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H I G H L I G H T S

• AnDMBR was developed for real wastewater treatment at room temperature.

• AnDMBR was operated at short HRTs (1–8 h) and high flux (22.5–180 L/m2·h)

• At HRT > 2 h AnDMBR showed stable COD removal and biogas production.

• At HRT=1 h treatment and filtration performance of AnDMBR deteriorated.

• More biomass, biopolymers, and inorganics accumulated in DM layer at lower HRT.
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A B S T R A C T

An upflow anaerobic dynamic membrane bioreactor (AnDMBR) was set up for real domestic wastewater
treatment at room temperature (20–25 °C) and short hydraulic retention time (HRT=8 h, 4 h, 2 h, and 1 h).
Following continuous operation for 93 days with stepwise decreased HRT, stable average chemical oxygen de-
mand (COD) removal was achieved (between 77.3% and 70.6%) when HRT was reduced from 8 h to 4 h, then 2 h
with flux varying from 22.5 to 90 L/m2·h. At these three HRTs, the rate of increase in trans-membrane pressure
(TMP) was 0.4, 0.38, and 0.57 kPa/d, and average methane (CH4) production was 0.12, 0.10, and 0.08 L/g
CODremoved, respectively. Furthermore, decreasing the HRT to 1 h resulted in less COD being removed (60.4%)
and lower CH4 production (0.05 L/g CODremoved) as well as a faster rate of TMP increase (2.11 kPa/d). Various
analytical methods were applied to characterize the morphology and composition of the dynamic membrane
(DM) layers. Organic components analysis revealed that, with reduced HRT, there were apparent increases in
soluble microbial products in the liquid phase and accumulation of tryptophan protein-like substances and
aromatic protein-like substances in the DM layer, especially when the HRT was shortened to 1 h. Whilst the
upflow AnDMBR proved applicable to wastewater treatment at room temperature with short HRTs, 2 h could be
the HRT limit for maintaining stable operation.

1. Introduction

Interest in anaerobic membrane bioreactor (AnMBR) processes for
treating municipal wastewater, industrial wastewater, landfill leachate
and various solid wastes has increased in recent decades [1,2]. AnMBR
has been applied from lab-scale to full-scale, bringing together ad-
vantages of anaerobic processes (low energy consumption, reduced

sludge yield, and valuable biogas production) with constant production
of solid-free effluent as well as reliable tolerance to extreme conditions
[3]. Furthermore, it offers an effective option for complete biomass
retention, through independent control of hydraulic retention time
(HRT) and solid retention time (SRT). However, due to the sludge
properties in anaerobic bioreactors, membrane fouling was more severe
in AnMBRs than in aerobic membrane bioreactors (MBRs) [4,5].
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Consequently, issues such as membrane fouling and high maintenance
costs should be addressed in order to realize the full potential of the
application of AnMBRs.

In the AnMBRs, the continuous attachment of foulants (such as fine
particles, soluble microbial products and inorganic elements) on the
ultrafiltration/microfiltration (UF/MF) membrane surface is a common
phenomenon resulting in cake layer fouling. This problem accounts for
over 80% of the total filtration resistance [6–8]. Meanwhile, the cake
layer could function as a “secondary membrane” or filter to enhance
pollutants removal, possibly due to the physical rejection and biode-
gradation effects of active biomass [9]. Thus, researchers have at-
tempted to strengthen cake layer formation on coarse pore materials
(such as non-woven cloths and meshes) to replace conventional UF/MF
membrane during wastewater or waste solids treatment. The successful
formation of a heterogeneous cake layer, which is commonly termed
“dynamic membrane” (DM) has a robust structure and stable filter-
ability and is observed both in anaerobic dynamic membrane bior-
eactors (AnDMBRs) and aerobic dynamic membrane bioreactors
(AeDMBRs). Both systems possess several unique advantages such as
high membrane flux, low membrane cost, and easy membrane cleaning
[9–12]. Here, the DM can transform one of the most critical dis-
advantages of membrane fouling, into a competitive advantage. How-
ever, according to the literature reviews [9,11], most studies have fo-
cused on the application of AeDMBRs from the year 2000 onwards,
whereas research on AnDMBRs picked up the pace from the year 2010.

High organic and particulate matter removal efficiency (99%) has
been reported in AnDMBRs treating waste solids such as waste sludge
and food waste when longer HRTs (5.4–10 d) and mesophilic conditions
(35–37 °C) were applied [13,14]. Meanwhile, for wastewater treatment,
most studies focus on synthetic wastewaters. Synthetic wastewater with
a chemical oxygen demand (COD) concentration of 368.6 mg/L was
treated at the HRT of 17.5 h, and the obtained COD removal rate was
90% [15]. It was reported that high-quality effluent with a COD of
95–115mg/L was achieved with an influent COD of 20,100mg/L at
HRT of 10 d under 35.7 °C [16]. A similar satisfactory performance was
recorded for the AnDMBR in other studies that examined synthetic
wastewater treatment [5,12]. However, limited research has been un-
dertaken on real municipal wastewater treatment at uncontrolled
temperatures, where the reported results indicated that only 60–70% of
COD was removed with an influent COD of 298mg/L on average [17].

