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A B S T R A C T

Sequential vertical flow trickling filter and horizontal flow multi-soil-layering bioreactor were investigated for
the treatment of decentralized domestic wastewater at various concentrations of sodium dodecyl benzene sul-
fonate (SDBS). Results have shown that the removal rate of COD could reach 92.1% at initial COD concentration
of 960 mg/L (800 mg/L was provided by SDBS). NH4+-N concentration could be reduced from 52.4 to 9.71 mg/
L without aeration. Besides, a quadratic function model was fit to describe the relationship between the relative
activity of amylase and the protein content in extracellular polymer substance. SDBS could inhibit the transport
and metabolisms of amino acids, lipids and carbohydrates in biofilms. The analysis of three-dimensional
fluorescence diagram indicated that the peak in excitation/emission wavelengths = 310–340/370–430 nm was
the characteristic peaks of some active substances such as some enzymes in EPS. Only Microbacterium could
totally offset the toxicity of SDBS degradation products.
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1. Introduction

Domestic wastewater pollution in rural China has become a serious
environmental challenge because of lacking applicable wastewater
management (He et al., 2016). In the last two decades, treatment of
decentralized domestic wastewater in the rural areas has attracted in-
creasing attention (Lin et al., 2019; Wang et al., 2011). In general,
decentralized wastewater treatment methods include sand filter, septic
tank and constructed wetland (Luo et al., 2014; Zhou et al., 2018).
However, these treatment systems often require large land area. To
address the challenge, new technologies for decentralized wastewater
treatment have been developed in recent years, including downflow
hanging sponge reactor (Bundy et al. 2017), horizontal constructed
wetland (Fountoulakis et al., 2017), duckweed and water grass-based
aquatic system (Zhou et al., 2019; Cheng and Stomp, 2009). A common
deficiency of these technologies is that only small amount of waste-
water was treated (Oakley et al., 2010; Lin et al., 2019b). Thus, there is
a great demand to develop effective treatment of large amount rural
wastewater.
Soil-based wastewater treatment technologies have been ex-

tensively used for decentralized wastewater disposal due to their high
treatment capacity, low cost and readily availability of microbial
communities (Bezbaruah et al., 2010; Oakley et al., 2010; Zhang et al.,
2015a). However, there are serious practical problems with the con-
ventional soil-based systems, including clogging, large footprint and
low hydraulic loading rate (Li et al., 2018; Pant and Adholeya, 2009).
Multi-soil-layering (MSL) biofilter, an emerging technology, has been
widely used in the treatment of rural domestic wastewater. For ex-
ample, Luo et al. (2014) invented a two-stage vertical hybrid system

including a trickling filter and an MSL reactor to treat simulated septic
tank effluent, which exhibited high treatment performance. The re-
moval rate efficiencies of chemical oxygen demand (COD), NH4+-N and
total phosphorus (TP) were 93.1%, 86.3% and 93.2%, respectively.
Zhang et al. (2015a) had developed a trickling filter with an alternative
MSL, which is comprised of soil mixed blocks (SMB) surrounded by
permeable layers (PL). Pant and Adholeya (2009) proposed anaerobi-
cally digested wastewater from a cane molasses-based distillery through
a two-stage sequential treatment, which could remove 84% nitrogen.
But these did not address the harm of surfactants to the system.
Sodium dodecyl benzene sulfonate (SDBS) is an anionic surfactant

widely used in Chinese countryside, and as a result, wastewater usually
contains high concentrations of surfactants (He et al., 2017; Yang et al.,
2018; Wu et al., 2018a). SDBS has toxic and bioaccumulation effect on
many aquatic plants, fish and microorganisms (Parhizgar et al., 2017;
Wu and Li, 2002; Zhang et al., 2015). Asok et al. (2012), Perez et al.
(2016), Perez-Armendariz et al. (2010), Ying et al. (2002) reported that
the average concentration of surfactant in domestic wastewater is about
200 mg/L, while this value can reach 500 mg/L in rural areas. At
present, there are many technologies for removing SDBS, such as
chitosan adsorption, aerobic treatment, and purification of α-Proteo-
bacterium (Parhizgar et al., 2017; Perez-Armendariz et al., 2010; Wu
and Li, 2002). However, researches on the removal of SDBS in the MSL
system are lacking.
In this work, a novel two-stage system consisting of vertical flow

trickling filter and horizontal flow multi-soil-layering reactor (VFTF-
HFMSL) was studied to treat synthetic domestic wastewater with high
SDBS of 750 mg/L. The removal efficiency of COD, NH4+-N, NO3−-N
and TP from the wastewater were discussed. In addition, the changes of

Fig. 1. Schematic diagram of the experimental apparatus. Effluent was discharged only from port 1 when the apparatus was regularly operated, and port 2–7 was
used for draining the liquid in HFMSL system when necessary.
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microbial community diversity, EPS, and enzymes involved in the in-
hibition were also investigated in details.

