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ABSTRACT

Silver nanoparticles discharged from wastewater treatmentiplants pose potential risks to aquatic
environments and in long term it may cause(seriousdiiman health issues, hindering life quality.
Limited research has been developed, makingit difficultdo ensure efficient removal of silver
nanoparticles in wastewater treatment plants. This study evaluates silver nanoparticles removal
efficiency across different wastewater treatment plang layouts: conventional activated sludge, an
anaerobic/oxic process configlirationy, and a\ 4-stage Bardenpho process system. Silver
nanoparticle removal efficiencyywas 82% andaitrogen removal efficiency exceeded 95% under
steady state conditions; diowever; under, dynamic conditions, a significant reduction was
observed in the Bardenpho and anaerfobic/oxic configurations. The results also showed
variability in organic “mattet andwnitrogen removal due to reduced internal recirculation
flowrates. The findings highlight the need to optimize certain configurations to ensure balanced
performance across allpollutants:
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INTRODUCTION

The accelerated pace of industrial development, while addressing growing societal
demandsy has also intensified environmental degradation, influencing the discharge of
untreated wastewater containing synthetic dyes, heavy metals, and other hazardous substances
[1]. Silver nanoparticles (AgNPs) have become key ingredients in a wide range of consumer
products [2], including medical devices, textiles, and electronics, owing to their unique
antimicrobial properties and versatile applications [3]. They have physicochemical traits that
combined with their versatility, allow their incorporation into a wide array of consumer
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products [4]. Their efficacy in inhibiting microbial growth and even viral activity positions
them as promising alternatives to conventional antibiotics [5], and recently it has been studied
as an added nanomaterial to enhance wastewater treatment [6]. The biological activity and
functional performance of AgNPs are governed by multiple factors, such as particle size and
shape, composition, surface chemistry, capping agents, dissolution rate, agglomeration state,
and ion release behaviour in aqueous environments [3]. This dual nature, both therapeutic and
potentially hazardous, turns them into emerging contaminants that need the development of
better comprehensive toxicity assessments [7]. However, their increasing prevalence has raised
significant concerns about the potential risks they pose to human health and the environment
[8].

AgNPs often bypass conventional wastewater treatment plants (WWTPs) [9], potentially
disrupting microbial communities essential for maintaining wastewater treatment efficiency
[10]. This poses a threat to the stability and efficiency of wastewater treatmént plants [11],
particularly through the disruption of microbial communities, vital for pollutant degtadation
[12]. Although AgNPs are increasingly employed in water remediation strategies [6], their
persistence and interactions within treatment systems remain poorly understoed [13]. For
instance, studies show that in the sludge from WWTPs, AgNPs have(portrayed negative effects,
causing biotic stress and problems with settling performance., Given that the bacteria in
WWTPs coordinate their behaviour for suspension and diffu$ion growith, it is altered by the
AgNP concentration in the deterioration of the sludge floesstructuresf14]. Similarly, AgNPs
have shown that they can be mostly removed through the sludge‘oef WWTPs, where at least
90% of the nanoparticles contents is accumulated [15]. However, the behaviour of AgNPs in
the main treatment line of WWTPs remains insufficiently understood, and few studies have
been conducted to date. The persistence ofthe remaining AgNP in wastewater systems
highlights the urgent need for a deeper undetstandingvoftheir environmental behaviour and
effects in WWTPs.

Over the past decades, mathematieal modellingdhas been utilized for understanding and
designing WWTPs. Activated sludge models (ASMs), developed by the International Water
Association (IWA), have beenwidely, adopted in literature to simulate biological nutrient
removal processes [16]. These medel§rarctable to represent the complex microbial interactions,
physicochemical processes’ enceunteredan WWTPs, allowing to analyse system behaviour
effectively [17]. Consequently,«process modelling to study removal treatment efficiency,
WWTP design, and fate of contaminants, the Benchmark simulation frameworks, such as the
Benchmark Simulation*Model, No. 1 (BSM1), have further been implemented [18]. Several
studies have applied ASM'and BSM modelling to analyse treatment performance and evaluate
control stratégies in WWTPs. For instance, ASM was used to reproduce the performance of
industrial and municipaldW WTPs and to optimize operational conditions [19], and BSM1 was
used to evaluate advanced control strategies under dynamic influent conditions [20]. The
integration, Of, emerging contaminants represents a relevant study direction, to assess
contaminant fate’and potential impacts without the limitations of full-scale studies.