It is known that real municipal wastewater is generally in the
complex wastewater category due to its large amount of particulate
substances and moderate biodegradability [3,18]. Thus, challenges
encountered for anaerobic municipal wastewater treatment at tempe-
rate area were shown as follows: (1) low average annual temperature
(< 20 °C) with large amounts of water, heating wastewater in meso-
philic or thermophilic conditions not being economically feasible; (2)
low anaerobic biomass activity (especially during hydrolysis of parti-
culate organics) and increased release of biopolymers as potential
foulants in the AnMBR process [19]. (3) low organic strength, creating
high operational requirements for the anaerobic bioreactors to achieve
high organic loading rates and shorter HRT [3,20]. Therefore, for real
municipal wastewater treatment in low-temperature areas, utilizing the
AnDMBR at room temperature could be an appropriate alternative. This
is because of its virtues which are high flux, low filtration resistance and
easy cleaning [21]. Moreover, the biomass will be enriched in the
bioreactor as well as on the DM layer owing to the independent control
of HRT and SRT [9]. HRT is an important parameter from an economic
perspective as it has a significant influence on capital cost. For the
treatment of organic solid waste, HRT duration in the AnDMBR is
longer and coupled with a low flux (< 5 L/m2h) [9], whereas for mu-
nicipal wastewater treatment, shortening HRT can meet the required
organic loading rate (OLR) of anaerobic microorganisms and reduce
footprint.

However, studies on the application of the emerging AnDMBR
process in real municipal wastewater treatment are lacking, and its

potential has not been fully understood until recently. According to one
review regarding the application of AnDMBR [9], when treating mu-
nicipal wastewater, the shortest HRT reported was 2.6 h, with other
studies reporting HRTs of 8 h or longer. Thus, the main objective of this
work is to investigate the applicability of an upflow AnDMBR for real
domestic wastewater treatment at short HRTs (decreasing from 8 h to
1 h) at room temperature (20–25 °C), with a focus on treatment per-
formance, and DM filterability during a long-term operation period
(93 d). Moreover, the characteristics of the DM layer, including the
morphology, component substances, and retention function, were dis-
cussed. No such investigation has yet assessed the impacts of extreme
conditions (quite short HRT, low temperature, and high particulate
content wastewater) on AnDMBR performance. Consequently, the re-
sults obtained will provide new insights into the practical applicability
of AnDMBRs in extreme conditions.

2. Materials and methods

2.1. Experimental setup and operation

Fig. 1 depicts the experimental AnDMBR set-up, which was made of
plexiglass with a total working volume of 3.6 L and comprised an up-
flow bioreactor and a submerged DM module located at the top of the
bioreactor. The nylon mesh (75 μm pore size) served as the supporting
material for DM formation with a total filtration area of 0.02m2 [22].
Real domestic wastewater was fed into the bioreactor using a peristaltic
pump (Longer BT-100, China), which was connected to a water level
sensor to maintain a constant water level in the bioreactor. Permeate
was collected using a second peristaltic pump. To achieve the target
HRTs, the membrane flux was changed by regulating the flow rate of
the effluent pump. An on-line pressure sensor (SIN-P400, China) lo-
cated on the permeate line recorded the trans-membrane pressure
(TMP). The volume of the produced biogas was measured by a wet-type
gas flowmeter (TC-2, China).

The AnDMBR was inoculated with flocculant sludge from an upflow
anaerobic sludge blanket (UASB) reactor from a local full-scale

Fig. 1. Schematic diagram of the experimental setup.
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anaerobic digester treating brewery wastewater; the inoculation sludge
had been acclimatized for two months before the experiment. Initially,
the mixed liquor suspended solid (MLSS) and mixed liquor volatile
suspended solid (MLVSS) concentrations of the inoculation were ap-
proximately 72,400mg/L and 31,600mg/L, respectively. The feed
wastewater was collected from a local wastewater treatment plant in
Xi’an, China. The feed wastewater had a total COD concentration of
159.5–428.9mg/L, a soluble COD (SCOD) concentration of
56.26–119.8mg/L, a total phosphorus (TP) concentration of
3.2–6.5 mg/L, a NH3–N concentration of 27.6–48.9 mg/L, a total ni-
trogen (TN) concentration of 29.7–57.1mg/L, and with turbidity of
35.6–276 NTU.

The AnDMBR was operated at 20–25 °C with the assistance of a
water bath device. Table 1 presents the details of the experimental
design, which includes four phases relating to the variation in HRT. At
the first phase, the HRT was 8 h, then it was shortened to 4 h, 2 h, and
1 h at the subsequent phases, with fluxes of 22.5 L/m2h, 45 L/m2h,
90 L/m2h, and 180 L/m2h, respectively. At the beginning of each fil-
tration cycle, sludge recirculation was conducted by using a circulating
pump from the top sampling port to the bottom sampling port to ensure
complete mixing of the anaerobic sludge. The up-flow velocity was
10m/h in the sludge bed zone and 1.4m/h in the DM filtration zone.
After thoroughly mixing of the anaerobic sludge for approximately
10min, the effluent pump was run at full speed with the corresponding
flux of 800 L/m2·h; such a high flux ensures that the suspended sludge is
attached on the mesh in 15 s. This procedure can enhance the initial
formation of DM for quick startup, and the DM formation process will
continue in the subsequent operation. Thereafter, the sludge recycling
was turned off and the AnDMBR was operated at the designed opera-
tional conditions. During the four stages, the OLR was 0.82, 1.63, 3.01
and 6.8 kg COD/m3·d, respectively, and the initial MLSS concentration
in the bioreactor was controlled at around 7.3 g/L. A small sample of
sludge was withdrawn once a week for analysis of the sludge properties,
and subsequently an infinite SRT could be considered.

