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Abstract: In conventional activated sludge (CAS) involving aerobic biological processes, the retention
of silica nanoparticles (SiO2 NPs) has no detrimental effect on chemical oxygen demand (COD) and
ammonia nitrogen (NH3–N) removal. However, for the membrane bioreactor (MBR) system, which
is also based on the activated sludge process in addition to the membrane separation process, it has
implications not only on the process performance but also on membrane fouling. To investigate
these two implications in lab-scale experiments, we continuously operated a control MBR and two
experimental MBRs, in which the 28 nm SiO2 NPs and 144 nm SiO2 NPs were added separately to
the influent at a final concentration of 100 mg/L. Although the retention of SiO2 NPs in the MBR, as
confirmed by dynamic light scattering (DLS) analysis, did not compromise the COD and NH3–N
removal, it resulted in substantial increases in the transmembrane pressure (TMP) suggesting the
onset of membrane fouling. Analyses by batch-dead end filtration revealed the same fouling trend as
observed during the continuous MBR experiments; membrane fouling is aggravated in the presence
of SiO2 NPs. This was evident from permeate flux decline of between 30% and 74% at very low TMP
(5 kPa) and the further increases in the total resistance.

Keywords: silica nanoparticles; membrane bioreactor; membrane fouling; activated sludge
respiration inhibition

1. Introduction

The presence of SiO2 NPs in wastewater discharged from domestic and industrial sources raises
two concerns for the biological wastewater treatment systems. One is their substantial stability in
wastewater [1] that leads to the release of some of them into the effluent stream [2]. Another one is the
potential impact of their consequent retention in activated sludge [3,4], which is the core of biological
wastewater treatment processes.

Although the presence of SiO2 NPs in wastewater recently has been considered in operational
strategies [5–7] and performance evaluation [8] for biological wastewater treatment systems, many
of the studies have focused on CAS systems. In a CAS, the presence of SiO2 NPs has no detrimental
effect on the aerobic removal of COD [2] and NH3–N [8]. Hence, the greater concern for developing
strategies is to improve their aggregation with, incorporation into and settling along with activated
sludge [1,5] instead.

Additional efforts are also needed to extend this research to membrane bioreactor (MBR) systems,
which are also based on the activated sludge process in addition to a membrane separation process that
allows MBR operation at higher mixed liquor suspended solids (MLSS) and longer sludge retention
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time (SRT) [9]. Thus, one may expect that the biological response to SiO2 in an MBR is similar to that
observed in a CAS considering that the biological processes occurring in both systems are governed by
activated sludge process. To demonstrate this, we performed continuous lab-scale MBR experiments
under a constant flux and evaluated the response of activated sludge to SiO2 NPs based on the
activated sludge respiration inhibition test and measurement of the removal efficiency of COD and
NH3–N. As the particle size may influence SiO2 NPs’ colloidal stability in wastewater [1–10] and thus
their retention in a MBR, we considered two types of SiO2 NPs based on size range, assessed their
retention by comparison of activated sludge biomass between a control and an experimental group
and confirmed their retention in a series of batch filtration tests.

Unlike a CAS, an MBR is challenged by membrane fouling [9], which can be more seriously
challenged with colloidal particles such as SiO2 NPs present in the wastewater [11]. In a microfiltration
process alone, colloidal particles can foul the membrane by their accumulation on the membrane
surface resulting in the formation of a so-called cake layer and/or by plugging the membrane pores [12].
The extent of these two membrane fouling events is also influenced by the size of the particles relative
to the membrane pores [13]. Similarly, in an MBR that integrates microfiltration, colloidal particles in
the range of 10 nm to 100 nm are responsible for a major part of membrane fouling [14]. Thus, if SiO2

NPs are present in wastewater entering an MBR, membrane fouling will be aggravated possibly due
to interaction effect of SiO2 NPs themselves and the assumed colloidal fraction of activated sludge. To
investigate this, we monitored online the changes in the TMP of the MBRs from the same continuous
lab-scale MBR experiments. We also performed a series of batch dead-end filtration tests to further
investigate its effect on permeate flux and total resistance. This paper reports on our experimental
investigation of the effects of SiO2 NPs on an MBR. It describes the retention of SiO2 NPs in an MBR
and its implications for process performance and membrane fouling.

