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Abstract
A submerged anaerobic membrane bioreactor (SAnMBR) was used to treat low-concentration domestic sewage. The effects of
hydraulic retention time (HRT) and organic load (OLR) on chemical oxygen demand (COD) removal, methanogenesis, and
membrane fouling of the system were investigated. The SAnMBR achieved good COD removal efficiency as well as stable
methane production, which were significantly affected by both OLR and HRT. The influent dissolved organic matter (DOM) was
decomposed and transformed over time, and DOM concentration was gradually reduced. It can be inferred that the SAnMBR can
effectively intercept the production of extracellular polymeric substances and improve effluent quality. The phenomenon of
membrane fouling was investigated using various analytical tools. Results demonstrated that the SAnMBR was achieved good
transmembrane pressures (TMP) (10–15 kPa), and the hydraulic force generated by the stirring device has a dynamic physical
shearing action on the surface of the membrane, which can partly alleviate membrane fouling.
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Introduction

Given China’s population growth and the acceleration of so-
cial and economic development and urbanization processes,
the amount of urban domestic sewage in China is increasing.
Strengthening the efficient treatment and resource utilization
of domestic sewage is therefore an important issue that needs
to be addressed in China (Gu et al. 2016). Domestic sewage is
generally characterized by low concentrations of chemical ox-
ygen demand (COD), nitrogen, and phosphorus. At present,

most domestic sewage treatment processes use anaerobic or
aerobic biological treatment processes. However, most con-
ventional anaerobic and aerobic biological treatment process-
es have problems such as poor treatment effects, long hydrau-
lic retention time (HRT), and easy sludge loss. Two of the
most pressing problems are high operating costs and the in-
ability to recover energy during sewage treatment (Kassab
et al. 2010). Membrane bioreactors (MBR) provide a new
high-efficiency wastewater treatment process which combines
membrane separation technology with microbiology and bio-
chemistry (Skouteris et al. 2012). This process can effectively
avoid low sludge concentrations under the premise of improv-
ing the quality of effluent water. This has provided sludge
expansion improvements and other benefits to the fields of
sewage treatment and sewage resource utilization on a large
scale (Domínguez et al. 2012; Liao et al. 2006). However, in-
depth research and development of the membrane bioreactor
process has found that this process still has several disadvan-
tages: it requires a wide surface area, uses high energy con-
sumption, and is unable to recover energy from the sewage. In
order to solve these problems, the emergence of anaerobic
membrane biological treatment processes have attracted in-
creased attention from scholars in the field of sewage treat-
ment. The anaerobic membrane bioreactor (AnMBR) has the
advantages of extremely high sludge residence time, no loss of
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biomass in the reactor, good effluent quality, low residual
sludge production, small floor space requirements, and the
provision of energy recovery from sewage (Lin et al. 2011;
Chan et al. 2009). At present, anaerobic membrane biological
treatment processes have been applied to the treatment of
high-concentration organic wastewater, including starch
wastewater, in the food industry, and in slaughter wastewater
treatment; they have achieved good pollutant removal and
energy recovery efficiencies (Shin and Bae 2018).

According to the structural form of the membrane tank,
AnMBR is mainly divided into three types: separated anaerobic
membrane bioreactor (SeAnMBR), submerged anaerobic mem-
brane bioreactor (SAnMBR), and tubular anaerobic membrane
bioreactor. Among them, SeAnMBR separates the anaerobic
tank and the membrane tank and is mainly used to treat high-
strength organic wastewater, whereas SAnMBR integrates the
anaerobic tank and the membrane tank together, saving floor
space and recycling the energy consumed. SAnMBR can pro-
vide better pollutant treatment effects and more suitable microbi-
al activity when dealing with low-concentration urban sewage.
By coupling the anaerobic biological treatment and membrane
treatment processes, SAnMBR can effectively separate HRTand
sludge residence time (SRT). It also has the additional advantages
of stable operation, strong impact load resistance, and the ability
to recover energy gas (Gao et al. 2016; Zhang et al. 2017a, b).
Additionally, it has good potential for the treatment of low-
concentration domestic sewage (McCarty et al. 2011; Smith
et al. 2014). SAnMBR is mainly composed of two units which
work in combination to retain and degrade pollutants and thus,
remove them from sewage: an anaerobic unit for biodegradation
and a membrane unit for physical retention. The anaerobic unit
decomposes organic pollutants in sewage into CH4 and CO2

