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The increase of emerging contaminants, such as surfactants, is one of the major challenges to biological
wastewater treatment. However, the potential impact of linear alkylbenzene sulphonates (LAS), a major class of
anionic surfactants, on anammox process is unclear. The long-term effects of sodium dodecyl benzene sulfonate
(SDBS, as a model LAS) on reactor performance, microbial community and sludge properties were investigated in
this study. The presence of 5 mg L− 1 SDBS promoted the release of extracellular microbial products from
anammox granules and the wash-out of anammox population via effluent. Despite sludge disaggregation, the
reactor performance was robust to the exposure of 5 mg L− 1 SDBS due to functional redundancy. With the further
increase of SDBS to 10 mg L− 1, the metabolic activity of anammox biomass and the transcription and posttranslation of hydrazine dehydrogenase were significantly decreased. The potential mechanism might be asso
ciated with the damage on cell membrane that induced the leakage of intracellular matrix. These results high
light the need to consider the potential risk of LAS to operation of anammox process in biological wastewater
treatment plant.
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1. Introduction
The increase of emerging contaminants, such as surfactants, has
posed a new challenge to biological wastewater treatment (Palmer and
Hatley, 2018). Surfactants are broadly defined as amphiphilic com
pounds consisting of a hydrophilic group and a lipophilic group, which
could alter the energy relationships at interfaces (Guan et al., 2017). The
use of surfactants is fairly universal and has been increased from 9.3
million tons in 1995 to 15.9 million tons in 2014 and it is estimated to be
as high as 24.2 million tons in 2022 (Palmer and Hatley, 2018). As a
large category of anionic surfactants, linear alkylbenzene sulphonates
(LAS) are ubiquitous in municipal and industrial wastewaters due to
their wide application in household and industrial detergents (Palmer
and Hatley, 2018; Qiao et al., 2016). Recently, their potential impacts on
biological wastewater treatment process and on the environment have
raised increasing public concern (Cserháti et al., 2002; Garcia et al.,
2006; Palmer and Hatley, 2018). It has been reported that the presence
of LAS had negative effects on the biological treatment process of in
dustrial wastewaters and domestic sewage, such as foaming and
decrease of the effluent quality (Delforno et al., 2012; Nie et al., 2017). It
has been well documented that the presence of LAS could severely

inhibit the activity of methanogens or nitrifying bacteria (Brandt et al.,
2001, 2002; Garcia et al., 2006; Jiang et al., 2007; Nie et al., 2017).
However, the potential impacts of LAS on anaerobic ammonium
oxidation (anammox) bacteria are still unclear.
It has been estimated that 30–70 % of the global N2 emission into the
atmosphere was attributed to anammox bacteria, by which ammonium
could be directly converted to N2 with nitrite as the electron acceptor
(Harhangi et al., 2012). Besides ecological significance, anammox bac
teria also have great potentials for engineering application. Recently,
the coupling of ananmox with partial nitrification or partial denitrifi
cation has been widely considered as a sustainable alternative to tradi
tional nitrification and denitrification process (Lackner et al., 2014;
Zhang et al., 2020a). Although the concentration of LAS in domestic
sewage was as low as 1 mg L− 1, high amounts of undegraded LAS were
detected to adsorb on sewage sludge (3–16 mg-LAS g− 1-SS) (Garcia
et al., 2006). LAS have been reported to be detected in several types of
nitrogen-rich wastewaters, such as tannery wastewater and washing
wastewater, and the detailed concentrations of LAS are different but in a
rough range of 10 and 300 mg L− 1 (Delforno et al., 2012; Panizza and
Cerisola, 2004; Tamiazzo et al., 2015). Therefore, the presence of LAS
might pose a risk to the operation of anammox process. The preliminary
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results from batch experiments indicated that the addition of 150 mg L− 1
sodium lauryl sulfate (C12-OSO3Na, SLS) or sodium dodecyl sulfonate
(C12-SO3Na, SDS) caused severe toxicity to anammox bacteria, but no
significant effect was observed during the exposure of 150 mg L− 1 so
dium dodecyl benzene sulfonate (C12-ben-SO3Na, SDBS) (Qiao et al.,
2016). However, the actual effects of contaminants on highly aggregated
anammox biomass were always underestimated and even not visible
during several hours of exposure and long-term observations are
required to obtain a final conclusion (Zhang et al., 2018a, a; Zhang et al.,
2017a).
Therefore, the long-term effects of SDBS (as a model LAS) on
anammox process were investigated in this study. First, the nitrogen
removal performance in response to 1–10 mg L− 1 SDBS was evaluated in
a continuously-fed bioreactor and 16S rRNA-based high-throughput
sequencing was adopted to unravel the evolution of bacterial commu
nity. Moreover, the variations of sludge properties including extracel
lular microbial products (EMP), functional gene abundance and enzyme
activity, as well as specific anammox activity (SAA), were also investi
gated. Overall, the obtained results would update the understanding on
the mechanism of LAS-induced interference to anammox process.

