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This study extends the previous research focused on enhancing the sustainable flux of a high-solid anaerobic
membrane bioreactor (AnMBR) for the food waste (FW) and sewage sludge (SeS) co-digestion. A control strategy
was implemented by adjusting instantaneous flux and filtration-to-relaxation (F/R) ratio under different total
solid (TS) concentrations. The maximum sustainable fluxes of 8.7 4+ 0.1, 13.3 £+ 0.2, 20.3 £ 0.2, and 20.3 & 0.6
LMH were achieved at the TS concentrations of 30, 25, 20, and 15 g/L, respectively, with corresponding optimal
F/R ratios of 3:1, 5:1, 9:1, and 9:1, respectively. These sustainable fluxes were significantly improved, 4.24, 3.33,
2.18, and 2.01 times of those observed in the mono FW digestion at the same TS concentrations. Furthermore, a
mathematical simulation in the form of an exponential function was developed to forecast the optimal sus-
tainable flux at other TS levels. The improved sustainable flux of FW and SeS co-digestion than mono FW
digestion might due to (1) the lower apparent viscosity, (2) the larger particle size, and (3) the synergistic effect
existed in this co-digestion system. Based on the control strategy of membrane filtration, a TS concentration of
20 g/L is recommended for the AnMBR in the anaerobic co-digestion of FW and SeS. This research provides a
valuable guidance for optimizing working mode of high-solid AnMBRs.

1. Introduction

The technology of anaerobic membrane bioreactor (AnMBR) has
been developed for more than 40 years (Osman and Hodaifa, 2023). In
the past decade, the global research interest in AnMBR has shot up due
to the significant advantages (Parihar et al., 2023), including (1) inde-
pendent regulation of hydraulic retention time and sludge retention time
(Guo et al., 2024), (2) high biogas yield (Lei et al., 2024) and more
efficient capture of organic carbon to methane (Kong et al., 2022; Wu
et al., 2023), and (3) excellent effluent quality (Li et al., 2024). The
industrial application of AnMBRs has also expanded from early indus-
trial wastewater treatment, sewage treatment to organic solid waste
treatment (Aslam et al., 2022; Hu et al., 2022; Zhang et al., 2024b). As
for industrial wastewater treatment, AnMBR has exhibited stable

treatment capability even for high salinity wastewater (Wang et al.,
2023) and wastewater with refractory organics (Kong et al., 2023). In
terms of sewage treatment, AnMBR is an emerging technology, offering
advantages such as low energy consumption and carbon footprint,
decreased greenhouse gas emission and sludge production, and high
bioenergy recovery, compared to aerobic wastewater treatment pro-
cesses (Min et al., 2024). Recently, AnMBR coupling with anaerobic
ammonia oxidation processes has been applied to treat real sewage, and
high organic carbon capture to methane, simultaneous nitrogen removal
and phosphorus recovery were achieved (Guo et al., 2022b; Wu et al.,
2021). With regard to organic solid waste treatment, AnMBR can effi-
ciently convert organics into methane and achieve a high bioenergy
recovery (Cheng et al., 2024; Le et al., 2022). Cheng et al. (2021) utilized
a high-solid AnMBR for the treatment of food waste (FW) and sewage
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sludge (SeS), and a high COD conversion efficiency of >90 % and a high
energy recovery of 28.35 kJ/g-VS were achieved.