2. Materials and Methods

2.1. Materials

SiO2 NPs were purchased from Nissan Chemical Industries (Tokyo, Japan). Two types of SiO2

NPs according to size were used, 10–15 nm (Snowtex® ST-30) and 70–100 nm (Snowtex® ST-ZL). Their
hydrodynamic size in synthetic wastewater were 28 nm for Snowtex® ST-30 and 144 nm for Snowtex®

ST-ZL based on our evaluation by using DLS (PSS Nicomp, Santa Barbara, CA, USA) following the
manufacturer’s instructions.

Three lab-scale MBRs, which were made of acryl plastic (polymethylmethacrylate), were used.
Installed in each MBR setup was a 0.1 m2, flat sheet chlorinated-polyvinyl chloride (C-PVC) membrane
module (240 mm ˆ 340 mm ˆ 7.5 mm) with a nominal pore size of 0.25 µm (GS Yuasa, Kyoto, Japan).
Each MBR setup was connected to an air pump with continuous fine bubble diffused aeration that was
controlled at 5 L/min by using an airflow meter (Dwyer, Michigan, IN, USA). The air diffuser was
directly installed 5 mm beneath the membrane module. The activated sludge inoculum was obtained
from an aerobic basin of a domestic wastewater treatment plant (Janghanpyeong, Seoul, South Korea).

The influent was a synthetic wastewater [15], whose composition includes 300 mg/L
glucose (C6H12O6), 260 mg/L ammonium sulfate [(NH4)2SO4], 8.5 mg/L potassium dihydrogen
phosphate (KH2PO4), 2.2 mg/L dipotassium hydrogen phosphate (K2HPO4), 4.5 mg/L disodium
hydrogen phosphate dodecahydrate (Na2HPO4¨12H2O), 9.4 mg/L manganese sulfate monohydrate
(MnSO4¨H2O), 0.25 mg/L ferric chloride hexahydrate (FeCl3¨6H2O), 23.3 mg/L calcium chloride
(CaCl2), 22.5 mg/L magnesium sulfate heptahydrate (MgSO4¨7H2O) and 670 mg/L sodium
bicarbonate (NaHCO3) (Daejung Chemical & Metal Co., Ltd., Shiheung, South Korea).
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2.2. Continuous Lab-Scale MBR Experiments

2.2.1. Operating Conditions

Three lab-scale submerged MBRs (Figure 1) were set up, each having an effective reactor volume
(V) of 6 L. One MBR setup served as the control setup, i.e., SiO2 NPs were not added to the influent.
The two other MBR setups served as the experimental setups, i.e., SiO2 NPs were added to the influent.
All the MBR setups were operated under the same conditions as follows: 6 h hydraulic retention time
(HRT), 20 d solids retention time (SRT) and 10 L/(m2¨h´1) influent/effluent flux. The average initial
value of MLSS concentration of the three MBR setups was 4.2 g MLSS/L ˘ 0.46. The desired SRT was
maintained by daily withdrawing 300 mL of activated sludge.
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Figure 1. Schematic of the lab-scale membrane bioreactor (MBR) used in the continuous experiment.

When the removal of COD and NH3–N in all MBR setups had become stable (the values did not
change over time), 28 nm and 144 nm SiO2 NPs were separately added to the influent (on day 15) of
each experimental MBR setup at a final concentration of 100 mg/L (SiO2, 0.01 wt. %).

2.2.2. Characterization of Activated Sludge

The pH (7 ˘ 1), dissolved oxygen (DO) (7 ˘ 1 mg O2/L) and temperature (22 ˘ 1 ˝C) of activated
sludge were measured by using Thermo®probes (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Their values did not differ significantly between the control and the two experimental MBR setups
[F(2,21) = 0.53, p > 0.05]. The MLSS and mixed liquor volatile suspended solids (MLVSS) were measured
based on the Standard Methods [16]. Statistical significance of the difference between group means of
data sets was determined by using one-way analysis of variance (ANOVA) and independent t-test
(Origin Pro 8, OriginLab Corporation, Northampton, MA, USA). The same statistical analysis was
done, where necessary, throughout the study.