through hydrolysis acidification and biological oxidation stages,
whereas the membrane unit physically filters and traps contam-
inants attached to the surface of the membrane to efficiently
remove contaminants (Santos et al. 2017; Liao et al. 2006).

In recent years, the use of SAnMBR to treat low-
concentration domestic sewage has become an important area
of research in China and globally (Hu et al. 2018; Chen et al.

2017). The results of Smith et al. (2013) show that at 15 °C,
SAnMBR can effectively treat domestic sewage and the daily
methane production is between 450 and 650 mL/day, of which
50% of the methane remains in the liquid phase (Smith et al.
2013). The results of Giménez et al. (2011) show that the remov-
al efficiency of COD from domestic wastewater was 87% and
the methane content in biogas is nearly 55% (Giménez et al.
2011). Martinez-Sosa et al. (2011) also use SAnMBR to treat
domestic sewage: here, methane production is 0.2–0.25 LCH4/g
of COD removed, and the COD removal efficiency is 90%
(Martinez-Sosa et al. 2011). In general, current research on the
treatment of low-concentration domestic sewage by SAnMBR is
mainly focused on the feasibility of COD removal and methane
production. Previous studies have lacked a system able to study
methanogenesis characteristics, process parameter influence and
optimization, and study membrane fouling during the treatment
of low-concentration domestic sewage by SAnMBR.

In this study, a small-scale SAnMBR system was constructed
to study the COD removal and methane production characteris-
tics of a SAnMBR system. The effects of HRTand organic load
(OLR) on COD removal andmethanogenesis of the systemwere
investigated. Based on this research, dissolved organic matter
(DOM) and its relationship to membrane properties (transmem-
brane pressure difference (TMP) and total resistance) were main-
ly studied. The research results can provide a technical basis for
the application of the new anaerobic membrane biological treat-
ment processes to the treatment of low-concentration domestic
sewage.

Materials and methods

Experimental equipment

This study used a small-scale SAnMBR system in the labora-
tory. The schematic of the system is shown in Fig. 1.

The SAnMBR system was composed of the main unit, a
monitoring unit, and a gas-collecting unit, wherein the main
unit is composed of a hollow fiber membrane, influent pump,

Fig. 1 Schematic of the
SAnMBR system
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mixer, and bioreactor main body. The monitoring unit was
mainly used to monitor TMP inside the membrane and was
composed of a pressure gage, level controller, temperature
sensor, and programmable logic controller (PLC) control de-
vice. The gas collection unit was mainly used for collecting
and measuring methane gas and was composed of a gas bottle
and gas meter.

The reactor was a cylindrical container with an effective
volume of 12 L, aspect ratio of 2.25, and internal height of
8 cm in the reactor. PVDF hollow fiber MF membranes with
molecular weight cut-off (MWCO) of 0.03 μm used in our
study were purchased from MOTIMO Inc. (Tianjin, China).
The effective area of the MF membrane was 0.26 m2 and the
inner and outer diameters of the hollow fiber are 0.6 and
1.1 mm, respectively. Amixer is situated below the membrane
unit. The temperature sensor system was set to operate at
35 °C. The biogas produced in the reactor was absorbed by
an acid gas absorption bottle containing 0.1 mol/L NaOH.

Wastewater and inoculum

This experiment uses the domestic sewage of Beijing
University of Civil Engineering and Architecture as the target
sewage for treatment. The composition of wastewater is
shown in Table 1. The sludge inoculated during the start-up
period of the system was obtained from the anaerobic diges-
tion tank of a municipal sewage treatment plant in Beijing.
The mixed liquor-suspended solids (MLSS) of the inoculated
sludge were 2.84 g/L, the mixed liquor volatile-suspended
solids (MLVSS) were 2.56 g/L, and the pH was 7.34.