However, one of the main challenges faced by AnMBRs in practical
applications is membrane fouling or flux decline (Lei et al., 2021b; Min
et al., 2024; Zhou et al., 2019). Membrane fouling is the deposition,
accumulation, or obstruction of foulants on the membrane surface
and/or in its pores, resulting in a flux decline and the increase of
filtration resistance and transmembrane pressure (TMP) (Fan et al.,
2024). Particles with size smaller than the membrane pores can enter the
membrane pores and retain inside the filtration channels, causing a pore
blockage. Particles with size similar or larger than the membrane pores
are apt to gather on the membrane surface, leading to the formation of a
cake layer. Colloid substances, extracellular polymeric substances, and
soluble microbial products have a tendency of adsorption and aggre-
gation on the membrane surface, forming a gel layer. Therefore, miti-
gating membrane fouling has become a top priority. Various strategies
have been developed to control membrane fouling, including (1) adding
adsorbents (Jiao et al., 2025; Lei et al., 2021a), bio-carriers (Jiang et al.,
2022), and flocculants (Zhang et al., 2017), (2) modifying the membrane
(Hung et al., 2024), (3) adopting ultrasonic technology (Naji et al.,
2021), (4) integrating with an electrochemical system (Deng et al.,
2023), (5) implementing quorum quenching techniques (Kim et al.,
2024), and (6) optimizing biogas sparging strategy (Olubukola et al.,
2022) and regulating agitation speed (Zhang et al., 2024a). Despite the
effectiveness of these fouling control methods, their industrial applica-
tion often faces several limitations, including high chemical and energy
consumption, complex operation, and elevated operating costs (Maaz
et al., 2019). In recent years, filtration mode optimization has garnered
increasing attention from both academia and industry as a promising
approach to mitigate membrane fouling and enhance operational
longevity (Cheng et al., 2020b; Guo et al., 2022; Hu et al., 2021; Jiang
et al., 2023). This strategy eliminates the need for chemical additives
and focuses on adjusting operational parameters — specifically, the
instantaneous flux and the filtration-to-relaxation (F/R) ratio — thereby
offering a simplified and cost-effective solution. Cheng et al. (2020b)
reported that, through filtration mode optimization, the sustainable flux
in an AnMBR treating FW increased by 29 %, 35 %, 52 %, and 21 % at
MLTS concentrations of 10, 15, 20, and 25 g/L, respectively.

As for membrane operation, there are three important definitions on
flux: critical flux, threshold flux, and sustainable flux. Critical flux is
defined as the flux below which no time-dependent flux decline occurs,
whereas fouling appears above it (Field et al., 1995; Liu et al., 2023).
Critical flux is generally too low which is not applicable for large-scale
processing in industrial application. Threshold flux denotes a partic-
ular flux level. Once the actual flux surpasses this threshold, the rate of
membrane fouling will accelerate significantly. By contrast, sustainable
flux is usually higher than critical flux and lower than threshold flux,
and when the operating flux is at or lower than this value, the membrane
operation can maintain a relatively sluggish fouling rate, which renders
it suitable and practical for reality applications. Membrane operated at
sustainable flux can achieve acceptable and moderate membrane fouling
and a balance between capital expenditure and operating costs (Field
and Pearce, 2011). Thus, how to enhance sustainable flux has become an
urgent problem.

With the acceleration of urbanization and the improvement of citi-
zens’ living standards, FW production has increased by a big margin.
Nineteen percent of food available to consumers is wasted according to a
survey by Food and Agriculture Organization of the United Nations
(FAO, 2022). By 2025, the global amount of FW is estimated to reach
2.5 x 10° tons (Zhang et al., 2023). SeS, the most important byproduct
of municipal wastewater treatment plant, is an another important
composition of urban organic solid waste. The dry SeS production is
projected to reach 68 million tons worldwide by 2050 (Molaey et al.,
2024). A high-solid AnMBR has emerged as a promising treatment for
anaerobic co-digestion of FW and SeS (Hu et al., 2022; Li et al., 2023).
Given the high content of total solids (TS) in FW and SeS, a high-solid
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AnMBR is a judicious choice. However, further research is required to
control membrane fouling and maintain a high sustainable flux at such a
high TS concentration. This will prove to be an important step in the
treatment of FW and SeS by using AnMBRs.

This research presents several innovative contributions to the field of
high-solid AnMBRs for the anaerobic co-digestion of FW and SeS. Firstly,
it pioneers a control strategy of membrane filtration by optimizing the
filtration mode for this co-digestion system at varying TS concentra-
tions. This novel approach by precisely adjusting instantaneous flux and
F/R ratio leads to a remarkable enhancement in sustainable flux. Sec-
ondly, a mathematical simulation in the form of an exponential function
is developed to forecast the sustainable flux at different TS levels, filling
a gap in membrane performance prediction. Finally, the research reveals
the mechanism behind the enhanced sustainable flux in the FW and SeS
co-digestion compared to the mono FW digestion, which offers in-depth
theoretical insights for process optimization.