2.2.3. Activated Sludge Respiration Inhibition Test

The oxygen uptake rate (OUR) was measured by using DO probes connected to a portable
stand-alone data collection and analysis device (LabNavigator™, Forston Labs, Fort Collins, CO, USA).
The samples were prepared as follows: 250 mL of the 300 mL waste sludge from each MBR setup
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was centrifuged at 4000 rpm and 4 ˝C for 15 min. The supernatant was discarded, the pellet was
reconstituted with tap water and finally diluted to a final concentration of 3 g MLSS/L. From each
dilution, 250 mL was obtained, mixed with 16 mL of Organization for Economic Cooperation and
Development (OECD) 209 medium [17] and filled with tap water up to 500 mL.

The mixture containing activated sludge taken from the control MBR setup was designated as
the control pRTBq mixture. The remaining two mixtures with activated sludge taken from the two
experimental MBR setups were the test mixtures pRTq. In addition, 500 mL of the following abiotic
control pRTAq mixtures were also tested: OECD 209 medium, 100 mg/L of 28 nm SiO2 NPs and
144 nm SiO2 NPs. The procedures were based on the OECD 209 test guidelines [17] and the inhibition
of total respiration pITqwas calculated using the equation:

IT “

„

1´
RT ´ RTA

RTB



ˆ 100%. (1)

2.2.4. Performance Evaluation

The concentrations of COD, NH3–N, total nitrogen (TN) and total phosphorus (TP) of both
influent and effluent were measured three times a week by using water quality test kits (C-MAC Co.,
Ltd., Daejeon, Korea). The removal efficiency pRqwas calculated using the equation:

R “
Ci ´ Ce

Ci
ˆ 100% (2)

where Ci and Ce are concentrations of each parameter in the influent and effluent, respectively. All
water quality measurements were performed using an Optizen UV-VIS spectrophotometer with
pre-programmed water analysis methods (Mecasys Co., Ltd., Daejeon, Korea).

2.2.5. Transmembrane Pressure Monitoring

A pressure transmitter was installed in each MBR setup for on-line monitoring of the changes
in the TMP. It converts the pressure, which is detected from the elastic deformation of the silicon
diaphragm of the integrated sensor chip, into an electrical signal in the presence of an auxiliary
electrical supply (Keller-Druck, Winterthur, Switzerland). The pressure transmitter was connected to a
computer for continuous data collection through a LabVIEW program (National Instruments, Austin,
TX, USA). The TMP profile of each MBR setup was compared based on the absolute value of the slope
of the linear portion of TMP versus time plot, at select points in time, i.e., when the TMP of the two
experimental MBRs increased relative to the control MBR.

2.3. Batch Experiments

2.3.1. Influence of SiO2 NPs on MLSS Measurement

To evaluate the potential contribution of SiO2 NPs to the increase in MLSS values of activated
sludge (assuming that or if some of them remained in activated sludge), 50 mg/L, 100 mg/L, 250 mg/L,
500 mg/L and 1000 mg/L each of 28 nm and 144 nm SiO2 NPs were subject to the same MLSS
measurement as described on Section 2.2.2.

2.3.2. SiO2 NPs Settling Experiments and Dead-End Filtration Tests

A total of 200 mL each of 28 nm SiO2 NPs (1000 mg/L), 144 nm SiO2 NPs (1000 mg/L) and
activated sludge (3 g MLSS/L) was prepared in the same but fresh synthetic wastewater. This group
of samples served as controls. The experimental group was two mixtures consisting of each SiO2 NP
plus activated sludge. The final concentrations of SiO2 NPs and activated sludge in the two mixtures
were the same as those in the control group.
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A series of settling experiments were conducted to investigate the colloidal stability of SiO2 NPs.
The experimental and control groups were mixed by continuous magnetic stirring at 125 rpm (Daihan
Scientific, Seoul, South Korea) for 30 min followed by gravitational settling for 3 h. DLS analysis of the
decantate from each sample was done to determine the hydrodynamic size of the dispersed particles
present as described in Section 2.1. A batch dead-end filtration test of each samples from the control
group (except activated sludge) and experimental group was conducted at 5 kPa, and DLS analysis
was done to confirm the presence of SiO2 NPs in the permeate.