2. Materials and methods

2.1. Experimental apparatus and materials

The VFTF–HFMSL system was built refers to Zhang et al. (2015),
and schematic diagram was shown in Fig. 1. Two lidless acrylic boxes
filled with different media worked as VFTF and HFMSL respectively.
VFTF (320 mm length × 160 mmwidth × 600 mm height), the vertical
one with apertured bottom, which filled with gravel and zeolite (Ji-
nyun, Zhejiang, China). HFMSL (1200 mm length × 160 mm
width × 320 mm height), the horizontal one consisted of inlet pool,
outlet pool, and MSL bioreactor. The MSL bioreactor in HFMSL in-
cluded six soil mixture block (SMB) layers surrounded by permeable
layers (PL) in brick-like pattern. VFTF was equipped with zeolite, which
could benefit microbial growth. Simulated wastewater from the storage
tank was pumped intermittently into the system using a submersible
pump (YQB-7500, Sensen Group Co. LTD., Zhoushan, Zhejiang, China)
which was controlled by a time switch (DJ-D14M, Dingshibao, Shenz-
heng, China). The pumped water dispersed evenly into VFTF through a
set of perforated pipes (R = 10 mm, PVC), and finally gravitated into
HFMSL.
The function of each material has been shown in Zhang et al.

(2015). Natural zeolite (3–5 mm diameter in VFTF, 1–3 mm diameter in
HFMSL) mixed with iron scraps at the ratio of 95:5 by dry weigh. The
SMB was the mixture of clayey soil, sawdust and iron scraps and bio-
char at the ratio of 7:1:1:1 by dry weight. The soil got from the Tianma
Mountain (Changsha, China), which passed through a nylon sieve with
a size of 20 meshes after being air dried and crushed.

2.2. Influent wastewater quality and operating conditions

According to the actual water quality of rural wastewater, the pre-
paration of simulated wastewater was carried out (Leverenz et al.,
2010). Simulated wastewater in experiment was prepared through
dissolving starch, glucose, peptone, NaHCO3, NH4Cl, KH2PO4, K2HPO4,
MgSO4, CaCl2, MnSO4, SDBS (all reagents were analytically pure grade)
into 40 L tap water to simulate wastewater in rural area. The system
operated for ten phases. In every phase, the reactor ran at influent
frequency of water feeding for 1s per 8 min for about 12–20 days until
contaminant indicators (COD, NH4+-N, NO3−-N, NO2−-N, TP) have
become stable. The hydraulic loading rate (HLR) was kept at 660 L/m2/
d, and the corresponding nominal hydraulic retention time (HRT) was
about 18 h. The influent SDBS concentration in phase 1 to phase 10 was
0, 0.5, 1, 5, 10, 25, 75, 100, 350 and 750 mg/L, respectively. At each
phase, the influent NH4+-N and TP concentrations were 50 mg/L and
4 mg/L, respectively. The simulated wastewater did not contain NO3−-
N and the COD concentration increased with the concentration of SDBS
increased. Specific trace elements ratio was shown in Zhang et al.
(2015).
Biofilm was taken from Changsha Guozhen Environmental

Protection Technology Co., Ltd. Specific method of biofilm formation
was shown Zhang et al. (2015). The water inlet parameters of biofilm
formation were the same as phase 1, and the time was about 6 weeks.
The maximum, minimum and average ambient temperatures were
30.2 ℃, 22.3 ℃, and 24.6 ℃, respectively. The maximum, minimum
and average water temperatures were 23.2 ℃, 16.4 ℃, and 18.6 ℃,
respectively.

2.3. Water sampling and analysis

50 mL water samples of influent, mid and final effluent were taken
from the storage tank, inlet pool in HFMSL and outlet pool in HFMSL
(Fig. 1), respectively. Water samples were taken and analyzed every

2 days. COD, TP, NH4+-N, NO2−-N, NO3−-N was measured according
to the standard methods (APHA, 1998), and pH was measured by pH
meter (PHS-3C, INESA Co. Ltd, Shanghai, China). All drugs used in the
test were of analytical pure grade.