of anammox granules, the concentration of SDBS was gradually rose to
10 mg L− 1. Given the generation time of anammox bacteria (~11 days),
each level lasted for two weeks unless significant increase of nitrite was
detected in the reactor effluent. The specific sludge load of SDBS was
estimated to be 0.5 mg g− 1 VSS with the addition of 10 mg L-1 SDBS. In
addition, considerably higher concentrations of SDBS were also tested in
batch experiments to assess its potential toxicity mechanism.
2.2. Real-time qPCR and high-throughput sequencing
Sludge or water samples marked as S30, S60, S90, and S130 were
collected from the reactor on Days 30, 60, 90, and 130, respectively. DNA
was extracted from the samples using the Power Soil DNA Kit (MoBio
Laboratories, Carlsbad, CA). The absolute numbers of anammox bacterial
16S rRNA gene in biomass and effluent were quantitatively evaluated with
the primer set of AMX_368 F (5′ -TTCGCAATGCCCGAAAGG-3′ ) and
AMX_820R (5′ -AAAACCCCTCTACTTAGTGCCC-3′ ) (Wang et al., 2016).
Total RNA was extracted using the Power Soil RNA kit (Mo Bio Labora
tories, USA), and cDNA was synthesized according to the instructions of
reverse transcription kit (TaKaRa). The concentration of hdh were quan
tified using the primer set hdh-1 F (5′ -GGTGGTTTGAGGGGTTCCAA-3′ )
and hdh-2R (5′ -TATGGCGACCTCTGTGCATC-3′ ) and its transcript level
was normalized with the internal control of anammox bacterial 16S rRNA.
The detailed procedures of qPCR are as previously described (Zhang et al.,
2020b).
After amplification with the primer pair 338 F (5′ -ACTCCTACGG
GAGGCAGCA-3′ ) and 806R (5′ -GGACTACHVGGGTWTCTAAT-3′ ), the
V3-V4 region of the 16S rRNA gene was sequenced with an Illumina
MiSeq PE250 platform by Majorbio Co., Ltd. (Shanghai, China). After
removing low-quality bases, non-repetitive sequences were clustered as
operational taxonomic units with the similarity of 97 % using the
USEARCH tool (http://drive5.com/uparse/). The OTU representative
sequences were classified with a confidence threshold of 70 % according
to the Silva (SSU128) 16S rRNA database.