A series of batch dead-end filtration tests were also conducted as described elsewhere [18–20], but
the applied pressure was increased in a step-wise fashion during each run of batch dead-end filtration
test. A detailed and determinative investigation of membrane fouling was unnecessary since we only
aimed at briefly comparing the fouling trend observed during the continuous MBR experiments to
that during the batch dead-end filtration; thus only for relative comparison. The total resistance (RT)
was determined from each constant pressure data using the expression:

J “
∆P

µRT
(3)

The effect of SiO2 NPs on activated sludge microfiltration was investigated over a range of TMP
(∆P), from 5 kPa to 35 kPa at a 5-kPa interval. We used a 180-mL unstirred cell unit (Amicon 8200,
Amicon™, Danvers, MA, USA) and a 28.7 cm2 (A) C-PVC membrane that we cut from one whole
sheet of the membrane. A new membrane was used in every batch dead-end filtration test and the
permeate flux of deionized water (JCW) through the membrane at a given pressure was measured [21].
The values of permeate flux (J) obtained from all of samples were normalized by their respective JCW
values. The filtrate viscosity (µ) was measured by using a DV-II+Pro viscometer (Brookfield AMETEK,
Inc., Middleboro, MA, USA) following the manufacturer’s instructions.

3. Results and Discussion

3.1. Retention of SiO2 NPs in MBR

The evolution of MLSS following the addition of SiO2 NPs in the two experimental MBR setups
(Figure 2a) indicates retention of SiO2 NPs in the mixed liquor. Unlike that in the control MBR setup,
the MLSS concentration in the experimental MBR setups was increased by 0.08 g MLSS/L/d (with
28 nm SiO2 NPs) and 0.14 g MLSS/L/d (with 144 nm SiO2 NPs). MLVSS measurements in both
the control MBR and experimental MBR setups, which did not differ significantly from each other
(F(2,21) = 3, p > 0.05), confirm that the increasing MLSS concentration is non-biomass-related and is
due to the accumulation of SiO2 NPs. Subsequent batch experiments with pure SiO2 NPs further
confirm the contribution of SiO2 NPs to MLSS measurement due to their accumulation; 1000 mg/L
SiO2 NPs contributed as much as 0.3 g/L and 0.7 g/L for 28 nm and 144 nm SiO2 NPs, respectively
(Figure 2b).

At the end of the experiment, the final MLSS concentration in the experimental MBR setups
relative to the control MBR setup (4.2 g MLSS/L) increased by 28% (with 28 nm SiO2 NPs) and 64%
(with 144 nm SiO2 NPs). Converting these percentage increases in MLSS concentration to wt. % SiO2

NPs, approximately 0.12 wt. % of 28 nm SiO2 NPs and 0.27 wt. % of 144 nm SiO2 NPs were present in
the experimental MBR setups. Considering 29.38 g as the total input of SiO2 NPs over the period of
15 days of operation (19.584 L/d ˆ 15 d ˆ 100 mg/L SiO2 NPs), the estimated retention of 28 nm SiO2

NPs and 144 nm SiO2 NPs in the MLSS of MBR was 4% and 9%, respectively.
The results demonstrate that some of the SiO2 NPs accumulate in the mixed liquor despite their