Regarding AgNP removal in WWTPs, studies have shown that nitrogen removal is
influenced by the nanoparticles action [21], indicating that AgNPs affect the biological
treatment efficiency [22]. In addition, most AgNPs adsorb onto sludge particles, which may
further influence microbial performance and system stability [23]. More studies suggest that
while AgNPs can be partially removed through biological treatment processes such as activated
sludge [5], their removal efficiency depends on several parameters, including particle
properties, contact time, solution chemistry, and the presence of extracellular polymeric
substances (EPS) [24]. Previous research has also highlighted this importance as well and took
representative mechanisms of AgNP (adsorption-desorption, inhibition, dissolution, and
chemical precipitation) [25], and have applied them into an activated sludge model (ASM-
AgNP) [26]. Different AgNPs sizes and influent concentrations were considered, proving good
removal efficiency of all the parameters like nitrogen, chemical oxygen demand, and AgNPs
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[26]. Considering that particles characteristics and fate mechanisms might have direct relation
to the treatment conditions of WWTPs, the present study investigates the removal efficiency
in plants utilizing the ASM-AgNP model for different WWTPs to expand the understanding of
AgNPs removal.

Despite numerous investigations presenting the effects of AgNPs on microbial
communities and biological treatment, limited research has been conducted on their influence
on varied WWTP configurations, considering their physical conditions and treatment lines,
with their most known fate mechanisms, such as adsorption, dissolution and inhibition. Given
these challenges, it is essential to gain insight into how different wastewater treatment plant
configurations manage AgNP concentrations and how it influences biological treatment
performance. This study aims to (i) assess the removal efficiency of AgNPs andfnitrogen
species using the ASM-AgNP modelling; (ii) compare the performance in three wastewater
treatment plant configurations under steady state and dynamic conditions: “Benchmark
Simulation Model No. 1 (BSM1), Bardenpho process, and Anaerobic/Oxic (A/Q) processyand
(ii1) evaluate the influence of system configuration on treatment efficiency andeffluent quality.
By employing dynamic modelling, this research seeks to evaluate ‘treatment Strategies
conditions and contribute to a better understanding of the environmental'behaviour of AgNPs
in wastewater treatment infrastructure. The structure of the study.follows an introduction where
the major fundaments and objectives are presented, a methodology with a/description of the
models and the equations utilized, results and discussion with a,deseription of the evaluation
of results, and finally the conclusions.

MATERIALS AND METHODS

This study adopts a schematic research framewotk forimodelling a wastewater treatment
system, considering biological treatment usifig the activated sludge process. The modelling was
performed under steady state and dynamic ‘eonditions.Fhe activated sludge model with silver
nanoparticles (ASM-AgNP) from Vilela'et al. [26], isused as a base model that has been already
validated for wastewater treatment,plants (WWTPRs) within the BSM1 and the activated sludge
model No. 1 (ASM1). The effluent quality.of the results is evaluated with the parameters: chemical
oxygen demand (COD), biolegicalfoxygei demand (BOD), nitrite (NO2"), nitrate (NO3"),
ammonia nitrogen (NH4"-N), and\total nitfogen (TN). The following sections explain the further
steps taken within the developmientiof this study and the dynamic simulations.

