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Abstract: This study aims to provide valuable new insights regarding the effect of aeration intensity
on long-term self-forming dynamic membrane bioreactor (SFDMBR) performance and the associated
mechanisms. Three identical SFDMBRs, with different aeration intensities (i.e., 200, 500 and 800 L/h),
were operated in constant transmembrane (TMP) mode for 60 days. The best chemical oxygen
demand (COD) removal performance was achieved at medium aeration intensity, owing to the
enhanced COD removal contribution by the self-forming dynamic membrane (SFDM). As expected,
the SFDM formation time was extended with increasing aeration intensity. Different from the initial
short-term stage results, it was interestingly found that the SFDMBR operated at medium aeration
intensity exhibited the best long-term filtration performance, followed in order by the SFDMBRs
with low and high aeration intensity, respectively. Further analysis revealed that the governing
fouling mechanism transited from biomass accumulation to the increase of specific resistance, as
aeration intensity increased. The variation of SFDM-specific resistance was verified with particle size
distribution (PSD) data and scanning electron microscopy (SEM) images. The long-term increasing
rate of SFDM filtration resistance was consistent with both extracellular polymeric substances (EPS)
content and the proteins/polysaccharides (PN/PS) ratio of SFDMs. Internal EPS production was
enhanced in the thicker SFDM formed at a lower aeration intensity.

Keywords: self-forming dynamic membrane bioreactor; aeration intensity; membrane fouling;
specific cake resistance; extracellular polymeric substances

1. Introduction

As one attempt to make membrane bioreactors (MBRs) more affordable, self-forming
dynamic membrane bioreactors (SFDMBRs) have emerged and turned out to be more cost-
effective for treating various types of wastewaters [1–5]. The investment and operational
costs of SFDMBRs are lower than those of MBRs, basically due to the use of coarse-pore
materials, instead of microfiltration (MF)/ultrafiltration (UF) membranes, for solid-liquid
separation. The insufficient solid–liquid separation efficiency of coarse-pore materials is
successfully complemented by the sludge layers initially formed on them during filtration,
termed as self-forming dynamic membranes (SFDMs) [6–10]. Compared with MF/UF
membranes, the coarse-pore materials (e.g., nylon mesh and non-woven fabric) have a
cheaper price, and the SFDMs possess lower filtration resistance and can be more easily
cleaned/regenerated on-site [7,11,12]. The better economic applicability of SFDMBRs
makes them of important practical meaning in developing countries/regions.
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The overall performance of SFDMBRs is significantly affected by some important
design parameters, such as aeration intensity, permeate flux, hydraulic retention time
(HRT), and sludge retention time (SRT) [2,13–15]. Proper selection of design parameters is of
key importance for optimizing SFDMBR performance. Among the various design parameters,
aeration intensity has attracted great attention in both MBRs and SFDMBRs, since it directly
affects not only the biodegradation process but also the membrane filtration process [13,16,17].
In particular, air scouring is the most important measure for membrane fouling control
in MBR operation [18]. Different from the case of MBR only having a membrane fouling
stage, the operation of SFDMBR includes two stages: the initial SFDM formation stage
wherein the sludge deposition on coarse-pore materials is necessary and needed, and then
the SFDM fouling stage wherein subsequent sludge deposition is unnecessary and better to
be avoided [19]. The role of aeration is more complicated in SFDMBRs, taking into account
the extra initial SFDM formation stage.

Thus far, the effect of aeration on SFDMBR performance was mainly investigated via short-
term experiments for no more than 6 h (i.e., the initial SFDM formation stage) [6,13,14,20,21].
Efforts were focused on evaluating the effluent turbidity and filtration resistance of SFDMs
at different aeration intensities. The decline rate of effluent turbidity generally slowed down
with increasing aeration intensity [13,17,21]. However, the variation of filtration resistance
with aeration intensity turned out to be complicated. In some cases, it increased with
aeration intensity, whereas in other cases it decreased with increasing aeration intensity
to a certain value and then increased [20,21]. Moreover, the effect of aeration on SFDM
characteristics was rarely studied. Sabaghian et al. [14] investigated the effectiveness of the
static mixer in the formation and filtration of SFDM at different aeration intensities. They
found that aeration intensity significantly affected the mean particle size, soluble microbial
products (SMPs), average thickness and porosity of SFDMs.

