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The study aims to identify the potential acute effects of suspended aluminum nitride (AlN)
nanoparticles (NPs) on soluble microbial products (SMP) of activated sludge. Cultured
activated sludge loaded with 1, 10, 50, 100, 150 and 200 mg/L of AlN NPs were carried out in
this study. As results showed, AlN NPs had a highly inverse proportionality to bacterial
dehydrogenase and OUR, indicating its direct toxicity to the activated sludge viability. The
toxicity of AlN NPs was mainly due to the nano-scale of AlN NPs. In SMP, AlN NPs led to the
decrease of polysaccharide and humic compounds, but had slight effects on protein. The
decrease of tryptophan-like substances in SMP indicated the inhibition of AlN NPs on the
bacterial metabolism. Additionally, AlN NPs reduced obviously the molecular weight of
SMP, which might be due to the nano-scale of AlN.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

A variety of engineered nanoparticles (NPs) is now widely
used in commodities, pharmaceutics, cosmetics, biomedical
products, and industries (Lee et al., 2015; Shaalan et al., 2016).
It was reported that the worldwide consumption of NPs was
nearly 220,000 metric tons in 2014 and kept an annual growth
rate of 21.1% (Vale et al., 2016). As a result, NPs is increasingly
ia).

o-Environmental Science
released into the environment, particularly wastewater treat-
ment plants (WWTPs) (Ma et al., 2016). Kiser et al. (2009)
reported that raw sewage contained 100 to nearly 3000 μg TiO2

NPs/L. The potential effects of NPs, especially TiO2 NPs, Ag
NPs, ZnO NPs, CuO NPs, etc., on the ecosystem and environ-
ment has attracted great concerns (Lee et al., 2011; Liu et al.,
2016; Nel et al., 2006). Due to the wurtzite structure of
aluminum nitride (AlN) NPs, consisting of two
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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interpenetrating hexagonal closely-packed sublattices, AlN
NPs exhibits many useful properties and has a wide applica-
tion, such as electronic substrates, military, steel and semi-
conductor manufacturing, etc. (Lerner et al., 2016). However,
though AlN NPs has been promoted to the manufacture
process, the potential acute effects of AlN NPs on the
environment, especially the wastewater treatment system,
are unknown and ignored.

Soluble microbial products (SMP) has been defined as the
pool of organic compounds that are released into aqua from
substrate metabolism (usually with biomass growth) and
biomass decay (Kunacheva and Stuckey, 2014). It is reported
that SMP might reduce the pollutant removal efficiency of the
biological processes and the quality of effluent, and even
cause possible environmental hazard to the receiving water
(Kunacheva and Stuckey, 2014; Xie et al., 2013). Therefore, lots
of attentions have recently been paid to the characteristics of
SMP in biological systems (Holakoo et al., 2006; Ni and Yu,
2012; Xie et al., 2013; Zhou et al., 2014). In addition, SMP has
the strongest relationship with membrane fouling (Aslam et
al., 2017; Deng et al., 2016; Jo et al., 2016; Wang et al., 2013).
SMP could be readily deposited and adsorbed on and/or into
the membrane owing to the permeation drag and higher
Brownian diffusion (Deng et al., 2016). SMP with macromolec-
ular character constituted the major soluble organic sub-
stances, encouraging the membrane pore blocking and the
formation of gel layer and cake layer (Lin et al., 2014; Zhou et
al., 2012). Fraction over 100 kDa in hydrophilic substances of
SMP, mainly consisting of the polysaccharide-like substances,
also engendered severe flux decline and pore blocking, and
further size exclusion of SMP was concluded as the key role in
irreversible fouling of hydrophilic substances (Shen et al.,
2010, 2012). It was also reported that higher production of SMP
implied the predominance of the pore blocking (Campo et al.,
2016, 2017). Consequently, SMPwas also considered as the key
role in membrane fouling and attracted lots of interest in the
area of wastewater treatment with membrane. The constitu-
ent, molecular weight (MW) and chelation of SMP are
considered as its major characteristics. SMP is reported as
the complex organic substance containing proteins, polysac-
charide, humic acids, lipids, etc. (Ni and Yu, 2012). It is evident
that SMP plays a significant role in the chelation for the metal
ion removal in biological wastewater treatment (Holakoo et
al., 2006). Although many studies concerned the characteris-
tics of SMP, the potential acute effects of suspended AlN NPs,
as a potential pollutant, on SMP of activated sludge has never
been reported before.