2. Material and methods
2.1. Inoculum and substrate

The seed sludge originated from a mesophilic FW anaerobic diges-
tion tank. The characteristics of the substrate used in this research are
detailed in Table 1, and the co-substrate was FW and SeS, with a TS
concentration of 44.4 4+ 1.3 g/L and a COD concentration of 58.3 + 7.1
g/L. The FW preparation followed the formula outlined in a previous
literature (Cheng et al., 2018). SeS was a mixture of primary sludge and
secondary sludge, and the mass ratio was 45 %:55 %. The mixing ratio of
FW:SeS was 50 %:50 % (based on TS).

2.2. Reactor configuration

The AnMBR system consisted of a continuous stirred tank reactor and
a membrane unit, with a total effective operating volume of 15 L. The
membrane unit was equipped with a hollow fiber membrane (Sumitomo
Electric Industries Ltd.). The total membrane area is 0.1 m? and the pore
size is between 0.1 and 0.2 pm. The operating temperature of the
AnMBR was kept at 35 °C, with an allowable fluctuation of +2 °C. The
biogas sparging rate was maintained at 5 L/min to control membrane
fouling. The operation status of the membrane was monitored in real-
time by an online Keyence TMP analyzer and a pressure sensor.
Further details of the AnMBR system are accessible in our previous
publication (Cheng et al., 2021).

2.3. The adjustment of TS concentrations and the filtration mode
optimization

Taking the TS concentrations as the foundation, the experiment was
carried out in four successive stages, with a concentration of 30 g-TS/L
in Stage I, 25 g-TS/L in Stage II, 20 g-TS/L in Stage III, and 15 g-TS/L in
Stage IV. The average concentrations of TS, VS, SS, and VSS in the four

Table 1

Characteristics of the substrate.
Parameter Unit Value
TS g/L 44.4 £1.3
\'S g/L 40.4 £ 0.3
T-COD g/L 58.3 + 7.1
S-COD g/L 17.5£23
T-carbohydrate g/L 159 £ 0.4
S-carbohydrate g/L 5.5+ 4.3
T-protein g/L 17.0 £ 3.0
S-protein g/L 1.5+0.1
NH}-N mg/L 325+ 19
C/N ratio - 140 £ 0.1

TS: total solids; VS: volatile solids.
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stages are shown in Table 2. The operation conditions of the AnMBR and
the average performance achieved during the stable period are dis-
played in Table 3. TS concentrations were adjusted by discharging
sludge and adding tap water to maintain a constant volume of mixed
liquor in the AnMBR, and the volume of discharged sludge was calcu-
lated by the following formula.

w = Vieactor - Vdischarged
)

Where C; is the TS concentration in Stage i, C;,1 is the TS concentration
in Stage i+1, Vieactor is the reactor volume (15 L), Vgischarged iS the volume
of discharged sludge.

The optimization experiment of filtration mode was conducted as
outlined in Table 4. Taking TS = 30 g/L as an example, the operation
process was stable under the mode of 3-min filtration and 1-min relax-
ation, but when the filtration time was extended to 4 min (F/R = 4:1),
instability occurred, as manifested by a sharp rise in TMP. Then the F/R
ratio was reset to 3:1 (the optimal F/R ratio), while the instantaneous
flux was increased from 12 to 15 LMH, aiming to determine the
maximum sustainable flux.

The instantaneous flux (Jinst), average flux (Javg), and resistance
(Rt) were calculated by the formulas in Supplementary materials, and
other analysis projects and methods have been explicitly recorded in a
previous literature (Cheng et al., 2020b).

2.4. Mathematical simulation

The DoseResp model in the drawing software Origin was used for
mathematical simulation, and an exponential function related to
maximum sustainable flux and TS concentration was obtained.

3. Results and discussion
3.1. The long-term performance of the high-solid AnMBR

In the long-term continuous experiment, the organic loading rate
(OLR) was 3.89 + 0.47 g-COD/L/d, and the hydraulic retention time
was 15 days. The entire experiment was divided into four stages, and the
average TS concentration was 30 g/L (Stage I), 25 g/L (Stage II), 20 g/L
(Stage III), and 15 g/L (Stage IV), as mentioned in Section 2.3.