The findings of short-term experiments, though valuable, are not fully applicable to
the long-term performance of SFDMBRs, due to the change in SFDM properties over time.
Thus far, few efforts have been devoted to investigating the effect of aeration intensity
on long-term SFDMBR performance and analyzing the associated mechanisms. In an
early study, W. Fuchs et al. [22] investigated the average effluent concentration of chemical
oxygen demand (COD) and suspended solids at two aeration intensities during a one-week
SFDMBR operation. More effluent quality parameters were measured in a recent study
investigating the SFDMBR performance at three aeration intensities [23]. However, the
effect of the aeration intensity on SFDMBR performance remains unclear in terms of the role
of SFDM in pollutant removal, the fouling-related characteristics in both mixed liquors and
SFDMs, and the main mechanisms governing the increase of SFDM filtration resistance.

The main objective of this study was to contribute toward a better understanding of
the effect of aeration intensity on the long-term performance of SFDMBRs. Three identical
SFDMBRs were operated in constant transmembrane (TMP) mode at different aeration
intensities for 60 days. The concentrations of COD and NH3-N in the supernatant were
measured and compared with those in the effluent, so that the contribution of SFDM
to pollutant removal at different aeration intensities could be evaluated. The respective
contribution of biomass accumulation and specific resistance to the increase of SFDM
filtration resistance was investigated with aeration intensity. The structure of SFDMs was
illustrated with scanning electron microscopy (SEM) images. The particle size distribution
(PSD) and extracellular polymeric substances (EPS) of both mixed liquors and SFDMs
were analyzed, based on which the main mechanisms governing the long-term increase
of SFDM filtration resistance at different aeration intensities were elucidated. Our results
may provide valuable new insights regarding the effect of aeration intensity on long-term
SFDMBR performance.
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2. Materials and Methods
2.1. Experimental System and Operating Conditions

The experimental system consisted of three identical SFDMBRs operated in parallel at
different aeration intensities (Figure 1). They were designated as SFDMBR-L, SFDMBR-M
and SFDMBR-H, corresponding to the low (200 L/h), medium (500 L/h), and high (800 L/h)
aeration intensity, respectively. The selection of the aeration intensity was according to
its range (i.e., 120–1080 L/h) reported in the literature [17,22,23]. Each SFDMBR had an
effective volume of 16 L, in which a flat-sheet filtration module was submerged for solid-
liquid separation. The filtration module was made of coarse-pore polyester non-woven
fabrics with a pore size of roughly 30 µm. Its effective filtration area is 0.12 m2. Aeration was
done through the air diffuser installed right beneath the filtration module. The dissolved
oxygen (DO) concentration was in the range of 2.5–7.5 mg/L with the corresponding energy
consumption of 1.23–4.94 kWh/m3.
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Figure 1. Schematic diagram of experimental setup.

The seed sludge was taken from the aerobic tank in a local municipal wastewater
treatment plant. It was acclimatized for around 40 d prior to the experiment. Synthetic
municipal wastewater was used in this work. Its COD concentration was 320 ± 20 mg/L
with a COD:N:P mass ratio of 100:10:1. The composition of synthetic municipal wastewater
can be found in our previous work [19]. The feed flow rate was controlled by the water
level sensor to maintain a constant water level in the SFDMBRs, i.e., 2 cm higher than the
effluent outlet. The SFDMBRs were operated in constant transmembrane pressure (TMP)
mode. Due to the low filtration resistance of SFDM formed on the filtration module, the
required TMP (i.e., 2 cm hydraulic head) can be fully provided by the hydraulic head
difference between the water level in the SFDMBR and the effluent outlet. Effluent pumps
can thus be discarded in SFDMBR operation. Accordingly, the cost of the effluent pump
and its energy consumption during operation can be saved.

The entire experimental period lasted 60 d. In constant TMP mode, the effluent
flux of SFDMBRs would gradually decrease with operating time, due to the increase of
SFDM filtration resistance. The SFDMBRs were thus operated in cycles according to flux
variation. When the flux decreased to 15 L/m2·h, the productivity of SFDMBRs was
considered unacceptably low and the cycle ceased. Physical cleaning was then carried out
and the cleaned filtration module was used for the next cycle. The cycle time of SFDMBR,
fundamentally determined by the increasing rate of SFDM filtration resistance, substantially
varied with the change in aeration intensity.