This study aims to gain insight into the potential acute
effects of suspended AlN NPs on SMP of activated sludge.
Cultured activated sludge in parallel loaded with 1, 10, 50, 100,
150 and 200 mg/L of AlN NPs was applied to correctly and
obviously present results, though the average concentration
of NPs was reported at μg/L level in WWTP (Kiser et al., 2010).
This study mainly focused on the variation of the constituent,
MW and chelation of SMP by various methods, including
three-dimensional excitation–emission matrix (EEM) fluores-
cence spectroscopy, gel filtration chromatography (GFC), etc.
The dehydrogenase release and oxygen uptake rate (OUR) of
activated sludge were also measured for the analysis of
bacterial viability.
1. Materials and methods

1.1. AlN NPs preparation

Commercial AlN NPs were purchased from Aladdin (A109771,
Shanghai, China) in this study. The transmission electron
microscopy (TEM) image of AlN NPs structure was shown in
Fig. 1. The primary size of AlN NPs in stock suspension was
approximately in the range of 40–60 nm. The AlN NPs stock
suspension (10 g/L) was prepared by adding 1 g of AlN NPs to
100 mL of Milli-Q water, followed by 1 hr ultrasonication
(25°C, 300 W, 40 kHz) according to the literature (Zheng et al.,
2012).

1.2. Activated sludge and media

The inoculating activated sludge was drawn from the return
activated sludge stream in the Quyang WWTP. Then the
activated sludge was initially operated in a submerged mem-
brane bioreactor (2 L, with the belowmedium as the influent) for
120 days to achieve steady state for the acclimatization. Before
batch experiments, the activated sludge from membrane biore-
actor was washed with PBS (NaCl 137 mmol/L, KCl 2.7 mmol/L,
Na2HPO4 10 mmol/L, KH2PO4 2 mmol/L, pH 7.2) for 5 times to
remove impurities and Al ions, and re-suspended to the original
volume with the belowmedium.

Themediumwas synthetized with Mini-Q water according
to papers, containing 420 mg/L glucose, 420 mg/L corn starch,
102.75 mg/L NH4Cl, 28 mg/L peptone, 22 mg/L KH2PO4, 9 mg/L
MgSO4·7H2O, 3.66 mg/L MnSO4·H2O, 0.55 mg/L FeSO4·7H2O
and 8 mg/L CaCl2. NaHCO3 with a concentration of 120 mg/L
was used to maintain the pH at 7.3.

1.3. Batch experiments for potential acute effects of AlN NPs on
activated sludge

A series of batch experiments were carried out to identify
potential acute effects of AlN NPs on activated sludge. 150 mL
pre-treated activated sludge and 50 mL medium were mixed
in a 500 mL conical flask. Then conical flasks were added with
AlN NPs stock suspension, and the final AlN NPs concentration in
each flaskwas 0 mg/L (blank), 1 mg/L, 10 mg/L, 50 mg/L, 100 mg/L,
150 mg/L, 200 mg/L, respectively. Before all the measurements,
the activated sludge, characterized by a final mixed liquor
suspended solid (MLSS) of 6.8 g/L and a final mixed liquor
volatile suspended solids (MLVSS) of 5.2 g/L, were cultured for
24 hr at 150 r/min and 25°C.

1.4. Viability evaluation of activated sludge

The viability of activated sludge was evaluated by OUR and
dehydrogenase activity in this study. OUR was analyzed
according to Surmacz-Gorska et al. (1996). Dehydrogenase
activity was measured based on a modified method proposed
by Zheng et al. (2012). Activated sludge (1 mL), Tris (hydroxy-
methyl) aminomethanehydrochloride (Tris–HCl) buffer (1.5 mL),
0.4% TTC solution (2 mL) and 0.36% Na2SO3 solution (0.5 mL)
were sequentially added into 10 mLcentrifugal tube. The sample
was cultured in the water at 37°C for 20 min. Then 1 mL 37%



Fig. 1 – The transmission electronmicroscopy (TEM) image of
suspension aluminum nitride nanoparticles (AlN NPs).
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formaldehyde was added into sample to end the enzymatic
reaction. The samplewas centrifuged for 15 min at 4000 r/min to
remove the supernatant. The residual sludge was extracted for
10 min with 5 mL 85% acetone. The absorbance of the extracted
liquor wasmeasured at 485 nm by a UV–VIS spectrophotometer
(4802 UV/VIS, UNICO, USA). The value of dehydrogenase can be
calculated according to Eq. (1).