2.4. Biofilm sampling

Biofilms of the top section media bed of VFTF (TV) and biofilms of
the bottom section media bed of VFTF (BV) were taken from top and
bottom section media bed VFTF, respectively and biofilms in soil layer
of HFMSL (SH) were taken from the soil in HFMSL (Fig. 1), respectively.
The biofilm samples were taken at the end of every phase and saved at
−80.0 ℃. All biofilm samples were analyzed together after all the 10
phases reaction was completed.

2.5. Separation and three-dimensional fluorescence detection of
extracellular polymeric substances (EPS)

Separation of EPS including tightly bound EPS (T-EPS) and loosely
bound extra EPS (L-EPS) was by the reference to Li and Yang. (2007).
Three-dimensional excitation emission matrix (3D-EEM) was measured
by fluorescence spectroscopy (Fluoromax-4 Spectro- fluorometer,
HORIBA Scientific, France) with a 450 W Xe arc lamp. Emission (Em)
scans and excitation (Ex) wavelengths were performed from 200 to
800 nm and 200 to 600 nm, respectively. Both Ex and Em were at
10 nm intervals as well as 0.05% NaCl solution was recorded as the
blank (Luo et al., 2013).

2.6. Key enzymes

According to the moisture content of the sludge, taking 1 g (Dry
sludge quality) of wet sludge sample into a 50 mL centrifuge tube and
add 5 mL buffer solution to the tube and then ultrasonically broken.
Ultrasonic breaker was used with a power of 250 W, an ultrasonic 3 s
gap of 5 s and a total length of 5 min. After adding buffer solution, the
tube was immersed in an ice bath and stored until the end of the ex-
periment. Ultrasound should also be performed by ice bath. The specific
buffer configuration was conFig.d according to the instructions of the
enzyme test instructions (Jiancheng, Nanjing, Jiangsu, China).
Amylase (AMS), catalase (CAT), glutathione peroxidase (GSH-Px),

superoxide dismutase (SOD), 4 kinds of enzymes were tested, and at the
same time concentration of adenosine triphosphate (ATP) and hy-
drogen peroxide (Px) were also tested. AMS, CAT, GSH-PX, SOD and
ATP was detected by iodine liquid colorimetric method, molybdate
method, 5,5-Dithiobis (2-nitrobenzoic acid) colorimetric method, hy-
droxylamine method and phosphomolybdic acid colorimetric method,
respectively. The specific test method of all above and Px was based on
the assay kit produced by Nanjing Jiancheng and used in accordance
with manufacturer's instructions.

2.7. Microbial community change and 16S rRNA functional prediction

6 samples (TV, BB, and SH) in 0 and 750 mg/L of SDBS were sent to
Majorbio Bio-Pharm Technology Co., Ltd (Shanghai, China) for high-
throughput sequencing. PCR amplification of the 16S rRNA gene was
performed for the V3-V4 regions with two specific primers with bar-
codes (515F-806R). The raw sequences had been submitted to Sequence
Read Archive (SRA) database with BioProject PRJNA509408.
Community diversity index and difference analysis were generated

using the MOTHUR program and phylogenetic analysis using FastTree
software. 16S function prediction using the database of PICRUSt,
EggNOG and KEGG.

2.8. Other analytical methods

Volatile suspended solid (VSS) was performed in accordance with
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standard methods (APHA, 1998). The protein and polysaccharides were
detected by coomassie brilliant blue G-250 method and anthrone-sul-
furic acid method with bovine serum albumin and glucose as standard
solution, respectively, specific method refers to previous study (Chen
et al., 2017). The drugs used were of analytical pure grade.

2.9. Statistical methods

All tests were conducted in triplicate. An analysis of variance was
used to evaluate the significance of results, and p < 0.05 was con-
sidered to be statistically significant.