2. Materials and methods
2.1. Continuous-flow experiments
The chronic response of anammox process to SDBS exposure was
investigated by continuous-flow experiments. Mature anammox gran
ules collected from parent reactor were inoculated into a UASB reactor
(1.0 L, Φ=6.0 cm). The parent reactor had been operated stably for more
than one year, and the dominant anammox bacterium was identified to
belong to the genus Candidatus Kuenenia (Zhang et al., 2016b). The
UASB reactor was operated under a thermostatic (35 ± 1 ◦ C) and dark
condition and continuously fed with synthetic wastewater, which
mainly included substrates ((NH4)2SO4 and NaNO2), minerals and trace
elements. The detailed composition of synthetic wastewater is shown in
Table 1 (Zhang et al., 2018b). The hydraulic retention time and influent
pH were fixed at 0.96 h and 7.8, respectively. This reactor was inocu
lated with 20.9 g volatile suspended solids (VSS) L− 1 of anammox bio
msss, and then operated under a fixed nitrogen loading rate (NLR) of
14.0 kg-N m-3 d− 1. After the achievement of stable performance, SDBS
(Aladdin, China) was introduced to the reactor influent from Day 31.
The initial level of SDBS was 1 mg L-1 according to its current concen
tration in municipal wastewater (Palmer and Hatley, 2018). However,
its level in washing and tannery wastewaters was much higher and in a
rough range of 10 and 300 mg L-1 (Delforno et al., 2012; Panizza and
Cerisola, 2004; Tamiazzo et al., 2015). To explore the critical tolerance

2.3. Characterization of sludge properties
The soluble microbial products (SMP) and bound microbial products
(BMP) were extracted using the method as previously described (Zhang
et al., 2019). To be detailed, the mixed sample was centrifuged at 3000 g
for 10 min. The BMP was extracted from the sludge pellet with NaCl
solution (0.9 %), while the SMP was collected from the supernatant by
membrane filtration (0.45 μm). The anthrone method was adopted for
the quantitation of polysaccharide (PS), and the Lowry method was
employed for protein (PN) determination. Lyophilized BMP powders
were mixed with KBr (w/w = 1:100) and then compressed to a pellet for
FTIR scanning with a Nicolet iS10 FTIR spectrometer (Thermo Fisher
Nicolet, USA).
After withdrawn from the reactor, the anammox biomass was
washed three times and collected by centrifugation (10,000 g) for the
determination of physiological activity. The SAA was expressed as mgTN g-VSS− 1 d− 1 according to the degradation rate of substrates in
batch assays (Jin et al., 2013). Crude enzyme extracts were obtained
through sonication (20 kHz, 4 ◦ C, 5 min) followed by centrifugation (12,
000 g, 4 ◦ C, 10 min). The activity of hydrazine dehydrogenase (HDH)
was detected according to the transformation rate of cytochrome c and
defined as μmol cytochrome c h− 1 mg− 1 protein (Shimamura et al.,
2007).

Table 1
Composition of the synthetic wastewater.
Composition

Concentration

MgSO4⋅7H2O
NaH2PO4
NaHCO3
CaCl2⋅2H2O
Trace element Ia
Trace element IIb
(NH4)2SO4
NaNO2

58.6 mg L− 1
10 mg L− 1
840 mg L− 1
73.5 mg L− 1
1.25 mL L− 1c
1.25 mL L− 1c
Add as requiredd
Add as requiredd

a
The composition of trace element solution I was 5 g L− 1
•
EDTA and 9.14 g L− 1 FeSO47H2O.
b
The trace element solution II was composed of 15 g L− 1
•
EDTA, 0.014 g L− 1 H3BO4, 0.99 g L− 1 MnCl24H2O, 0.25 g L− 1
•
•
•
CuSO45H2O, 0.43 g L− 1 ZnSO47H2O, 0.21 g L− 1 NiCl26H2O,
•
•
− 1
− 1
0.22 g L NaMoO42H2O and 0.24 g L CoCl26H2O.
c
1.25 mL of trace element solutions I and II were added per
liter of wastewater.
d
Equimolar ammonium and nitrite were supplied.