The HRT and organic loading rate (OLR) were in the range of 5–7 h and 1.0–1.5 kg COD/m3 d,
respectively. They were not constant because the effluent flux gradually decreased with
time. The SRT was controlled constant at 20 d by withdrawing 0.8 L sludge from the
SFDMBR every day. Accordingly, the mixed liquor suspended solid (MLSS) concentrations
were around 5000–6000 mg/L.
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2.2. Analytical Methods
2.2.1. Routine Measurements

The chemical oxygen demand (COD) and ammonium (NH3-N) concentrations in
influent, supernatant, and effluent were measured according to the Standard Methods [24].
The supernatant was obtained by centrifuging the mixed liquor at 10,000 rpm for 10 min at 4
◦C, followed by filtrating through a membrane of 0.45 µm. The permeate flux and turbidity
were monitored using the volumetric method and a turbidity meter (2100Q, HACH, CO,
USA), respectively.

2.2.2. SFDM Sample Collection

The filtration module was taken out from each SFDMBR at the end of the operation.
The SFDMs (i.e., sludge layers) formed on the coarse-pore non-woven fabric were carefully
scraped off by a clean plastic sheet and flushed with distilled water. The collected SFDM
samples were placed on a magnetic blender (MYP11–2, Meiyinpu Instrument Incorporated,
Shanghai, China) and well mixed for subsequent PSD and EPS analyses.

2.2.3. PSD and EPS Analysis of Mixed Liquor and SFDM Samples

The PSD was determined by a laser diffraction particle size analyzer (Mastersizer 2000,
Malvern Instruments, Malvern, UK), which has a measurement range of 0.02–2000 µm.

The extraction of EPS from SFDMs and mixed liquors was conducted according to
the cation exchange resin (Na+ form, Dowex, MI, USA) method, as described by Frølund
et al. [25]. The samples (60 mL) were firstly taken and centrifuged at 3500 rpm for 15 min
at room temperature. The sludge pellets were resuspended to their original volume using
a buffer consisting of 2 mM Na3PO4, 4 mM NaH2PO4, 9 mM NaCl and 1 mM KCl at pH 7.
Then, the sludge was transferred to an extraction beaker with buffer and the CER (70 g/g-
MLSS) was added. The suspension was stirred for the selected stirring intensity (900 rpm)
and extraction time (2 h). The selected EPS was harvested by centrifuging the sample of
CER/sludge suspension for 15 min at 8000 rpm at room temperature in order to remove
the CER and MLSS. The proteins and carbohydrates, the major EPS components under the
investigated condition, were determined colorimetrically using the Lowry method with
bovine serum albumin as a standard and the phenol–sulfuric acid method with glucose as
a standard, respectively [26,27].

2.2.4. SEM Analysis of SFDM Samples

Several pieces of the coarse-pore non-woven fabric covered with SFDM were cut from
the central area of the filtration module. They were firstly fixed by means of 2.0% glu-
taraldehyde in 0.1 M phosphate buffer at pH 7.2 for 2 h and then washed using phosphate
buffer three for 10 min. The fixed samples were dehydrated with natural air-drying and
coated with aurum–platinum alloy for SEM analysis (S-570, Hitachi, Tokyo, Japan).

2.2.5. Filtration Resistance, Specific Resistance and the Increasing Rate of Filtration Resistance

The resistance of the filtration module can be calculated according to Darcy’s law as
follows [19]:

Rt =
∆P
µJ

(1)

where Rt is the total resistance of the filtration module (m−1), ∆P is the TMP (Pa), µ is the
permeate viscosity (Pa·s), and J is the effluent flux (m3/m2·h).

The total resistance can be expressed as [19]:

Rt = Rm + Rs (2)

where Rm is the intrinsic resistance of coarse-pore non-woven fabrics (m−1), which was
measured via clean water filtration tests, and Rs is the resistance of SFDM (m−1).
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The specific resistance of SFDM at the end of the operation was determined using the
following expression [28]:

α =
Rs

m
(3)

where α is the specific resistance of SFDM (m/kg), m is the accumulated biomass of SFDM
per unit membrane area (g/m2).