Evaluation framework

A framework of the studyiis presented in Figure 1. It illustrates the methodology for analyzing
the behaviour of AgNPs in WWTPs through the simulations of the ASM-AgNP within the BSM1
(BSM1-AgNP), bardenpho 4-stage model (Bardenpho-AgNP), and the anoxic/oxic model (A/O-
AgNP), Furthermore, the removal efficiency of AgNPs is evaluated in the WWTP layouts and
compared to'thebaseline BSM1 without AgNPs. The ASM-AgNP model was developed by Vilela
¢hal. [26], based on the conditions established by the International Water Association (IWA) [18].
Thewariables and process rates that are utilized in this model are presented in Figure 2.
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s and process rates for the removal mechanisms were determined and
ere the authors performed a system analysis and validated the model's

Model development

This study used GPS-X version 8.0.1 software for technical and qualitative analyses of the
three WWTP configurations for AgNP: BSM1 with AgNP (BSM1-AgNP), Bardenpho 4-stage
model with AgNP (Bardenpho-AgNP), and AO model with AgNP (A/O-AgNP), and the baseline
model BSM1 without AgNPs. The model development follows the tool of model developer from
the software. The whole stoichiometry and kinetics of the ASM-AgNP model were implemented
and then generated with the model developer tool.
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Furthermore, the operational parameters and characteristics summarized in Table 1 followed
the standard BSM1 framework to ensure comparability. The conditions for influent characteristics,
flowrate, sludge retention time, aeration, and sludge were maintained. The primary differences
among the studied configurations are the physical configuration and the internal recycle flowrate,
with the BSM1 as a baseline. These variations in hydraulic and process design are critical factors
influencing nutrient removal and organic matter degradation.

Table 1. Operational parameters and characteristics of the WWTP model configurations.

Parameter Conditions based on BSM1 BSM1-AgNP Bardenpho-AgNP A/O-AgNP
Influent flowrate
18,446 m3/d
Q
Sludge retention
time (SRT) 10 days
Dissolved oxygen | 2.0 mg/L (aerobic zones, .
(DO) controlled in final reactor) 2.0 mg/L (acrobic zones)
Standard conditions: ~20 °C o
Temperature typical 20°C
Return activated 5
sludge (RAS) 18,446 m*/d
Waste activated 5
sludge (WAS) | 20> m7d
Internal recycle .
(range) 0-5Q (typical 3Q) 3Q 3Q -
Number of . . 5-stage (2 4-stage Bardenpho (2 2-stage A/O
5-stage (2 anoxic + 3 aerobic) | anoxic+# 3 - . (1 anoxic +
reactors . anoxic + 2 aerobic) .
aerobic) 1 aerobic)

The different configurations developed in GPS-X are presented in Figure 3. The key
dimensions of the suggested approachiare as follows: First, the ASM1-AgNP model is configured
in GPS-X; second, the BSM1-AgNP, Bardenpho-AgNP and A/O-AgNP models are developed;
third, the influent/sludge characteristies and operating parameters of the biological model are
calibrated to the base modél; fourth, the,validity of the steady and dynamic simulations are
evaluated on every model.“The dynamic simulations were performed following the standard
BSM1 dynamic conditions presented by Alex et al. [18]. The simulation time is 14 days, and to
analyse the results.the endfofithe simulation period is taken. The initial phase of the simulation
describes the system stabilization; thus, the performance evaluation is focused on the end of the
simulation peried.

Influent Wastewater—

P

B React Reac2 Reac3 Reacd Reac5 Settler Effluent

(@
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(b)
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(c)
Figure 3. Wastewater treatment plant configurations evaluatedn this study: (a) BSM1 with AgNP
(BSM1-AgNP); (b) Bardenpho 4-stage model with AgNP (Bardenpho-AgNR); and (c) AO model with
AgNP (A/O-AgNP). The diagrams weretaken fromGPS-X.

Furthermore, the influent concentrations were primagily adopted from the BSM1 report [18],
and the AgNP concentrations utilized in the WW.I Pumodels were of 14.92 mg/L for AgNPs and
72.24 mg/L for Ag ion, adopted from the study©f Cervantes-Avilés et al. [28]. The same value of
14.92 mg/L was used in all configurations, helpingfo perfofm a direct comparison between them
for the calculated removal efficiencies. The influent\AgNP concentration represents a worst-case
scenario, with high nanomaterial levels used toyevaluate system robustness rather than typical
environmental conditions. Although it is knewn that typical environmental concentrations of
AgNPs are generally reported at lower levels, higher concentrations were adopted to evaluate
robustness and sensitivity ofsthe treatment configurations. This allows an assessment of system
behaviour, potential inhibition effects\and removal performance. Given the scarcity of research
and difficulty carrying eut large/scaléexperiments, this data has been fully adopted from published
works. Hence, to partially overcome this limitation, comparisons with BSM1 without AgNPs, the
baseline model, afe made to analyse the validity of the results from the models. The stoichiometric
processes that the'model implemented for AgNP, adapted from [21] and [22], come from the mass
balances presented ythe following equations [eq. (1), eq. (2), eq. (3) and eq. (4)]:

