraction of discharged AgNP-containing wastes enter municipal water resource
recovery facilities (WRRFs) with an estimated influent concentration of AgNPs around 1.5 pg/L
(Gottschalk et al., 2009; Li et al., 2010). Thus, WRRFs play an important role in controlling the
release of such engineered nanoparticles (ENPs) into the environment by their liquid or biosolids

discharges.

The toxicity of AgNPs to bacteria is caused by cell membrane damage, inactivation of key
enzymes and DNA, and oxidative stress via the generation of reactive oxygen species (Duran et
al., 2016). Given the antimicrobial activity of AgNPs, their potential inhibitory effects on
microbial communities involved in biological wastewater treatment processes and the
implications for treatment efficiencies cannot be overlooked. The inhibitory effect of AgNPs (0.1
to 20 mg/L) was extensively studied in suspended-growth systems over various exposure
scenarios (20 to 70 days) (Alito and Gunsch, 2014; Yang et al., 2014; Zhang et al., 2016c).
Attached-growth biological processes (e.g. moving bed biofilm bioreactors), however, are rarely

investigated for the environmental fate and inhibitory effects of AgNPs.

Biofilm is comprised of different phenotypes and genotypes which impart specific biological

activities, metabolic pathways, and stress responses (Stewart and Franklin, 2008). The
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extracellular polymeric substances (EPS), primary components of the biofilm, play a crucial role
in both AgNP-biofilm interactions, subsequent diffusion of NPs into the biofilm and their
toxicity (Fabrega et al., 2009; Peulen and Wilkinson, 2011). A few recent studies have reported
the high retention of AgNPs by biofilm, inhibition of biofilm formation, biofilm structural
alteration, inactivation of metabolic activity, and reduction of the biofilm volume (Fabrega et al.,
2009; Mallevre et al., 2016; Park et al., 2013). These studies used mono-species biofilms at
different maturity stages with exposure time between 24 h to 96 h over a range of AgNPs
concentrations (1 to 100 mg/L). These toxicity experiments were conducted in simplified
biological media, under conditions that are not representative of typical WRRF process

conditions.

Various studies, including those discussed above, have used biological or toxicological endpoints
to evaluate the inhibitory effect of AgNPs on process efficiency and on microbial communities
but did not evaluate changes in AgNP characteristics such as size and composition, or their
dissolution. High concentration of dissolved oxygen and relevant pH (7.7 to 7.8) in aerobic
biological wastewater treatment processes provide thermodynamically favorable conditions for
oxidation and dissolution of AgNPs, influencing their dynamics, especially at low NP
concentrations (Azodi et al., 2016; Merrifield et al., 2017). Neither total Ag nor Ag"
concentrations are sufficient predictors of AgNPs inhibitory effects (Azimzada et al., 2017).
Therefore, quantification of Ag in its NP and dissolved forms, in the compartments of interest,
are necessary for the validation and comprehensive understanding of the fate of AgNPs and their

mechanisms of toxicity in such complex environmental conditions.

Studies of the fate of AgNPs at environmentally relevant concentrations in complex

environmental matrices are scarce, due to the challenges of analytical methods. Single-particle

4
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inductively coupled plasma mass spectrometry (spICP-MS) is an emerging analytical technique
that is able to simultaneously characterize metal NP size distributions, particle number
concentrations and dissolved metal concentrations at low NPs concentrations in complex,
organic matter-rich, environmental matrices (Azodi et al., 2016; Mitrano et al., 2012; Pace et al.,
2012).

The specific objectives of this study were to (1) characterize the retention and distribution
behavior of AgNPs in aerobic attached-growth biological wastewater treatment process and to
(2) determine the inhibitory effect of AgNPs on the COD removal efficiency and biofilm
viability of a continuous exposure at nominal influent concentrations of 10 to 600 ug/L AgNPs.
A lab-scale high-rate moving bed biofilm reactor (MBBR), for organic matter removal, was used
in this study and fed with a synthetic soluble influent. The impact of AgNPs on the performance
of the MBBRs was characterized in terms of soluble COD (Scop) removal efficiency, effluent
quality and biofilm viability over a period of 18 days. The biofilm membrane integrity was
evaluated using a fluorescent microscopy technique with two DNA-binding stains (SYTO-9 and
propidium iodide). The nanoparticle mean diameters, AgNP and dissolved Ag mass
concentrations were simultaneously quantified in influent, bioreactor and effluent samples using
spICP-MS to assess aggregation state, dissolution and distribution between different reactor
phases. The retention capacity of the attached biofilm for Ag was estimated based on the
cumulative total Ag mass balance. To the best of our knowledge, this is the first study evaluating
the fate and toxicity of PVP-AgNPs at environmentally-relevant concentrations in attached-
growth MBBR systems.

2. Materials and Methods

2.1. Reactor configuration
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Three 1 L lab-scale MBBR reactors, operated in parallel under identical conditions, were fed
with synthetic soluble influent (Fig. 1). Synthetic wastewater was used throughout the
experimental phase to ensure constant influent characteristics and well-controlled conditions to
identify the inhibitory effects of the PVP-AgNPs. The concentrated solution (2.5 g Scop/L) was
based on a recipe adapted from OECD (1976) to obtain a typical C/N/P ratio of 100/12/2 for a
medium to high strength domestic wastewater (Metcalf & Eddy-AECOM, 2014) (Table 1).
Sodium acetate, soy protein and peptone were used to mimic the readily-degradable
carbonaceous content of wastewater (Table 1). The synthetic influent provided C, N, P and
minerals to favor biofilm growth. The concentrated feed was pumped and diluted with tap water
before entering the reactors to obtain a COD concentration of 250 mg Scop/L at organic loading
rate of 11.2 g COD m™ d'! of active surface area (Table 1) to be representative of the soluble
fraction (without TSS) of a medium strength wastewater (Metcalf & Eddy-AECOM, 2014). Tap
water was used as dilution water to provide additional minerals (Mg, Ca, etc.). The
characteristics of the synthetic influent, after dilution of the concentrated solution, are presented

in Table 2.

