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� Suspended AlN NPs addition had no
obvious effects on pollutant
biodegradation.

� AlN NPs obviously increased mem-
brane permeability and mitigated
membrane fouling.

� AlN NPs led to thinner cake layer
with inhibiting framework compo-
nents accumulation.
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a b s t r a c t :

In this study, we assessed fouling in a membrane bioreactor (MBR) with the addition of suspended
aluminum nitride (AlN) nanoparticles (NPs). Three parallel laboratory-scale submerged MBRs were
operated with 0, 10, and 50mg AlN NPs/L for over 70 days. The results showed that the addition of
suspended AlN NPs did not significantly affect pollutant biodegradation; there was only a slight decrease
in NH4

þ-N removal. Furthermore, the membrane's permeability was increased with effective fouling
mitigation by the addition of a high amount of suspended AlN NPs. This was because the suspended AlN
NPs decreased the content of polysaccharides in both the extracellular polymeric substances and soluble
microbial products, and decreased the sludge floc size. However, the AlN NPs also promoted pore-
blocking, particularly standard blocking, which enhanced irreversible fouling. Additionally, owing to
the larger ionic radius and higher electronegativity, the AlN NPs inhibited the accumulation of frame-
work components (SiO2). Therefore, suspended AlN NPs resulted in a thinner cake layer.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid economic development in recent years has partly
zhou@szu.edu.cn (L. Zhou),
contributed to the development of megacities worldwide (such as
Beijing, Guangzhou, and Sao Paulo) (Chen et al., 2018; Di Giulio
et al., 2018), which require high-efficiency wastewater treatment
with a small environmental footprint (Zhou et al., 2017a). Unlike
other wastewater treatment technologies, membrane bioreactors
(MBRs) are a promising and practical alternative for the stable and
efficient treatment, as it has the advantages of high volumetric
organic loading, excellent effluent quality, a small environmental
footprint, and low sludge production (Meng et al., 2017). Large-
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scale MBR plants have been constructed and are under operation.
The Wenyu River wastewater treatment plant (WWTP) in Beijing
and the Jingxi WWTP in Guangzhou have both constructed super-
large scale MBR systems with a capacity of 100000m3/d (Qin et al.,
2018; Xiao et al., 2019). The Henriksdal WWTP in Sweden is ex-
pected to have a capacity of 864000m3/d, making it the largest
MBR under construction (Xiao et al., 2019).

Membrane fouling is a major drawback and obstacle to the
implementation of MBR systems, as it increases the operational
costs and inhibits the promotion of MBR (Guo et al., 2012; Meng
et al., 2017; Huang et al., 2019). Membrane fouling mainly in-
volves pore-blocking and cake layer formation (Iorhemen et al.,
2017). Previous literature reviews (Guo et al., 2012; Wang et al.,
2013) found that the characteristics of activated sludge (such as
the soluble microbial products (SMP), extracellular polymeric
substances (EPS), and floc size) are the primary contributors to
fouling development. Meng et al. (2017) also found that poly-
saccharides are the major organic components of the cake layer
that forms during membrane fouling. Quorum quenching has been
employed to inhibit bacterial communication and mitigate the
characteristics of activated sludge, particularly SMP and EPS, that
contribute to cake layer formation (Salehiziri et al., 2018; Huang
et al., 2019). Additionally, the inorganic components, particularly
metal elements of membrane fouling formation (such as Ca, Mg, Si,
Al, and Fe), have also been studied, such as the function of SiO2 in
the formation of the cake layer framework (Guo et al., 2012; Meng
et al., 2017). In our previous study (Zhou et al., 2017a), we assessed
and discussed the effects of inorganic compounds on membrane
fouling, particularly cake layer formation, and offered an identifi-
cation process for the cake layer.