size being smaller than the membrane pore size, thus confirming actual exposure of activated sludge
to SiO2 NPs. This is particularly important to subsequently evaluating the potential outcomes of the
exposure of activated sludge to SiO2 NPs in an MBR.
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With the substantial stability of SiO2 NPs due to their low point of zero charge in
wastewater (pH < 3.5) [1], some are most likely retained in the mixed liquor. For instance, in
the secondary treatment of a CAS that involves deliberate settling of activated sludge, poor
aggregation/sedimentation of SiO2 NPs was observed [2] and for that same reason may hold true in
activated sludge of an MBR. We demonstrated this in a batch settling experiment followed by DLS
analysis of the decantate, where particles with nearly 28 nm and 144 nm size distribution were detected,
suggesting the retention of SiO2 NPs in the dispersion medium (synthetic wastewater and/or activated
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sludge) (Figure 3a–d). Meanwhile, particles of approximately between 100 nm to 400 nm were also
present in the sample containing a mixture of 28 nm SiO2 NPs and activated sludge (Figure 3b),
suggesting that some colloidal particles from activated sludge remain dispersed along with SiO2 NPs.
These colloidal particles from activated sludge, however, are apparently not detectable in the sample
containing a mixture of 144 nm SiO2 NPs and activated sludge (Figure 3d) for some unknown reasons.
We suspect that they may be present but overshadowed by the dominant presence of 144 nm SiO2 NPs
in the sample.

In an MBR, the estimated values for the retention of SiO2 NPs may be expected to be lower than
those reported in a CAS (35%) [2]. This is reasonable because of (1) the continuous aeration in an
MBR that further keeps SiO2 NPs dispersed in the mixed liquor, (2) the suction pressure that facilitates
their discharge into the effluent stream and (3) the size of SiO2 NPs being smaller relative to the
membrane pore size that allows them to easily pass through the membrane. DLS analysis confirms
the presence of 28 nm SiO2 NPs and 144 nm SiO2 NPs in the permeate (Figure 4). In addition, it is
clear from DLS analysis that other than the SiO2 NPs, some colloidal particles from activated sludge
of approximately less than 100 nm can also pass through the membrane (Figure 4b). The mean floc
size of activated sludge used in the dead-end filtration tests was 7.5 um (25% of distribution < 3.8 um,
50% of the distribution < 5.9 um). In an MBR system, the average size of activated sludge flocs can be
as small as 5 um and as large as 240 um [9]. In the decantate (after allowing the activated sludge to
settle), there remained particles with an average size of 191 nm (Figure 3e) while in the permeate (after
filtration of activated sludge), 123 nm particles were detected (Figure 4e). Together, the results prove
that some of the SiO2 NPs remain in the mixed liquor of an MBR, thus allowing potential interaction
with activated sludge.
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3.2. Potential Biological Effect of SiO2 NPs on Activated Sludge and MBR Performance

That the total respiration decreased in the two experimental MBR setups indicates the potential
biological effect of activated sludge exposure to SiO2 NPs. The maximum IT by SiO2 NPs was as low
as 5% (with 28 nm SiO2 NPs) and as high as 60% (with 144 nm SiO2 NPs) (Figure 5).Water 2016, 8, 277 8 of 14 
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The lesser inhibitory effect of 28 nm SiO2 NPs compared with that of 144 nm SiO2 NPs may be due
to the relatively lower retention of 28 nm SiO2 NPs in an MBR. Despite the same initial concentration
of SiO2 NPs in the influent of the two experimental MBR setups, the estimated amount of SiO2 NPs in
the mixed liquor actually differed (Figure 2) as did the extent of activated sludge exposure to SiO2 NPs.

The size-dependent toxicity of nanoparticles has been widely reported in literature, particularly
in studies of nanoparticle toxicity in pure culture bacteria [22,23]. Previously, we have shown in batch
experiments that smaller SiO2 NPs (~12 nm and ~151 nm) were more inhibitory than the larger SiO2
NPs (442 nm and 683 nm) given that the concentration or dose did not change throughout the period of
study [24]. The size-dependent toxicity of nanoparticles observed from these studies is most likely due
to their greater surface area [25]. However, size-dependent toxicity was not observed in the present
study. One reason is that despite the same initial SiO2 NPs concentration, the exposure to 28 nm SiO2
NPs and their respiration inhibitory effect are less than those of 144 nm SiO2 NPs because the smaller
SiO2 NPs can easily pass through the membrane, thus having lower retention in MBR activated sludge.
Lower retention could mean lower exposure of MBR-activated sludge to SiO2 NPs.