Dehydrogenase ¼ D485V
kTWt

ð1Þ

where D485 was the absorbance of the supernatant liquor at
485 nm,V (mL)was the volume of extractant, kTwas the slope of
calibration curve, W (g) was the dry weight of activated sludge,
and t (hr) was the reaction time.

1.5. SMP extraction and measurement

Extraction of SMPwasmodified according to themethod by Xie et
al. (2013) from activated sludge. Forty milliliter mixed liquor of
activated sludge was first centrifuged (MILTIFUGE X1R, Thermo
Electron Corporation, USA) in a 50 mL tube at 6000 g for 5 min.
The extracted supernatantwas filtrated througha 0.45 μmfilter to
get SMP.

SMPwas normalized as the sumof TOC (total organic carbon),
polysaccharide and protein, which were analyzed using a TOC
analyzer (TOC-VPN, Shimadzu, Japan), phenol-sulfuric acid
method and Coomassie G-250 method, respectively. Because
organic compoundcontains elementC,TOCwasused tomeasure
semiquantitatively total organic compound in SMP. UV254nm was
measured by a UV–VIS spectrophotometer (4802 UV/VIS, UNICO,
USA) to represent the humic substances in SMP. Detailed
molecular weight distribution and characterization of SMP was
measured by a gel filtration chromatography (GFC) analyzer. The
GFC systemconsistedof aTSKG4000SWtype gel column (TOSOH
Corporation, Japan) and a liquid chromatography spectrometer
(LC-10ATVP, SHIMADZU, Japan). Polyethylene glycols (PEGs)
with molecular weights (MW) of 1,215,000 Da, 124,700 Da,
11,840 Da, and 620 Da (Merck Corporation, Germany) were
used as standards for calibration. The elution at different time
intervals was collected by automatic fraction collector and
automatically analyzed by using a UV spectroscopy and a
dissolved organic carbon (DOC) analyzer to obtain a MW
distribution curve. The three-dimensional EEM spectra of
biopolymers in cake layer were measured via a fluorescence
spectrophotometer (FluoroMax-4, HORIBA, Japan). The biopoly-
mers were removed from similar area of the cake layer for
both reactors, and dissolved in 5 mL Milli-Q water by 10 min
ultrasonication. Then the biopolymers were filtered through a
0.45 μm filter (SCAA-101, ANPEL, China). The EEM spectra were
measured with the scanning emission spectra from 200 nm to
550 nm at 5 nm increments by varying the excitation wave-
lengths from 200 nm to 500 nm at 5 nm sampling intervals.
1.6. Additional analytical methods

MLSS and MLVSS were conducted in accordance with the
Standard Methods (APHA, 1998). Concentration of AlN NPs
was analyzed via an inductively coupled plasma–optical
emission spectrometer (ICP–OES, Optima 2100 DV, Perkin
Elmer, USA). Dissolved oxygen (DO) concentration and pH
were detected by a DO/pH meter (HQ40d, HACH, USA).
1.7. Statistical analysis

Person's product momentum correlation coefficient (rp,
Eq. (2)) was applied for the linear correlation between two
parameters.

rp ¼
∑ x−xavg
� �

y−yavg
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑ x−xavg
� �2 y−yavg

� �2
r ð2Þ

where, (x,y) is a sample of paired data, and xavg and yavg aremean
values. Generally, the value of rp oscillate between −1 and +1, as
rp = −1 or rp = +1 represents a perfect correlation, and 0 showed
no correction. If −0.4 < rp < +0.4, the correction could be assumed
weak and ignored. The positive rp showed a direct proportional-
ity, while the negative rp showed an inverse proportionality.
2. Results and discussion