Adserption 0£ AgNP to biomass:

Sag + (XBH + XBA) - Xag (1)

Desorption of adsorbed AgNP:
Xag - Sag + (XBH + XBA) (2)

Dissolution of AgNP to Ag ion:
AgNP® +35 0, + H* > 24g* + 2 H,0 3)

Chemical precipitation of Ag ion:
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Ag,0 + 2Na* + 2H* + %02 - 24g* + 2NaOH (4)
where Sag is the AgNP in mg/L, Xy, +X;, (mg COD/L) represent the biomass in mg

COD/L, X,

. 18 the adsorbed AgNP in mg/L, 4gNP’ is the silver concentration in mg/L, Ag" is

the silver ion concentration in mg/L, O, is oxygen concentration, /" is hydrogen concentration,
H,O is water concentration, Na* is sodium concentration, and NaOH is the sodium hydroxide
concentration in mg/L.

Performance assessment in wastewater treatment plant configurations

The effluent quality assessment is performed following the BSM1 report firstly, given'that the
ASM-AgNP was derived from it. The conditions for the evaluation were: total nitrogen ‘(I'N)
should be less than 18 mg/L, total chemical oxygen demand (CODy) less than 100, mg/L, nitrogen
ammonia less than 4 mg/L, BODx less than 10 mg/L [18]. In addition, the effluentiquality index
(EQI) has been estimated to measure the quality of the removal resulting ftrom each WWTP
configuration. Equation (5Error! Reference source not found. shows the EQI calculation, and
the variables considered for this analysis [18]:

EQI =

1 f14d bss * SSefr(t) + beop * CODerf(t) + bykj * Sk jerr (D) + (©) * dt (5
T+1000°7d  \ byg * Syoerf(t) + bpops * BOD, s (t) Qers ©®)

where the bi are the weighting factors assigned for eachavariable and the concentrations of the
variables are taken in g/m3. All the bi valdesthave been adopted from the BSM1 report, being bss
2 g contaminant*g, bcop 1 g contamin@nt#g, bng; 30 g contaminant*g, bno 10 g contaminant*g,
beops 2 g contaminant*g [18]. Furthetmore, eachvariable [eq. (6Error! Reference source not
found., eq. (7Error! Referencesourcenot found., eq. (SError! Reference source not found.
and (9Error! Reference souree netdfound.]represents the sum of the different variables in the
model at the effluent:

Snkjeff = Swuerf.+ Swwers + Xnperr + Ixse(Xemers + Xpaerr) (6)
Flyp (Xperr + Xierr)

SSeff = 075(X5,eff + Xl,eff + XBH,eff + XBA,e + XP,eff) (7)

8

BODS gy = 0.25 (S + Xserr + (1= fo). Xpierr + Xpaerr) ) (8)
CODerr = Ssefr + Sperr + Xsepr + Xiers (9)

+Xpuerr + Xpaerr + Xpefy
where all the variables have the subscript eff, representing the values in the effluent
concentration. For these, Sy, - is the Kjeldahl nitrogen in the effluent concentration, which is
the sum of the soluble and particulate nitrogen in the model; SS,; is the suspended solids of

the effluent concentration; BOD; ; is the BOD concentration at the effluent; and COD,; is the

effluent concentration of COD.
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Furthermore, removal efficiencies were calculated following standard procedures. For
steady state conditions, constant influent concentrations from the BSM1 were used. For
dynamic state conditions, removal efficiencies were calculated based on the average influent
concentrations over the evaluation period. For AgNPs, removal efficiency is defined based on
total AgNP concentration, including both soluble and particulate fractions considered in the
model. Two removal approaches are considered, first, the overall removal, which accounts for
total mass removal and sedimentation; second, the removal calculated with the effluent of the
AgNP concentration, estimated with the influent and effluent in the liquid phase. The standard
expression used to estimate removal efficiency is presented in eq. (10Error! Reference source
not found.:

Cin — C

RemEff (%) = (‘”C—eff) x100 (10)
in

where C;, and Cy represent the influent and effluent concentrations (mg/L), respectively.