Experimental operating conditions

The level controller was used to control the inlet water of the
reactor. The operation mode was constant flux and intermit-
tent water discharge. The opening and stopping times of the
effluent pump were 3 min and 1 min, respectively, and the
average speed of the mixer was 150 rpm.

The operation of the SAnMBR system includes four pe-
riods: start-up period, steady-state period I, steady-state period
II, and steady-state period III, as well as post-film cleaning
stages, for a total of 145 days. The operating parameters of
each period are shown in Table 2.

Analysis method

MLSS, MLVSS, and COD were determined according to
Standard Methods (APHA 2005). pH was measured using a
pH-meter (WTW, pH 1970; pH-Electrode Sentix41, Xylem
Analytics GmbH). Volatile fatty acid (VFA) concentrations
were determined via five-point titrations (WRC.1992). DOM
and extracellular polymeric substances (EPS) were measured
using three-dimensional fluorescence spectroscopy (EEM,
Hitachi F-7000) (Martinez-Sosa et al. 2012). The peristaltic
pump (BT00-100M, Longer Pump) and the pressure gauge
(YB-150A, China) were consecutively connected to the outlet
pipe of the membrane, such that the effluent was pumped by
the peristaltic pump and the TMP was monitored by the pres-
sure gauge.

Biogas was collected in an aluminum foil air bag and the
volume of this biogas was measured by a wet gas flow meter.
The methane fraction of the biogas was measured using a gas
chromatograph (GC-FID, Thermo Scientific) equipped with a
flame ionization detector in accordance with Giménez et al.
(2011). The methane determination conditions were as fol-
lows: the column was stainless steel (3 mm internal diameter;
3 m height), filled with 80/100 mesh Porapark-Q, column
temperature was 50 °C, inlet temperature was 100 °C, detector
temperature was 175 °C, and the carrier gases were N2

(50 mL/min), H2 (60 kPa, 50 mL/min), and air (50 kPa,
500 mL/min).

The determination of the concentration of dissolved meth-
ane in the effluent was as follows, according to the method
described by Souza et al. (2011). First, 25 mL of the effluent
sample was collected in a vial of volume 60 mL and immedi-
ately sealed with a rubber stopper and a foil paper. These vials
were placed at room temperature for 4 h and shaken with a
shaker for 30 min to obtain a gas-liquid balance. Next, 0.5 mL
of the gas in the headspace of the vial was removed with a
sealed syringe and injected into the gas chromatograph to
determine the percentage of methane. Subsequently, the bot-
tles were weighed to obtain the liquid weight and gas volume
of each bottle. Finally, the dissolved methane concentration in
the water was calculated.

Results and discussion

Operating characteristics of the SAnMBR system

Based on two indicators—influent COD removal efficiency
and the daily methane production—the operation and charac-
teristics of the SAnMBR system in the start-up period and the
steady-state period were studied. The results are shown in
Fig. 2.

The results in Fig. 2 show that during the 30-day start-up
period, the influent COD removal efficiency and the daily

Table 1 Composition of wastewater

Parameter Value/mg/L (except pH)

COD 269~712

pH 6.95~7.10

Ammonia nitrogen 21.59~44.65

Total phosphorus 4.17~5.88
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methane production by the SAnMBR system first increased
and then stabilized. In the first 13 days, the influent COD
removal efficiency was < 60%, and the daily methane produc-
tion was only 152.8 mL/day. By the end of the start-up period,
the COD removal efficiency was 72%, while the daily meth-
ane production was 360.31 mL/day. In general, during the
start-up period, the COD removal efficiency and the daily
methane production were relatively low in the SAnMBR sys-
tem. This was mainly because during the start-up period, the
newly inoculated anaerobic sludge in the systemwas still in an
adaptive state, and the anaerobic microorganisms were slow to
grow, resulting in lower activity, thus limiting the degradation
of influent COD and methane production (Demirel and
Scherer 2008; Moletta et al. 2005; Basset et al. 2014).