2.4. Batch assays
The potential mechanism of SDBS on anammox biomass was further
investigated by a series of batch assays. After withdrawing from the
parent reactor, the anammox granules were washed three times and
inoculated into serum flasks (160 mL) to obtain a biomass concentration
of approximately 4.0 gVSS L− 1. Synthetic wastewater (similar to
2
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Table 1) was introduced to each serum flask to reach a substrate con
centration of 200 mg N L-1. After the addition of 0–2 mM SDBS, the
initial pH of each serum flask was adjusted to 7.5 ± 0.1 using hydro
chloric acid (0.1 M) and sodium hydroxide (1 M). All of the serum flasks
were sealed after removing oxygen with 99.99 % pure argon, and then
incubated on an orbital shaker (180 rpm, dark, 35 ± 1 ◦ C). The water
samples were collected periodically from the serum flasks with a syringe
for the determination of ammonium, nitrite and nitrate. After the
depletion of nitrite, the water samples were collected through 0.45-μm
membrane for the determination of PN and PS. Excitation-emission
matrix (EEM) fluorescence spectra of SMP were obtained with a fluo
rescence spectrophotometer (F-4600, Hitachi Co., Japan) and the
detailed parameters were as previously described (Zhang et al., 2017b).
The membrane integrity was generally assessed using the staining
method with propidium iodide (PI), which could enter the damaged cells
rather than the viable cells and bind DNA (Qiao et al., 2016). However,
this staining method cannot tell whether the membrane-damaged cells
are anammox cells because the test object was mixed culture. It is also
not appropriate to monitor the release of lactate dehydrogenase due to
its absence in the genomes of anammox bacteria, which is widely used
for assessing membrane integrity (Wan et al., 2016; Zhang et al., 2017a).
It has been reported that a variety of heme c proteins are involved in
anammox catabolism and are hypothesized to reside in anammoxosome
(Kartal and Keltjens, 2016). Thus, the cell membrane integrity of
anammox cells might be better revealed by the level of extracellular
heme c in the solution, while the level of intracellular heme c in the
solution reflected the degree of sludge disaggregation, during which the
aggregated anammox cells in the granular sludge was gradually released
to the solution as planktonic cells. The heme c in the solution after
membrane filtering (0.45 μm) was measured and defined as the extra
cellular heme c, while the difference of heme c in the solution before and
after membrane filtering was defined as the intracellular heme c. The
obtained solution was mixed with phosphate buffer (20 mM, pH 7.5) in

equal volumes and then treated by sonication (800 W, at 4 ◦ C for 20 min,
Ultrasonic processor CPX 750, USA). After centrifugation (15,000 g, at
4 ◦ C for 15 min), the supernatant was collected for the quantitation of
heme c (Berry and Trumpower, 1987). The heme c concentration was
calculated with a millimolar extinction coefficient of 23.97 mM cm− 1
according to the absorption difference between 550 nm and 535 nm.
2.5. Other analytical methods
−
−
The levels of pH, SS, VSS, NH+
4 -N, NO2 -N and NO3 -N were deter
mined according to standard methods (APHA et al., 2005). The
half-maximal inhibitory concentration (IC50) of SDBS was obtained by
fitting with an extended noncompetitive inhibition model using the
minimum squared errors method (Zhang et al., 2016a). The results of
each test performed in triplicate are expressed as the mean ± standard
deviation and the significance was tested by analysis of variance
(ANOVA). Principal component analysis (PCA) was adopted to assess the
variability of bacterial communities using Microsoft XLSTAT software
(Addinsoft, Paris, France).

3. Results and discussion
3.1. Evolution of reactor performance and specific anammox activity
The reactor after inoculation was operated under a constant NLR of
14.0 kg N m− 3 d-1 for several months. A stable nitrogen removal rate
(NRR) of 12.4 ± 0.2 kg N m− 3 d-1 was obtained with a nitrogen removal
efficiency (NRE) of 88.9 ± 1.6 % during the first month before SDBS
addition (Fig. 1). In theory, the ratios of ammonium consumption to
nitrite consumption (RS), and to nitrate production (RP) in anammox
reaction were 1.32 and 0.26, respectively. The values of RS and RP in this
phase were 1.20 ± 0.03 and 0.21 ± 0.01, respectively, suggesting the
dominance of anammox reaction. The gradual increase of SDBS from 1