The increasing rate of filtration resistance was determined using the following expression [19]:

kR =
∆R
∆t

=
Rte − Rm

∆t
(4)

where kR is the increasing rate of SFDM filtration resistance, ∆R represents the increase
of filtration resistance over the entire cycle (m−1), ∆t is the cycle time of each SFDMBR,
Rte is the final resistance of the filtration module measured at the end of a cycle (m−1).
Since the Rte and Rm in each SFDMBR were similar to each other, the different kR values of
SFDMBRs operated with different aeration intensities are solely determined by their cycle
time. The lowest kR value corresponds to the longest cycle time achieved at the optimal
aeration intensity.

3. Results and Discussion
3.1. Effect of Aeration Intensity on SFDMBR Performance
3.1.1. COD and NH3-N Removal Performance of SFDMBRs at Different Aeration Intensities

Figure 2 illustrates the removal performance of COD and NH3-N by SFDMBRs at
three different aeration intensities over the entire operational period of 60 d. Apart from
measuring their effluent concentrations, the supernatant concentrations of COD and NH3-
N were monitored. Therefore, the contributions of SFDMs to the removal of COD and
NH3-N at different aeration intensities can be evaluated, which has never been reported in
the literature. It can be seen from Figure 2a that the effluent COD concentrations of all three
SFDMBRs were maintained at a low level around 20 mg/L throughout the experimental
period. The average effluent COD concentrations of the SFDMBR-L, SFDMBR-M and
SFDMBR-H were 24.12, 16.17 and 22.26 mg/L, corresponding to the removal efficiencies
of 92.48%, 94.96% and 93.06%, respectively. It seems that the SFDMBRs generally achieve
excellent COD removal efficiency, regardless of aeration intensity, and the best performance
occurs at medium aeration intensity.

Moreover, it was noted that effluent COD concentrations were always significantly
lower than supernatant COD concentrations. As reported in previous studies, the reduction
of COD concentration after passing through the SFDM demonstrates the important role
of SFDM in COD removal [1,29,30]. It has been reported that SFDMs can remove COD
not only by physical interception, such as conventional MF/UF membranes, but also
via biodegradation owing to a large amount of biomass in SFDMs [1,31]. The average
contributions of SFDMs to the removal of COD were calculated to be 22.77%, 32.25% and
26.12% for SFDMBR-L, SFDMBR-M, and SFDMBR-H, respectively. Similar to the trend
observed for the overall COD removal efficiency, the best SFDM performance in terms of
COD removal also occurred at medium aeration intensity. Different overall COD removal
efficiencies observed at three aeration intensities are therefore probably attributed to the
SFDMs with different properties.

Under the investigated condition, the aeration intensity at either too high (800 L/h) or
too low (200 L/h), adversely affected COD removal efficiency. At high aeration intensity,
biomass deposition onto the filtration module would be better prevented, resulting in
a thinner SFDM [14]. It is, therefore, speculated that the SFDM formed at the highest
aeration intensity may be too thin with reduced interception capacity. On the contrary, the
lowered aeration intensity may result in a thicker SFDM with reduced bio-logical activities,
due to nutrient/oxygen transfer limitations. The reduction in the interception of thinner
SFDM or biodegradation of thicker SFDM would weaken the SFDM contribution to COD
removal. The medium aeration intensity, therefore, turned out to be the best option, at
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which condition the SFDM was formed with a suitable thickness in terms of COD removal.
The properties of SFDMs will be further examined, considering their critical importance in
evaluating the effect of aeration intensity on SFDMBR performance.
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It is noteworthy, however, that the variation of COD removal efficiency with aeration
intensity would also be affected by effluent turbidity. Recently, Carlo Salerno et al. [23]
reported that average effluent COD concentrations were roughly the same at the relatively
low aeration intensity of 150 and 250 mL/min, but significantly increased as the aeration
intensity increased to 500 mL/min. The effluent turbidity, meanwhile, exhibited a similar
trend. The increased effluent COD concentration may be attributed to the increased effluent
turbidity at the highest aeration intensity. This is, however, not the case in our study,
wherein the effluent turbidity was low at all aeration intensities. The stable low effluent
turbidity maintained throughout the cycle time will be discussed later.

Figure 2b shows the influent, supernatant and effluent concentrations of NH3-N at
three different aeration intensities. The effluent NH3-N concentrations were very low, i.e.,
around 1 mg/L. This indicates that SFDMBRs achieve nearly complete nitrification. Carlo
Salerno et al. [23] also reported the low effluent NH3-N concentrations (i.e., <1 mg/L) from
SFDMBRs at three different aeration intensities. Moreover, it was found that the effluent
NH3-N concentrations were roughly the same as supernatant NH3-N concentrations in
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all cases. This means that SFDMs have a limited effect on NH3-N removal. Our findings
are consistent with those reported in the literature [30]. The removal of NH3-N by SFDMs
was in the range of 3.63–4.21%. The negligible contribution of SFDMs to NH3-N removal is
mainly attributed to the low molecular weight of NH3-N, the size of which is far smaller
than the pore size of SFDM with a molecular weight cut-off over 1000 kDa.