The reactors operated at a hydraulic retention time (HRT) of 1 hour, pH of 7.4 + 0.1, a dissolved
oxygen concentration (DO) of 6.5 £ 0.9 mg/L. and 60% volumetric fill ratio with AnoxKaldnes
K5 carriers (Veolia Water Technologies Canada Inc.) with a specific active surface area of 800
m?/m>. The carriers were kept in suspension by aeration. The air was humidified to compensate
for evaporation from the reactors. In the preliminary start-up phase, all reactors were inoculated
with K3 carriers, collected from the full-scale MBBR at the Mascouche Terrebonne WRRF
(Quebec, Canada) for a period of five days to favor biofilm growth and to ensure the

development of a representative microbial community of a WRRF (Brosseau et al., 2016).


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/biofilms
https://www.sciencedirect.com/science/article/pii/S0043135416307692#tbl2
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aeration
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Subsequently, the K3 carriers were removed from the reactors. The temperature was controlled
at 21 + 0.2 °C in the double-jacketed MBBRs by a circulator (Programmable Circulator 9712,

PolyScience, USA).

2.2 PVP-AgNPs exposure to MBBRs

AgNPs (nanoparticles of Ag(0)), capped with 40 kDa PVP polymer, were purchased from
Nanocomposix (Econix silver) in aqueous suspension with a stock concentration of 5.35 mg/mL
and nominal diameter of 50 nm. SpICP-MS (PerkinElmer NexION 300X) analyses provided a
mean diameter of 52 + 0.5 nm. According to the AgNP product description, the zeta potential
and surface area of AgNPs were -55 mV (at pH 4.6) and 10.7 m?/g, respectively. The spherical
shape of AgNPs was observed by transmission electron microscopy (TEM). All three reactors
reached quasi steady-state conditions after about 30 days as indicated by a stable Scop removal
efficiency. Afterwards, the reactors were monitored for 45 days as a control period. Influent
AgNP suspensions were prepared by dilution of PVP-AgNPs stock suspension in Milli-Q water
and sonicated for 10 min to ensure that the NPs were dispersed. The AgNP influent suspensions
were pumped to each reactor from day 76 at a constant flow rate (1.65 = 0.03 mL/min), resulting
in an average influent total Ag concentration of 10.8 = 0.3 pg/L Ag (MBBR1), 131 £7 pg/L Ag
(MBBR?2) and 631 + 27 ng/L. Ag (MBBR3) after dilution. The influent nanoparticle suspensions
were replenished regularly. Characterization of particle size and concentration of influent AgNPs
suspensions indicated the stability of NP in influent stock over every 72 h period. The average

characteristics of influent in each MBBR (Table S2) were used for mass balance analysis.

The AgNP exposure experiment lasted 18 days in the MBBRs, during which the effluent water
quality, attached biofilm viability and Ag distribution were monitored. Chemical oxygen demand
(COD), total suspended solids (TSS) and volatile suspended solids (VSS) were measured

7
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according to Standard Methods (APHA et al, 2012). Glass microfiber 1.2 um filters
(Whatman® 934-AH™, GE Healthcare Life Sciences, USA) and 0.45 um cellulose membrane
filters (MF-Millipore™, EMD Millipore, USA) were used for suspended solids and soluble COD

analyses, respectively.

2.3 Biofilm total biological viability

The inhibitory effect of AgNPs on biofilm membrane integrity was evaluated using the
Live/Dead Baclight bacterial viability kit (Molecular Probes, Invitrogen, Kit L13152) and
confocal laser scanning microscopy (CLSM) using the modified protocol of Young et al. (2016).
Three K5 carriers were randomly chosen in each reactor before and after exposure to AgNPs.
The carriers were cut to expose the inner surfaces and were kept in 2 mL of bioreactor
suspension that also contained suspended biomass, and placed in the special container for CLSM
imaging. The biofilm and suspended-biomass containing samples were stained with two DNA-
binding stains (SYTO-9 and propidium iodide). A minimum of 5 randomly-chosen microscopic
fields were scanned for CLSM. All fluorescence images of biofilm were obtained using a LSM
510 META Axioplan 2 confocal laser scanning microscope with 40X objective (Carl Zeiss; Jena,
Germany), equipped with 488 nm argon laser and 543 and 633 nm helium—neon lasers (Blanc et

al., 2005).

2.4 Silver analyses

2.4.1 Total metal analysis

The influent, bioreactor and effluent were sampled on days 76, 78, 81, 84, 89 and 94. Bioreactor
and effluent samples contained suspended flocs (50 to 150 mg TSS/L) but no K5 carriers. All
samples were homogenized for 30 s with a vortex mixer prior to total Ag analysis. Samples were
digested, in duplicate, using 65% nitric acid (HNO3) and 30% hydrogen peroxide (H202) (ratio

8
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of 5:1) on a hot digestion block at 95 °C for 30 minutes (Yuan et al., 2015). The total Ag
concentration was determined using a PerkinElmer NexION 300x ICP-MS in standard mode.
Calibration solutions were prepared fresh prior to each analysis from a dissolved Ag standard of
1000 mg/L in 4% HNO3 (PlasmaCAL). Each sample was measured in triplicate. Quality control
(QC) samples (0.1 pg Ag/L in 2% HNO3) were analyzed after every 10 samples. Ag recovery in

the QC samples was between 99% to 105%.