RESULTS AND DISCUSSION

This section describes all the results and discussions obtained in this studys, The results are
presented by categories, divided into sub-sections, as follows:

Removal in wastewater treatment plants for steady state

Figure 4 shows the results obtained at the effluent of'the’ models’ simulations with base
influent conditions, which were taken from the BSMI, for steady state conditions. The
concentrations of total nitrogen (TN), nitrate/nitrate nitregen (NO3/NO), total biochemical
oxygen demand (BODy), and total chemicaldoxygenidemand (CODy) are shown. Figure 4a
corresponds to a TN value 0f4.57 mg/L, NOg/NOp value 0f0.034 mg/L, BOD; value of 7.53 mg/L,
and CODy value of 46.11 mg/L, from the BSM1-AgNP model. These values fall within the values
set from results for the BSM1. The total COD shews a'slightly higher value than the one from the
base BSM1, however, this mightybe,related to the difference in estimation adhered to the
simulation software GPS-X [29]. It is, known that the software can present some difference in
decimals as the calculations aresshorténed in some instances [30]. It should be noted that the values
presented in the figures are,approximatefgraphical representations, while the numerical values
reported in the text corréspendito therexact simulation outputs obtained from GPS-X.

Compared to the baseline BSM1 without AgNPs results in Figure 4d, the model performed
with similar resulfs, giving final'effluent concentrations of around the values with a difference of
some decimals, for instancep\COD; was 39.1 mg/L and TN was 5.33 mg/L in the BSM1. The
major highlight is that the concentration of TN in the BSM1-AgNP is a little lower than in the
BSM1, répresentingsimilar removal for both. Moreover, for AgNPs a high removal was observed,
obtaining amaverage effluent concentration of 2.7 mg/L for all the WWTP configurations, as
shown in, Figure 5, and it did not interfere with the removal of the rest of the components
considered in this analysis, such as TN, COD, and BOD.
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Effluent concentrations for steady state conditions
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Figure 4. Effluent concentrations for steady state conditions in the: (a) BSM1-AgNP model, (b)
Bardenpho-AgNP, (c) A/O-AgNP, and (d) BSM1 without AgNPs as the baseline configuration.
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Effluent concentrations for steady state conditions
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Figure 5. Effluent AgNP concentrations for steady state conditions, where soluble ¢component a
represents AgNP and particulate component a represents particulate AgNP in‘thei(a) BSM1-AgNP
model, (b) Bardenpho-AgNP, and (c) A/O-AgNP.

Following with the analysis, Figure 4b corresponds to a. TNwalue of 2°22 mg/L, NO3/NO2
reached a zero value, BOD; value of 12.85 mg/L, and €ODy value of 52.79 mg/L, from the
Bardenpho-AgNP model. Finally, Figure 4c corresponds to a,FN value of 2.85 mg/L, NO3/NO»
reached a zero value, BOD; value of 15.65 mg/L, and COD; value of 56.56 mg/L, from the A/O-
AgNP model. For these two model configurations the results show higher concentration of COD,
which is related to the physical conditions of@ smallefsnumber of reactors and lower or absent
internal recycle flowrates in them. This pfovidesfan insight into the influence of the recycle
flowrate in wastewater treatment plants, to provide, bétter conditions for good COD removal
efficiency. Moreover, the BSM1 model without the AgNP concentration represented final values
of CODx 39.1 mg/L and TN 5.33 mg/I\as presented in Figure 4d, which, when compared to the
Bardenpho-AgNP model, indicates that the TN removal was higher and that the COD removal
was lower. Similarly, compafing thé Bardenpho-AgNP model, the TN was lower and the COD;
was a little higher but in the same rangé, both showing a good removal in this configuration.
Meanwhile, for the A/O-AgNP model; the TN had equally a low value and a small increase of
COD; compared to the resultsfromBSM 1. Hence, both configurations show good removal results.
In general, both configurations showed similar behaviour for steady state conditions.