Fig. 1. Nitrogen removal performance of three bioreactors in different phases, including the influent/effluent nitrogen concentrations (a), nitrogen loading rate
(NLR), nitrogen removal rate (NRR) and nitrogen removal efficiency (NRE) (b).
3
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to 10 mg L-1 was adopted and each concentration was lasted for two
weeks to explore the threshold concentration. No visible difference in
the NRE was observed after the adidtion of 1–5 mg L-1 SDBS when
compared with the phase before SDBS addition (p > 0.05, t-test).
However, the NRE was sharply declined to 21.2 % within two weeks
after the addition of 10 mg L-1 SDBS. The influent nitrite level was
declined to 140 mg N L-1 to avoid the potential inhibition due to nitrite
accumulation. Nevertheless, only 31.9 ± 4.3 % of the NRR was retained
in the presence of 10 mg L-1 SDBS. Even though the addition of SDBS was
terminated, the reactor performance did not exhibit an immediate
recovery.
To avoid the distorted observations due to functional redundancy of
bioreactor, the SAA of anammx biomass in response to SDBS exposure
was also monitored by ex situ batch assays. The SAA was slightly
decreased from 555.3 ± 35.3 mgTN g− 1VSS d− 1 (S30) to
489.8 ± 26.2 mgTN g− 1VSS d− 1 in the presence of 5 mg L-1 SDBS (S60).
However, the presence of 10 mg L-1 SDBS significantly inhibited the SAA
by 62 % (S90, p < 0.5, t-test). After the addition of SDBS was termi
nated, it took almost 40 days for the SAA to recover to 81 % of the initial
level.
3.2. Microbial community dynamics
According to the results of high-throughput sequencing analysis, the
bacterial population in four communities mainly belong to nine phyla:
Planctomycetes, Proteobacteria, Bacteroidetes, Chloroflexi, Acid
obacteria, Armatimonadetes, Chlorobi, Thermi, and Actinobacteria
(Fig. 2a). The indices of Chao1, Ace, Simpson and Shannon (Table 2)
indicated that the addition of 1–10 mg L− 1 SDBS increased community
richness and diversity. 96 % of the total variability of bacterial com
munities at the genus level could be explained by the PCA analysis. The
differentiation of SDBS-added communities (S60 and S90) from the
initial community (S30) was illustrated by Fig. 2c. The variation in ca.
Kuenenia, and the unclassified population belonging to Acidobacteria,
Anaerolineae and Rhodocyclaceae contributed greatly to the evolution
of community structure. Notably, ca. Kuenenia was the dominant
anammox bacterium in the reactor and its relative abundance was
decreased from 29.6 (S30) to 25.8 % (S90) and then increased to 32.4 %
(S120), while that of UC_Anaerolineae was increased from 9.8 (S30) to
17.2 % (S90) then decreased to 8.3 % (S120, Fig. 2b). It is possible that
the SDBS-induced decay of anammox cells might provide organic carbon
sources for the fermenters, such as the unclassified population of
Anaerolineae.

Fig. 2. Microbial community structure of the anammox biomass at the phylum
level (a) and the genus level (b). PCA analysis showing the differentiation of
microbial communities at the genus level (c).
Table 2
Bacterial community richness and diversity indices of sludge samples.