To mitigate membrane fouling, nanotechnology and nano-
particles (NPs), which have been widely applied in wastewater
treatment (Xu et al., 2014; Xu and Hu, 2015), have been considered
as an alternative anti-fouling technology, particularly for mem-
brane modification (Gebru and Das, 2018). The nano-scale hydro-
philic channels and decomposition of organic compounds by NPs
both mitigate membrane fouling (Kim and Van der Bruggen, 2010;
Qin et al., 2018). Previous studies (Kim and Van der Bruggen, 2010;
Zhou et al., 2014b) reported that SiO2 forms the framework of the
cake layer, and TiO2 NPs could replace the Si ions and coordinate
with eCOOH, mitigating membrane fouling. Therefore, NPs with
similar structures to TiO2 NPs could be an alternative anti-fouling
technology. Aluminum nitride (AlN) NPs contain interpenetrating
hexagonal closely-packed sublattices, which is similar to the
structure of TiO2 NPs. AlN NPs are widely applied in electronic
substrates and steel; therefore, AlN NPs are a common industrial
product, likely have a low price in the future. AlN NPs dissolve
slowly in mineral acids as they attack the grain boundaries, and in
strong alkalis as they attack the AlN grains (Lerner et al., 2016).
Thus, it could be inferred that AlN NPs are a good alternative for
mitigating fouling in MBR. However, the potential toxicity and ef-
fects of NPs on reactor performance during biological wastewater
treatment have received more attention in recent years (He et al.,
2017). Although nano zero-valent iron (NZVI) and TiO2 NPs have
beenwidely applied inwastewater treatment system (Kim and Van
der Bruggen, 2010; Xu and Hu, 2015), the catalytic functions of NZVI
and TiO2 NPs cause organic compounds to decompose and damage
bacterial metabolism, which finally decreases performance (Zhou
et al., 2014b, 2017c; Zheng et al., 2015). Additionally, we found
that AlN NPs have acute effects on the SMP of activated sludge in
batch experiments with conical flasks in our previous study (Zhou
et al., 2017b). According to a comparison of different NP toxicity
studies (Zhou et al., 2014b; Zheng et al., 2015; Hou et al., 2017), the
toxicity of NPs varies between different treatment systems.
Consequently, before AlN NPs are applied in membrane fouling,
their effects on membrane fouling, reactor performance, and bac-
terial metabolism should be considered and studied, particularly in
their suspended form at a high concentration (Zheng et al., 2015).

In this study, we aimed to assess the fouling of MBR with the
addition of suspended AlN NPs. This studywas conducted following
previous work on NP toxicity and membrane fouling (Zhou et al.,
2014b, 2017b, 2017c; Zheng et al., 2015) to elucidate the possibil-
ity of applying AlN NPs for mitigating fouling. According to our
previous study (Zhou et al., 2017b) on the acute effects of sus-
pended AlN NPs, an AlN NP concentration of over 10mg/L
decreased the SMP of activated sludge from 56.65 to 48.88mg/L,
and the dehydrogenase of activated sludge was negatively related
to the suspended AlN NPs concentration within a range of
1e200mg/L. Additionally, a previous study (Zhou et al., 2017b) also
reported that NPs significantly affect bacteria and membrane
fouling at the mg/L level. Consequently, the AlN NPs concentrations
studied here were 0 (control system), 10, and 50mg/L to identify
potential effects of AlN NPs on membrane fouling in a submerged
MBR.

2. Materials and methods

2.1. AlN NPs suspension preparation

Commercial AlN NPs (A109771, Aladdin, China) were used in
this study. The primary size of the AlN NPs in the stock suspension
was approximately 50 nm. The AlN NPs stock suspension (100mg/
L) was prepared by adding 100mg of AlN NPs to 1 L ofMilli-Qwater,
followed by 1 h ultrasonication (25 �C, 300W, 40 kHz), according to
the literature (Keller et al., 2010).