2.1. Potential acute effects of AlN NPs on activated sludge
viability

In the batch experiments, MLVSS had no obvious variation
(MLVSSbeginning = 5.2 ± 0.8 g/L; MLVSSend = 5.0 ± 0.5 g/L) and
the MLVSS/MLSS ratio steadied at the range of 76.4–74.2%,
indicating that AlN NPs addition had no obvious acute effects
on the bacterial amount of activated sludge. As an intracellu-
lar enzyme, dehydrogenase and its activity were considered
as the useful determination for assessing the toxicity of
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various chemicals or wastewater towards bacteria, including
activated sludge (Liwarska-Bizukojc, 2011). The high correlation
between dehydrogenase and AlN NPs addition (Fig. 2) indicated
that AlN NPs addition led to the reduction of dehydrogenase
released from the activated sludge. Additionally, dehydrogenase,
including aldehyde dehydrogenase, acetaldehyde dehydroge-
nase, alcohol dehydrogenase, etc., is an enzyme for substrate
oxidation by a reduction which transfers on or more hydrides
to an electron acceptor. The dehydrogenase activity plays a
significant role in the bacterial energy generation cycle system
(Appendix A Fig. S1). Consequently, the dehydrogenase decrease
with AlN NPs advance predicted that AlN NPs inhibited the
bacterial energy supply systemand further restrainedmost of the
cell behaviors. Additionally, OUR is applied for the characteriza-
tion of aerobic bioactivity during the degradation of the organic
substrate. The liner correlation between OUR and AlN NPs
concentration (OUR = 8.1–0.02Con.AlN NPs) indicated that AlN
NPs reduced the respirometric activity of biomass. Respirometric
activity represented most of the metabolic pathways for the
substrate utilization. OUR result further predicted that AlN NPs
led to the inhibition of the substrate utilization and bacterial
behaviors. In addition, rp(dehydrogenase-AlN NPs concentration) (−0.97)
and rp(OUR-AlN NPs concentration) (−0.98) also showed thatAlNNPshad
a highly inverse proportionality to bacterial dehydrogenase and
OUR, indicating that AlNNPs had a direct toxicity to the activated
sludge viability.
2.2. Fate of AlN NPs in activated sludge

AlN NPs experiments of 1, 10 and 200 mg/L were carried out to
investigate the fate of AlN NPs in activated sludge. Fig. 3
showed that about 1% of AlN NPs (AlN NPs was the only Al
source in this experiment) were changed into Al ions in the
mixed liquid. This was because AlN NPs had a hexagonal
crystal structure and was a covalent bonded material. Based
on previous studies (Kiser et al., 2010; Lubick, 2008), the NP
toxicity was due to the ions released from NPs and the
nano-scale. Some studies (Boenigk et al., 2014; Hachicho et al.,
2014; Wijnhoven et al., 2009) showed that toxic effects of nano
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Fig. 2 – Variations of dehydrogenase and oxygen uptake rate
(OUR) in activated sludge (n = 3).
silver were proportional to the activity of free silver ions
released by the NPs. In contrast, NPs could cause the release
of H2O2, leading to higher toxicity than their macroscopic
counterparts (Batchelor-McAuley et al., 2014; Choi and Hu,
2008; Guo et al., 2013). In this study, AlN NPs did not release
much Al ions into mixed liquid in 24 hr, predicting that the
toxicity of AlN NPs should be due to NP scale, not the Al ions
released from AlN NPs.

In Appendix A Fig. S2, crystal particles were found on the
bacterial cell surface. EDX also identified that the crystal
particles contained Al element. AlN NPs was the only Al
source in this study, indicating that AlN NPs partly attached to
the bacteria surface. Previous studies (Lee et al., 2011, 2015;
Nel et al., 2006) also showed that NP easily attached to the cell
surface. Consequently, AlN NPs mainly distributed in the
mixed liquid and bacteria surface in the form of nano-scale.

2.3. Potential acute effects of AlN NPs on SMP of activated
sludge

2.3.1. Constituent of SMP
SMP has a complex constituent, including polysaccharide,
proteins, humic and fulvic acids, nucleic acids, organic acids,
aminoacids, antibiotics, exocellular enzymes, etc. (Xie et al., 2013).
Protein and TOC only had slight variations along with the AlN
NPsaddition (Table 1). Additionally, the rp(protein-AlN NPs concentration)