3.1.2. Filtration Performance of SFDMBRs at Different Aeration Intensities

Figure 3 shows the filtration performance of SFDMBRs regarding effluent turbidity
and permeate flux at different aeration intensities. Over the 60-d operation, there were 10, 6
and 15 cycles, corresponding to the cycle time of 6, 10 and 4 d, for SFDMBR-L, SFDMBR-M
and SFDMBR-H, respectively. The duration of the SFDMBR operation cycle, determined
by the increasing rate of SFDM filtration resistance, substantially varied with the aeration
intensity. This indicates that the aeration intensity would have a significant effect on the
long-term increase of SFDM filtration resistance. It can be seen that, regardless of aeration
intensity, the variation of both effluent turbidity and permeate flux exhibited the same trend
in all cycles, i.e., an initial fast sharp decline followed by a slow gradual decrease. Since
filtration performance is always the major concern for SFDMBR operation, the variation of
effluent turbidity and permeate flux at different aeration intensities in one operation cycle
is further illustrated in Figure 4 for a more detailed analysis.

Water 2022, 14, 1561 8 of 15 
 

 

 

 
Figure 3. Variations of (a) effluent turbidity and (b) permeate flux in SFDMBR-L, SFDMBR-M and 
SFDMBR-H, respectively. 

 
Figure 4. Variations of effluent turbidity and permeate flux during one operation cycle in SFDMBR-
L, SFDMBR-M and SFDMBR-H, respectively. 

Figure 3. Variations of (a) effluent turbidity and (b) permeate flux in SFDMBR-L, SFDMBR-M and
SFDMBR-H, respectively.



Water 2022, 14, 1561 8 of 14

Water 2022, 14, 1561 8 of 15 
 

 

 

 
Figure 3. Variations of (a) effluent turbidity and (b) permeate flux in SFDMBR-L, SFDMBR-M and 
SFDMBR-H, respectively. 

 
Figure 4. Variations of effluent turbidity and permeate flux during one operation cycle in SFDMBR-
L, SFDMBR-M and SFDMBR-H, respectively. 

Figure 4. Variations of effluent turbidity and permeate flux during one operation cycle in SFDMBR-L,
SFDMBR-M and SFDMBR-H, respectively.

It can be seen from Figure 4, the decline rate of effluent turbidity slowed down
with the increase in aeration intensity. In general, the dynamic membrane is considered
successfully formed when the effluent turbidity is lower than 2 NTU. The effluent turbidity
of SFDMBR-L decreased fastest, reaching below 2 NTU at 25 min, followed by SFDMBR-M
and SFDMBR-H, in which the formation time of SFDMs were 35 and 60 min, respectively.
Short SFDM formation time would reduce the amount of unqualified effluent and therefore
is highly desirable in practical application. The slow decrease of effluent turbidity with
increasing aeration intensity is in agreement with previous studies [6,21]. It is attributed
partly to the increased crossflow velocity hindering sludge particle deposition, and partly
to the increased portion of small particles that cannot be effectively intercepted for SFDM
formation. This PSD of the mixed liquor measured at different aeration intensities will be
presented and discussed later.

It was noted that the effluent turbidity was maintained below 2 NTU all the way to the
end of the cycle. This is inconsistent with the previous studies reporting that the effluent
turbidity increased in the later SFDMBR operation stage [23,32]. In previous studies, the
SFDMBRs were operated in a constant flux operation mode, in which the TMP of SFDM
continuously increased due to membrane fouling. The effluent turbidity increased after a
certain period of time, which was attributed to the particles dissociated from the SFDM, due
to its breakage at high TMP. However, those are not the case for SFDMBR operation in the
constant TMP mode employed in this study. The stable low effluent turbidity maintained
throughout the cycle time seems to be an advantage of constant TMP operation mode.