2.2. Synthetic wastewater

The influent wastewater was prepared with deionized water
according to previous work (Zhou et al., 2014b). The synthetic
wastewater was stirred continuously and contained 420mg/L of
glucose, 420mg/L of corn starch, 33mgN/L of NH4Cl, 11mg/L of
KH2PO4, 40mg/L of SiO2, 8mg/L of CaCl2, 9mg/L of MgSO4

. 7H2O,
3.66mg/L of MnSO4

. H2O, and 0.55 of FeSO4
. 7H2O. NaHCO3 was used

as a buffer to adjust the synthetic wastewater pH to approximately
7.0.

2.3. Set-up and operation of MBRs

Three parallel 3-L (working volume) submerged MBRs (the
structure of the MBR is shown in Fig. S2; MBR-Control (without AlN
NPs), MBR-10 (with 10mg AlN NPs/L), andMBR-50 (with 50mg AlN
NPs/L)) were operated with synthetic wastewater for over 70 days.
A hollow-fiber PVDF membrane module (total surface area of
0.02m2 and pore size of 0.1 mm, manufactured by Li-tree Company,
Suzhou, China) was immersed in each MBR. Air (0.4m3/h) was
continuously supplied through a perforated pipe located under-
neath the membrane module. A peristaltic pump equipped with a
distributing pan was employed to control the influent feeding rate,
and the hydraulic retention time (HRT) and sludge retention time
(SRT) were maintained at 8.0 h and 30 days for each MBR, respec-
tively. The intermittent suction mode (10min of suction and 2min
of relaxation per cycle) was applied for flux control during each
MBR operation cycle. When the trans-membrane pressure (TMP)
reached 40 kPa, the membrane module was removed for physical
(washing in tap water) and chemical cleaning (2% NaOCl and 1%
citric acid immersion for 4 h, respectively) before the next cycle.

Inoculating sludge that had been pretreated with a phosphate
buffer saline wash to remove the original Al was obtained from the
Quyang WWTP (Shanghai, China) and added to each MBR. The
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newly inoculated MBRs were initially operated to achieve a steady
state to acclimate the activated sludge. The concentrations of Al in
the sludge and influent were tested to ensure that there were no
other Al sources in the reactor. MBR-10 and MBR-50 were then
initially fed with an AlN NPs stock suspension (100mg/L) to reach
the predetermined AlN NPs concentration, and the operational
time was recorded when the MBRs performance was stable. The
AlN NPs were directly added into each reactor during operation,
and the influent did not contain any AlN NPs or other Al compo-
nents. As the concentration of AlN NPs in MBR-10 and MBR-50
could slowly decrease due to effluent or sludge discharge, a
certain amount of the AlN NPs stock suspension (100mg/L) was
supplemented daily to maintain the initial AlN NPs concentration
after determining the total AlN concentration of the mixed liquid,
which was conducted after nitric acid digestion, because AlN was
the only aluminum source in this experiment. MBR-Control was
operated as the control unit, without any AlN NPs.

2.4. Membrane resistance analysis

The membrane resistance of fouling was measured and calcu-
lated based on the following equations (Zhou et al., 2015a):

Rtotal ¼Rclean membrane þ Rpore blocking þ Rcake layer (1)

Rn ¼ △P
mJ

(2)

where Rclean membrane is the resistance of the clean membrane (new
or post-cleaning membrane modules were regarded as clean
membranes), Rpore blocking is the resistance due to pore-blocking, and
Rcake layer is the cake layer's resistance. The resistance of concen-
tration polarizationwas considered as part of Rcake layer in this study
(Meng et al., 2007). Rn is the total, clean membrane, pore-blocking,
or cake layer resistance, △P is the TMP, J is the permeate flux, m is
the viscosity of the permeate water, and Rtotal is the sum of Rclean
membrane, Rpore blocking and Rcake layer. Rtotal, Rclean membrane, and Rpore
blocking were measured and calculated according to equation (2),
while Rcake layer was calculated according to equation (1).

2.5. Extraction and measurement of SMP and EPS

SMP and EPS were extracted following modified thermal
extraction methods described in previous work (Zhou et al., 2017b,
2017c). SMP and EPS were normalized as the polysaccharide and
protein concentrations, and were measured following the phenol-
sulfuric acid and Branford methods, respectively (Zhou et al.,
2014a; Salehiziri et al., 2018). The inorganic components of the
cake layer were extracted following previous methods (Zhou et al.,
2014b) and measured following the same process as EPS.