3.3. Abundance and transcription activity of anammox genes
The absolute abundance of anammox bacterial 16S rRNA gene in
biomass and effluent were also measured by qPCR (Fig. 3). With the
increase of SDBS to 5 mg L− 1 (Fig. 3a), the content of AMX gene in the
biomass decreased from 1.47 × 109 (S30) to 1.20 × 109 copies g− 1VSS
(S60), while the level of AMX gene in the effluent increased from
4.07 × 107 (S30) to 5.11 × 107 copies L− 1 (S60, Fig. 3b). As a result, the
SRT was decreased from 30.6 days to 8.8 days with the further increase
of SDBS to 10 mg L− 1, which was lower than the generation time of
anammox bacteria (~11 days). The retention capacity of reactor for
anammox population was weakened in the presence of 10 mg L− 1 SDBS,
and thus the performance deterioration of reactor may be partially
attributed to the wash-out of anammox population by effluent over time.
Given that the presence of DNA does not imply activity, the transcrip
tional response of functional gene to SDBS exposure was also investi
gated. The results showed that the transcription level of hdh gene was
also significantly decreased (Fig. 3c), which encodes the HDH that
catalyzed the oxidation of hydrazine to produce electrons in the anam
mox metabolism (de Almeida et al., 2016). A similar trend was
confirmed by the crude enzyme activity of HDH (Fig. 3d). Therefore, in
addition to the anammox population loss at community level, the

Sample
S30
S60
S90
S130

Community richness

Community diversity

Chao1

Ace

Shannon

Simpson

1123.0
1190.9
1159.4
1101.9

1107.1
1183.3
1182.1
1101.1

4.88
5.26
4.84
4.63

0.89
0.91
0.90
0.87

presence of 10 mg L− 1 SDBS also induced a significant inhibition on the
transcription and post-translation of HDH at individual level.
3.4. Extracellular microbial products analysis
3.4.1. Soluble and bound microbial products
With the increase of SDBS to 5 mg L− 1, the production of SMP
(Fig. 4a) increased from 95.1 ± 10.3 (S30) to 125.2 ± 10.2 mg L− 1 (S60),
while the EPS content of anammox granules (Fig. 4b) decreased from
196.2 ± 14.2 (S30) to 168.5 ± 11.4 mg L− 1 (S60). It is obvious that the
increase of SDBS to 5–10 mg L− 1 promoted the release of BMP from
anammox granules to the solution as SMP. Notably, the proportion of PN
in SMP and BMP were both improved according to the ratio of PN/PS.
4
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Fig. 3. Abundance of anammox bacterial 16S rRNA gene in biomass (a) and effluent (b), and normalized transcription levels of hydrazine dehydrogenase (c) and
enzyme activity (d).

Similarly, that addition of sodium dodecyl sulfate (SDS) resulted in the
increase of PN proportion in EMP released from activated sludge (Wang
et al., 2014). It is possible that more PN was secreted to extracellular
space as a self-defense response of anammox bacteria to SDBS interfer
ence, which may be conducive to cell adhesion to avoid being washed
away. Certainly, the release of intracellular matrix is also possible due to
the SDBS-induced damage of cell membrane integrity.

3.5. Interactions of SDBS with anammox biomass
A series of batch assays were also conducted to further explore the
potential effects of SDBS on sludge properties. The amount of anammox
population was relatively constant in the enclosed serum bottles, and the
level of intracellular heme c in the solution reflected the degree of sludge
disaggregation while the cell membrane integrity could be revealed by
the level of extracellular heme c in the solution. The results showed that
SDBS had an acute toxicity to anammox biomass with an IC50 of
1.8 ± 0.2 mM (Fig. 5a). The increase of SDBS to 0.2 mM enhanced the
release of EMP and the intracellular heme c to the solution (Fig. 5b and
c). As shown in Fig. S1, the liquid phase acquired an orange coloration
with the increase of SDBS. It is generally assumed that the structure of
anammox granules mainly contained two distinct regions: the outer
region glued by the readily-extractable EMP and the inner region
composed of compact EMP (Fig. 6). The particles in the dispersible outer
region adhere through weak interaction, i.e., EMP-ion bridging via
multivalent ions and van der Waal’s forces, while the particles in the
compact inner region strongly interact through polymer entanglement.
The presence of SDBS could remove the divalent cations (such as Ca2+)
from the EMP matrix and therefore break the outer region linked by ion
bridging (Sheng et al., 2006; Yang et al., 2007). As a result, the aggre
gated anammox cells in the granular sludge was gradually released to
the solution as planktonic cells with the release of EMP (Fig. 6). Similar
effect on the detachment of EMP was also observed for activated sludge
after the SDS treatment (Wang et al., 2018), in which the stability of
sludge floc structure was weakened due to the enhanced dispersion of
small particles by SDS treatment.