2.2. Analytical methods

2.2.1. General parameters
The concentration of COD, MLSS, MLVSS, TN, TP, NH3-N, SO4

2−,
total suspended solid (TSS), and volatile suspended solid (VSS) were
determined according to standard methods [23]. SCOD was measured
after samples were filtered through a 0.45 μm filter. Turbidity mea-
surement was carried out with a turbidimeter (Hach 2100 N, USA). The
biogas composition (namely CH4, CO2, N2 and H2) was measured using
a gas chromatograph (GC7900, Tianmei, China) equipped with a
thermal conductivity detector (TCD) and a molecular sieve packed
stainless-steel column (TDX-01, Shanghai Xingyi Chrome, China). The
concentrations of volatile fatty acids (VFA) were determined using a
liquid chromatograph (LC-10AD, Shimadzu, Japan) equipped with an
ultraviolet detector at 40 °C. COSMOSIL 5C18-AR-II was used for the
column, and 0.005M diluted sulfuric acid eluent was used as the mobile

phase. The analysis was conducted at a UV wavelength of 210 nm and
flow velocity of 0.3mL/min. Dissolved methane in the effluent was
evaluated by stripping methane from the liquid sample according to the
reported method [24]. SMP and bound extracellular polymeric sub-
stances (BEPS) were extracted using the heating method [10], and their
main components (polysaccharides and proteins) were measured. The
polysaccharides (PS) were detected utilizing the Anthrone method with
glucose as a standard [25]. The protein (PN) concentration was de-
termined by the Lowry-Folin method with Bovine Serum Albumin
(BSA) as the standard [26].

2.2.2. Collection of DM layer and other samples for analysis
At the end of each phase about 0.01m2 of DM layer (half of the total

membrane area) was scraped off by a plastic sheet. The collected DM
layer sample was diluted with deionized water to a volume of 50mL,
and then the diluted sample was softly mixed by a magnetic blender.
25mL of the diluted sample was centrifuged at 6000 rpm for 10min
and then the supernatant was filtrated through a 0.22 μm filter. The
filtrate of the centrifuged supernatant was regarded as SMP. The re-
maining pellet was re-suspended with a saline buffer (solution of 0.9%
NaCl, 0.1% KCl, 0.4% Na2H2PO4 and 0.2% Na3PO4) for the purpose of
extracting BEPS. Another 25mL sample was taken for MLSS/MLVSS
measurement and particle size distribution (PSD) analysis. In addition,
0.005m2 of DM layer (one quarter of the total area) was sampled and
naturally dried in air for morphological analysis. Sludge supernatant
and effluent samples were directly filtrated through a 0.22mm filter,
and the filtrate containing dissolved organic matter (DOM) was sub-
jected to SMP and VFA analysis.

2.2.3. PSD analysis
PSD of the anaerobic sludge and samples from DM layer was de-

tected using a laser granularity distribution analyzer (LS 230/SVM+,
Beckman Coulter Corporation, USA) with the detection limit ranging
from 0.45 μm to 2000 μm.

2.2.4. Scanning electron microscopy (SEM) – energy diffusive X-ray (EDX)
analysis.

The morphology of virgin nylon mesh, DM layer and as well as
physically cleaned mesh was observed by SEM (MLA650F, FEI, USA).
The EDX analyzer (Octane plus, EDAX, USA) was also employed to
determine the inorganic components of the DM layer and nylon mesh.

2.2.5. Fluorescent excitation–emission matrix (EEM) analysis
Fluorescence spectrophotometer (F-7000, Hitachi, Japan) was em-

ployed to characterize the DOM in effluent, supernatant, as well as SMP
and BEPS samples. During the measurement, emission wavelengths
were detected from 220 nm to 550 nm with a step of 5 nm. The ex-
citation wavelengths were set from 220 nm to 450 nm with a step of
5 nm. The scan speed was 12000 nm/min.

2.2.6. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
analysis

ATR-FTIR spectrometer (Nicolet iS50, Thermo Electron
Corporation, USA) was used to characterize the major functional groups
of organic matter in the DM layer. The sludge and mesh samples were
collected and dried naturally, and following this the direct measure-
ment was conducted without further pretreatment. The wave number
was determined over the 4000 to 400 cm−1 range.

2.2.7. Specific methanogenic activity (SMA) analysis
The measurement of SMA for anaerobic sludge was carried out in

120mL serum bottles using sodium acetate as the substrate
(COD=0.5 g/L) [16]. In the SMA test, the food/microorganisms (F/M)
ratio was set at 0.5. The total working volume of each serum bottle was
80mL mixture, containing 20mL sludge from the AnDMBR, 50mL
substrate, and a 10mL nutrient solution consisting of K2HPO4 (1.76 g/

Table 1
Experimental design.

Items HRT=8 h HRT=4 h HRT=2 h HRT=1 h

Period (d) 0–17 17–32 32–76 76–93
Initial MLSS

(g/L)
7.27 ± 0.03 – 7.46 ± 0.05 7.34 ± 0.04

Influent COD
(mg/L)

272.6 ± 26.54 272.7 ± 74.9 250.6 ± 61.4 283.9 ± 60

OLR (kg COD/
m3·d)

0.82 ± 0.08 1.63 ± 0.45 3.01 ± 0.74 6.8 ± 1.44

Flux (L/m2·h) 22.5 ± 0.2 45 ± 0.2 90 ± 0.3 180 ± 0.2
Upflow

velocity
(m/h)

0.21 0.43 0.86 1.71
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L), NH4Cl (0.45 g/L), MgSO4·7H2O (0.2 g/L), and CaCl2 (0.3 g/L). The
nutrient solution was boiled for 0.5 h to remove dissolved oxygen and
then cooled down to room temperature before use. Each bottle was
purged with nitrogen gas for 2min to remove oxygen in the headspace,
sealed with a rubber stoppers, and rapidly secured using an aluminum
crimp. Finally, the above bottles were placed and incubated on a
shaking table (115 ± 1 rpm/min) at 25 ± 1 °C. After the set tem-
perature was reached, the headspace of each bottle was vented using a
syringe to release the pressure caused by the thermal expansion. The
production and composition of biogas were measured every 3–5 h and
expressed as the value at the standard state. Each experiment was
conducted in duplicate to ensure reliability.