2.4.2 AgNP characterization

AgNP concentration and size as well as dissolved Ag were determined simultaneously in
aqueous samples (Fig. 2) by spICP-MS and data analyses was performed by the Syngistix nano
application module (version 1.1) as described by Azodi et al. (2016). The homogenized samples
were allowed to settle for about 30 to 45 s and the aqueous supernatant was collected thereafter
for analysis. A dwell time of 100 ps and sampling time of 100 to 150 s were used. Instrumental
and data acquisition parameters of the analysis are indicated in SI (Table S3). The minimum
detectable AgNP concentration in deionized water was 10 ng/L (14200 particle/mL) for 50 nm
AgNPs (95% recovery) and detection limit of dissolved Ag was about 30 ng/L in single particle
mode. The detection limit for AgNP size was ~10 nm in deionized water by spICP-MS as

determined in our prior study (Azodi et al., 2016).

2.4.3 Cumulative Ag mass balance
Ag mass balance was performed based on the total Ag in the influent, bioreactor and effluent
(Fig. 2). No direct measurements were done on solid fractions of samples. The amount of total

Ag associated with biomass, including the flocs (Ag, ) and attached biomass (Ag ), were

carrier

calculated using the measured fractions of Ag in influent (Ag, (), bioreactor (Ag,, ) and effluent

(Ag,q) (Fig. 2). The concentration of Ag associated with suspended floc (Ag ), for both the
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effluent and bioreactor, was calculated using the aqueous phase Ag (i.e. AgNPs + dissolved Ag)
obtained from spICP-MS analysis of the supernatant of the samples after settling and Ag from

the total metal analyses of the homogenized samples (Eq.1).

[Agoclt = [Agle — ([AgNPs]+[ dissolved Ag])y; (1)

Where [Ag],; represents [Ageg],; for effluent and [Agsusp]tifor the bioreactor. The mass of Ag in

influent (M ), bioreactor (Mg pio) and effluent (Magefr) of each MBBR, for each time interval

Ag,inf
(At) were calculated from Equations 2 to 5. The mass of Ag in bioreactor consisted of the mass

of Ag in the suspended phase of the bioreactor (M ) and the retained mass of Ag by attached

Ag,susp

biofilm on the carrier (Magcarrier). As shown in Fig. 2, the suspended phase of bioreactor

included both concentrations of Ag in aqueous phase and suspended flocs (Agg ).

Maginf)ti= (Qint)ti * [Ainlui * (t; — tizq) (2)
Maget) = (Qetr)ti * [Agefrlei * (£ — ti—1) 3)
(Magsusp)ti= Vbio * [A8susplti 4)
(Magbio)ti=(Maginf)ti = Magef)ti (5)

Where Q,  (L/day), Q. (L/day) and Vy;, (L) are the flow rate of influent and effluent and
volume of the bioreactor, respectively. In the final step, the retained mass of Ag by attached
biofilm on the carrier ( Mag carrier) Was estimated (Equation 6).

(Mag carrier)ti=Magbio)t — Magsusp)ti (6)
2.5 Statistical analysis
The statistical significance of differences between treatments (p <0.05), before and after
exposure to AgNPs, was evaluated using one-way repeated measures ANOVA in Statistica

version 12 (StatSoft Inc., USA).
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3. Results

3.1 Effects of AgNPs on treatment efficiency

The Scop removal efficiency was determined in three MBBRs, in response to the continuous
exposure to three nominal doses of 10, 100 and 600 pg/L. AgNPs. Prior to exposure to AgNPs,
each MBBR was monitored for 30 days (day 45 to 75) under quasi steady state conditions as a
control period (Fig. 3). Effluent nitrate concentration remained around 0.4 mg N/L, showing no
significant nitrification occurring in the MBBRs as expected at such high rate conditions (results
not shown). Specific Scop removal rate stabilized at 10.7 £ 0.2 g Scoo m? d!, 10.5 + 0.3 g Scop
m2 d'and 9.9 + 0.5 g Scop m?2d’!, corresponding to a Scop removal efficiency of 89% = 0.5%,
89 % £ 0.3% and 89% + 1.4% in MBBR1, MBBR2 and MBBR3, respectively, over the control
period. After the start of AgNP addition, at average measured concentration of 10.8 + 0.38 pg/L
Ag in its influent, MBBR1 maintained an average Scop removal efficiency of 89% + 1.5% over
the 18-day exposure period. Therefore, Scop removal efficiency was not significantly affected
(p > 0.05) over an 18-day continuous exposure to influent concentration of 10.8 pg/L Ag in the

influent (Fig. 3A1).

At higher concentrations of AgNPs (100 and 600 pg/L), two phases were observed for MBBR
response to AgNP exposure. An unperturbed phase comprised the time interval after injection of
AgNPs, in which the biological activity of biofilm bacteria remained stable with no significant
impact of AgNPs. A second phase corresponded to the period during which the biomass was
significantly inhibited. Unperturbed phases of 96 h and 48 h were observed in MBBR2 (131 £7
pg/L Ag) and MBBR3 (631 +27 pg/L. Ag), respectively. The second phase started thereafter
(Fig. 3A2-A3) where the effluent Scop gradually increased, decreasing the Scop removal

efficiency significantly (p < 0.05) by about 22% over 12 days in MBBR2 and 25% after 3 days in

11
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MBBR3 (Fig. 3B). Therefore, soluble COD removal efficiency was significantly decreased to
66% =+ 0.7% in 18 days in MBBR2 (131 + 7 pg/L Ag) and to 64% + 2.8% in 5 days in MBBR3
(631 pg/L Ag). The significant increase of TSS concentration in effluent, in both systems
receiving 131 and 631 pg/L Ag (Fig. 3C) indicated significant detachment of biofilm which was

likely due to the antibacterial properties of AgNPs and/or dissolved Ag.