Table 2 summarizes the steady state performance of the WWTP configurations, integrating
effluent congentrations, removal efficiencies, and EQI values. It is noted that removal efficiencies
were calculated based on influent and effluent concentrations, in agreement with the values
presented,in the figures and tables. For AgNPs, the reported percentages correspond to effluent-
basedwemovaljaligned with the observed concentration reduction, considering combined soluble
and particulate AgNPs in the model. The results indicate that all configurations achieved high
treatment efficiencies, particularly for BOD removal, exceeding 90% especially in the BSM1-
AgNP configuration. Nitrogen removal efficiencies were also consistently high, in contrast, COD
removal showed lower efficiencies in Bardenpho-AgNP and A/O-AgNP configurations. The EQI
results further confirmed that the BSM1-AgNP configuration provides the best overall effluent
quality. Higher EQI values represent a relation to increased residual organic matter in the effluent.

Table 2. Overall results for steady state conditions corresponding to effluent based removal.

. TN TN cop | COD | pop | BOD | s onp | ASNP EQI
Configuration (mg/L) removal (mg/L) removal (mg/L) removal (mg/L) removal (kg-units/d)
8 (%) (%) & (%) & @) | ¢
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BSM1-AgNP 4.57 84.8 46.11 84.6 7.53 96.2 ~2.7 >81 5455
Bardenpho- 222 926 | 5279 | 824 | 1285 | 936 2.7 >81 11310
AgNP
A/O-AgNP 2.85 90.5 56.56 81.1 15.65 92.2 ~2.7 >81 13700

Overall, as shown in Figure 6, the steady state removal efficiencies, estimated using standard
BSMI as a baseline. BOD removal exceeded 90% in all the conﬁguratlons reaching its hlghest

A/O configurations, respectively. This result might present a relatio
recirculation flowrate and the number of reactors that have each confi

Steady-State Removal Efficiency
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Figure RemoMenmes in steady state for the BSM1-AgNP, Bardenpho-AgNP, and A/O-
AgNP model.

Rem ewater treatment plants for dynamic state

he results for AgNP concentrations in dynamic conditions (AgNP and particulate AgNP) are
shownyin Figure 7, portraying similar behaviour and average value of 2.2 mg/L.
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Effluent concentrations for steady state conditions
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Figure 7. Effluent AgNP concentrations for dynamic conditions, where soluble component a
represents AgNP and particulate component a represents particulate AgNP in the: (a) BSM1-AgNP
model, (b) Bardenpho-AgNP, and (c) A/O-AgNP.

Moreover, Figure 8 shows the results for the dynamic conditions of the models’ simulations.
Figure 8a corresponds to a TN value at 14 days of 11.34 mg/L, NO3/NO> value at 14 days of 0.68
mg/L, BOD; value at 14 days of 6.03 mg/L, and COD; value at 14 days of 43.04 mg/L, from the
BSM1-AgNP. The values of TN and BOD are slightly different, being lower than and higher than
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the described in the BSM1 report, respectively. This might be related to the stoichiometric and
physical conditions of the model. Furthermore, Figure 8b corresponds to a TN value at 14 days
0f 26.68 mg/L, NO3/NO> value at 14 days of 0.053 mg/L, BOD; value at 14 days of 11.18 mg/L,
and COD; value at 14 days of 49.83 mg/L, from the Bardenpho-AgNP. The values of TN, BOD,
and COD are higher than the ones described in the BSM1 report and the BSM1-AgNP. However,
this did not interfere in the performance simulation of the model. Furthermore, the BSM1 model
without the AgNPs final effluent concentration values, for dynamic conditions, of COD; 35.07
mg/L and TN 5.81 mg/L, as presented in Figure 8d, which compared to the BSM1-AgNP model,
represents a lower value, indicating that the removal of nitrogen and COD was not as good in the
BSM1-AgNP. Compared to the Bardenpho-AgNP, the results are consistent with previous
observations, TN and COD were less removed with a small difference.