2.2.8. Statistical analysis
The IBM SPSS Statistics 20.0 software (International Business

Machines Co., Armonk, NY, USA) was used for statistical analyses.
Specifically, the averages and standard deviations (± SD) were de-
termined, and the differences in COD removal at different HRTs, and
TSS, VSS, inorganic matter, SMP, and BEPS of the DM layers between
HRT of 1 h and 2 h were determined using one-way analysis of variance
(ANOVA). The significant difference level was set to 0.05, p > 0.05
and p < 0.05, corresponding to no significant difference and sig-
nificant difference, respectively.

3. Results and discussion

3.1. Treatment performance of AnDMBR

3.1.1. COD removal
The AnDMBR was continuously operated for 93 d covering four

consecutive phases with the HRT decreasing from 8 h, 4 h, 2 h, to 1 h.
Fig. 2 shows the variations in COD and SCOD in the influent and ef-
fluent of the AnDMBR process at different HRTs. It was noted that ef-
fluent COD was 69.8, 61.8, and 73.8 mg/L on average at HRTs of 8 h,
4 h, and 2 h, and COD removal rates of 74.4%, 77.3%, and 70.6%, re-
spectively. No significant change in COD removal was observed when
the HRT decreased from 8 h to 4 h (p > 0.05) and reducing HRT to 2 h
resulted in a decrease in COD removal. When HRT further declined to
1 h, effluent COD increased to 112.4 ± 18.6mg/L with less COD re-
moval (60.4%). The SCOD removal revealed a similar tendency as COD
removal with a reduction in HRT, with effluent SCOD concentrations at
50.2, 44.1, 57.6, and 88.9mg/L on average at HRTs of 8 h, 4 h, 2 h, and
1 h, respectively. This indicated that substantial soluble organic matter
was not effectively removed by the AnDMBR, where biodegradation
and DM retention could take place.

The reduction of COD and SCOD removal at low HRT can be

explained as follows: (1) As reported previously, an increase in OLR
(from 1.21 to 1.44 kg COD/m3·d) caused the amount of COD being
removed to decline [27]. In this work, when HRT decreased from 2 h to
1 h, the OLR increased from 3.4 to 6.1 kg COD/m3d, such a high OLR
was seldom reported in AnDMBRs of municipal wastewater treatment
and may cause substrate inhibition in anaerobic microorganisms. (2) If
the HRT is too short, this may induce incomplete degradation of or-
ganics by the microorganisms, thus leading to loss of microbial meta-
bolites and increased effluent COD. Moreover, with shorter HRT, the
higher flux may cause higher shear force on sludge flocs and influence
the activity of microorganisms [12]. The upflow velocity at the sludge
blanket of the AnDMBR was 1.71m/h at HRT of 1 h, higher than that at
HRTs of 2–8 h (0.21–0.86m/h) and also higher than the values com-
monly reported in UASB reactors (0.5–1.5m/h) [28]. The high upflow
rate may cause some flocs to break due to enhanced shear stress, and
the release of more biopolymers and fine particles. Nevertheless, the
AnDMBR presented robust capacity to treat real wastewater at shorter
HRT, such as 2 h.

3.1.2. Methane production
Table 2 summarizes the details concerning methane (CH4) produc-

tion during the four phases of this study. The average CH4 production
rates at HRT of 8 h, 4 h, 2 h, and 1 h were 0.12, 0.1, 0.08, and 0.05 L
CH4/g CODremoved, respectively, lower than the theoretical value of
0.35 L CH4/g CODremoved at standard conditions. This finding agreed
with what was reported elsewhere, documenting that methane recovery
fell by 13% in the AnMBR when reducing HRT from 4 to 2 h [29]. It has
been reported that, in applying AnMBR to real domestic sewage treat-
ment, no measurable biogas production was observed at influent
COD < 225mg/L [30]. However, the results in this study indicated
that anaerobic wastewater treatment with biogas production could be
reasonably sustained even at very short HRTs.

Methane production during anaerobic digestion of real wastewater
can be affected by wastewater properties (such as organics composition
and SO4

2− concentration), temperature, and other factors. It was re-
ported that the hydrolysis rate of suspended solids (SS) is very low
(0.3–0.7 d−1) in the anaerobic environment [31]. The suspended COD
accounts for 60–70% of the total COD in this study; such a high SS
concentration in wastewater would limit CH4 production especially
during the substrate hydrolysis process. In addition, the presence of
substantial SO4

2− (25–63mg/L) may induce sulfate-reducing bacteria
(SRB) to outcompete methane-producing archaea (MPA) for the avail-
able substrates [32].

Room temperature (20–25 °C) was not appropriate for the growth of
methanogens, and CH4 would be dissolved in the effluent at this tem-
perature range. As shown in Table 2, at HRT of 8 h, almost no dissolved
methane was detected in the AnDMBR effluent. When the HRT dropped
to 1 h, dissolved methane accounted for 67% of total methane pro-
duction produced at room temperature and low HRTs. The increase in
dissolved methane may be due to short HRTs being insufficient for the
dissolved methane to diffuse to the gas phase. In engineered anaerobic
processes, emission of dissolved gases can have financial, environ-
mental, and health and safety implications. In order to recover the
dissolved gases including methane, existing and proposed technological
approaches, such as diffused aeration, multi-tray aerators, packed col-
umns, and membrane contactors, have been identified for gas deso-
rption from engineered anaerobic environments to increase energy
production as well as to prevent emissions to the atmosphere [33].