As shown in Figure 4, similar to the variation trend of turbidity, the permeate flux
experienced a sudden drop at the very beginning and then reached a pseudo-steady state
for several days. The SFDMBR operation ceased when the permeate flux went below
15 L/m2 h. No efforts have yet been devoted to understanding the effect of aeration
intensity on the long-term permeate flux behavior of SFDMBR operated in constant TMP
mode. In our case, it was found that the declining rate of permeate flux substantially
varied with the aeration intensity. The slowest declining rate of permeate flux appeared in
SFDMBR-M, corresponding to the longest cycle time of 10 d. The declining rate of permeate
flux increased in order for SFDMBR-L and SFDMBR-H, corresponding to the cycle time of
6 d and 4 d, respectively. The decline of permeate flux is essentially caused by the increase
of SFDM filtration resistance, which is analyzed in the following section.
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3.2. Effect of Aeration Intensity on SFDM Filtration Resistance

Figure 5 shows the variation of SFDM filtration resistance, calculated according to
Equation (1), during one operation cycle at different aeration intensities. It was noted that the
values of SFDM filtration resistances were no more than 6 × 1010 m−1 until the end of the
cycle, remarkably lower than those of MF/UF membranes in the range of 1012–1014 m−1 [33].
The low filtration resistance of SFDMs made SFDMBR operation more cost-effective. Corre-
sponding to the trend of flux variation, the SFDM filtration resistance rose steeply in the
initial stage (0–5 h) and then gradually increased for several days. At the end of the initial
stage, the SFDM resistances of SFDMBR-L, SFDMBR-M and SFDMBR-H were calculated to
be 1.94 × 1010, 2.21 × 1010 and 2.71 × 1010 m−1, respectively. The value of initial SFDM
resistance is found to be positively correlated with the increase in aeration intensity. This is
consistent with the results of some previous short-term experimental studies [14,17]. The
higher initial SFDM resistance to increased aeration intensity is mainly attributed to the in-
creased number of small particles and EPS, resulting from the more severe aeration-induced
shear stress.
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However, as shown in Figure 5, although the initial SFDM filtration resistance in
SFDMBR-L was the lowest, its subsequent increasing rate was higher than that in SFDMBR-
M. The increasing rate of SFDM filtration resistance (kR) in SFDMBR-L, SFDMBR-M and
SFDMBR-H were calculated to be 8.40 × 109, 5.42 × 109 and 1.36 × 1010 m−1·d−1, re-
spectively. The SFDMBR-M, rather than SFDMBR-L, exhibited the longest cycle time of
10 d. This indicates that the value of initial SFDM filtration resistance obtained from the
short-term experiment cannot be regarded as a reliable indicator of the long-term SFDM
filtration performance. Since the SFDM filtration resistance is basically the product of the
accumulated biomass and the specific resistance, both were further determined for more
detailed insights into the long-term increasing rate of SFDM filtration resistance at different
aeration intensities.

It can be seen from Table 1, the accumulated biomass of SFDMs was measured to be
41.56, 27.21 and 14.14 g/m2 for SFDMBR-L, SFDMBR-M and SFDMBR-H, respectively. It
decreased with the increase in aeration intensity. This may be attributed to the enhanced
crossflow velocity over the surface of the filtration module at higher aeration intensity,
hindering the deposition and accumulation of biomass during long-term SFDM filtration.
Meng et al. [16] measured the accumulated biomass on MF membranes in MBRs under
different aeration intensities and observed a similar trend. In contrast, the specific resis-
tances of SFDMs, calculated according to Equation (3), were found to be increased with the
increase in aeration intensity.
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Table 1. Accumulated biomass and specific resistance of SFDMs at different aeration intensities.

Rs (1010 m−1) M (SS g/m2) Specific Resistance (109 m/kg)

SFDMBR-L 5.43 41.56 1.31
SFDMBR-M 5.42 27.21 2.00
SFDMBR-H 5.03 14.14 3.56

The opposite trend with aeration intensity, regarding the accumulated biomass and
specific resistance of SFDMs, implies that the governing mechanism (i.e., the accumulation
of biomass vs. the increase of specific resistance) for the increase of SFDM filtration
resistance is substantially different at different aeration intensities. More specifically, the
accumulation of biomass was the governing mechanism for the increase of SFDM filtration
resistance in SFDMBR-L, whereas the increase of specific resistance dominated the increase
of SFDM filtration resistance in SFDMBR-H. It should be noted that the contribution of
biomass accumulation to the increase of SFDM filtration resistance would be significantly
underestimated in short-term experiment studies, due to the limit of time. The lowest
increasing rate of SFDM filtration resistance in SFDMBR-M benefits from the balance
between the accumulation of biomass and the increase of specific resistance. The specific
resistance of SFDM is fundamentally related to its composition and structure, which are
analyzed in the following sections for a better understanding of the effect of aeration
intensity on SFDM properties.