were only −0.12, indicating that AlN NPs had no obvious
influences on the protein release of bacteria. Therefore, AlN
NPs had the slight, but not obvious toxicity to bacteria. It was
evident that the toxicity of NP was mainly due to its nano-scale
and/or its releasing ions. The protein structure was tightly
maintainedwith the shape complementarity of the hydrophobic
residues. However, the govern the protein structure were
counterbalanced by a large entropy loss associated with going
from a large ensemble of states to a more restricted set of
conformations, and the repulsive electrostatic interactions
(Kumar and Nussinov, 2001). Thus NP could easily disrupt the
protein structure and form the floc structure by the interaction
with protein surface due to the nano-scale (Lynch and Dawson,
2008). In other NP toxicity studies, nano silver leading to protein
decrease was due to that the Ag ions inhibited cellular
respiration and transport of ions across membranes (Fabrega et
al., 2011; Luoma, 2008). But Aln+ remained at 0.01 mg/L in all
experiments during the first 24 hr, indicating that the toxicity of
AlNNP shouldnot be because of the releasing ion. Consequently,
the slight but not obvious toxicity of AlN to proteinwas due to its
nano-scale. On the contrary, polysaccharide and UV254nm

(showing humic substances) presented obvious decrease with
the AlNNPs addition (rp(polysaccharide‐ − AlN NPs concentration) = −0.68;
rp(UV254 nm‐ − AlN NPs concentration) = −0.43 (Table 1)). According to
Philippe and Schaumann (2014), organic compounds, especially
polysaccharide (0.18–3000 kDa) andhumic compounds (2–5 kDa)
(protein is normally in the range of 10–a few 1000), had the high
affinity to be adsorbed onto theNP surface due to thenano-scale.
Additionally, Philippe and Schaumann (2014) also reviewed
that aluminous NP was easily adsorbed on the surface of
polysaccharide and humic compounds due to van der Waals
and hydrophobic forces, as well as the carboxyl and hydroxyl
groups. Therefore, the nano-scale of AlN NPs obviously easily
adsorbed to the surface of the polysaccharide and humic
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compounds, leading to the polysaccharide and humic com-
pounds decrease.

2.3.2. Fluorescence characteristics of SMP
Fluorescent peak A (Fig. 4a–g) was found in the three-
dimensional EEM fluorescence spectra of SMP. Peak A was at
the excitation/emission wavelengths (Ex/Em) of 270–285/320–
330 nm, which had been reported as tryptophan-like sub-
stances (Xia et al., 2015). The fluorescence intensity (FI) of the
spectra could be used for quantitative analyses. As Fig. 4h
showed, tryptophan-like substances (Peak A) decreased obvi-
ously with AlN NPs advance and rp(Peak A FI-AlN NPs concentration)
Table 1 – Variations of protein, polysaccharide, TOC and
UV254nm with AlN NPs addition. (n = 3).