Furthermore, SMA tests of bulk sludge at HRTs of 2 h and 1 h were
carried out to determine methanogenic activity at short HRTs. The SMA
results were 1.66 and 0.93mL CH4/gVSS·h, respectively, decreasing as
the HRT shortened. This was consistent with the methane production
results at HRT at 2 h and 1 h, illustrating that the microbial activity in
the AnDMBR was affected by decreased HRT, accompanied by lower
methane production and COD removal efficiency. According to pre-
vious studies, the disruption of sludge could negatively affect the

Fig. 2. (a) Total COD and (b) SCOD concentrations of influent, effluent in the
AnDMBR at different HRTs.
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microbial activity, such as through the recirculation of sludge or mixed
liquor, resulting in a deteriorated microbial activity in aerobic and
anaerobic MBRs [12]. In this study, the shear force on sludge was
greater at HRT of 1 h; the disruption caused by shear force may damage
the balanced microbial ecosystem, reducing microbial activity. On the
other hand, the particulate organics in real domestic wastewater im-
plies a low biomass growth rate particularly at room temperature. At
shorter HRT, the increased particulate matters accumulated in the
sludge bed may become rate-limiting and result in loss of sludge ac-
tivity [19].

During the four operational phases, VFAs in the sludge supernatant
in the AnDMBR were below 18mg/L (as shown in Fig. S1 of Supporting
Information), indicating that no VFA accumulated in the AnDMBR. By
comparing VFAs in the sludge supernatant and the effluent, it was
found that 20–45% of VFA removal was achieved by the DM layer at
four HRTs, indicating that methanogenesis could occur in the active DM
layer as noted in another study [5].

3.2. DM filtration behavior

Fig. 3(a) shows that increasing the filtration flux from 22.5 to 180
L/m2h achieves a stepwise decrease of HRT from 8 h to 1 h during long-
term AnDMBR operation. New DM modules were used at the beginning
of the third and fourth phases (HRT of 2 h and 1 h). The time course of
TMP is shown in Fig. 3(b) at different HRTs. The TMP increased steadily
when HRTs were 8 h, 4 h, and 2 h, with an increasing rate of 0.4, 0.38,
and 0.57 kPa/d, respectively. The rate of increase of TMP was much
higher during HRT of 1 h (2.11 kPa/d). At HRTs of 2–8 h, rate of in-
crease of TMP was acceptable and not affected by the high filtration
flux (22.5–90 L/m2h). However, at extremely short HRT (1 h) and high
flux (180 L/m2h), the rapid rate of increase of TMP, coupled with an
unsustainable flux was driven by the rapid accumulation of foulants in
the DM layer and its structures.

The effluent turbidityin each filtration cycle showed a similar

tendency as effluent COD (as shown in Fig. 3(c)). At HRTs of 8 h, 4 h,
and 2 h, the effluent turbidity maintained a relatively stable range, with
average values of 21.4, 19.2, and 24.4 NTU, respectively, with average
influent turbidity of 139.4 NTU. However, at HRT of 1 h, the effluent
turbidity increased to 37.9 NTU on average, indicating a reduction in
filtration performance. There are several reasons for this. It is worth
noting that at HRT of 1 h, high flux (180 L/m2h) is seldom reported in
AnDMBRs and AnMBRs. Increased upflow velocity (1.7 m/h) at HRT of
1 h resulted in turbulence of the sludge blanket, and more small flocs,
colloids, and biopolymers were evident in the supernatant, indicated by
the supernatant turbidity (67 and 102 average NTU at HRT of 2 h and
1 h) and supernatant COD concentrations. The drag force was much
higher to maintain high flux, which may accelerate the deposition of
flocs, colloids, and biopolymers on the support material. This process
induced the formation of a thicker and denser cake layer, which will be
discussed in more detail in the following sections.

Fig. 4 shows no difference in the SMP concentration in the super-
natant and effluent at HRTs of 8 h, 4 h, and 2 h. However, at HRT of 1 h,
the SMP concentration of the supernatant and effluent was higher than
that of the former three HRTs, which is consistent with one previous
study [29]. The SMP in the effluent was slightly lower than that of the
sludge supernatant, indicating subtle interception function of soluble
substances by the DM layer [34]. The extremely short HRT (1 h) and
high flux resulted in higher OLR and hydraulic turbulence, as reported
in this study. Specifically, microorganisms may secrete more SMP for
self-protection to overcome adverse conditions, while the biodegrada-
tion of SMP was also limited due to the shorter contact time between
the SMP and biomass [29,35]. Moreover, the enhanced interactions
among fine flocs and colloids as well as SMP at lower HRTs would be a
potential cause of the thicker and denser DM layer [35].

3.3. DM layer properties

3.3.1. Morphology of DM layers
The DM layers at the end of operation at HRT of 2 h and 1 h were

selected for further analysis. As shown in Fig. 5, the black gray cake
layers were formed on the support material at HRT of 2 h and 1 h. SEM
images showed the virgin nylon mesh was smooth, and the pores were
clear. At HRT of 2 h and 1 h, the DM layers were covered by microbial
flocs or biopolymers, and seemed to be dense, rough and uneven. The
SEM images showed that the DM layer at HRT of 1 h appears to be
denser, and more compact when compared with that at HRT of 2 h.