3.3. Effect of Aeration Intensity on Particle Size Distribution and SFDM Structure

According to the Carmen–Kozeny equation [34] shown below, the specific resistance
of SFDMs is essentially dependent on their mean particle size and porosity, both of which
are fundamentally related to the particle size distribution of SFDMs.

α =
180(1 − ε)

ρd2
pε3 (5)

where ρ is the particle density (kg/m3) of SFDMs, dp is the mean particle diameter (µm) of
SFDMs, and ε is the porosity of SFDMs.

Figure 6 shows the PSDs of mixed liquors and SFDMs in SFDMBRs at different aeration
intensities. It can be seen that, as aeration intensity increased, the PSD of both mixed liquor
and SFDM became narrower, with the peak shifting to the low-value end. The mean particle
size (Mps) of mixed liquors in SFDMBR-L, SFDMBR-M and SFDMBR-H were calculated
to be 87.4, 70.8, and 34.0 µm, respectively. The decrease in Mps of mixed liquors with
increasing aeration intensity is readily expected, taking into account the intensified shear
force exerted on the sludge particles at higher aeration intensity.

The Mps of SFDMs in SFDMBR-L, SFDMBR-M and SFDMBR-H were calculated to
be 70.7, 49.1, and 28.3 µm, respectively. Similar to the trend of Mps of mixed liquors, the
Mps of SFDMs decreased as aeration intensity increased. The variation of Mps of SFDMs
is consistent with the change in the specific resistance of SFDMs. This verifies that the
increased specific resistance of SFDMs at higher aeration intensity is mainly attributed
to their reduced Mps. It has been reported that the particles of smaller sizes would form
denser SFDM with higher specific resistance [35].

In addition, the Mps of SFDMs were found to be lower than that of the mixed liquors
in all cases. This implies that the small particles are more preferably accumulated in SFDMs.
The differences in Mps between mixed liquors and SFDMs in SFDMBR-L, SFDMBR-M
and SFDMBR-H were calculated to be 16.7, 21.7, and 5.7 µm, respectively. The largest
difference appeared in SFDMBR-M, followed in order by SFDMBR-L and SFDMBR-H. This
is consistent with the order of the cycle time of SFDMBR operated at different aeration
intensities, i.e., SFDMBR-M (10 d) > SFDMBR-L (6 d) > SFDMBR-H (4 d). This implies that
the difference in Mps between mixed liquors and SFDMs would be increasingly enlarged
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with extended operation time. The results obtained from short-term experiments, therefore,
cannot fully represent those yielded by long-term SFDMBR operation.
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SFDMBR-H, respectively.

The SFDMs formed at different aeration intensities were subjected to SEM analysis, so
that their structure can be visually observed. It can be seen from Figure 7, the structure of
SFDMs in SFDMBR-L, SFDMBR-M and SFDMBR-H was significantly different from each
other. The SFDM formed in SFDMBR-L had an uneven surface with a lot of large particles
and therefore exhibited a loose structure with high porosity. As aeration intensity increased,
the number of large particles and the surface roughness of SFDMs in SFDMBR-M and
SFDMBR-H significantly reduced in order. The SFDM formed in SFDMBR-H exhibited the
densest structure with the lowest porosity. The porosity of the SFDM structure decreased
with increasing aeration intensity. According to the Carmen–Kozeny equation, the third
power of porosity is inversely proportional to the specific resistance. Therefore, the higher
porosity would result in a lower SFDM-specific resistance. The variation of SFDM porosity
is therefore inversely consistent with the change of SFDM specific resistance at different
aeration intensities.
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3.4. Effect of Aeration Intensity on Extracellular Polymeric Substances

EPS are widely acknowledged as the major compounds related to membrane foul-
ing [36]. Their amount and composition of mixed liquors and SFDMs were, for the first
time, measured in SFDMBRs at different aeration intensities. It can be seen from Table 2 that
protein (PN), rather than polysaccharides (PS), was the major EPS component in all cases.
This is consistent with previous SFDMBR studies wherein the amount of protein in EPS is
2.1~5.5 times more than that of polysaccharides [15]. With increasing aeration intensity, the
EPS content of mixed liquor increased accordingly. This may be attributed to (1) the more
vigorous metabolism of aerobic microorganisms under high aeration intensity that would
accelerate the secretion and autolysis of microbial cells, making a larger number of EPS
released, and (2) the decreased particle size of aerobic microorganisms under high aeration
intensity, since the small particles may have higher EPS content than large particles [37].