During the steady-state period, COD removal efficiency
and the daily methane production of the SAnMBR system
were both relatively high and relatively stable. During the
steady-state period, the corresponding HRTs were controlled
at 15 h, 10 h, and 6 h, respectively, and the average COD
removal efficiencies were 80.23%, 82.69%, and 78.19%, re-
spectively. Correspondingly, the average daily methane pro-
duction values were 408 mL/day, 755 mL/day, and 1026 mL/
day, respectively. This indicated that during the steady-state

period, the dominant microbial population in the system had
adapted to the environmental changes, and the microbial ac-
tivity was gradually enhanced and in a relatively increased
state, so that the COD removal efficiency and daily methane
production were both high.

Effect of HRT on COD removal and methanogenesis
in the SAnMBR system

HRT is one of the important parameters affecting COD deg-
radation and methanogenesis in the SAnMBR system (Yue
et al. 2015; Huang et al. 2011). The characteristics of COD
removal and methanogenesis in the SAnMBR system were
investigated during the steady-state period, when HRT was
15 h, 10 h, and 6 h, respectively. The results are shown in
Figs. 2 and 3.

Figure 2 shows that in the steady-state periods I, II, and III
of the SAnMBR system, when HRTwas 15 h, the OLR of the
SAnMBR system was lower, the COD concentration of the
effluent was lower, and the stability was approximately
100 mg/L. When the HRT was 10 h, the effluent COD con-
centration was 94–119mg/L, and the COD removal efficiency
was approximately 82.69%.When the HRTwas 6 h, the COD
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Fig. 2 Performance from start-up
period to steady-state period of
SAnMBR system

Table 2 The operating parameters of SAnMBR

Period/project Start-up Steady-state I Steady-state II Steady-state III Post-film cleaning stages

Running time/day 28 33 33 33 18

Operating temperature/°C 35 ± 1 35 ± 1 35 ± 1 35 ± 1 35 ± 1

Influent COD/(mg/L) 275~410 467~563 467~723 478~725 535~585

Influent COD average/(mg/L) 359.8 513.9 601.55 595.82 557

Hydraulic retention time/h 22 15 10 6 6

OLR/(kg COD/m3/day) 0.30–0.45 0.75–0.9 1.12–1.74 1.91–2.90 2.14–2.34
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removal efficiency of the systemwas reduced to approximate-
ly 78.19%. It can be seen that the reduction of HRT had a
certain impact on the COD removal efficiency of the
SAnMBR system. As the HRT was varied, the anaerobic mi-
croorganisms in the system need to undergo an adaptation
process to cope with the HRT changes (Watanabe et al. 2016).

In summary, HRT had a measurable effect on COD remov-
al within the SAnMBR system, but the SAnMBR system had
a certain impact on load resistance. It can operate stably when
the HRTwas 6–15 h, and the COD removal efficiency was >
70%. The effluent COD was below 110 mg/L.

Figure 3 shows that as HRT decreased, the amount of meth-
ane produced per unit of COD gradually decreased. For ex-
ample, when HRTwas 15 h, the amount of methane produced
per unit of COD was 80.43 mL/g COD (methane yield was
0.28 mL CH4/g COD removed), and when the HRT was
lowered to 6 h, the amount of methane produced per unit of
COD was reduced to 58.70 mL/g COD (methane yield was
0.20 mL CH4/g COD removed). Many researchers have re-
ported similar observations, for example Sutton et al. (2011)
and Hu and Stuckey (2006). However, with the decrease in
HRT, the amount of methane produced per unit of volume and
the amount of methane produced per unit of MLVSS in-
creased gradually. When HRTwas 15 h, the amount of meth-
ane produced per unit of volume and the amount of methane
produced per unit of MLVSS were 34.66 L/m3/day and
6.45mL/gMLVSS/day, respectively.When HRTwas reduced
to 8 h, the amount of methane produced per unit of volume
and the amount of methane produced per unit of MLVSS
increased to 66.49 L/m3/day and 11.18 mL/g MLVSS/day,
respectively. This indicated that even if the system HRT was
lowered and the organic load was increased, the methanogens
can maintain high activity and function well.