Table 2
Methane production and SMA results.

Items HRT=8 h HRT=4 h HRT=2 h HRT=1 h

Total CH4 production (L/d) 0.17 ± 0.13 0.35 ± 0.19 0.5 ± 0.15 0.95 ± 0.27
Dissolved CH4 (%) – 7 ± 5 23 ± 8.5 67 ± 5.3
CH4 production (L/gCODremoved) 0.12 ± 0.02 0.1 ± 0.03 0.08 ± 0.02 0.05 ± 0.01
SMA (mL CH4/gVSS·h) – – 1.66 ± 0.2 0.93 ± 0.09

Fig. 3. Profiles of (a) flux, (b) TMP and (c) turbidity in AnDMBR at different
HRTs.

Fig. 4. SMP concentration of supernatant (Sup.) and effluent (Eff.) in AnDMBR
at different HRTs.
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Virgin nylon mesh and physically cleaned meshes under HRT of 2 h and
1 h are also presented in Fig. S2 and Table S1 in the Supporting
Material. Physical cleaning methods (hydraulic cleaning and surface
brushing) could completely remove the DM layer and restore the porous
structure of the nylon mesh.

Fig. 6 illustrates the typical particle size distribution of the cake
layer and sludge. At HRTs of 2 h and 1 h, the mean particle sizes for
sludge were 98.92 and 101.2 μm, and for DM layers of 86.22 and
90.57 μm, respectively. The upflow velocity was much higher at HRT of
1 h, which may induce the loss of more fine flocs, colloids, and SMPs,
and subsequently the mean particle size of the DM layer and bulk
sludge both increase. This can be explained by the hydraulic selection
effect, causing the washout of fine particles and the retention of larger
particles with good settling ability. For both HRTs, as compared to the
bulk sludge, smaller flocs were detected in the cake layer, presenting
smaller flocs which have a stronger tendency to deposit on the DM
layer. This is due to the larger particles being subjected to greater shear-
induced diffusion and inertial lift [15].

3.3.2. Components of DM layers
As shown in Table 3, the thickness of the DM layers was 0.76 and

0.8 mm at HRTs of 2 h and 1 h, respectively. With the higher OLR and
upflow velocity at HRT of 1 h, more substances (such as fine particles,
colloids and SMP) accumulated in the DM layer. The average TSS and
VSS on the mesh surface (89.85 and 54.98 g/m2) at HRT of 1 h were

higher than those at HRTs of 2 h (81.6 and 45.17 g/m2), respectively
(p < 0.05). The VSS/TSS ratio of 0.61 at HRT of 1 h was higher than
that at HRT of 2 h (0.55), illustrating that the DM layer contained more
organic matter at HRT of 1 h.

The ratio of SS/cake volume, which reflects the compaction and
porosity of the cake layer, was calculated [36]. At HRT of 1 h, the DM
layer showed a higher ratio of SS/cake volume of 112.3 g/m3 than that
at HRT of 2 h (107.4 g/m3), indicating that the DM layer was more
compact at shorter HRT. Table 3 also suggests that inorganic matter was
a distinct contributor to the DM layer, accounting for 44.8% and 38.8%
at HRT of 2 h and 1 h, respectively [7,37]. The PN and PS contents of
SMP and BEPS in the DM layer were higher at HRT of 1 h than those at
HRT of 2 h, particularly the PN of BEPS. In sum, more TSS, VSS, and
EPS in the DM layer were detected at HRT of 1 h compared to 2 h,
indicating that biopolymers contributed to a thicker DM layer forma-
tion and increased the TMP rate.

The FTIR was used to verify the organic components in the DM
layers. As shown in Fig. 7, the peak of 3025 cm−1 was attributed to the
stretching of the O–H bond in the hydroxyl functional groups. The
peaks at 2920 and 2846 cm−1 were due to the stretching of the C–H
bonds [38]. The peak of 1671 cm−1 indicates amide I
(1700–1600 cm−1), peaks of 1583 and 1539 cm−1 confirm the presence
of amide II (1600–1500 cm−1), while the peaks of 1377 and 1269 cm−1

indicate amide III (1300–1200 cm−1) [39]. The broad peaks of 1029
and 1095 cm−1 were due to C]O bonds associated with polysaccharide
or polysaccharide-like substances. The FTIR spectra showed that the
major organic components of the DM layers were proteins and poly-
saccharides.

Elemental analysis was performed to identify the major inorganic
composition of the DM layers. The main elements (such as C, O, N, Mg,
Al, S, Si, P, K, Ca, and Fe) are shown in Fig. 8. The relative contents of C,
N, O at HRT of 2 h (C: 52.8%; N: 11.1%; O: 27.9%) were similar to
molecular formula of cell C5H7O2N (C: 53%; N: 12%; O: 28%) or pro-
tein C16H24O5N4 (C: 53%; N: 15%; O: 25%) [40]. Hence, it was deduced
that the DM layer consisted mainly of microorganisms and biopolymers
(proteins). The relative contents of other inorganic elements in the DM
layer at HRT of 2 h was as follows: Mg (0.92%), Al (0.98%), Si (2.04%),
and Ca (4.23%). At HRT of 1 h, inorganic elements, such as Mg (0.34%),
Al (0.35%), Si (0.87%), Ca (9.12%), Fe (1.22%), S (1.6%), K (1.22%), P
(5.63%) were detected. The relative richness of inorganic matter was
evident. During the AnDMBR operation, inorganic substances (espe-
cially metal ions) would aggregate on the DM layer at HRT of 1 h and
cause more severe DM fouling. The formation of a denser cake layer
was enhanced by the aggregation of Si, Ca, Mg, Al, and Fe, which
bridged the deposited cells and biopolymers, although these inorganic
elements occurred in low concentrations [7]. Furthermore, the EDX
analysis of virgin nylon mesh and physically cleaned mesh at HRT of 1 h
and 2 h (Table S1 in Supporting Material) showed that the nylon mesh
was made of polyamide (composed of C, N, and O). Physical cleaning
can completely remove the DM layer from the nylon mesh as verified by
the SEM images (Fig. S2 in Supporting Material).