AlN NPs
Con.a

Proteinb Polysaccharideb TOCb UV254nm
c

0 mg/L 14.0 ±
0.10

56.65 ± 0.50 67.95 ±
0.12

0.211 ±
0.003

1 mg/L 13.1 ±
0.12

52.22 ± 0.64 69.51 ±
0.23

0.209 ±
0.004

10 mg/L 13.5 ±
0.22

53.50 ± 0.20 66.51 ±
0.12

0.231 ±
0.0001

50 mg/L 13.0 ±
0.14

47.07 ± 0.15 70.23 ±
0.33

0.212 ±
0.006

100 mg/L 13.2 ±
0.11

51.08 ± 0.32 66.09 ±
0.12

0.221 ±
0.003

150 mg/L 13.3 ±
0.40

46.61 ± 0.11 69.51 ±
0.41

0.201 ±
0.004

200 mg/L 13.5 ±
0.20

48.88 ± 0.12 65.55 ±
0.21

0.208 ±
0.002

rpd −0.12 −0.68 −0.34 −0.43

TOC: total organic carbon; AlN NPs: aluminum nitride
nanoparticles; MLVSS: mixed liquor volatile suspended solids;
SMP: soluble microbial products; UV: ultraviolet.
a Con.: concentration.
b mg/g MLVSS.
c No unit.
d rp between each constituent in SMP and AlN NPs concentration;
no unit.
was −0.92, predicting a highly inverse proportionality between
tryptophan-like substances and AlN NPs. Tryptophan-like
substances, containing α-amino group, an α-carboxylic acid
group, and a side chain indole (Appendix A Fig. S3), was an
α-amino acid used in the biosynthesis of proteins.
Tryptophan-like substances played the important role in the
bacterial metabolism and protection system, and acted as
building blocks in protein biosynthesis (Schröcksnadel et al.,
2006; Xia et al., 2015). Consequently, tryptophan-like substances
decrease predicted that bacterial protection function dropped
down, indicating the direct toxicity of AlN NPs to the activated
sludge viability, which was inconsistent with the result of
Section 2.1. Additionally, as Yang et al. (2009) reported, −OH and
–COOH would easily attach onto NP surface due to the
nano-scale (Fig. S4). Philippe and Schaumann (2014) and Lynch
and Dawson (2008) both showed that NP could easily disturb
protein structure and adsorb onto protein surface by the
combination with –OH and –COOH. Kaur et al. (2013) indicated
that nano-scale could enhance the absorption of NP to
tryptophan-like substances. Therefore, the tryptophan-like
substances decrease was mainly due to the absorption of AlN
NPs onto the –COOH of tryptophan-like substance surface, and
further the nano-scale could enhance the absorption process.

2.3.3. MW distribution of SMP
Since the concentration of total SMP is changed, MW distribu-
tion (size-fractionated) of SMP would not be normally consid-
ered to be the study item. However, membrane technology has
been appliedwildly inwastewater treatment in recent 20 years,
and MW distribution of SMP has been considered as the
significant factor on membrane fouling (Zhang et al., 2015,
2016). Based on previous study (Arabi and Nakhla, 2010), MW
distribution of SMP is classed into four critical MW range:
>100 kDa, 10–100 kDa, 1–10 kDa and <1 kDa. The MW distribu-
tions of SMPwith different concentrationAlNNPs additionwere
summarized in Table 2. The SMP compounds had a broad MW
distribution, which was ranging from low MW (<1 kDa) to a
large size (>100 kDa). The SMP in the range of 1–10 kDa
increased with AlN NPs addition, but SMP ranging >100 kDa
and 10–100 kDa decreased with the AlN NPs advance. As the
majority substances of SMP, MWs of protein, polysaccharide
and humic acid were in the range of 10-a few 1000 kDa, 0.18–
3000 kDa and 2–5 kDa, respectively (Philippe and Schaumann,
2014), indicating that SMP in the range of 10–100 kDa and
>100 kDa were mainly protein and polysaccharide. As Table 1
showed, the decrease of 10–100 kDa and >100 kDa substances in
SMP were due to the amount decrease of protein and polysac-
charide. The high ionic strength in the medium inhibited NP
self-aggregation and also reduced the electrostatic stabilization
due to charge screening, enhancing the chelation with organic
matters (Louie et al., 2013). Additionally, Aiken et al. (2011)
reported that engineered NP chelated to the functional groups
and metal on the surface of organic matters, and transformed
into colloid. Yin et al. (2015) also showed that organicmatterwith
high MW (>100 kDa and 30–100 kDa) promoted the aggregation
of NP in mono- and divalent electrolyte solution, but organic
matter ranging <30 kDa inhibited the aggregation process,
indicating that SMP in the range of >30 kDa would aggregated
with NP and formed into colloid. Therefore, the decrease of 10–
100 kDa and >100 kDa substances in SMP with AlN NPs addition



0 2 4 6 8 10 12 14 50 100 150 200

0

10

20

30

40

50

60

70

80

90

100

110

120

R
el

at
iv

e 
fl

uo
re

sc
en

ce
 in

te
ns

it
y 

(%
)

AlN NPs concentration (mg/L)

 Peak A

200 250 300 350 400 450 500 550

200

250

300

350

400

450

500

E
x 

(n
m

)

Em (nm)

0.000

1.167E+06

1.333E+06

1.500E+06

1.667E+06

1.833E+06

2.000E+06

200 250 300 350 400 450 500 550

200

250

300

350

400

450

500

E
x 

(n
m

)

Em (nm)

0.000

1.167E+06

1.333E+06

1.500E+06

1.667E+06

1.833E+06

2.000E+06

200 250 300 350 400 450 500 550

200

250

300

350

400

450

500

E
x 

(n
m

)

Em (nm)

0.000

1.167E+06

1.333E+06

1.500E+06

1.667E+06

1.833E+06

2.000E+06

200 250 300 350 400 450 500 550

200

250

300

350

400

450

500

E
x 

(n
m

)

Em (nm)

0.000

1.167E+06

1.333E+06

1.500E+06

1.667E+06

1.833E+06

2.000E+06

200 250 300 350 400 450 500 550

200

250

300

350

400

450

500

E
x 

(n
m

)