The methane gas generated during the treatment of sewage
by SAnMBR will partly escape in gaseous form, while the

other part will dissolve in the liquid phase (Martinez-Sosa
et al. 2011). The results in Fig. 3 show that the amount of
gaseous methane and dissolved methane produced by the
SAnMBR system increased with the decrease in HRT; how-
ever, the ratio of dissolved methane production to total meth-
ane production was relatively stable. The average was approx-
imately 36.72% (Yeo and Lee 2013; De Graaff et al. 2010).
This was in agreement with the findings of scholars such as
Smith et al. (2013), who found that the dissolved methane
production of the SAnMBR system accounted for 30–60%
of total methane production (Smith et al. 2013).

In summary, within a certain range, reducing HRT was
beneficial to the generation of methane gas in the SAnMBR
system. At the same time, the reduction of HRTwas beneficial
to the reduction of the reactor volume and thus reduces the
system infrastructure cost (An et al. 2009). However, reducing
HRT by too much may reduce the COD removal efficiency of
the SAnMBR system. Therefore, in practical applications,
system COD removal efficiency, methane production, and
engineering construction investment should be considered
comprehensively, and reasonable system HRT parameters
should be selected (Jeong et al. 2010).

Effect of OLR on COD removal and methanogenesis
in the SAnMBR system

The effects of OLR on the characteristics of COD removal and
methanogenesis in the SAnMBR system were investigated.
The results are shown in Figs. 2 and 4.

It can be concluded from Fig. 2 that in the steady-state
periods I, II, and III of the SAnMBR system, the correspond-
ing average OLRs were 0.72 kg COD/m3/day, 1.18 kg COD/
m3/day, and 1.42 kg COD/m3/day, respectively. The OLR
appropriately increased within a certain range and improved
the COD removal efficiency to some extent (Nie et al. 2017).
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Overall, the COD removal efficiency in the steady-state period
of the SAnMBR system remains relatively stable, which re-
flects the good impact load resistance of the SAnMBR. In
spite of that, there was an increase in the load, but it still
remained at very low values. This is because when microbial
and substrate contact time and contact space were reduced,
mass transfer was not sufficient, and EPS on the surface of
microbial cells can protect the reactor and mitigate shock by
reducing the mass transfer rate between substrate and sludge
(Feng et al. 2008). It was worth noting that in the early stage of
stable operation of the SAnMBR system, as the OLR sudden-
ly increased from 1.40 kg COD/m3/day to 1.74 kg COD/m3/
day, the COD removal efficiency decreased from 82.90 to
77.05%, and then stabilized at 80.08%. When the OLR was
further increased, the excessive VFAs produced by hydrolysis
inhibit the methanogen activity, resulting in a significant in-
fluence on the COD removal efficiency.

Figure 4 shows that as the OLR increases, the daily produc-
tion of methane shows a positive trend. When the OLR was
0.72 kg COD/m3/day, 1.18 kg COD/m3/day, and 1.42 kg
COD/m3/day, the average daily methane production of the sys-
tem was 408 mL/day, 755 mL/day, and 1027 mL/day, respec-
tively. In particular, the OLR increased from 1.18 to 1.42 kg
COD/m3/day, and the daily production of methane increased
significantly. This is similar to the results of Michaud et al.
(2002): in the anaerobic fixed-film reactor, the daily gas produc-
tion of methane also increased significantly with the increase of
OLR (Michaud et al. 2002). This is because with the increase of
OLR, the system produced more VFAs, which increased the
amount of substrate available for methanogens, thereby increas-
ing the daily production of methane to a certain extent. However,
when the OLR exceeded a certain limit, VFAs accumulate in
excess of the methanogens’ ability to utilize them and in fact
begin to impede methanogen activity, and thus, the amount of