3. Results and discussion

3.1. COD removal and carbon source structure changes

3.1.1. Removal of COD and SDBS in the system
Fig. 2a showed the COD value of the original synthetic wastewater,

middle effluent, and final effluent at different concentrations of SDBS.
As shown in Fig. 2a, the average removal rates of COD in phase 1–6
(< 75 mg/L of SDBS) was 86.3%, and the average final effluent COD
concentration steadily kept at 24.4 mg/L in phase 1–6. The average
removal rates of COD in phase 7–10 increased with the increase of SDBS
concentration, corresponding up to be 71.2%, 81.8%, 88.5% and
92.1%, respectively. Actually, the removal efficiency of COD did not

drop and the value of the final effluent was always stable in the long-
term run. It was indicated that SDBS had few effects on removal of COD
in the system. In this system, the two-stage treatment can ensure the
long-term stability of COD effluent. And COD was mainly removed in
the VFTF, as part of COD, SDBS was also degraded at the same time. But
in the first few days of phase 7, the removal efficiency of COD had
dropped significantly in both middle and final, and after adjusting for a
period of time, the removal effect of COD was restored to 80.5% and
then had kept stable to the end of test. The reason might be the amount
of active microorganism in system was too small to degrade the newly
added carbon resource (SDBS) in the initial stage. But, with the ex-
tension of time, the amount of active microorganism in the system
gradually grew, so the removal efficiency of COD was restored and then
had kept stable to the end of test (Chen, 2010; Schleheck et al., 2000).
However, it was found that the concentration of COD was greater than
50 mg/L at the end of study.

3.1.2. Change of carbon source structure
It was reported that SDBS was first oxidized into small molecules

which were the same as the oxidation of fatty acids by α, ω and β
oxidation in its long linear chain (Asok and Jisha, 2012; Perez et al.,
2000). In early 19th century, Franz Knoop showed that product of β
oxidation of fatty acids was acetic acid and which can directly enter the
tricarboxylic acid cycle. Therefore, the produced acetic acid easily
flowed with the water flow, which affected the subsequent biofilm
metabolism of carbohydrate. Since the acetic acid produced in VFTF
cannot be monitored, the content of ATP and the activity of amylase
(AMS) in different biofilm could be used to explore the carbon source
structure (Li et al., 2018; Cheng et al., 2016).
As shown in Fig. 3, The ATP content increased with the increase of

SDBS in TV, BV and SH, especially in TV. The highest ATP content was
in TV, especially at 350 and 750 mg/L of SDBS. The ATP content in BV
and SH was very similar, but even under the condition of 750 mg/L
SDBS, the ATP content of BV and SH was only equivalent to the content
of TV when carbohydrate was the sole carbon source, which indicate
that the decomposition of SDBS was mostly in the top part of VFTF.
When the concentration of SDBS was more than 25 mg/L, the activity of
AMS was obviously increased in SH, and obviously decreased in BV. It
indicated that the metabolism of carbohydrate decreased in BV. This
facilitates the entry of carbohydrate into HFMSL as carbon sources of
denitrification. It was proved that the direct use of acetic acid could
reduce the glycolysis (Li and Yang, 2007). The addition of SDBS did not
reduce the activity of AMS in TV immediately, indicating that SDBS
itself does not affect the glycolysis. Thus, the reduction in AMS was
caused by acetic acid. The decrease in AMS activity of TV occurs after
the SDBS concentration was higher than 100 instead of 25 mg/L, which
indicate that when the concentration of SDBS was too low, the acetic
acid produced by TV was washed by water to BV and when the SDBS
concentration was higher than 100 mg/L, the acetic acid produced by
TV could be partially used by itself.
It was indicated that the entire glycolytic pathway was total carried

out in EPS until pyruvic acid enters the cell for the tricarboxylic acid
cycle (Laspidou and Rittmann, 2002; Sung et al., 2018). Glycolysis
consists of a series of enzymatic reactions, and most of the enzymes
involved in the reaction are proteins. The EPS also changed sig-
nificantly when using honey as a carbon source (Akker et al., 2011).
Therefore, the protein content in EPS should be related to the activity of
AMS because there were only two carbon sources, SDBS and carbohy-
drate in the system. Therefore, it’s possible to establish a linear re-
lationship between protein content in EPS and AMS activity. In order to
avoid the error caused by the excessive amount of acetic acid produced
by SDBS, the EPS protein content of three biofilms with SDBS con-
centration of 0, 100, 350, 750 mg/L were taken to fit equation with
AMS activity. From Fig. 2b, the relationship between protein content in
EPS and AMS activity is quadratic function. This relationship should be
a general relationship because the microbial composition of the three

Fig. 2. (a) COD removal performance of the system; (b) A quadratic function
model that describes the relationship between the relative activity of amylase
and the protein content in EPS.
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biofilms was different, and the compositional differences were in-
creasing under the influence of SDBS (This will be analyzed later). Of
course, EPS would also change greatly under some stress conditions
(such as antibiotics, pesticides, salinity, etc.) (Chen et al., 2018; Wang
et al., 2018). These changes may be due to these stress conditions in-
fluence on the glycolytic reaction to affect protein content in EPS.