3.2 Effect of AgNPs on biofilm total biological viability

The potential bactericidal effect upon introduction of AgNPs in the MBBRs on biofilm bacteria
was characterized in terms of cell membrane integrity using CLSM. The CLSM images of
stained biofilm, exposed to different dosages of AgNPs, demonstrated the concentration-
dependent inactivation of biofilm total biological viability (Fig. 4). The extent of viability
inhibition was from no significant detectable membrane integrity damage at the lowest
concentration (10.8 pg/L Ag) (Fig. 4A2) to a noticeable increase in the number of dead cells in

the presence of 131 pug/L Ag and 631 pg/L Ag during the exposure period (Fig. 4B2-C>2).

3.3 Fate and transport of AgNPs
3.3.1 Total silver
Ag retention efficiency was determined using the total silver concentration in the influent and

effluent of MBBRs, and is shown in Fig. 5. With an average influent total Ag concentration

([Ag,¢]) of 10.8 0.3 pg/L, MBBR1 retained about 21% of [Ag, .| on day 76 which increased
to 65% of [Ag, ] in bioreactor by day 81 (Fig. SA). Afterwards, the Ag retention efficiency
stabilized at 52% =+ 5% by day 94. MBBR:, receiving Ag, . concentration of 131+7 pg/L,

demonstrated higher retention efficiency of Ag over the first 5 days (Fig. 5B). More than 30% of

[Ag, ] were retained in MBBR2 on day 76, which reached up to 85% of [Ag, ;] on day 81. The

12



253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

retention efficiency subsequently decreased to 54% from day 81 to day 84, likely due to
saturation of biofilm outer layers by AgNPs and/or biofilm sloughing off from the surface of the

carriers. Thereafter MBBR2 recovered its capacity to retain about 55% + 9% of [Ag, ] from day

84 to day 94. A higher concentration of AgNPs affected the biomass in MBBR3 receiving Ag, .
concentration of 631 + 27 pg/L, differently (Fig. 5C). The highest retention efficiency of 47%
was attained after 1-hour exposure (one HRT) on day 76. Afterwards, the retention capacity of
biofilms dramatically declined resulting in retention efficiency as low as 5% in 48 hours (day
78), but the system was able to recover its ability to retain AgNPs up to 35% by day 79 but

fluctuated, changing to 20% over 24 hours by day 80.

The cumulative mass of total Ag, loading in the influent (Mg, ), effluent (Mg ) and attached
biofilm (Mpg_, ...) are shown in Fig. 6A. Cumulative Ag mass balance was about 98% in all
three reactors with negligible mass of Ag in the suspended phase of MBBRs. Attached biofilm
retained 62% of Mpg. . (0.79 mg) in MBBR1 and 78% of My, . (12.14 mg) in MBBR:2 by day
81, which slightly decreased afterward. Retention of 54% of cumulative Mpg. . (2.3 mg
Ag/m?aciive surface) and 61% of cumulative Mpg, (33 mg Ag/m’active surface) Were observed by

attached biofilm (Ag ) in MBBR1 and MBBR2, respectively, by day 94. In MBBR3, the

carrier

mass balance suggests that more than 75% of cumulative Mpg, . (43 mg) was released via the

effluent over 5-day exposure indicating poor retention capacity of biofilm at higher AgNP

concentrations (Fig. 6A).

3.3.2 AgNPs
Concentrations of AgNPs, and dissolved Ag were measured simultaneously in influent

suspensions (Table S2) and the aqueous phase of samples collected from the MBBR bioreactors
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(Fig. SIA-C) and the effluents (Fig. 5), using spICP-MS. For MBBR: (Fig. 5A, bar graphs),

receiving an average influent concentration of 8.1+2.3 pg/L. AgNPs ([AgNP, ;]) and mean

diameter of 48 = 3 nm, its effluent contained 7.4 = 0.2 pg/L and 3.3 £0.2 pg/L AgNPs on days
76 and 78, respectively (Fig. SA). Over the first 48 hours of exposure, a larger cumulative

fraction of [Ag ] (78% to 87%) was detected in NP form in the aqueous phase of the effluent
(AgNP ;) with mean diameter in the range of 49 + 0.4 to 52 + 0.6 nm (Fig. S1D). Concentrations
of AgNP . were depleted afterwards. On day 81, [AgNP ] (0.15+0.01 pg/L), with mean
diameter of 40 + 0.5 nm, represented less than 4% of [Ag .| indicating significant association of
AgNPs to TSSefr. Thereafter [AgNP ] concentration increased and represented an average 61%
of [Ag,¢] (3.2 + 0.7 ng/L AgNPs), with mean diameter from 35 + I to 48 + 0.2 nm, between day

89 and day 94.

For MBBR2, receiving an average AgNP, . concentration of 75 + 7 pg/L of a mean diameter of
47+2 nm, a similar evolution in the distribution of AgNPs was observed in the effluent
(Fig. 5B). A concentration of 83 +2 pg/l. AgNP . was measured after one-hour continuous
exposure to AgNPs (one HRT), constituting 91% of detected [Ag ] with mean diameter of
53 £0.1 nm (Fig. SID). Following a decrease in [Ag ], 19.5+ 0.2 ng/L Ag . was released on
day 81 where [AgNP ] (9.4 +0.1 pg/L with mean diameter of 46 = 0.1 nm) accounted for 48%
of [Ag,] and remaining 43% of [Ag ] (8.6 pg/L) was associated with the effluent suspended
solids, with a relatively small mass fraction accounted for by the dissolved concentration of

Ag . As the [Ag ] increased thereafter, the major fraction of released silver was in the form of

eff*

AgNPs (79% + 2% of [Ageg]) with mean diameter of 47 + 6 nm (Fig. S1D).
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For MBBR; (Fig. 5C), receiving an average AgNP, . concentration of 442 + 26 pg/L of mean
diameter of 49+ 1 nm, more than 85% of released [Ag ] (289+5 pg/L) was detected as
AgNP .. over the first hour exposure. Along with the significant increase in [Ag ] concentration
by day 78 (48 h), likely due to significant increase of TSSerr, [AgNP ] (293 +8 ng/L)
represented about 50% of the [Ag_.]. No significant change was observed in mean diameter (Fig.