2.6. Silt density index measurement

Silt density index (SDI) analysis was conducted according to the
ASTM D4189-95 standards (Koo et al., 2012). The mixed liquor was
pumped through a 0.45-mmmembrane with an in-line filter holder
at a constant pressure of 207 kPa in the dead-end flow mode. The
SDI value was calculated based on Eq. (2):

SDI¼
1� ti

tf

15
� 100 (2)

where ti and tf are the times at which the initial and final 500mL of
mixed liquor were collected, respectively.
2.7. Other analytical methods

The ammonia nitrogen (NH4
þ-N), chemical oxygen demand

(COD), total phosphorus (TP), total nitrogen (TN), mixed liquor
suspended solids (MLSS), and mixed liquor volatile suspended
solids (MLVSS) contents were detected following standardmethods
(China-NEPA, 2002). The concentrations of AlN NPs in the super-
natant and mixed liquid were analyzed via an inductively coupled
plasma-optical emission spectrometer (ICP-OES, Optima 2100 DV,
PerkinElmer, USA) according to Zhou et al. (2017b). The functional
groups of the activated sludgewere determined by conducting FTIR
spectroscopy analysis (Nicolet 5700, Thermo, USA) after 48 h of
freeze-drying as pretreatment. The FTIR spectra were measured at
wavenumbers in the range of 4000e400 cm�1 with a resolution of
4 cm�1. A sample of the fouled membrane was cut from the
membrane module at 40 kPa TMP, and the thickness and elemental
distribution of the cake layer on this sample were measured
through SEM (XL30, Philips, Netherlands)-EDX (Oxford Isis, UK)
after liquid N2 pretreatment.

3. Results and discussion

3.1. Reactor performance and membrane permeability

The variations in the performances of MBR-Control, MBR-10,
and MBR-50 are shown in Table 1. Over 90% of the COD was
removed with or without AlN NPs. The NH4

þ-N removal efficiency
only decreased by 5% with the addition of suspended AlN NPs,
while the MLSS and MLVSS contents both decreased significantly
with the addition of AlN NPs (Table 2), indicating that the activated
sludge viability had decreased, which directly inhibited NH4

þ-N
removal. Zheng et al. (2016) demonstrated that nano-scale particles
damaged the integrity of membranes used for reducing dehydro-
genase in activated sludge. Furthermore, previous studies (Chen
et al., 2015; Zheng et al., 2015; He et al., 2017) reported that NPs
would also affect the key functional genes and enzyme activity of
bacteria. Additionally, during the whole operation, mixed liquor of
both MBR-10 and MBR-50 contained less than 0.1mg/L of Alnþ, and
the concentrations of insoluble Al exceeded 9.8 and 49.7mg/L,
respectively, indicating that few AlN NPs transformed into Alnþ

during operation and should not decrease the NH4
þ-N removal ef-

ficiency. Therefore, the decrease in the removal of NH4
þ-N with the

addition of suspended AlN NPs should be due to the size of the AlN
NPs. Moreover, the variations in the removal of TN and TP with the
addition of suspended AlN NPs by the MBRs were minimal. The
performances of the reactors indicated that the addition of sus-
pended AlN NPs did not significantly affect pollutant
biodegradation.