Table 2. EPS contents of mixed liquors and SFDMs at different aeration intensities.

SFDM (mg/g SS) Mixed Liquor (mg/g SS)

PN PS EPS PN/PS PN PS EPS PN/PS

SFDMBR-L 118.90 ± 13.7 23.74 ± 5.6 142.64 ± 18.9 5.00 76.63 ± 9.8 18.67 ± 5.3 95.30 ± 14.2 4.10
SFDMBR-M 99.20 ± 12.3 21.46 ± 5.2 120.66 ± 17.1 4.62 87.06 ± 7.5 19.63 ± 4.2 106.69 ± 12.9 4.44
SFDMBR-H 150.7 ± 20.4 24.51 ± 4.7 175.21 ± 24.3 6.14 97.74 ± 8.8 21.86 ± 4.9 119.60 ± 13.2 4.69

It was noted that EPS contents of SFDMs were higher than those of mixed liquors,
regardless of aeration intensity. The higher EPS contents of SFDMs may be attributed partly
to the selective deposition/accumulation of particles rich in EPS from the mixed liquor
(i.e., external source), and partly to the release of EPS by the microorganisms in SFDMs
(i.e., internal source) during long-term operation. In addition, it was interestingly found
that the EPS content of SFDMs, unlike that of mixed liquor, did not monotonously increase
with increasing aeration intensity. The SFDM in SFDMBR-M, rather than SFDMBR-L, had
the lowest EPS content, although its mixed liquor had a higher EPS content than that in
SFDMBR-L. This implies that, as aeration intensity decrease, the internal source of EPS
production would make a more important contribution to the total EPS content of SFDMs.
As shown in Table 1, the SFDM formed in SFDMBR-L had the largest amount of biomass,
making more internal EPS production expectable. Moreover, the SFDM would be thicker
as the deposited biomass increase. The microorganisms in the inner zone of SFDM may
release more EPS, due to the limited supply of oxygen and substrates. The EPS content of
SFDMs followed the order of SFDMBR-M < SFDMBR-L < SFDMBR-H, which is consistent
with the increasing rate of the SFDM filtration resistance. This indicates that the EPS content
of SFDMs may serve as an indicator of SFDM fouling behavior. It should be noted that
the EPS production may be inhibited when treating industrial wastewaters containing
toxic substances. The variation of EPS content with aeration intensity thus may be less
significant. In such conditions, it should be cautious for the use of EPS content indicating
SFDM fouling behavior.

Apart from EPS content, the ratio of proteins/polysaccharides (PN/PS) has been
reported to be closely related to the increase of membrane filtration resistance [28]. It
can be seen from Table 2 that, similar to the EPS content, the PN/PS ratio in SFDMs is
higher than that in mixed liquors at all aeration intensities. Previous studies indicated
that polysaccharide was generally considered a hydrophilic substance, while the protein
was more hydrophobic [29]. The higher PN/PS ratio in SFDMs is thus attributed to the
favorable deposition and accumulation of proteins. The PN/PS ratio of SFDMs in different
SFDMBRs followed the same order as the EPS content of SFDMs, consistent with the
increasing rate of SFDM filtration resistance with aeration intensity.
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4. Conclusions

In this study, the effect of aeration intensity on long-term SFDMBR performance and
the associated mechanisms were investigated in three identical SFDMBRs operated in
constant TMP mode for 60 days. The SFDMBR operated at medium aeration intensity and
exhibited the best performance in terms of COD removal efficiency and SFDM filtration
behavior. The enhanced COD removal efficiency was attributed to the increased contri-
bution by SFDMs. As aeration intensity increased, the governing mechanisms for SFDM
fouling transited from the accumulation of biomass to the increase of specific resistance.
The long-term increasing rate of SFDM filtration resistance was consistent with both EPS
content and the PN/PS ratio of SFDMs.
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