S1D). For later sampling times, such as day 81, spICP-MS analysis was not feasible due

interferences from the high concentration of suspended solids.

3.3.3. Dissolved Ag

Average dissolved Ag, . concentrations of 2.5 + 0.6 ug/L, 14.4 £ 6.0 pg/L and 39 + 19 pg/L were
measured in influent of MBBRi, MBBR: and MBBR3, respectively, indicating AgNP
dissolution of 23%, 11% and 6% in influent NP stock solution (Table S2). SpICP-MS analyses
showed variations in dissolved Ag concentrations over time in the effluent of both MBBR1 and
MBBR:2, whereas less than 7% of [Ag, | were measured in dissolved form in MBBR3 over the
short exposure time (Fig. 5D). The maximum dissolved Ag concentration of 1.30 +0.04 pg/L
(30% of [Ag ] ) and 8.7 £ 1.0 ug/L (21% of [Agefr] ) were measured in the effluent of MBBR
and MBBR2, respectively, over the first 48 h (Fig. 5A, B, D). Afterwards, dissolved
Ag concentration decreased and stabilized at about 20% of [Ag ] in MBBR: and 10% of
[Ag.] in MBBR2 by day 94 (Fig. 5D). Measured dissolved Ag in influent NP suspensions,
entering reactors via separate constant flow, is likely in form of Ag" as AgNPs suspensions were
prepared in pure water. However, the detected dissolved Ag in bioreactor and effluent samples

are likely partially or completely complexed via interaction with suspended biomass.
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4. Discussion

4.1 Inhibitory effect of AgNPs on Scop removal efficiency and biofilm viability

The concentration-dependent inhibitory effect of AgNPs on Scop removal efficiency was
observed at nominal influent concentrations of 100 and 600 pg/L AgNPs in high rate MBBRs.
These results are in contrast with recent studies. It is reported that the environmentally relevant
concentration of 100 pg/L AgNPs had no adverse effects on carbon removal and bacterial
activities of activated sludge over a 50-day exposure in a sequencing batch reactor process
(Zhang et al., 2016c) and over a 65-day exposure in a membrane bioreactor (Zhang et al., 2014).
These contrasting results could be due to differences between the process configurations, such as
completely mixed versus batch system with different oxygen demand, sludge retention time,
HRT, biomass characteristics and the size and coating of the AgNPs used under distinct
experimental conditions. The process configuration governs biomass growth processes and
determines the stability and transformation of AgNPs in the process and the bioavailability of Ag

and their consequent impact on the wastewater microbial communities (Zhang et al., 2016a).

Attached growth processes such as in an MBBR, provide higher biomass concentrations (with
larger specific surface area) in smaller reactor volumes as compared to suspended growth
process such as activated sludge (Barwal and Chaudhary 2014). Therefore, higher biomass
surface area/volume ratio in MBBR enhances the deposition rate and the mass transport of
AgNPs to attached biomass, leading to enhanced Ag retention per unit weight of biomass in the
reactor, compared to activate sludge systems. This results in relatively high toxicity even at
lower influent concentrations. Our mass balance analysis indicated the accumulation of
3.2 mg Ag/gVSShiofim in 5 days in MBBR3 (631 pg/L Ag influent) and 4.9 mg Ag/gVV Sbiofilm in

MBBR:2 (131pg/L Ag influent) over 18 days. In contrast, Zhang et al. (2016¢) reported the

16



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

accumulated concentration of 0.47 mg Ag/gVSS in activated sludge, collected from a sequencing
batch reactor (100 pg/L AgNPs influent) over 50 days. The significant accumulation and
associated mass transport of Ag through the protective biofilm EPS into deeper layers of biofilm
can result in toxicity to the biofilm biomass. The AgNPs transported into the biofilm can undergo
dissolution delivering toxic Ag" directly to adherent cells. The inhibitory effect of AgNPs at
doses of both 131pg/L and 631pg/L Ag was correlated also to the loss of active biofilm via

detachment due to metabolic stress and the accumulation of AgNPs over time within the biofilm.

The observed variation in inhibition effects of AgNPs at similar nominal influent AgNP
concentrations can also be correlated to the differences in specific exposure conditions of
activated sludge systems reported elsewhere (Zhang et al., 2014; Zhang et al., 2016c). In these
studies AgNPs suspensions were injected into the anoxic chamber with the mixed liquor
recirculation between the aerobic chamber and the anoxic chamber. This resulted in AgNPs first
being exposed to a 2 h anoxic stage where there would have been considerable loading of
organic matter on the AgNP surface which would have made AgNP susceptible to changes in
aggregation state, oxidation state, precipitation of secondary phases and sorption of (in)organic
species before reaching the aerobic zone. Wastewater ligands and ions (e.g., HS™, Cl~, SO4*",
HPO+*) would react with injected AgNPs and dissolved Ag and form the silver
complexes/precipitates, leading to reduced bioavailability (Behra et al., 2013). Simultaneously,
AgNPs in the activated sludge could be transformed into Ag—sulthydryl complexes and AgxS
during the short anoxic phase, and therefore, reduce their toxicity (Doolette et al., 2013; Yuan et
al., 2015). The lack of dissolved oxygen, and the abundance of organic matter bound to the
AgNPs in the anoxic state would also decrease the subsequent dissolution of Ag in both the

anoxic and aerobic zone. In our study the AgNPs stock suspensions were pumped directly to
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each reactor (aerobic zone), enabling dissolution at all times, and thus distinct inhibitory level
would be expected. Furthermore, Barker et al. (2018) suggested that the expected toxicity of
AgNPs should not be based solely on the AgNP concentration in the wastewater influent or even
the total mass load but rather on a more complex combination of factors including the influent
AgNP concentration, total mass loading and the exposure time.