Fig. 1 presents the variations in the TMP of the MBRs to identify
the effects of suspended AlN NPs on the permeability and fouling of
the membranes. TMP variation is classified into two-stages: slight
initial TMP increase, and TMP jump (Zhou et al., 2014b). In the first
stage, the slight increase in TMP is caused by the blocking of pores
on the surface of the membrane, followed by the initial cake layer
formation. In the second stage, the TMP jump is caused by the cake
layer on themembrane's surface (He et al., 2016). As shown in Fig.1,
the initial slight TMP increase stage was postponed with the
addition of suspended AlN NPs. During the TMP jump stage, the
TMP increase rates (dTMP/dt) of MBR-Control, MBR-10, and MBR-
50 remained at 3.0, 3.3, and 5.1 kPa/d, respectively, indicating that
the addition of suspended AlN NPs mitigated membrane fouling
and increased the membrane's permeability. Moreover, the mem-
brane was cleaned according to the typical protocol for cleaning
this membrane module supplied by the membrane's manufacturer.
Our membrane cleaning procedure was similar to that followed in



Table 1
Average characteristics of the influent and effluent water. All the values represent mean ± SD (n¼ 70).

Parameters MBR-Control MBR-10 MBR-50

Influent (mg/L) Effluent (mg/L) Removal (%) Influent (mg/L) Effluent (mg/L) Removal (%) Influent (mg/L) Effluent (mg/L) Removal (%)

COD 510± 25 29± 3 94± 2 495± 45 4± 1 99± 4 509± 45 3± 1 99± 1
NH4

þ-N 44.9± 1 0.7± 0.3 98± 1 44.2± 3 3.3± 1.2 93± 2 45.2± 1 3.6± 0.6 92± 1
TN 33± 2 23± 4 33± 4 32± 3 24± 2 32± 4 33± 3 25± 5 30± 4
TP 2.5± 2 2± 1 20± 3 2.5± 2 1.8± 1 28± 4 2.5± 2 2.1± 1 16± 3

a. Each item was analyzed every day.
b. MLSS (n¼ 8): MBR-Control 4500± 200mg/L; MBR-10 3700± 300mg/L; MBR-50 4000± 300mg/L.

Table 2
Analysis results of clean membrane resistance (Rclean membrane), pore-blocking resistance (Rpore blocking), cake resistance (Rcake layer), and total resistance (Rtotal).a

Item MBR-Control a MBR-10 b MBR-50 c

Value (1012m�1) Percentage (%) Value (1012m�1) Percentage (%) Value (1012m�1) Percentage (%)

Rclean membrane
b 0.23± 0.02 2.1± 0.34 0.33± 0.08 6± 0.51 0.33± 0.05 7 ± 0.82

Rpore blocking 0.27± 0.03 4.5± 0.83 0.77± 0.28 13± 0.85 0.62± 0.09 13± 1.5
Rcake layer 10.30± 0.88 95.4± 2.5 4.61± 0.59 81± 1.5 3.66± 0.28 80± 3.8
Rtotal 10.80± 1.08 e 5.71± e 4.61± e

a Membrane resistance was analyzed thrice when TMP¼ 40 kPa; a: n¼ 6; b: n¼ 9; c: n¼ 12.
b The Rclean membrane of the whole new membrane module (without any use) was 0.19± 0.01 1012m�1. The Rclean membrane in Table 2 was the average value calculated from

each membrane resistance data, meaning that Rclean membrane presented the irreversible fouling caused by last membrane operation.

Fig. 1. TMP variations of MBRs during operation. (When the TMP reached 40 kPa, the membrane module was removed for physical (tap water washing) and chemical cleaning (2%
NaOCl and 1% citric acid immersion for 4 h, respectively prior to the next run.). The membrane module was washed with deionized water until no Al was detected from the washing
water.).
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practice, thus, the membrane cleaning result should be close to that
endured in the real operational lifetime of a membrane module.
Fig. 1 shows that the AlN NPs were positively related to the time
required for membrane cleaning. Therefore, AlN NPs improved the
operational lifetime of the membrane module and mitigated the
total membrane fouling.