Of the several possible mechanisms of nanoparticle-induced toxicity reviewed in the literature [26],
oxidative stress, release of toxic cations and change in protein conformation mainly stand out [27].
However, there is no conclusive evidence for the mechanism of SiO2 NPs inhibition of activated sludge
total respiration although indirect evidence from fatty acid methyl ester (FAME) analysis of activated
sludge suggests that SiO2 NPs altered the composition of the microbial membrane lipids [24]. The
potential biological effects of SiO2 NPs on activated sludge warrants further investigations, especially
because in nanotoxicity the key role of the interaction of nanoparticles (including SiO2 NPs) with
proteins, which are also a component of activated sludge extracellular polymeric substances (EPS), has
been recognized recently [28–30].

Similar to that observed in a CAS for yet unclear reasons, activated sludge exposure to SiO2
NPs [8] and their inhibitory effect on total respiration [24] were also not associated with low oxidation
of COD and NH3. Over a period of 20 days after the exposure of activated MBR to SiO2 NPs, IT in the
presence of 144 nm SiO2 NPs (M = 37, SD = 7) was higher than with 28 nm SiO2 NPs (M = 8, SD = 9),
t(10) = ´6, p < 0.05. However, there was no statistically significant effect of exposure to both SiO2 NPs
on the removal of COD (F(2,15) = 0.08, p > 0.05) and NH3–N (F(2,13) = 0.003, p > 0.05). The removal of
TN (F(2,24) = 0.32, p > 0.05) and TP (F(2,24) = 1, p > 0.05) also did not statistically differ between the
control and the experimental setups. The overall performance of the control and experimental setups
based on the removal of organic matter and nutrients are summarized in Table 1. Although it may be
disregarded as a potential threat to the process performance of an MBR, the retention of SiO2 NPs in
the mixed liquor may pose a risk of membrane fouling [31,32].



Water 2016, 8, 277 9 of 14

Table 1. Summary of the performance of MBR with and without exposure to SiO2 NPs.

Treatment COD (SD) mg/L Removal % NH3–N (SD) mg/L Removal % TN (SD) mg/L Removal % TP (SD) mg/L Removal %

Influent Effluent Influent Effluent Influent Effluent Influent Effluent

MBR control 279 (60) 10 (2) 96 39 (9) < 0.02 99 50 (5) 47 (4) 6 11 (2) 9 (1) 18
MBR with 28 nm SiO2 NPs 282 (54) 10 (2) 96 41 (7) < 0.02 99 48 (3) 44 (3) 8 11 (1) 9 (1) 18
MBR with 144 nm SiO2 NPs 284 (105) 11 (2) 96 40 (9) < 0.02 99 48 (4) 45 (4) 6 11 (1) 9 (1) 18
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3.3. Implications of SiO2 NPs Retention for Membrane Fouling in an MBR

The slope of the linear portion of the TMP versus time plot of the two experimental MBR setups
was relatively higher than that of the control MBR setup (Figure 6). This indicates an occurrence of
membrane fouling that is apparently related to the relatively smaller SiO2 NPs (28 nm). The difference
in the TMP values between the control and the experimental setups (with 28 nm SiO2 NPs and 144 nm
SiO2 NPs) was statistically significant (F (2,78) = 4, p = 0.03). The TMP monitoring data agree with
the observations from previous studies regarding the effects of colloidal particles, having relatively
smaller size than the membrane pores, on microfiltration. We could infer that the most likely nature
of the observed membrane fouling in the experimental MBR is pore plugging [13], although particle
accumulation on the membrane surface [12] could also be responsible for this.
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area indicates exposure to SiO2 NPs.

The SiO2 NPs, being in the “colloidal size range” between 1 nm and 1000 nm [33], are actually
colloids [30]. Colloids are also implicated in membrane fouling, which we specifically refer to as
colloidal fouling in the following discussion. Colloidal fouling is a phenomenon typical [31,34,35] but
not exclusive to microfiltration processes [13,36,37]. It is influenced by some factors including colloidal
particle size, applied pressure and the interaction with other colloidal particles that may be present in
activated sludge [11,38,39].

However, the effect of each factor may differ depending on the extent of the other factor. We
observed this during the comparative evaluation of permeate flux and total resistance of SiO2 NPs
only (28 nm and 144 nm) and a mixture of each SiO2 NPs and activated sludge at increasing TMP
during the dead-end filtration tests.