The inhibitory effect of AgNPs on treatment efficiency was highly correlated (0.89 < R? < 0.98)

to the retained mass of Ag in the carriers (Ag ) (Fig. 6B). The bioavailability and toxicity of

carrier

retained AgNPs in the porous structure of biofilm are highly dependent upon their diffusivity in
biofilm-laden systems and their interactions with the surface of bacteria (Peulen and Wilkinson,
2011). The lack of significant adverse effects on treatment efficiency of MBBR: at low
concentrations of AgNPs, is likely due to the lower than threshold concentration for toxicity of
AgNPs and Ag’, or due to the complexation of Ag" to biological macromolecules and the
sorption of those macromolecules to AgNPs in the biofilm EPS, reducing the diffusive flux of
AgNPs and Ag" within the biofilm layers and reduce their toxicity (Kroll et al., 2014). Hindered
nanoparticle diffusion in biofilms was demonstrated by Peulen and Wilkinson (2011). The
interaction between EPS molecules and AgNPs results in the formation of stable complexes on
the surface of AgNPs (e.g. corona effect) which could reduce the bioavailability and toxicity of
AgNPs (Wirth et al.,, 2012). As in the case of MBBR2 and MBBR3, exposure to higher
concentrations of AgNPs can lead to significant accumulation and mass transfer of AgNPs into

deeper layers of biofilm.

Significant increase of TSS concentration in effluent of MBBR2 and MBBR3, due to the
detachment of biofilm from the carriers, was highly correlated (0.92 < R? < 0.99) to the retained

mass of Ag in the carriers (Ag ) (Fig. 6C). The thinning effect of AgNPs on the biofilm (i.e.,

carrier
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detachment and release of outer layers was reported at AgNPs concentrations higher than 200
pg/L (Fabrega et al., 2009), but was achieved at 131 pg/L Ag in this study. The interaction of
AgNPs with an EPS matrix can potentially interfere with the cell to cell adhesion to the surface
due to its cell wall destabilizing properties as an antimicrobial agent (Goswami et al., 2015).
Griin et al. (2016) suggested that the complexation of Ag" and binding to AgNP surfaces by
carboxyl, hydroxyl and amine macromolecules in EPS can impair interactions which mediate
adhesion of the biofilm to surfaces, leading to diminished cohesive forces within the biofilm
matrix. Thus, the biofilm detachment not only can inversely affect the treatment efficiency but
also it can increase the risk of environmental exposure of AgNPs via the release of retained

nanoparticles by detached biomass in the treated effluent.

Membrane integrity of the intact cells defines their potential metabolic activity whereas the cells
with damaged membranes can be classified as permeabilized/dead cells (Foladori et al., 2010).
The concentration-dependent alteration of membrane permeability and inactivation of attached
biofilm were observed in MBBRs. Both AgNPs and the bioavailable dissolved Ag, released from
the oxidative dissolution of AgNPs, and could have damaged the membrane integrity of attached
biofilm at influent concentrations of 131 and 631 pug/LL Ag which was consistent with Scop
removal efficiency loss in corresponding reactors. AgNPs up to 80 nm have demonstrated the
ability to penetrate the outer membrane of bacteria (Morones et al., 2005). The large
surface/volume ratio and special binding sites of AgNPs enhance the particle/cell surface
contacts (Auffan et al., 2009). Upon attachement of AgNPs on to cell membrane, (a) released
Ag" from oxidative disslution, can interact with thiol-containing proteins in the cell wall and
destabilize the outer membrane of cells by an accumulation of immature membrane precursor

proteins (Mirzajani et al., 2011) and (b) AgNP-induced oxidative stress can damage the cell
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membrane by the generation of reactive oxygen species (ROS), leading to cell membrane
integrity disruption and decomposition (Durén et al., 2016).

Contradictory results have been reported recently regarding the AgNP-induced membrane integrity
damage and inhibition of viable biofilm. The inhibitory effect of AgNPs, with mean particle size
of 50 nm, is reported at concentration as low as 5 pg/L towards P. aeruginosa biofilms over 24 h
exposure (Kalishwaralal et al., 2010) whereas a number of studies reported considerably higher
concentrations for inhibition or deactivation of biofilms. Fabrega et al. (2009) reported no
significant effect of AgNPs (mean diameter of 65 nm) on P. aeruginosa biofilm viability at
concentrations between 20 to 2000 pg/L of AgNPs over 24 h exposure time. Similarly, Sheng
and Liu (2011) suggested the high tolerance of attached biofilms in wastewater over 24 h
exposure to 200 mg/L. AgNPs. This observed difference is likely due to disparity between the
biological and structural properties of biofilm and the nature of the AgNPs used under distinct
experimental conditions, particularly the exposure time. The physicochemical characteristics of
NPs (size and coating) and the nature and age of the biofilm highly influence their diffusion
coefficient. Peulen and Wilkinson (2011) suggested that as the density of biofilm increases with
age, the pore size distribution shifts to smaller pore sizes altering deposition and bioavailability

of AgNPs in denser, more developed biofilm.