3.2. Nitrification and denitrification in the system and removal of nitrogen
and phosphorus

3.2.1. Removal of nitrogen and phosphorus
The influent nitrogen only contained NH4+-N with the concentra-

tion of 50.0 mg/L. The effect of SDBS on removal of NH4+-N in the
system was showed in Fig. 4a. From Fig. 4a, it can be observed that the
NH4+-N concentration in the middle and final effluent was kept at
around 20.0 and 10.0–15.0 mg/L, respectively, and kept stable. The
removal of NH4+-N was limited in HFMSL (mostly around 5 mg/L)
because it was difficult for nitrifying bacteria to survive in large
quantities in an anaerobic environment.
The change of NO3−-N concentration was exhibited in Fig. 4b. As

shown in Fig. 4b, when the SDBS concentration was 0.50 mg/L, the
NO3−-N concentration had increased from 5.45 to 9.52 mg/L in middle
effluent, but the final effluent remained stable due to the buffering ef-
fect of the two-stage treatment. As the SDBS concentration reached at
5.00 mg/L, the concentration of NO3−-N in the middle and final in-
creased significantly, increasing by 10.6 and 8.85 mg/L, respectively. It
was suggested that the activity of denitrifying bacteria was severely

limited. Whenever the SDBS concentration was changed, the NO3−-N
concentration would rise sharply, and then it would fall back to a stable
value. As the acclimation progresses, the stability value was con-
tinuously decreasing. The average effluent of the middle and final
sections decreased from 15.1 to 8.79 mg/L and 11.6 to 4.74 mg/L. In
phase 8–10, the average middle effluent value had remained stable,
which was 5.42 mg/L. Therefore, the phase of the denitrifying bacteria
acclimation phase to phase 8 had basically ended. The previous study
indicated that the higher the C/N in the system, the better the removal
of NO3−-N when using carbonhydrate as a carbon source (Zhang et al.,
2015a; Chen et al., 2012). Therefore, the increase of NO3−-N in Fig. 4b
was due to the influence of SDBS rather than C/N. Denitrification was
extremely variable with the variation of SDBS.
Since iron scrap was added to the system to absorb phosphorus

(Zhang et al., 2015a; He et al., 2018), the TP fluctuates throughout the
reaction and remains at a low value around 0.72 mg/L in middle and
0.14 mg/L in final. At the same time, the concentration of NO2−-N were
around 0.28 mg/L (middle) and 0.13 mg/L (final).

3.2.2. Most of the VFTF were still aerobic conditions without an aeration
pump
Nitrification is generally considered to be carried out under aerobic

conditions, while denitrification and anammox are carried out under
anoxic or anaerobic conditions (Chen et al., 2018; Zhang et al., 2015b).
However, the VFTF-HFMSL system didn’t have an aeration device for
convenience in rural areas, which causes an inevitable anaerobic part of
the VFTF. Since the influent water was discontinuous, the biofilm of the
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Fig. 3. Key enzymes and important substances in biomass at different concentrations of SDBS. (a) TV; (b) BV; (c) SH. The TV with 0 mg/L SDBS was used as a blank
group, and the enzyme activity and Px, ATP concentration were set as 1, and the rest were expressed in multiples of 0 mg/L SDBS.

W. Tang, et al. Bioresource Technology 300 (2020) 122634

5



VFTF would be in direct contact with the air and in that case, the dis-
solved oxygen in the water cannot directly indicate that the biofilm was
aerobic or anaerobic. Therefore, species abundance identification was
used to classify the distribution of aerobic and anaerobic bacteria in
biofilms.
Fig. 5a showed the top 25 abundance of species were selected on a

phylogenetic tree on genus level. Since the phylogenetic tree was
classified according to gene similarity, 25 kinds of microorganisms
were divided into two regions: prefer aerobic or anaerobic conditions.
Most of the microorganisms in TV and BV were aerobic, while SH was
anaerobic. However, some of the aerobic and anaerobic microorgan-
isms in Fig. 5a could survive in anoxic state and have a certain effect.
Both Bacilli and Rhodobacteraceae are denitrifying bacteria, but Bacilli is
an obligate anaerobic bacterium and Rhodobacteraceae could use nitrate