The performance of the high-solid AnMBR in the FW and SeS co-
digestion system is shown in Table 3 and Fig. 1. The biogas produc-
tion rate and methane yield was 1.68 + 0.31 L/L-reactor/d and 0.25 +
0.03 L-CH4/g-CODy., respectively. The methane content in the biogas
was 60.20 + 1.00 %. The ammonia concentration (1343 + 353 mg/L),
alkalinity (3918 + 220 mg-CaCOs/L), total volatile fatty acids (VFAs)
concentration (12 + 1.2 mg-CH3COOH/L), and pH value (7.3 £+ 0.1) in
the AnMBR all maintained within the favorable ranges for anaerobic
digestion. Moreover, an outstanding treatment efficiency was achieved,
as evidenced by a low COD concentration in the effluent of 390 + 60
mg/L and a COD removal efficiency of 99.30 + 0.17 %. Carbohydrates
and proteins, as the main contributors to COD, also had low concen-
trations in the effluent, which were 30 + 3 and 131 + 37 mg/L,
respectively.

Table 2
Average TS, VS, SS and VSS concentrations of the four stages.
Stage I Stage II Stage III Stage IV
TS (g/L) 29.83 +1.72 25.63 £ 1.36 20.92 + 1.04 15.84 + 1.10
VS (g/L) 23.61 +1.00 21.19 +£1.28 17.99 + 1.10 12.69 + 1.21
SS (g/L) 27.63 + 2.42 20.60 +1.91 17.47 + 0.81 12.16 4+ 0.93
VSS (g/L) 22.55 +1.61 18.42 +1.23 15.93 + 0.52 10.32 + 0.82

TS: total solids; VS: volatile solids; SS: suspended solids; VSS: volatile suspended
solids.
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Table 3
AnMBR operation conditions and the average performance obtained during the
stable period.

Biogas production OLR (g-COD/L/d) 3.89 + 0.47
HRT (d) 15
L/L-reactor/d 1.68 £ 0.31
L/g-TSin 0.56 + 0.04
L-CH,/g-CODy. 0.25 £ 0.03
Biogas composition
CHj (%) 60.20 + 1.00
CO5 (%) 38.40 £ 0.98
H,S (ppm) 608 + 188
Reactor stability pH 7.3+0.1
Alkalinity (mg-CaCO3/L) 3918 + 220
VFA (mg-HAC/L) 12+1.2
NH, -N (mg /L) 1343 + 353
Effluent quality COD (mg/L) 390 + 60
Carbohydrate (mg/L) 30+3
Protein (mg/L) 131 + 37
Organic removal efficiency COD (%) 99.30 + 0.17
Carbohydrate (%) 99.80 + 0.11
Protein (%) 99.20 + 0.65

Table 4
Process of the filtration mode optimization: different F/R ratios and instanta-
neous fluxes applied at TS concentrations of 30, 25, 20, and 15 g/L.

No. TS (g/L) F/R ratio (min:min) Jinst. (LMH) Javg. (LMH)
1 30 3:3 12 5.9
2 3:2 12 7.0
3 31 12 8.7
4 4:1 12 a

5 31 15 ‘

6 25 3:3 12 6.2
7 3:2 12 7.4
8 31 12 9.1
9 4:1 12 9.5
10 5:1 12 9.7
11 6:1 12 a

12 5:1 15 13.3
13 5:1 18 a

14 20 3:3 18 8.8
15 3:2 18 10.8
16 3:1 18 13.1
17 4:1 18 14.9
18 5:1 18 15.0
19 6:1 18 15.4
20 7:1 18 15.7
21 8:1 18 16.4
22 9:1 18 16.3
23 9:1 21 18.0
24 9:1 24 20.3
25 9:1 27 4

26 15 3:3 24 12.5
27 3:2 24 14.8
28 31 24 185
29 4:1 24 19.8
30 5:1 24 19.9
31 6:1 24 20.7
32 7:1 24 20.7
33 8:1 24 20.3
34 9:1 24 20.3
35 9:1 27 “

# Unsustainable operation, the flux decreased or TMP increased with time.

3.2. Filtration mode optimization

In the continuous experiment on the anaerobic co-digestion of FW
and SeS, the control strategy of membrane filtration was explored by
optimizing the filtration mode at varying TS concentrations to enhance
the sustainable flux. A comprehensive evaluation of the long-term
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Fig. 1. The changes in pH value, biogas production rate and biogas composition over time in the FW and SeS co-digestion.