4.2 Behavior of PVP-AgNPs in biofilm-laden media

The bioavailability of AgNPs is highly dependent on their chemical speciation, size-dependent
diffusive fluxes and their particle coatings (Azimzada et al., 2017; Azodi et al., 2016). No evidence of
aggregation was observed in the effluent of the three reactors, with no significant change in
particle size (Fig. S1D). Mitzel and Tufenkji (2014) also reported a high stability of PVP-AgNPs

in suspension and little change in their size or electrophoretic mobility with changing ionic
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strength. The steric stabilization of AgNPs by PVP polymers typically prevents the particle

aggregation over a range of pH values and ionic strength (Song et al., 2011).

Despite the initial high retention capacity of biofilm for AgNPs, MBBRi, MBBR2 and MBBR3
released 38%, 46% and 75% of the cumulative mass of Ag via their effluent over long-term
exposure scenarios (at effluent concentration of 0.05 to 0.5 mg/L, Fig. 5). The cumulative mass
released from the reactors was calculated from the measured effluent concentrations and the flow
rates. Approximately 55% to 79% of concentration of released total silver in the effluent of the
reactors ([Agesr]) was in the form of NPs and about 7% to 31% of [Ages] (1.14 to 24.5 pg/L) as
dissolved Ag. Herrling et al. (2016) also reported high retention capacity of heterotrophic biofilms
only at short exposure times (up to 3 h) over 27-day exposure in MBBR before release of silica-
coated iron oxide nanoparticles by the detachment of loaded biofilms. It is likely that association
with biomass is the main retention pathway of AgNPs in reactors receiving lower concentrations
of AgNPs (10 to 100 pg/L AgNPs). At higher concentrations (600 ug/L. AgNPs), however, other
mechanisms affect the attachment efficiency of AgNPs to the biofilm surface (Mitzel and
Tufenkji, 2014). The initial high retention of PVP-AgNPs by the attached biofilm (Fig. 5)
suggests a high affinity of PVP-AgNPs for uncoated surfaces of biofilm via hydrophobic
interactions between hydrophobic PVP coatings of AgNPs and heterogeneously amphiphilic
surface of biofilm (Song et al., 2011). In longer-term exposure scenarios, however, as the
concentration increases in the bioreactor, the saturation of biofilm outer layers by local
accumulation of the nanoparticles and biofilm sloughing off from the surface of the carriers can

reduce the retention capacity of biofilm.

The inhibitory effect of AgNPs is ascribed to both nanoparticle and dissolved ions released from
AgNPs; however which fraction dominates toxicity appears inconclusive (Beer et al., 2012;
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Navarro et al., 2008; Kawata et al., 2009). Most previous studies, reporting the Ag'-mediated
toxicity of AgNPs, used silver nitrate (AgNOs) as a source of bioavailable free Ag™ ions at
concentration of 0.05 to10 mg/L in simple growth media (Beer et al., 2012; Choi et al., 2017). In
our study, the inhibitory effect of AgNPs was observed in MBBR:2 (131 pg/L Ag) and MBBR3
(630 png/L Ag) with an average influent dissolved Ag concentrations of 14.4+6.0 pg/L
(11% [Aginf]) and 39 + 19 pg/L (6% [Aginf]) respectively which were lower than the reported
inhibitory dissolved Ag concentrations (Beer et al., 2012; Choi et al.,, 2017). The detected
dissolved Ag in bioreactors, MBBR2 (5 to 11 pg/L) and MBBR3 (24 to 56 pg/L) (Fig. S1) were
likely partially or completely complexed via interaction with suspend biomass. Although
significant accumulation and mass transfer of AgNPs into deeper layers of biofilm would deliver
toxic Ag® directly to adherent cells via the (interfacial) dissolution of the surface-bound NPs in
biofilm matrix. Therefore, the measured dissolved Ag content in each reactor could not be fully
be attributed to the observed toxicity, and the presence of AgNP accounts for some part of the
toxicity of AgNPs, and is consistent with previously reported studies (Navarro et al., 2008;
Kawata et al., 2009). Apart from extracellular dissolution in media, diffused AgNPs in biofilm
EPS can partly follow a "Trojan-horse" type of mechanism (Hsiao et al., 2015). Cell surface-
associated AgNPs serve as carriers that penetrate cell membranes and dissolve to release a large
amount of bioavailable Ag" intracellularly, able to interact with cell molecules and damage cell
functions (Park et al., 2010; You et al., 2018); however the current knowledge on the mechanism
by which AgNPs interact with the cytosol environment and the dissolution properties of

intracellular AgNPs remains limited (You et al., 2018).

Our results suggest a concentration-dependent dissolution regime where the higher dissolution,

in terms of the fraction of Ag dissolved relative to total Ag added, is higher at lower
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concentration of AgNPs (10 and 100 pg/L) in the effluent of reactors which is consistent with
previous studies (Azodi et al., 2016; Hadioui et al., 2013; Zhang et al., 2016b). The lower
percentage of dissolved Ag at higher influent concentration is likely due to high proton depletion
(Liu and Hurt, 2010). The observed dissolution pattern in MBBR effluent (Fig. 5D) was
consistent with the proposed two-phase dissolution kinetics, including a short, initial phase with
a high release rate, and a longer, second phase with more gradual release (Mitrano et al., 2014).
The dissolution behavior of AgNPs depends on the chemistry of the aqueous medium (e.g., ionic
strength, pH), the characteristics of NPs (e.g., size, particle concentration) as well as the nature
of the surface capping agents (Azodi et al., 2016). PVP-coated AgNPs comprise an inner hard
sphere of AgNPs covered with a relatively thick coating of high molecular weight PVP polymer
which is uncharged with an amide group that also favors dissolution (Song et al., 2011). Azodi et
al. (2016) attributed the decrease in dissolved Ag concentrations in the wastewater effluent
samples to the reformation of the secondary NPs from dissolved Ag. We detected changes in
chemistry of the particles (Ag2S, AgCl) in the effluent of all MBBRs using TEM-EDS analysis

(Fig. S2).