Em(nm)

0.000

1.167E+06

1.333E+06

1.500E+06

1.667E+06

1.833E+06

2.000E+06

200 250 300 350 400 450 500 550

200

250

300

350

400

450

500

E
x 

(n
m

)

Em (nm)

0.000

1.167E+06

1.333E+06

1.500E+06

1.667E+06

1.833E+06

2.000E+06

200 250 300 350 400 450 500 550

200

250

300

350

400

450

500

E
x 

(n
m

)

Em (nm)

0.000

1.167E+06

1.333E+06

1.500E+06

1.667E+06

1.833E+06

2.000E+06

a b 

A 

c 

e 

d 

f 

g h 

Fig. 4 – EEM fluorescence spectra of SMP with (a) 0 mg/L, (b) 1 mg/L, (c) 10 mg/L, (d) 50 mg/L, (e) 100 mg/L, (f) 150 mg/L, (g)
200 mg/L AlN NPs. (h) The relative fluorescence intensity variations of Peak A with the AlN NPs increase (n = 3).
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were mainly due to the aggregation with NP. In addition, Arabi
and Nakhla (2010) reported that SMP in the range of >100 kDa
and 1–10 kDa had no obvious correlation with membrane
fouling, but SMP ranging 10–100 kDa played the significant role
in membrane fouling and had been proved as the most
important fraction from a fouling perspective. Consequently,



Table 2 – Percentage of each MW range compound in SMP
with AlN NPs addition (n = 3).

<1 kDa 1–10 kDa 10–
100 kDa

>100 kDa

0 mg AlN NPs/L 0.05% ±
0.01%

0.02% ±
0.03%

71.47% ±
2.45%

28.46% ±
1.56%

1 mg AlN NPs/L 0.09% ±
0.01%

5.19% ±
0.60%

71.26% ±
3.14%

23.46% ±
4.13%

10 mg AlN NPs/L 0.08% ±
0.01%

11.74% ±
0.82%

65.59% ±
3.57%

22.59% ±
1.45%

50 mg AlN NPs/L 0.07% ±
0.02%

20.13% ±
2.43%

59.34% ±
3.41%

20.46% ±
4.41%

100 mg AlN NPs/L 0.08% ±
0.01%

21.24% ±
1.84%

58.72% ±
1.43%

19.96% ±
2.45%

150 mg AlN NPs/L 0.08% ±
0.01%

28.40% ±
2.01%

53.07% ±
3.53%

18.45% ±
1.53%

200 mg AlN NPs/L 0.12% ±
0.02%

31.96% ±
1.21%

50.88% ±
2.41%

17.04% ±
2.41%
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AlN NPs should mitigate membrane fouling process due to the
10–100 kDa SMP decrease with AlN NPs addition.

In order to better understand potential acute effects of AlN
NPs on the MW distributions of SMP, the evaluations of
number-average molecular weight (Mn) were employed in
Fig. 5. The Mn of SMP decreased with the AlN NPs advance,
and rp(Mn-AlN NPs concentration) was −0.97, indicating the highly
inverse proportionality of AlN NPs to the MW of SMP. In
previous researches (Lee et al., 2011; Liu et al., 2016; Xia et al.,
2015), bacteria would release low MW proteins through its
immunity system with toxicity shock, then leading to MW
decrease. Yin et al. (2015) also predicted that NP chelated with
high MW organic matter, and left the low MW organic matter
in the aqua. Consequently, AlN NPs addition could lead
obviously to the Mn decrease of SMP.
3. Conclusion

Potential acute effects of suspended AlNNPs on SMP of activated
sludge were studied. AlN NPs had the direct toxicity to the
-2 0 2 4 6 8 10 50 100 150 200
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Fig. 5 – Mn variations of SMP in activated sludge with
different concentration AlN NPs addition (n = 3).
activated sludge viability, which was mainly due to the
nano-scale of AlN NPs. In SMP, AlN NPs caused the decrease of
polysaccharide and humic compounds, but had no obvious
effects on protein. The decrease of tryptophan-like substances
in SMP indicated the inhibition of AlN NPs on the bacterial
metabolism. Additionally, AlN NPs reduced obviously the MW of
SMP, which might be due to the nano-scale of AlN.
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