Effluent concentrations for dynamic conditions
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Effluent concentrations for dynamic conditions
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Figure 8. Effluent concentrations foridynamic conditions in the: (a) BSM1-AgNP model, (b)
Bardenpho-AgNP, (c) A/O<AgNPRy@and (d) BSM1 without AgNPs as the baseline configuration.
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Finally, Figure 8c cerrespendsito a TN value at 14 days of 32.2 mg/L, NO3/NO; value at 14
days of 0.022 mg/L, BOD; yalue,at 14 days of 14.69 mg/L, and COD; value at 14 days of 54.74
mg/L, from the A/O=AgNP meodel. Compared to the BSM1-AgNP, the results show an increase
in effluent concentration'foriall the components. BSM1 describes dynamic results of average TN
15.57 mg/L{ BODn2.77 mg/L, COD; 48.30 mg/L [18], compared to these values, the results
obtained with BSM1-AgNP model fell around, accounting again for the difference of decimals
that the software has. The Bardenpho-AgNP model results showed higher content of TN in the
effldent;,asswell a more considerable increase in BODy, but with a value around the same range
for COB;. €Comparing to the BSM1 model without the AgNPs final concentration values (COD
35.07 mg/L and TN 5.81 mg/L), as shown in Figure 8d, the A/O-AgNP presented less removal
for bothyvariables.

For the A/O-AgNP model, the TN was approximately double than that reported in BSM1, as
well as for the BOD; increasing by seven times, but with a COD; around the range. The last two
configurations thereby show that the conditions for treatment require adaptation of physical
conditions and probable enhancement of stoichiometric factors. In addition, in comparison with
the AgNP concentrations of Figure 7, a similar behaviour was observed, with high removal of
soluble and particulate AgNP in water. Compared to previous studies, the Bardenpho and A/O
configuration types, have been commonly used for large WWTPs with good performance on
removal, retaining carbon, nitrogen and phosphorus from wastewater [31]. In general, when
analysing the removal portrayed by the three configurations, they achieved satisfactory results for
AgNP removal, and an increase in TN and COD; was noticed for two of the configurations, which
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comparing to the literature, can be related to the inhibition that AgNPs have on nitrogen removal
in the activated sludge process [28].

Table 3 presents the dynamic performance of the WWTP configurations at the last 14 days of
simulation. Thus, a significant reduction in nitrogen removal efficiency was observed, particularly
in the Bardenpho-AgNP and A/O-AgNP configurations. This behaviour shows that these
configurations might require improved operational control. In contrast, BOD removal remains
consistently high while COD removal shows moderate stability. Furthermore, the EQI is only
calculated for steady state conditions, as stated for BSM1, given that under dynamic conditions
the analysis is over a simulation period and varies in this period. A dynamic EQI was considered
not required for the scope of this study.

Table 3. Overall results for dynamic state conditions corresponding to effluent based remowal.

) TN TN COD COD BOD BOD AgNP
Configuration (mg/L) removal (mg/L) removal (mg/L) removal removal
& (%) & (%) § (%) (%)
BSM1-AgNP 11.34 62.2 43.04 85.7 6.03 97 >81
Bardenpho-
AgNP 26.68 11.1 49.83 83.4 11.18 94.4 >81
A/O-AgNP 322 ~0 54.74 81.8 14769 92.7 >81

In treatment performance, a reduction in remoyal efficiency was noted, compared to the
previous stage and the BSM1 as a baseline. Figure 9 presents the BSM1-AgNP configuration with
a TN removal efficiency of approximately 62% whereas'the Bardenpho-AgNP and A/O-AgNP
configurations showed a nearly 11% remoyal efficiency. These results might represent a
sensitivity to the loading conditionsf Which sets a target to implement control strategies or
operational adjustments to make improvemeants in the system. In contrast, BOD removal was
consistent with a value higher than 92%n all ¢configurations, which is related to organic matter
degradation. COD removal efficiengies remained between 81 to 86%, indicating a lower effect on
carbon removal processes than nitrogen. Thus, dynamic operation reveals limitations for nitrogen
removal, particularly indheconfigurations with a reduced internal recirculation.