and nitrite under anoxic conditions (Chen et al., 2018; Sugita et al.,
2005). Bacilli existed in TV and BV in a small amount, and Rhodo-
bacteraceae existed in SH in a small amount. This indicates that some
biofilms in VFTF were difficult to access to oxygen. In this environment,
Planctomycetacia which is anammox bacteria could exist in small
amounts (Sugita et al., 2005; Wang and Chen, 2009). Both Amaricoccus
and Nakamurella are obligate aerobic (Ma et al., 2016; Seviour et al.,
2000),38~39 and the large presence of Nakamurella indicates that the
most part of VFTF was in an aerobic environment. In this way, the VFTF
consists of a number of anoxic areas surrounded by the entire aerobic
zone. In HFMSL, although the soil and water cannot completely isolate
oxygen, the HFMSL was still in an anaerobic environment.

Fig. 4. Removal performance of the system. (a) NH4+-N; (b) NO3−-N.

W. Tang, et al. Bioresource Technology 300 (2020) 122634

6



Fig. 5. (a) Phylogenetic tree of 6 activated sludge samples on the genus level; (b) Absolute abundance predicted by 16S function prediction. (c) Beta diversity
(Principal component analysis test) on OTU level. (Note: the horizontal and vertical coordinates represented the virtual distance of the kinship. The closer the distance
between the two points, the closer the kinship is).
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3.2.3. Anammox and denitrification worked simultaneously
It can be seen from Fig. 4 that both NH4+-N and NO3−-N removal

effect of VFTF was significantly better than that of HFMSL. Even the
removal of NO3−-N in VFTF was better than HFMSL. The denitrifying
bacteria abundance in HFMSL was significantly higher than VFTF.
However, the abundance of denitrifying bacteria in SH was significantly
reduced at 750 mg/L SDBS. In VFTF, Rhodobacteraceae abundance in-
creased at 750 mg/L SDBS. This may because some degradation pro-
ducts of SDBS cannot be decomposed under anaerobic conditions, and
can be utilized as denitrifying carbon sources under anoxic conditions.
The abundance of anammox bacteria did not change much, so the
gradual decrease of nitrate nitrogen in the acclimation process in
Fig. 4b was due to the fact that denitrifying bacteria gradually adapted
to the presence of SDBS. This leads to the conclusion that anammox
bacteria in the VFTF determined the lower limit of the TN load, while
the activity of the denitrifying bacteria suggested the upper limit of the
TN load.

3.3. Biofilm could resist the toxicity of SDBS degradation products after
acclimation

3.3.1. Effect of SDBS degradation products on microbial function
It was reported that SDBS has toxic and bioaccumulation effect on

many aquatic plants, fish and microorganisms (Parhizgar et al., 2017)
and SDBS had an inhibitory effect on denitrifying bacteria was men-
tioned above. In that way, SDBS indeed has a toxic effect to biofilms,
but could biofilms adapt to this condition? RNA in TV, BV, SH was
purified, read and functional compared with microbial function data-
base. Fig. 5b showed the functional abundance which changed a lot. It
can be seen in Fig. 5b that except for the extracellular structure, the rest
of the functions in the TV did not change much. Energy production and
conversion and transport and metabolism of carbohydrate, lipid and
amino acid were obviously inhibited in BV and SH. This indicated that
it’s the degradation products of SDBS but not SDBS, which were toxic to
biofilms. Carbohydrate, lipid and amino acid are all energy-related, so
SDBS degradation products affect the functions of energy production
and conversion by affecting these functions related to carbohydrate,
lipid and amino acid.
In Fig. 5b, the abundance of extracellular structure of TV, BV and SH

all increased in 750 mg/L SDBS, but in the detection of EPS content,
only the protein produced a relatively large change. In this case, 3-D
EEM was used to characterize EPS. At present, the changes in the 3-D
EEM peaks of EPS were mostly compared with the standard peaks of
some substance, and the activity of different peaks was hardly mea-
sured by the number of shifted peaks (Chen et al., 2015; Lin et al.,
2020). A frequent blue or red shift of a fluorescent peak indicates a
change in the microstructure of the substance (Andy, 2002; Wu et al.,
2018b). Therefore, the more the number of blue shifts and red shift
peaks compared to the blank group, the more organic matter re-
presented by the peak is more active. The specific fluorescence peaks
were listed in Table 1. The first main peak (peak A) was identified at
excitation/emission wavelengths (Ex/Em) of 220–230/310–340 nm,
and the second main peak (peak B) was located at 260–280/
310–340 nm. The third main peak (peak C) was found at 310–350/
370–430 nm. Compared with the sample without SDBS, there are 5, 5,
and 9 shifted peaks of A, B, and C, respectively (Table 1). In peak C,
only 3 of the 12 control groups did not shift, which indicated that peak
C represented some active substances, may be such as some enzymes or
coenzymes.