membrane performance was presented in the previous literature (Cheng
et al., 2020a), and the filtration mode experiment in this study was
conducted during the phase where the FW:SeS ratio was 50 %:50 %. As
shown in Table 4, six instantaneous fluxes and nine F/R ratios were
applied. Filtration modes were trialed at the mixed liquor concentra-
tions of 30, 25, 20, and 15 g-TS/L, with the evaluation of five, eight,
twelve, and ten modes, respectively. The average flux and resistance
under each filtration mode were calculated. As presented in Figs. 2 and
3, owing to the large amount of experimental data for filtration mode
optimization, only three representative curves for each TS concentration
were given: (1) a low sustainable flux operation (LSFO), (2) the
maximum sustainable flux operation (MSFO), and (3) an unsustainable
flux operation (USFO). Besides, based on the critical flux and threshold
flux in the mono FW digestion obtained from the previous study (Cheng
et al.,, 2020b) at the TS concentrations of 10, 15, 20, and 25 g/L, the
corresponding values for TS = 30 g/L were predicted to be 1.25 and 2.4
LMH, respectively, as shown in Table 5.

The optimization of filtration mode started with a TS concentration
at 30 g/L (Stage I). As depicted in Figs. 2 and 3 (a)-top, the TMP kept
steady at 2.93 + 0.10 kPa when the F/R ratio was 3:3 and the instan-
taneous flux was 12 LMH, the average flux remained at 5.9 + 0.1 LMH,
and the resistance was (2.59 + 0.04) x 10''/m. Then the relaxation time
was shortened to 2 min and 1 min (F/R = 3:2 and 3:1) at the same
instantaneous flux of 12 LMH. It can be observed from Figs. 2 and 3 (a)-
middle that the average flux rose to 8.7 + 0.1 LMH at the F/R ratio of
3:1, significantly surpassing the threshold flux of the mono FW digestion
at 2.4 LMH in Table .5, and the TMP remained at 5.54 + 0.36 kPa, the
resistance stayed at (3.29 + 0.22) x 10''/m. During the membrane
operation in this filtration mode, no noticeable flux decline or TMP in-
crease was observed. The stable TMP, average flux, and resistance
implied the sustainability of the membrane operation at this filtration
mode. To further enhance sustainable flux, the filtration time was
increased to 4 min at the same instantaneous flux and relaxation time

(Jinst. = 12 LMH, F/R ratio = 4:1). As it is shown clearly in Figs. 2 and 3
(a)-bottom, both the TMP and resistance significantly increased from
4.27 to 6.89 kPa and from 2.28 x 10! to 4.08 x 10'!/m, indicating that
the membrane was unable to sustainably operate under this filtration
mode. These optimization findings suggested that the optimal filtration
mode for the concentration of 30 g-TS/L was as follow: the instanta-
neous flux = 12 LMH and the F/R ratio = 3:1, and the maximum sus-
tainable flux achieved was 8.9 + 0.1 LMH.

Then TS concentration was reduced to 25 g/L (Stage II), and the
filtration mode optimization experiment began with the instantaneous
flux at 12 LMH and the F/R ratio at 3:3. The membrane could still
operate sustainably with the increase of the F/R ratio from 3:3 to 5:1
when the instantaneous flux was the same as 12 LMH. For instance, at
the F/R ratio of 3:3 and the instantaneous flux of 12 LMH, the average
flux attained a value of 6.2 + 0.1 LMH, the TMP remained steady at 2.86
=+ 0.04 kPa, and the resistance kept constant at (2.39 + 0.07) x 10'Y/m,
as illustrated in Figs. 2 and 3 (b)-top. When F/R ratio was further raised
from 5:1 to 6:1 and the instantaneous flux was kept at 12 LMH, as shown
in Table 4, an unsustainable operation of the membrane occurred. Then
the F/R ratio was return to 5:1 and the instantaneous flux was raised to
15 LMH, the average flux climbed to 13.3 &+ 0.2 LMH, and the TMP and
the resistance exhibited stability at 7.04 + 0.17 kPa and (2.73 + 0.09)
x 101 /m (Figs. 2 and 3 (b)-middle), indicating the sustainable filtration
mode. Aimed at further boosting the average flux, while maintaining the
same F/R ratio of 5:1, the instantaneous flux rose to 18 LMH. However,
as is evidently depicted in Figs. 2 and 3 (b)-bottom, the TMP increased
from 10.72 to 11.91 kPa, in the company of the average flux sharply
dropping from 14.5 to 12.5 LMH, demonstrating that the membrane
operation was unstable. The resistance fluctuations, TMP, and average
flux reflected that the optimal filtration mode for the concentration of
25 g-TS/L was achieved at the instantaneous flux of 15 LMH and the F/R
ratio of 5:1. Under these conditions, the maximum sustainable flux was
determined to be 13.3 + 0.2 LMH.
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Fig. 2. TMP and average flux as a function of time at different TS concentrations in the FW and SeS co-digestion: (a) TS = 30 g/L; (b) TS = 25 g/L; (c) TS = 20 g/L;