methane produced decreases. Abdullah et al. (2015) have shown
that with the increase of OLR to 2 kg COD/m3/day, the methane
production increased gradually, but when the OLR was further
increased, the methane production showed a downward trend
(Abdullah et al. 2015). This is because when the concentration
of VFAs was above a certain limit, the activity of methanogens
will be inhibited, so that the daily increase in methane production
was slow or even decreased. OLR therefore had a large effect on
the daily methane production of the SAnMBR system. This find-
ing was consistent with the results of Yeo et al. (2015) and other
scholars (Yeo et al. 2015; Lin et al. 2011). The daily production
of methane was directly proportional to the OLR. As the OLR
increases, the amount of methane production increased linearly.
However, OLR was not the only factor affecting the daily pro-
duction of methane. In practical applications, comprehensive
factors such as influent COD concentration, HRT, and SRT
should be considered.

The generation of VFAs during the steady-state
periods of the SAnMBR

The characteristics of VFA generation during the steady-state
periods of the SAnMBR system were studied. The results are
shown in Fig. 5.

It can be concluded from Fig. 5 that VFA concentration in
the SAnMBR systemwas 65.6–170.78 mg/L, with an average
of 119.1 mg/L during the steady-state periods of the entire
SAnMBR system. The overall growth was stable in the early
stage, the mid-term fluctuations were rising, and the later stage
was gradually stable. The VFA concentration was greatly af-
fected by the OLR. In steady-state period I, the HRT of the
SAnMBR system was 15 h, and the VFA concentration grad-
ually decreased from 83.56 to 65.58 mg/L (average 75.24 mg/
L), which was related to the low and stable OLR at this stage.
In steady-state period II, the system HRT was 10 h, and the

Fig. 4 Relationship between the amount of methane produced daily and
organic loading (OLR)
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VFA concentration was 98.87–153.35 mg/L (average
132.17 mg/L). At this stage, the VFA concentration increased
due to the rapid increase of OLR. In steady-state period III, the
system HRT decreased to 6 h, and the VFA concentration was
134.65–170.78 mg/L (average 149.87 mg/L). As a result of
the increase in OLR, the VFAs produced by acid-producing
bacteria metabolism can exceed the range that methanogens
can use, and the effectiveness of methanogens was clearly
inhibited. But as the microorganisms in the system have grad-
ually adapted to higher OLR, the number and activity of
methanogens have increased, which can then stably degrade
VFAs produced during the hydrolysis fermentation stage
(Xiao et al. 2016; Shi et al. 2017). In summary, the
SAnMBR system maintained a stable and good operating
condition with a HRT of 6 h.

DOM variation characteristics of the SAnMBR system

EM quantifies DOM in water and quickly reveals the classi-
fication and content of organic pollutants. The DOM contents
of the SAnMBR influent, mixed liquid, and effluent were
analyzed to obtain a three-dimensional spectrum of each sam-
ple. The results are shown in Fig. 6.

Combined with the fluorescence recognition spectrum of
common organic matter (Che et al. 2003), the DOM contents
of the SAnMBR influent, system mixture, and effluent were
identified, and it can be concluded that zone I was aromatic
protein 1, zone II was aromatic protein 2, zone III was fulvic
acid, zone IV was soluble microbial byproducts (SMP), and
zone V was humic acid. The organic matter in effluent
(EfOM) was reported as a major foulant. The EfOMwas more
similar to that of mixed liquid than influent, especially in
zones II, III, and V. The results indicated that the EfOM
foulant was sourced from anaerobic digestion, rather than nat-
ural organic matter (NOM) as in influent (Sun et al. 2016;
Zhang et al. 2017a, b).