Sulfidation of AgNPs, may lead to the formation of partly sulfidated (Ag(0)/Ag2S) or fully
sulfidated (Ag2S) particles, with the latter being formed at high sulfide concentrations existing in
anaerobic environments. For partially sulfidated AgNPs, dissolution of Ag(0) with release of Ag"
can occur (Zhang et al., 2018). In our reactors, the influent sulfate (SO4*, 16.3 uM, in
concentrated feed), as the only source of sulfur, needs to be reduced to bisulfide (HS") by sulfate-
reducing bacteria as an essential step for the sulfidation of AgNP. Only anoxic/anaerobic zones,
within the lower layers of biofilm, could favor the growth of sulfate-reducing bacteria (Auvinen

et al., 2017). Due to high concentration of dissolved oxygen (6.5 mg O2/L) and lack of enough
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electron donors (low concentration of organic compounds), an incomplete sulfate reduction is
expected. Therefore, considering the low ratio of S/Ag (0.037 to 0.25, based on 10% influent
sulfate reduction) in our reactors, and the presence of dissolved Ag at concentrations ranging
from 1.14 to 56 pg/L (bioreactor) it may be concluded that although sulfidation of AgNPs

occurred, it did not cause Ag to be unavailable to bacteria and did not prevent toxicity.

The sulfidation of AgNPs, even in the presence of strong capping agents such as PVP, is
proposed as the final thermodynamic fate of AgNPs, which can minimize the concentration of
dissolved Ag (Levard et al., 2011; Liu and Hurt, 2010). The non-uniform sulfidation of AgNP
surface, however, may still contribute to NP dissolution (Kent et al., 2014). In parallel, the influent
chloride (12.5 mM in concentrated feed, Table 1) can act as a sink for Ag" ions released from
oxidative dissolution of PVP-AgNPs by forming insoluble AgCI(s) species at low CI
concentrations and soluble chloro-silver complexes (i.e., AgClx~, AgCl3*>", AgCls*") at high CI
concentrations (Azodi et al., 2016; Zhang et al., 2018) leading to a high Ag" gradient between
the surface of AgNPs and a bulk solution that further favor the dissolution of AgNPs. It should
be noted that AgNP bioavailability in biological matrices can be highly influenced by the
complexation/competition with components in the wastewater effluent. The release of AgNP-
rich biofilm, sloughed of the carrier surface can adversely affect the efficiency of downstream
treatment chains such as nitrifying MBBRs. Thus, the potential impact of AgNPs in the receiving

environment would still be a concern even at proposed environmental concentrations.

The risks associated with exposure to AgNPs during wastewater treatment, can be attenuated by
possible changes in their aggregation state, surface composition, their reactivity. Coagulation-
flocculation process and chemical precipitation for treatment of the AgNP-containing stream can

likely increase their hetero-aggregation, leading to lower Ag bioavailability prior the biological
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treatment in WRRFs. Folens et al. (2017) reported the high efficiency of an poly aluminum
chloride coagulant in combination with a pH-correction and an anionic polyelectrolyte as
flocculant as an effective combination for Ag removal in wastewater matrix. Downstream of
biological process, incorporation of reactive media such as slag filters (Claveau-Mallet et al.,
2013) can potentially reduce the Ag via complexation/precipitation reactions with the widely
present inorganic and organic substances. There is a need to evaluate the efficacy of such

approaches and to understand how NPs behave under such conditions.

Conclusion

This study was focused on assessing the sensitivity of attached-growth biological wastewater
treatment processes at environmental relevant concentrations of AgNPs. This is the first study
that investigated the fate and inhibitory effect of PVP-AgNPs in high rate carbon removal
MBBRs, at nominal concentrations of 10 to 600 pg/L. AgNPs. Although previous studies
suggested no lethal impact of certain nanoparticles (e.g. CeO2, TiO2, CuO and AgNPs) on
biofilm system, our results indicated the adverse effect of PVP-AgNPs on structural and
functional response of the biofilm in MBRR which was dependent on the exposure time and
influent Ag concentration. Suppressed soluble COD removal efficiency and biofilm membrane
integrity damage in reactors could affect the stability of such high-rate treatments. The observed
significant biofilm detachment from the surface of the carriers could affect the sludge retention
time of the reactors and the biomass specialization. The quantitative characterization of
nanoparticles in MBBRs, using spICP-MS, and Ag mass balance indicated the limited retention
capacity of aerobic heterotrophic biofilm for AgNPs over long term exposure. Our findings
imply lower efficiency of MBBRs to retain AgNPs compared to the commonly used activated

sludge systems. The release of AgNP-rich biofilm, sloughed off the carriers, could affect the
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treatment chain efficiency of a downstream nitrifying MBBR or the effluent receiving stream.
Our results stress the need for strategies to control the release of such NPs from biofilm systems.
This study contributes to a better understanding of the fate and behavior of AgNPs in biological
wastewater processes, providing key information that can be used to predict the environmental

risks of ENPs (transport, persistence and toxicity) in aquatic ecosystems.
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Fig 3.CLSM image of biofilm in the absence of AgNPs (a1-c1) and presence of 10 pg/L (a2) and

100 pg/L of AgNPs (b3) after 18 days exposure and 500 pg/L AgNPs (c2) after 5 days exposure
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