3.3.2. Microbacterium could totally offset the toxicity of SDBS degradation
products
On phylum level, Proteobacteria was the most abundant micro-

organism in all biofilms and the abundance increased at a SDBS con-
centration of 750 mg/L, which indicated that Proteobacteria adapted to
the presence of SDBS. Fig. 5c showed a principal component analysis

(PCA) on OTU level. The microorganism of SH changed little during the
entire period. The microorganism changes of TV and BV were very
large. At the same time, the SDBS brings the composition of TV and BV
closer at 750 mg/L of SDBS. This indicated that VFTF was moving to-
wards SDBS as main carbon source, while HFMSL cannot adapt to SDBS
conditions.
The abundance of the other two major microorganisms

(Actinobacteria, Firmicutes) has decreased. In Fig. 5a, the abundance of
Nakamurella decreases in BV, while Microbacterium increases slightly in
TV and BV. It was reported that Nakamurella mainly used carbohydrate
as a carbon source and Microbacterium could decompose complex or-
ganic matter, such as benzene ring (Ma et al., 2016; Perez et al., 2016).
Through the previous analysis, the decrease of Nakamurella in BV was
caused by the decrease in the dependence of biofilm on carbohydrate.
However, Microbacterium is a microorganism that was almost non-ex-
istent when SDBS wasn’t added. A significant increase in the abundance
of Microbacterium indicated that some substances in the system which
difficult to be decomposed were produced in the system. According to
the previous analysis, these substances have certain toxic effects on
denitrifying bacteria, and the growth of Microbacterium relieved the
toxicity.

3.3.3. Biofilms alleviate the toxicity of SDBS degradation products by
producing some enzymes

Microbacterium can mineralize the toxic substances produced by the
degradation of SDBS. Could the remaining microorganisms alleviate the
toxicity through the secretion of enzymes? Microorganisms release
hydrogen peroxide (PX)-based peroxides to oxidize toxic organic matter
in the event of a surge in SDBS. To protect themselves, microorganism
would secrete CAT, GSH-PX, SOD (Janknegt et al., 2009; Sabatini et al.,
2009; Wang and Chen, 2006). Fig. 3 shows the relative activities of PX,
CAT, GSH-PX, and SOD. The same with AMS and ATP, TV samples
without SDBS were set as a control group and its relative activity was
set as 1. As shown in Fig. 3, activities of PX, GSH-PX, and CAT have
significantly improved at 100 mg/L SDBS, and then remain stable in
TV. This indicated that at 100 mg/L SDBS, the microorganisms in the
TV have adapted to the conditions with SDBS. However, the CAT in BV
showed the lowest value at 100 mg/L SDBS, while GSH-PX and PX did
not change significantly. This indicated that BV did not receive the
toxicity of SDBS degradation production. The peroxide produced by TV
flows into BV when the concentration of SDBS was high, resulting in a
significant increase in CAT activity. In SH, the activity of PX and GSH-
PX increased significantly with the increase of SDBS concentration, and
the relative activity was much higher than that of TV and BV. This
showed that SH reacts very strongly to SDBS degradation products.
However, according to the previous analysis, the abundance of deni-
trifying bacteria in SH decreased at 750 mg/L SDBS, indicating that
these enzymes could only alleviate the toxicity of SDBS degradation
products.

4. Conclusions

In general, the VFTF-HFMSL system had a high removal efficiency
of SDBS without aeration, but SDBS had a great impact on the function
of denitrifying bacteria. Microorganisms capable of decomposing
complex organic matter grown obviously in biofilm. At the same time,
the remaining microorganisms resisted the toxicity of SDBS by EPS and
enzymatic reaction. In biofilm, the protein content in EPS was quadratic
with AMS in cells and degradation products of SDBS could inhibit the
transport and metabolisms of amino acids, carbohydrates and lipids.
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