As shown in Table 2, fouling resistance was calculated using the
permeation data and resistance-in-series model (Johir et al., 2013).
With the addition of suspended AlN NPs, the total resistance (Rtotal)
and cake resistance (Rcake layer) decreased notably, indicating that
the addition of suspended AlN NPs effectively mitigated membrane
fouling, particularly by a cake layer. However, the addition of sus-
pended AlN NPs also increased the pore-blocking resistance, indi-
cating severe pore-blocking. This could be due to the nano-size and
high adsorbability of suspended AlN NPs. Membrane fouling typi-
cally occurs due to pore-blocking and cake layer formation (Guo
et al., 2012). Moreover, Rclean membrane, which predicts the irrevers-
ible fouling caused by the previous membrane operation cycle, was
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0.23± 0.02, 0.33± 0.08, and 0.33± 0.05 1012m�1 in MBR-Control,
MBR-10 and MBR-50, respectively, while that of the new mem-
brane module was 0.19± 0.01 1012m�1, indicating severe irrevers-
ible fouling by the addition of AlN NPs. According to previous
literature (Le-Clech et al., 2006; Meng et al., 2009; Wang et al.,
2013), pore-blocking mainly contributes to irreversible fouling
during MBR operation, although cake layer formation is the main
fouling process. Wang and Tarabara (2008) classified pore-blocking
into complete, standard, and intermediate blocking. Unlike com-
plete and intermediate blocking, standard blocking is not easily
removed through physical and chemical cleaning, and likely
directly causes irreversible fouling. The intermediate blocking
mechanism is similar to that of cake layer fouling. Therefore, ac-
cording to the Rclean membrane data, the addition of AlN NPs could
promote pore-blocking, particularly standard blocking, leading to
severe, irreversible fouling. According to Fig. 1 and Table 2, AlN NPs
could effectively mitigate membrane fouling and cake layer for-
mation, but aggravate pore-blocking. Therefore, membrane fouling
was mainly mitigated by the addition of suspended AlN NPs due to
the inhibition of cake layer formation.
3.2. Activated sludge characteristics associated with membrane
fouling

The activated sludge characteristics associated with membrane
fouling were also investigated. The FTIR spectrogram (Fig. S3(a))
presents the functional groups of the bacteria and AlN NPs. The
similar FTIR of the activated sludge with and without the addition
of suspended AlN NPs indicated that the suspended AlN NPs would
not affect the major functional groups of the sludge. A peak at
495 cm�1 was found in the activated sludge with the suspended
AlN NPs, indicating that the AlN NPs combined with activated
sludge in the form of an AleO bond (Gupta et al., 2011).

The SMP and EPS of activated sludge are the key components of
membrane fouling (Zhou et al., 2015b; Meng et al., 2017). As shown
in Table 3, the suspended AlN NPs did not notably affect the protein
of both SMP and EPS during MBR operation, which was consistent
with the results of previous work (Zhou et al., 2017b), and only led
to a slight decrease in the content of EPS protein. Kumar and
Nussinov (2001) reported that the repulsive electrostatic in-
teractions, restricted set of conformations, and shape comple-
mentarity of hydrophobic residuesmaintain the protein's structure.
However, the structure of proteins is easily disrupted by the NPs
that interact with the protein's surface owing to their nano-size
(Lynch and Dawson, 2008). Moreover, unlike heavy metal NPs
(such as CuO NPs, Ag NPs (Grun et al., 2016; Miao et al., 2017)), the
toxicity of AlN NPs is mainly due to their size, and not the toxicity of
the metal. Thus, bacteria are unlikely to produce more protein with
the addition of AlN NPs. Consequently, AlN NPs did not significantly
affect the protein contents of both SMP and EPS, only causing a
slight decrease in the EPS protein content. Additionally, AlN NPs
effectively reduced the polysaccharide contents of both SMP and
EPS, with the polysaccharide content of SMP decreasing from 62 to
43mg/L due to the addition of AlN NPs. Philippe and Schaumann
Table 3
Variations of SMP (mg/L), EPS (mg/g MLVSS) and cake layer (mg/g cake layer) in each M