3.4. DM retention function

3.4.1. Retention of various pollutants
Table 4 shows the concentrations of common pollutants from the

influent, supernatant, and effluent, as well as the retention efficiency of
the DM layer. Most SS and COD were removed after interception, and
biodegradation of the sludge bed. However, the SMP, small particles,
and colloids are present in the supernatant [9]. The concentrations of
SS of the sludge supernatant decreased from 69.6 and 87.2 mg/L to 19.6
and 26.5 mg/L in the effluent at HRT of 2 h and 1 h, respectively, in-
dicating that the DM layer could trap substantial SS. However, the in-
terception of COD and SCOD by the DM layer was relatively poor,
which were 13% and 7.5%, and 21.1% and 24.1% under HRT of 2 h and
1 h, respectively. As presented in Table 4, under both HRTs the ratio of

Fig. 5. Photos and SEM images of new membrane module (virgin mesh) and
used membrane module (DM layer) at HRT of 2 h and 1 h.

Fig. 6. PSD of the bulk sludge and the DM layer in the AnDMBR at HRT of 2 h
and 1 h.
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SCOD to COD in the effluent was higher (about 80%) than that of the
sludge supernatant (more than 60%), confirming that the DM layer
demonstrated good retention of particles, other than soluble pollutant
substances, due to size exclusion.

PN and PS are reported as the main soluble substances related to the
membrane fouling, and the concentrations of each were detected and
are presented in Table 4. The removal rates of PS were 0 and 11%, and
those of PN were 6.9% and 3.8% at HRT of 2 h and 1 h, respectively,
confirming the weak interception of soluble substances by the DM
layers. The trapped substances on the DM layer can be partially de-
graded by microorganisms. Moreover, it was reported that cell lysis or
endogenous decay occurs at the bottom of the cake layer and subse-
quently releases biopolymers because of the poor transfer of available
substrates from the bulk solution in the MBRs [36]. It was concluded
that the role of the DM layer is as follows: first, physical interception
and biodegradation of retained pollutants; and second, the release of
metabolism products that deteriorate the effluent quality. Nevertheless,
there is no doubt that the DM layer could enhance the removal effi-
ciency to some extent, as reported previously [8,34]. At HRT of 1 h, the
effluent quality deteriorated, but the retention effect of the DM layer at
1 h was better than that at HRT of 2 h. This could be due to different
properties and retention mechanisms of the DM layer forming at HRTs
of 1 h and 2 h.

3.4.2. Retention of fluorescent DOM
The EEM spectroscopy was employed to characterize the DOM from

influent, supernatant, and effluent in the AnDMBR at HRT of 2 h and
1 h. As shown in Fig. 9, four fluorescence peaks were observed in the
SMP samples, peak a (310–325 nm/405–415 nm) representing humic
acid-like substances, and peak b (280 nm/335–345 nm) reflecting
tryptophan protein-like substances. Peak c (225–240 nm/305–345 nm)
and peak d (225–240 nm/385–425 nm) indicated the presence of aro-
matic protein and fulvic acid-like substances, respectively [41]. Fluor-
escence parameters, including peak location and fluorescence intensity
(FI), obtained from the EEM fluorescence spectra are listed in Table 5.

Based on the lower molecular weight and biodegradability [42],
peak a and peak d showed a slight removal at both HRTs, and a similar
FI was noted in both the influent and effluent samples. Meanwhile, the
FI of peak b and peak c in the effluent decreased compared to the in-
fluent. Protein-like substances, with higher biodegradability and mo-
lecular weight, can be more easily removed in the AnDMBR through
biodegradation and DM layer retention. For DM layers, the FI of peak b
and peak c verified the protein-like substances were intercepted on both
the DM layers, and more protein-like substances attached on the DM

Table 3
Properties of the DM layer.

Items Thickness (mm) TSS (g/m2) VSS (g/m2) Inorganic matter (g/m2) SMP BEPS

PS (g/m2) PN (g/m2) PS (g/m2) PN (g/m2)

HRT=2 h 0.76 81.62 ± 0.13 45.17 ± 0.2 36.45 ± 0.04 0.22 ± 0.03 1.12 ± 0.02 0.29 ± 0.01 2.2 ± 0.16
HRT=1 h 0.80 89.85 ± 0.09 54.98 ± 0.16 34.87 ± 0.02 0.32 ± 0.03 1.38 ± 0.03 0.54 ± 0.02 9.4 ± 0.21

Fig. 7. FTIR spectra of the DM layers at HRT of 2 h and 1 h.

Fig. 8. SEM-EDX analysis of the DM layer at HRT of 2 h and 1 h.

Table 4
Concentrations of water quality parameters in different water samples.