3.4.2. Transformations of functional groups in BMP
Furthermore, FTIR spectroscopy analysis was adopted to charac
terize the transformations of functional groups in BMP (Fig. 4c), and
detailed description of the peaks was shown in Table 3. The peak at
3600− 3200 cm− 1 was attributed to the stretching of N–H and O–H
(hydroxyl group) in polymeric matrix. Compared with S30, the addition
of 10 mg L− 1 SDBS (S90) increased the intensities of the peaks associated
with amide-I and amide-II in proteins, which was consistent with the
variation in the proportion of protein in BMP. Furthermore, the peaks at
1650 cm− 1 changed to a shoulder from 1637 cm− 1 to 1617 cm− 1, indi
cating the structural transformations of the amide I. The increased in
tensities of the peaks in the fingerprint region (<1000 cm− 1) may be
attributed to the increase of phosphate groups or nucleic acid groups
(Wang et al., 2020). However, the intensities of the peaks associated
– O in carboxylates and carboxylic acids decreased. Addi
with the C–
tionally, an obvious red-shift of the peaks associated with the stretching
vibration of C–O–C in polysaccharides was also observed, implying the
interaction of SDBS with polysaccharides.
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Fig. 4. Variations of soluble microbial products (SMP) (a) and bound microbial products (BMP) (b), and FTIR spectra of BMP (c).

to characterize the fluorescent groups of SMP after SDBS exposure.
Three fluorescent peaks associated with tryptophan proteins (Peak A),
tryptophan-like amino acids (Peak B) and polycarboxylate-type humic
acids (Peak E) were identified in the SMP of CK (Table 4) (Wang and
Zhang, 2010). With the increase of SDBS, the fluorescence intensities of
these peaks were enhanced and a new peak assigned to tyrosine-like
amino acids (Peak C) was observed. In this case, the surge of SMP
may be attributed to the release of intracellular matrix from the
damaged cells.
Although the highest concentration of SDBS in the continuous-flow
experiments was only 10 mg L− 1, obvious inhibition on the SAA was
also observed after long-term exposure. Moreover, it took almost 40
days for the SAA to recover to 81 % of the initial level after the addition
of SDBS was terminated. These results indicated a potential cumulative
effect of SDBS due to its adsorption on sludge. This cumulative effect of
SDBS may cause population loss by sludge disaggregation, and could
even result in cell disruption by increasing membrane permeability.
Accordingly, the decreased content of AMX gene in the biomass and
significant inhibition on the transcription as well as post-translation of
HDH were observed after long-term exposure to 10 mg L− 1 SDBS.

Table 3
Main functional groups observed from the FTIR spectra of BMP.
Peak region
(cm− 1)

Vibration type

Functional type

3600–3200

Overlapping of stretching vibration
of OH and NH
Asymmetric C–H stretching of
aliphatic –CH2
–O and
Stretching vibration of C–
C–N (Amide I)
Stretching vibration of C–N and
deformation vibration of N–H
(Amide II)
–O
Symmetric vibration of C–
–O
Deformation vibration of C–
Stretching vibration of C–O–C

OH into polymeric
compounds and amine
Humic substances

3000–2900
1700–1600
1600–1500
1450 –1350
1300–1200
1200 –1000

Proteins (peptidic bond)
Proteins (peptidic bond)
Carboxylates
Carboxylic acids
Polysaccharides