SMP EPS

Polysaccharide Protein Polysac

MBR-Control 62± 5 16± 3 78± 8
MBR-10 43± 4 14± 5 57± 7
MBR-50 45± 8 18± 4 53± 5

a Each item was analyzed every 10 days.
(2014) stated that Al NPs easily adsorb to the surface of poly-
saccharides due to van derWaals and hydrophobic forces, as well as
the carboxyl and hydroxyl groups. Although proteins interacted
with NPs in a similar manner to polysaccharides, the variations in
the protein contents depended on the protection of bacteria against
the toxicity of NPs, particularly the metallic toxicity (Hou et al.,
2017; Miao et al., 2017). Therefore, AlN NPs with low metallic
toxicitymainly decreased the polysaccharide content. Furthermore,
polysaccharides are the key organic components contributing to
membrane fouling (Meng et al., 2017), and the decrease in poly-
saccharides partly contributed to the mitigation of membrane
fouling by the suspended AlN NPs.

The particle size distribution (PSD) of activated sludge flocs was
also positively correlated with membrane fouling (Salih et al.,
2015). Fig. S3(b) presents the variations in the PSD of activated
sludge between three MBRs. The addition of AlN NPs reduced the
average particle size from 52 to 10 mm. Many experimental studies
(Wang et al., 2008; Lin et al., 2011) demonstrated that small flocs
had a strong tendency to adhere to the membrane's surface and
easily blocked the membrane pores, increasing pore-blocking. This
was consistent with themembrane resistance results. The activated
sludge flocs decreased in size because the suspended AlN NPs
absorbed onto the flocs' surfaces through the bidentate coordina-
tion of eCOOH, which would inhibit the connection of flocs and
mitigate cake layer formation (Zhou et al., 2017c).
3.3. Cake layer structure

Previous studies (Guo et al., 2012; Meng et al., 2017) reported
that the cake layer plays a significant role in membrane fouling
during MBR operation. Fig. S4 shows the variations in the thickness
of the cake layer in each MBR. At an AlN NPs concentration of
50mg/L, the cake layer thickness decreased from 84 mm (MBR-
Control) and 85 mm (MBR-10) to 47 mm (MBR-50). The high con-
centration of suspended AlN NPs effectively reduced the thickness
and re-structured the cake layer. Table 3 shows that the AlN NPs
only decreased the polysaccharide content of the cake layer and did
not significantly affect the proteins, which was consistent with the
results of SMP and EPS. SMP and EPS have both been reported to
contribute to cake layer formation (Guo et al., 2012; Meng et al.,
2017). Similar reasons to those mentioned in Section 3.2 about
SMP and EPS also contributed to the decrease in the polysaccharide
content and did not significantly affect the protein content of the
cake layer. Therefore, the addition of suspended AlN NPs mainly
reduced the polysaccharide concentration of the cake layer. Addi-
tionally, the SDI values, which indicate the fouling tendency of
MLSS, in MBR-Control, MBR-10, and MBR-50 were 3.8, 3.4, and 3.2,
respectively. This indicates that the fouling tendency of MLSS
decreased with the addition of AlN NPs, mitigating membrane
fouling.

Previous studies (Zhou et al., 2014b, 2017c) demonstrated that
NPs typically significantly affect the inorganic components of the
cake layer. Mg, Al, Si, Ca, and Fe constitute the majority of inorganic
components in the cake layer (Guo et al., 2012; Trzcinski and
BR. (n¼ 14) a.

Cake layer

charide Protein Polysaccharide Protein

26± 4 83± 3 42± 6
28± 4 63± 6 43± 3
24± 2 57± 7 39± 7



Fig. 2. Concentrations of inorganic elements in cake layer. (Each sample of cake layer
was measured thrice when TMP¼ 40 kPa; n of MBR-Control¼ 6; n of MBR-10¼ 9; n of
MBR-50¼12).