(d) TS = 15 g/L. There are three subfigures in Fig. 2 (a), (b), (c), and (d), the top,

middle, and bottom subfigure showing TMP and average flux changes under a low

sustainable flux operation (LSFO), the maximum sustainable flux operation (MSFO), and the unsustainable flux operation (USFO), respectively.
Note: A series of filtration mode optimizations were performed at each TS concentration according to Table 4, but only three representative curves are presented in

this figure.

The optimization experiment of filtration mode was also performed
at the concentrations of 20 and 15 g-TS/L. When the concentration of
mixed liquor was 20 g-TS/L (Figs. 2 and 3 (c)), the optimal filtration
mode was achieved at the F/R ratio of 9:1 and the instantaneous flux of
24 LMH, with the corresponding maximum sustainable flux reaching

20.3 + 0.2 LMH. The optimal filtration mode was unchanged when
further decreasing the concentration to 15 g-TS/L (Figs. 2 and 3 (d)),
with the F/R ratio at 9:1 and the instantaneous flux at 24 LMH, and
similar maximum sustainable flux was achieved at 20.3 + 0.6 LMH.
Although different from the previous expectation and report that the
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Fig. 3. Resistance as a function of time at different TS concentrations in the FW and SeS co-digestion: (a) TS = 30 g/L; (b) TS = 25 g/L; (c) TS = 20 g/L; (d) TS = 15
g/L.
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Table 5
Critical fluxes and threshold fluxes at different TS concentrations in the mono
FW digestion.

TS (g/L) Je (LMH) J; (LMH)
10 10.2 16.8
15 7.5 10.9
20 6.1 9.4
25 3.3 6.1
30 (Predicated) 1.25 2.4

resistance of membrane filtration increased (and the sustainable flux
decreased) exponentially as the TS concentration increased (Guo et al.,
2024), the findings of this research aligned with the observation of
Mahmoud and Liao (2017) and Ji et al. (2021). The sustainable flux
decreased as the MLTS concentration increased from 5.7 to 10.6 g/L,
and until the MLTS concentration climbed to 15.0 g/L, it stabilized and
remained nearly constant in the study of Mahmoud and Liao (2017).
Similarly, Ji et al. (2021) found that the permeability decreased with the
increase of MLSS from 8.2 to 12.2 g/L, but when the MLSS concentration
rose from 14.3 to 20.2 g/L, no clear decrease emerged. According to the
analysis of external forces exerted on the particles during membrane
filtration period in our previous study (Cheng et al., 2020a), this stabi-
lization of flux might due to the fact that the effect of biogas sparging
(the shear force) and the transport of particles to the membrane (the
permeation drag force) achieved a dynamic balance during the mem-
brane filtration phase in the TS range of 15-20 g/L (Mahmoud and Liao,
2017). At this TS range, these opposing forces may reach equilibrium,
thereby limiting further increases in particle deposition on the mem-
brane surface and stabilizing the flux. Further studies are needed to
explore the underlying mechanisms of this stabilization phenomenon.

In summary, the optimal filtration modes for the TS concentrations of
30, 25, 20, and 15 g/L were at the F/R ratio of 3:1, 5:1, 9:1, and 9:1 and
the instantaneous flux of 12, 15, 24, and 24 LMH, respectively. The
maximum sustainable fluxes achieved in this research were up to 8.7 +
0.1, 13.3 £ 0.2, 20.3 £+ 0.2, and 20.3 + 0.6 LMH, much higher than the
critical fluxes and threshold fluxes of the mono FW digestion (Table 5).
Although the maximum sustainable flux at 20 g-TS/L is nearly equiva-
lent to that at 15 g-TS/L, operating at 20 g-TS/L offers greater treatment
capacity, which enhances the overall efficiency of the system. Compared
to higher concentrations (25 and 30 g-TS/L), 20 g-TS/L results in a
significantly slower rate of membrane fouling, contributing to more
stable long-term operation. From an economic standpoint, the mem-
brane service life at 20 g-TS/L is expected to be longer than at higher TS
levels, reducing the frequency of membrane replacement. This translates
into lower operational costs and improved system sustainability. To sum
up, considering the trade-offs between flux, fouling rate, treatment ca-
pacity, and cost efficiency — along with the optimization results of the
filtration mode — 20 g-TS/L is identified as the most practical and
effective concentration for operation.