The further increase of SDBS significantly damaged the integrity of
cell membrane as indicated by the increase of the extracellular heme c in
the solution (Fig. 5b). It has been reported that the direct interaction of
SDBS with ammonia-oxidizing bacteria induced irreversible damage to
important cell functions, such as growth cessation, viability loss, and
inhibition on ammonium oxidation activity (Brandt et al., 2001). This
damage may be related to the increase of membrane permeability
caused by SDBS treatment, which leads to the dissipation of ion gradient
and membrane potential, and even the leakage of basic cell components
(Brandt et al., 2001, 2002). Given the structure similarity of cell walls
among gram-negative bacteria (van Teeseling et al., 2015), it is also
possible that the direct interaction of SDBS monomers with anammox
cells after the release of EMP could increase membrane permeability and
even cause cell disruption (Fig. 6). 3D-EEM spectroscopy was employed

3.6. Implication of this work
It is generally accepted that anammox reactor performance depends
on the amount of active anammox population and the metabolic activity
of individual population. However, the present study suggested that the
long-term exposure of SDBS (> 5 mg L− 1) could cause the deterioration
of reactor performance through sludge disaggregation and metabolic
inhibition. Therefore, the presence of SDBS in wastewater might have a
potential risk to anammox process. How to alleviate or eliminate the
6
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Fig. 5. Short-term effects of SDBS on specific anammox activity (SAA) (a), the release of heme c (b) and microbial products (MP) (c).

Fig. 6. Proposed schematic diagram of the interaction of SDBS with anammox granules. (a) Multiple-layer structure of anammox aggregates with two distinct re
gions: the outer region glued by the readily-extractable extracellular microbial products (EMP) and the inner region composed of compact EMP. (b) SDBS-induced
sludge disaggregation: the aggregated anammox cells was gradually released to the solution as planktonic cells with the release of EMP. (c) SDBS-induced cell
damage: the damage on cell membrane caused the leakage of intracellular matrix, such as heme c.
Table 4
Information on the main fluorescence peaks in the EEM spectra of microbial products.
Sample
CK
SDBS-0.2
SDBS-0.5
SDBS-2.0

Peak A

Peak B

Peak C

Peak E

EX/EM

Intensity

EX/EM

Intensity

EX/EM

Intensity

EX/EM

Intensity

280/330
280/330
280/330
280/335

2246
2347
2700
4050

230/330
230/330
230/330
230/330

1136
1274
1515
1853

–
–
230/300
230/300

–
–
1068
1347

345/430
345/435
345/430
325/420

74
92
107
135

adverse impacts of LAS on anammox process is of great practical sig
nificance. Because of their self-assembly and binding abilities, surfac
tants can enhance the desorption of metal cations from sludge (Guan
et al., 2017), and thereby weaken the ion bridging through EPS and lead
to EPS release. It is acknowledged that major cations in the EPS, such as
Mg2+ and Ca2+ could bind to extracellular PS and PN molecules and act
as a bridge to interconnect these components and promote bacterial
aggregation. The regulation of Ca2+ has showed positive effects on the
stability of anammox granules and the recovery of anammox biomass
damaged by heavy metals or accidental overheating (Liu et al., 2013;
Zhang et al., 2016c). Moreover, the precipitation between DBS− and
Ca2+ could contribute to the removal of SDBS from solution (Yang et al.,
2007). Therefore, the feasibility of Ca2+ addition strategy needs further
study to verify. These implications could provide useful reference for the
future application of anammox process in the treatment of nitrogen-rich
wastewaters containing LAS.

4. Conclusions
The presence of 5 mg L− 1 SDBS promoted the release of EMP from
anammox granules and the loss of anammox population with effluent.
Despite sludge disaggregation, the reactor performance was robust to
the exposure of 5 mg L− 1 SDBS, which may be attributed to the func
tional redundancy. With the further increase of SDBS to 10 mg L− 1, the
metabolic activity of individual population was significantly inhibited as
indicated by the decrease in SAA and HDH activity. The potential
mechanism might be due to the damage on cell membrane integrity and
the release of intracellular matrix. Therefore, the presence of SDBS in
wastewater may destabilize anammox process through sludge disag
gregation and metabolic inhibition. These results highlight the need to
consider the potential risk of linear anionic surfactant to anammox
process in biological wastewater treatment.
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