Fig. 4. Bidentate coordination of eCOOH to (a) AlN and (b) SiO2.
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Stuckey, 2016). As mentioned in Section 3.1, few AlN NPs were
transformed into Alnþ during operation. Therefore, AlN remained in
the form of crystal AlN particles. The Si contents of the cake layers
of MBR-Control, MBR-10, andMBR-50were 72.3, 65.9, and 59.5mg/
g, respectively (Fig. 2), and Si mainly existed as crystal SiO2, which
constituted the majority of inorganic crystal particles in the cake
layer (Zhou et al., 2015a). Fig. 2 further shows that Al and Si were
the major inorganic components of the cake layer in each MBR, and
the addition of suspended AlN NPs increased the Al concentration
of the cake layer, but decreased the concentration of Si. Moreover,
cross-sectional distributions of Al and Si in the cake layer are shown
in Fig. 3 and S4, respectively. The AlN NPs were the only source of
aluminum in this study, thus, the Al distribution in Fig. 3 represents
the AlN NPs distribution along the cake layer. The mixed liquor in
both MBR-10 and MBR-50 contained less than 0.1mg/L Alnþ, and
the concentrations of insoluble Al exceeded 9.8 and 49.7mg/L,
respectively. As shown in Fig. 3, crystal AlN NP accumulated on the
cake layer with an increase in the AlN NPs content, but the cake
layer thickness significantly decreased, indicating that the higher
AlN NPs content resulted in a thinner cake layer. Fig. 3 also shows
that AlN NPs accumulated on the cake layer, particularly during the
later stages of membrane fouling. Additionally, SiO2 forms the
framework of the cake layer (Zhou et al., 2015a). Fig. S4 shows that
Fig. 3. The Al cross-sectional distribution of membrane foulant in (a) MBR-10 and (b) MBR
intensity of Al. Sample was analyzed when TMP¼ 40 kPa. During analysis, 5 different point
the abundance of SiO2 in the cake layer decreased, and its formation
shifted from the beginning of operation to the later membrane
fouling stage, indicating that the addition of suspended AlN NPs
inhibited the accumulation of SiO2 on the cake layer, and mitigated
Si accumulation during the initial formation of the cake layer. Ac-
cording to previous work (Kim and Van der Bruggen, 2010) and the
FTIR results, AlN and SiO2 both connect to the organic components
in the bidentate coordination of eCOOH (Fig. 4). According to
crystal chemistry (Chen, 2010), the aluminum in AlN (with a stable
atomic structure) has a larger ionic radius and higher electroneg-
ativity than the silicon in SiO2. Consequently, it is easier for
aluminum to react with the functional groups (such as eCOOH and
eOH) of organic compounds and attach to the membrane's surface.
Moreover, van der Waals and hydrophobic forces enhance the ab-
sorption of Al NPs to the surface of organic components, particu-
larly polysaccharides (Philippe and Schaumann, 2014). Influent
containing 40mg/L of SiO2 was continuously added to MBR-10 and
MBR-50 for supplementing silicon, and the concentration of AlN
NPs (sole Al source) in the MBRs was maintained. The organic
compounds had previously interacted with AlN NPs, mitigating the
contribution of SiO2 to cake layer formation. However, SiO2 still
accumulated on the cake layer due to the continuous supplemen-
tation with Si. Therefore, the addition of suspended AlN NPs
addition not only to cake layer formation, but also decreased the
thickness of the cake layer by inhibiting the accumulation of
framework components (SiO2), further mitigating fouling.

4. Conclusions

In this study, the fouling of MBR with the addition of suspended
AlN NPs was assessed. The addition of suspended AlN NPs did not
significantly affect pollutant biodegradation, however, it clearly
increased membrane permeability and mitigated membrane
fouling. Furthermore, the addition of suspended AlN NPs effectively
reduced the polysaccharide contents of both EPS and SMP, and
-50. (x-axis (mm) presented the thickness of cake layer; y-axis (no unit) presented the
s were measured, and the most representative result was shown.).
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decreased the activated sludge floc size, further hindering the
combination of sludge flocs and slowing membrane fouling. Addi-
tionally, the addition of suspended AlN NPs addition contributed to
cake layer formation and reduced the cake layer's thickness by
inhibiting the accumulation of framework components (SiO2).
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