A mathematical simulation was performed by using the DoseResp
model in the drawing software Origin and an exponential function (y =
8.7+ g R? = 0.94483) was obtained correlating
maximum sustainable flux and TS concentration, as shown in Fig. 4. The
exponential function performed to interpret the experimental data has a
high reliability on the basis of the high determination coefficient. This
function can be utilized to forecast the maximum sustainable flux at
other TS levels, which can provide a valuable guidance for optimizing
working mode of high-solid AnMBRs.

3.3. Mechanism behind the enhanced sustainable flux of the FW and SeS
co-digestion in contrast to the mono FW digestion

According to the regression equation obtained from the mono FW
digestion system (Cheng et al., 2020b), the maximum sustainable flux
was 2.05 LMH at the mixed liquor concentration of 30 g-TS/L. Similarly,
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Fig. 4. The mathematical simulation between maximum sustainable flux and
TS concentration in the FW and SeS co-digestion.

in the FW and SeS co-digestion system, the maximum sustainable flux at
the concentration of 10 g-TS/L was 20.3 LMH. It is shown clearly in
Fig. 5 (a) that the maximum sustainable fluxes of the FW and SeS
co-digestion were greatly enhanced at the concentration of 30, 25, 20,
15, and 10 g-TS/L, 4.24, 3.33, 2.18, 2.01, and 1.54 times as high as those
of mono FW digestion.

In contrast to the mono FW digestion, the higher maximum sus-
tainable flux of the FW and SeS co-digestion might due to (1) the lower
apparent viscosity, (2) the larger particle size, and (3) the synergistic
effect existed in this co-digestion system. Cao et al. (2023) observed that
the apparent viscosity of the FW and SeS co-digestate, mono SeS
digestate and mono FW digestate was ranked as follows: FW and SeS
co-digestate < mono SeS digestate < mono FW digestate, and the
apparent viscosity was significantly positively correlated with soluble
COD (SCOD) content. The SCOD concentrations of the FW and SeS
co-digestion and mono FW digestion were 0.31 + 0.16 and 0.76 + 0.29
g/L, as depicted in Fig. 5 (b). The lower SCOD concentration in the FW
and SeS co-digestion evidenced the lower viscosity and better fluidity of
co-digestion. The lower apparent viscosity of the FW and SeS
co-digestion reduced the adhesion of foulants inside the pore channels
and/or on the membrane surface, thereby alleviating membrane fouling
and helping to boost sustainable flux. This is in good agreement with the
findings in this research and previous publications (Cheng et al., 2020b;
Guo et al.,, 2022) that the sustainable fluxes of the FW and SeS
co-digestion, mono SeS digestion and mono FW digestion were ranked:
FW and SeS co-digestion > mono SeS digestion > mono FW digestion at
the same TS concentration. For instance, the sustainable flux of the FW
and SeS co-digestion was 13.3 LMH > mono SeS digestion at 9.6 LMH
(Guo et al., 2022) > mono FW digestion at 4.0 LMH (Cheng et al.,
2020b) when the TS concentration was 25 g/L. In addition, in our study,
the viscosity of mono FW digestate (35.0 mPa s) was higher than that of
mono SeS digestate (26.1 mPa s), which was consistent with the findings
of Cao et al. (2023).

Particle size of the mixed liquor from the FW and SeS co-digestion
system and the mono FW digestion system were also measured. In the
FW and SeS co-digestion, a broad particle distribution (3-3000 pm) was
observed in Fig. 5 (c), with a dominant peak from 3 to 400 pm, while a
unimodal with a preponderant peak between 2 and 1000 pm was found
in the mono FW digestion. Despite the differences in different peak
shapes and locations, the particles in the mixed liquor of both FW and
SeS co-digestion and mono FW digestion were invariably larger than the
size of membrane pore (0.1 pm). This indicated that the particles were
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mainly accumulated and deposited on the membrane surface, forming
the cake layer. It is important to note that there were more particles with
a diameter of <3 pm in the mono FW digestion than in the FW and SeS
co-digestion, which might fill the interstices in the cake to make the cake
layer denser. Park et al. (2006) found that, the number of particles in the
cake layer increased markedly at the same feed concentration as particle
size decreased, and smaller particles created a larger hydraulic resis-
tance to permeate flow, triggering an increased fouling index. The more
particles with a diameter of <3 pm in the mono FW digestion led to a
severe membrane fouling and the lower sustainable flux compared to the
FW and SeS co-digestion.