All samples exhibit an initially decreasing permeate flux that levels off towards the end of the
range of TMP tested. Alone (as a dispersion) or when mixed with activated sludge, the 28 nm SiO2

NPs exhibited a higher permeate flux than did the 144 nm SiO2 NPs. However, in the experimental
group, although the presence of both SiO2 NPs in activated sludge decreases the permeate flux during
the initial low-pressure stage, which can be as low as low as 30% (28 nm SiO2 NPs) and as high as 74%
(144 nm SiO2 NPs), the permeate flux decline equalizes as TMP further increases from 10 kPa to 35 kPa
(Figure 7). The results clearly show that SiO2 NPs can reduce permeate flux during microfiltration of
activated sludge.
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All samples also show an increasing total resistance over the range of TMP tested. The
experimental group generally exhibits a higher total resistance, suggesting that the presence of SiO2

NPs can aggravate membrane fouling. Unlike the SiO2 NPs alone, the 144 nm SiO2 NPs when mixed
with activated sludge, exhibit a higher total resistance only at the initial stage when the pressure
is between 5 kPa and 10 kPa. The 28 nm SiO2 NPs-activated sludge mixture increases further and
surpasses the 144 nm SiO2 NPs at much higher pressures (Figure 7).

In the experimental group, we suspect that the difference in the transport characteristics [36]
of the two SiO2 is responsible for the difference in their values of permeate flux decline and total
resistance at the initial low-pressure stage. Unlike the 28 nm SiO2 NPs, the 144 nm SiO2 NPs are more
easily retained in a cake layer along with other particles originating from activated sludge so they
exert more hydraulic resistance and a corresponding permeate flux decline (Figure 7). However, as
TMP further increases over time (Figure 6), SiO2 NPs accumulate but the smaller particles form a more
compact structure with less degree of porosity [11] as do the 28 nm SiO2 NPs along with other particles
originating from activated sludge. This likely explains the observed further decreases in permeate flux
and an increasing total resistance in the mixture of 28 nm SiO2 NPs and activated sludge. Although
our results clearly demonstrate that SiO2 NPs aggravate membrane fouling in an MBR, it is possible
that other factors that were not examined in this study, for example, the size of activated sludge flocs
after exposure to SiO2 NPs, also contributed to membrane fouling. A recent study has shown that
SiO2 NPs at a final tested concentration of 100 mg/L improved flocculation ability of activated sludge
after 24 h of exposure. The improved flocculation resulted from the decrease in the interaction barrier
between activated sludge flocs as they were exposed to SiO2 NPs [40]. The clear identification and
differentiation of the mechanisms of membrane fouling observed in our study shall be considered for
further investigations.

4. Conclusions

The retention of SiO2 NPs in an MBR has no adverse effect on the removal of COD and NH3–N
despite the observable inhibition of total respiration in activated sludge. However, it contributes to
membrane fouling that results in TMP increases for a given flux, or conversely it can considerably
reduce the permeate flux at a given TMP. More specifically, the presence of smaller SiO2 NPs in
activated sludge, contrary to that of the larger counterparts, eventually exerts higher total resistance as
the TMP increases, although a substantial flux decline can already be observed at low TMP. As our
results, which are similar to those in a CAS, show no detrimental effect of SiO2 NPs on the overall
performance of an MBR, we anticipate that future studies will further investigate the interaction of SiO2

NPs with activated sludge in an MBR, which is apparently where the challenge in fouling control lies.
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Abbreviations

The following abbreviations are used in this manuscript:

CAS Conventional activated sludge
COD Chemical oxygen demand
DLS Dynamic light scattering
TMP Transmembrane pressure
MBR Membrane bioreactor
C-PVC Chlorinated polyvinyl chloride
DO Dissolved oxygen
MLSS Mixed liquor suspended solids
MLVSS Mixed liquor volatile suspended solids
OUR Oxygen uptake rate
OECD Organization for economic cooperation and development
TN Total nitrogen
TP Total phosphorus
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