Fluorescence intensity can be used to characterize the de-
gree of organic contamination in wastewater. The DOM fluo-
rescence intensity gradually weakens, and COD removal had
a certain correlation with this (Hudson et al. 2007). It can be

seen from the results in Fig. 6 that the center position of the
characteristic fluorescence peak slightly shifted with the oper-
ation of the reactor, indicating that the DOM types of the
reactor water, mixture, and effluent are similar, in which aro-
matic protein was the main component, followed by SMP. The
two were still difficult to completely remove under biodegra-
dation and membrane retention, in agreement with Martin-
Garcia et al. (2011) who obtained similar results (Martin-
Garcia et al. 2011). The fluorescence peaks of the influent,
mixed liquid, and effluent were weakened in turn, and the
main peak area gradually decreased, indicating that the influ-
ent DOM concentration gradually decreased as the decompo-
sition and transformation continued. The DOM concentration
in the mixed liquid decreased more obviously. This is consis-
tent with the removal effect and characteristics of the influent
COD by the SAnMBR as described in the above section:
operating characteristics of the SAnMBR system. In addition,
there is almost no offset in the center of the position of the
three unit peaks of the SAnMBR, but the spectral intensity of
the EEM has changed. In other words, the structure of the
sewage through the anaerobic unit biological treatment, and
then through the membrane unit to filter the retained protein,
did not change significantly, but the substance concentration
decreased, indicating that the SAnMBR can effectively inter-
cept the treatment of EPS and improve effluent quality.

Membrane pollution characteristics of the SAnMBR
system

The main factors affecting pollution removal by the SAnMBR
membrane were the physical and chemical properties of mem-
brane modules, the properties of microorganisms and sludge
(EPS, MLSS, sludge viscosity, etc.), and system operating
conditions. Among these, EPS is an important source of mem-
brane pollution.

The EPS layer of the mud cake layer on the surface of the
membrane was analyzed by EEM, and the EPS three-
dimensional spectrum of each sample in different operation
periods (45 day, 90 day, and 127 day) was obtained. The
results are shown in Fig. 7.

(a) Influent (b) System mixture (c) Effluent

Fig. 6 DOM variation of influent, mixture and effluent a influent, b system mixture, c effluent
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It can be seen from Fig. 7 that with the operation of the
SAnMBR, the EPS content of the mud cake layer on the
surface of the membrane gradually increased, and the main
components were SMP (the peak Ex/Em is located at 275/
330–360 nm, which is a tryptophan protein) and aromatic
protein. HU et al. (2018) pointed out that EPS affected the
evolution of the structure and properties of the mud cake layer.
The protein is hydrophobic and more likely to adhere to the
surface of the membrane. It was considered to be the main
pollution factor leading to rapid increase of TMP and total
membrane resistance. Especially in the case of higher volume
loads, as there are greater EPS concentrations, fine particles
and colloids accumulate in the mud cake layer as the volumet-
ric load increased (Hu et al. 2018).

Figure 8 shows no change in the concentration of polysac-
charide during the stable operation stage of the SAnMBR. The
concentration ranged from 52.32 to 92.64 mg/L, while the
protein concentration and EPS concentration increased with
the number of days of SAnMBR operation, from 83.49 to
298.64 mg/L and 142.02 to 387.02 mg/L. It can be seen that
the trend and rhythm of the two are almost identical: generally
speaking, at first, they gradually increased, then shown a slow
decline in the middle, and finally they gradually increased,
indicating that protein is the decisive factor affecting EPS.
C/P, the ratio of protein to polysaccharide, changes in line with
the EPS trend. When the SAnMBR was operated for about
60 days, the trend in EPS tends to be stable, and C/P is gen-
erally maintained between 0.3 and 0.4, indicating that micro-
bial growth metabolism in the anaerobic unit and influent
nutrients reach a dynamic equilibrium relationship. During
the course of the experiment, it was found that by changing
the rotation speed of the stirring device, it was possible to have
a certain influence on the total film resistance. When the stir-
ring speed was too fast, the growth of the anaerobic unit
sludge flocs will be affected; when the stirring speed was
too slow, the sludge will be precipitated, and the material basis
of the anaerobic unit microorganisms was not uniform
enough. Therefore, the operation of the stirring device not
only mixed the anaerobic unit sludge and sewage, but also
formed a good anaerobic biological reaction environment,

and the hydraulic force formed by the stirring also has a dy-
namic physical shearing action on the surface of the mem-
brane wire, to a certain extent relieving membrane fouling in
the SAnMBR (Burman and Sinha 2017; Chang et al. 2002).
The SAnMBR has higher membrane resistance, and lower
fouling rates compared with MBR. The low fouling rate
may be attributed to the hydrodynamic shear-force induced
by the mechanical agitator.