Opverall, the resultsyindicate ‘that while all configurations perform well under steady state
conditions, their behaviour under dynamic conditions differs. The BSM1 configuration shows
greater robustness, which,can be related to its higher internal recirculation and the number of
reactors, given that this system is designed to work for nitrification-denitrification processes. On
the other‘hand, the Bardenpho and A/O configurations showed greater sensitivity under dynamic
conditiens, whieh islikely related to the reduced internal recycle and lower number of reactors.
These, differences are primarily associated with configuration design; however, the inclusion of
AgNPs 'may, contribute to additional inhibition effects on biological processes. Therefore, the
performange strongly reflects the influence of system design and the nanoparticles interactions,
suggesting that WWTP configurations with higher recirculation and reactors settings may
improve their performance under variable loading conditions.
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Figure 9. Removal efficiencies in dynamic state for the BSM1-AgNP, Bardenpho-AgNP, and
A/O-AgNP model.

Although the model provides valuable insights into the behaviour‘and removal of AgNPs in
different WWTPs, some degree of uncertainty remains due to assumptionsiininfluent conditions,
kinetic parameters, and the limited availability of experimental'data‘for medel calibration. Future
work could include a sensitivity analysis to evaluate the influence ofikey operational and model
parameters on system performance to improve robustaess.

CONCLUSIONS

The present study was proposed as an analytical tool*for evaluating different WWTPs with
AgNPs, accounting for their fate mechanismsyin wastewater and their possibilities of removal in
wastewater treatment systems. The methodology‘included the design of an activated sludge model
integrating the adsorption-desorption, dissolution, inhibition and chemical precipitation of AgNPs
in a software; and the evaluation of, the integrated systems of WWTPs. This methodology
provided insight into the remowal efficiency to achieve high effluent quality. The ASM had been
previously calibrated and ‘was fully ‘developed for the software used in this study. From the
analysis, the followingonelusions were drawn: Modelling of the ASM-AgNP in the software’s
model developer appeared4o besuccessful, showing that AgNPs can be modelled in different
software considefing the kinetics and stoichiometry for the biological treatment in WWTPs.
AgNP remoyal was high aeross all configurations. When considering total mass removal,
including both liquid, and sludge, removal exceeded 98%. When considering only the liquid
effluent, remoyval was approximately 82%. In terms of conventional treatment performance, TN
removakexceeded 95% under steady state conditions, while COD and BOD removal remained
above85% and 90%, respectively. The highest effluent quality was obtained for the BSM1-AgNP
medel. “The, other two configurations showed good removal performance but presented
incongistenicies with TN and CODt removal, indicating some quality limitations and the need for
further optimization.

Furthermore, this area of study about emerging contaminants still needs to grow, more
research needs is needed to increase awareness and improve understanding of nanoparticles.
Although the present study considered three WWTP models incorporating AgNPs, there were
constraints difficult to overcome because of the lack of investigation on the nanomaterial to this
date. For instance, more real-world WWTPs data would help on the robustness of the models,
hence more research on the industry level application should also be incentivized. Therefore, for
future research the line of investigation can be carried out to include a more structured comparative
analysis with AgNP dynamic data and controllers that could increase the TN removal for the two
WWTP configurations that showed inconsistencies. The models proposed in the study can further
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support real-world WWTPs and their operators, supporting risk evaluation and AgNPs treatment
strategies, and other emerging contaminants, to finally optimize their performance. By bringing
more information on the physical conditions, reactor types, nanoparticle concentration, physical
properties, fate mechanisms, removal rates, and so on, the process of design and monitoring of
WWTPs can be enhanced over time. Moreover, this study considers a second phase where an
economic analysis will be developed to evaluate the removal efficiency versus the nanoparticles’
concentrations entering WWTPs, to provide a deeper understanding of feasible solution proposals
for the problem they represent to the environment and the world’s population.
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