Parameters HRT=2 h HRT=1 h

Inf. Sup. Eff. Retention effect (%) Inf. Sup. Eff. Retention effect (%)

COD (mg/L) 250.6 ± 61.4 94.8 ± 33.7 73.8 ± 24 13.0 ± 3.9 283.9 ± 60 150.1 ± 34.8 112.4 ± 18.6 21.1 ± 3.9
SCOD (mg/L) 93.9 ± 21.8 61.3 ± 14.1 57.6 ± 17.4 7.5 ± 2.6 104.8 ± 6.8 94.6 ± 7.5 88.9 ± 4.2 24.6 ± 4.5
SS (mg/L) 165.2 ± 23.6 69.6 ± 21.6 19.6 ± 6.9 31.1 ± 1.2 176.2 ± 10.3 87.2 ± 6.3 26.5 ± 3.7 35.6 ± 0.9
Turbidity (NTU) 130.9 ± 54.6 67 ± 40.3 24.4 ± 10.6 29.8 ± 11.2 136.7 ± 46.3 102 ± 36.6 37.9 ± 8.1 45.5 ± 12.3
PS (mg/L) 5.5 ± 2.9 2.7 ± 1.5 3.17 ± 1.4 – 8.36 ± 0.51 4.74 ± 3.2 3.79 ± 2 11.1 ± 9.9
PN (mg/L) 45.4 ± 6.7 39.6 ± 3 36.1 ± 4.1 6.9 ± 10.5 50.2 ± 10.3 57.9 ± 5.3 56 ± 5.6 3.8 ± 2.2

Y. Yang, et al. Chemical Engineering Journal 383 (2020) 123186

7



layer at HRT of 1 h (as proved in Fig. S3 and Table S2).
The above analysis also illustrates that although the DM layer

showed a poor retention effect for PN, there was still a significant
amount of PN attached to the DM layer during long-term operation.

3.5. Applicability of AnDMBR process for wastewater treatment

A comparison of the process performance of AnDMBRs and AnMBRs
in wastewater treatment at room temperature conditions is presented in
Table 6. The main observations are highlighted as follows. Firstly, both
processes achieved moderate to high removal of organic matters with
COD removal rates fluctuating between 58% and 92%; both processes
also achieved similar biogas production performance. For synthetic
wastewater treatment, a higher COD removal rate of approximately
90% was achieved, substantially higher than those (60–80%) for
treating real municipal wastewater, possibly due to different properties
of two types of wastewater. Secondly, the AnDMBR process had a more

flexible operation in terms of HRT and flux [9], as the HRT could be set
at as low as 2.2 h accompanied by permeate flux of 60–150 L/m2h
without affecting treatment performance [43]. The AnDMBRs had low
filtration resistances, one to two orders of magnitude lower than
AnMBRs. Membrane fouling is important for all membrane-based pro-
cesses, as low filtration resistances benefit longer filtration duration and
lower membrane cleaning frequency. As shown in Table 5, physical
cleaning was sufficient for recovering DM permeability rather than the
chemical cleaning used in AnMBRs, further lowering maintenance costs
and time. With the lower maintenance and membrane costs, AnDMBRs
seem to be more competitive and applicable than AnMBRs in waste-
water treatment.

Additional aspects should be considered to advance the application
of AnDMBR process. For example, the selection of a suitable HRT
should consider satisfactory process performance, reduced footprint,
and operational and maintenance costs. The results from the present
study indicate that 2 h might be the optimal HRT for maintaining a
stable operation as deterioration of process performance was observed
at HRT of 1 h. Moreover, biogas production at ambient temperature in
the AnDMBRs and AnMBRs was lower than the theoretical value
[27,46]. Cost-effective strategies for enhancing biogas production and
recovery are urgently needed to make the AnDMBR process more at-
tractive for energy-efficient wastewater treatment.

4. Conclusions

An upflow AnDMBR process was developed for treating domestic
wastewater at room temperature and short HRTs (1–8 h), by changing
the DM filtration flux (22.5–180 L/m2h). When HRT was higher than
2 h, satisfactory COD removal and appreciable CH4 production could be
guaranteed, highlighting the satisfactory performance of anaerobic di-
gestion in low strength wastewater. Reducing the HRT to 1 h affected
the process performance substantially, as the COD removal rate
dropped to 60%, methane production decreased to 0.05 L CH4/g COD,
and TMP increased rapidly (2.11 kPa/d). At extremely low HRT (such
as 1 h), excess accumulation of microorganisms and biopolymers, as
well as inorganic substances in the DM layer, was observed, which

Fig. 9. EEM fluorescence spectra of DOM in influent, supernatant and effluent.

Table 5
Fluorescence parameters of DOM in influent (Inf.), supernatant (Sup.) and ef-
fluent (Eff.).

Peak location Ex
(nm)/Em(nm)

Substance Fluorescence Intensity

HRT=2 h HRT=1 h

Inf. Sup. Eff. Inf. Sup. Eff.

a
310–325/
405–415

Humic acid-
like

246.1 242 241.4 228.4 212.7 202.3

b
280/
338–342

Tryptophan
protein-like

1202 666.5 617.2 764.9 602.5 578.8

c
225–240/
306–345

Aromatic
protein

1221 613.3 591.2 875.9 521.1 625

d
225–240/
388–425

Fulvic acid-
like

316.9 298.3 289.5 311.9 348.9 269.8
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resulted in greater DM thickness and severe membrane fouling; this
may have been offset by the insufficient reaction time. With the use of
nylon mesh to support the DM layer, low membrane cost, low filtration
resistance, prolonged filtration duration with low maintenance re-
quirements, and easy cleaning are the major advantages of AnDMBRs
over AnMBRs, indicating that AnDMBR could be a promising alter-
native for wastewater treatment under extreme operating conditions.
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