The total resistance of TMP and membrane was directly
related to membrane fouling and was an important indicator
for evaluating the performance of the SAnMBR system. The
change in TMP and total membrane resistance over time in the
SAnMBR stabilization phase is shown in Fig. 9.

It can be seen from Fig. 9 that with the stable operation of
the SAnMBR system, TMP and total membrane resistance
increased over time, similar to the results of Khan et al.
(2019). During the stable operation period from 29 to 85 days,
the TMP changed slowly, generally maintaining between 10
and 15 kPa. The SAnMBR operated well during this time.
During day 1 to day 85, TMP and total membrane resistance
increased slowly, because the mud cake layer formed on the
membrane surface was thinner, the EPS concentration was
lower, and the membrane fouling was lighter. On the 85th to
the 127th day, TMP increased almost exponentially, with
TMP rising to 30.4 kPa and total membrane resistance rising
to 24.7 × 1012 m−1. At this time, the volumetric load rose to
2.69 kg COD/(m3/day). At higher loads, accumulation of me-
tabolites, change in sludge properties (biopolymer produc-
tion), and biofilm formation will block membrane pores and
reduce membrane filtration performance, increasing TMP and
membrane total resistance. When the TMP was greater than
30.0 kPa, the membrane module needed to be cleaned (Khan
et al. 2019). After the 128th day, the membrane module was
hydraulically cleaned and briefly operated for 18 days. The
TMP rapidly rose from 14.0 to 18.9 kPa, and the total mem-
brane resistance rose from 5.49 × 1012 to 7.84 × 1012 m−1. It
can be seen that although simple physical cleaning can slow
down the membrane fouling, the long-running membrane
pores have been blocked by small particulate matter, and
TMP will rise rapidly after a short time. The results show that
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the SAnMBR was able to achieve TMP within an acceptable
range (10–15 kPa), but that simple physical cleaning cannot
eliminate the phenomenon of membrane pore blockage.
However, the hydraulic force generated by the stirring device
has a dynamic physical shearing action on the surface of the
membrane, which can alleviate the membrane fouling of the
SAnMBR to some extent.

Conclusion

Removal efficiency, methane production, and membrane foul-
ing performances were investigated for a SAnMBR treating
sewage at 35 ± 1 °C. Our main findings are as follows.

1. The SAnMBR achieved a desirable COD removal ef-
ficiency (85.75%) and stable methane production
(1103 mL/day), which were significantly affected by
both OLR and HRT. With the higher OLR and shorter
HRT, biomass concentration was higher, which can
result in higher amount of methane production.

2. The main component of influent DOM was aromatic pro-
tein, followed by soluble microbial by-products. And the
influent DOM was decomposed and transformed gradu-
ally, reducing the concentration with the operation of the
reactor.

3. The polysaccharide concentration did not change sig-
nificantly, while the protein and EPS concentration
increased, from 83.49 to 298.64 mg/L and 142.02 to
387.02 mg/L, respectively, during the stable operation
stage of the SAnMBR. It can indicate that protein was
the decisive factor affecting the formation of EPS,
which was more susceptible to membrane fouling.

Fig. 8 Changes of EPS,
polysaccharide, and protein in
anaerobic unit during the stable
operation of SAnMBR system
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Fig. 9 Changes of TMP and total membrane resistance with time during
the stabilization phase of the SAnMBR
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4. TMP and total membrane resistance continued to increase
(up to 30.4 kPa and 24.7 × 1012 m−1) during the operation
of the SAnMBR. The SAnMBR showed the best perfor-
mance, when TMP was in the range of 10–15 kPa. The
hydraulic force generated by the stirring device has a dy-
namic physical shearing action on the surface of the mem-
brane, which can alleviate the membrane fouling of the
SAnMBR to some extent.
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