Furthermore, there exists a synergistic effect in the anaerobic co-
digestion (Pan et al., 2019). In the FW and SeS co-digestion system,
FW provides SeS with easily degradable carbon source, while SeS
compensates for trace elements for FW. At the same time, the activity
and degradation capacity of microorganisms (such as the strict aceto-
clastic methanogens Methanosaeta concilii) are enhanced during anaer-
obic co-digestion (Li et al., 2023; Wang et al., 2021), which helps the
degradation of organic matters and reduces the accumulation and
deposition of suspended solids on the membrane surface and/or inside
the pore channels. Anaerobic co-digestion has also been reported to
improve fluidity of mixed liquor/digestate (Cao et al., 2023). These are
the reasons that contribute to a low membrane fouling rate and a high
sustainable flux.

3.4. Typical membrane filtration processes

Typical real-time TMP curves of the FW and SeS co-digestion under
different filtration modes at the TS concentration of 30 g/L were pre-
sented in Fig. 6 (a)-(d), including (1) a sustainable process at a low flux,
(2) a sustainable process at the maximum sustainable flux, (3) an un-
sustainable process induced by excessive instantaneous flux, and (4) an
unsustainable process induced by inadequate relaxation time. Fig. 6 (a)
shows the real-time TMP curve under a sustainable process at a low
average flux of 6 LMH, with the F/R ratio of 3:3 and the instantaneous
flux of 12 LMH. Under this filtration mode, after filtration phase, both
TMP, and TMP; could recover and return to their original values. The
combination of the stable TMP, flux, and Rt (shown in Figs. 2 and 3 (a)-
top) indicated a long-term sustainable operation. To enhance average
flux, the relaxation time was reduced to 2 and 1 min. Fig. 6 (b) displays
the real-time variation curve of TMP under the maximum sustainable
flux operation mode with the instantaneous flux of 12 LMH and the F/R
ratio of 3:1. This curve is characterized by the returnable TMP, and
TMP; and stable flux and Rr. Fig. 6 (c) and (d) show the unsustainable
operations induced by excessive instantaneous flux and inadequate
relaxation time, which exhibit a small amplitude variation of TMP, and
a gradually increase in TMP;.

It should be noted that this was different from the real-time TMP
curves of a mixed liquor with a high apparent viscosity such as mono FW
digestate (Cheng et al., 2020b). Under an unsustainable process induced
by excessive instantaneous flux, the real-time TMP curve of a mixed li-
quor with a high apparent viscosity is characterized by an increased
TMP;, followed by an increase in TMPy, and the increasing rate of TMP,
(kg = %) is higher than that of TMPq (k; = d EN{P 2), namely ky > k; (as
shown in Fig. 6 (e)). TMP, will increase firstly under an unsustainable
operation induced by inadequate relaxation time (Fig. 6 (f)), which
causes the increase of TMP;, and the slop of TMPy, is larger than that of
TMP; (k; > k). During filtration phase, the permeation drag force
greatly exceeds the back transport force, and sludge flocs or particles
migrate towards the membrane under the action of the permeation drag
force and accumulate on its surface. At the beginning of relaxation
phase, because of the relief of transmembrane suction pressure, a mixed
liquor with a lower apparent viscosity, such as the FW and SeS
co-digestate, allows a quicker and more sludge flocs or particles trans-
portation from the membrane surface back to the mixed liquor. As a
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Fig. 6. Real-time TMP curves under different filtration modes: (a) TS = 30 g/L, F/R = 3:3, Jins. = 12 LMH, a low sustainable flux operation in the FW and SeS co-
digestion; (b) TS = 30 g/L, F/R = 3:1, Jins. = 12 LMH, the maximum sustainable flux operation in the FW and SeS co-digestion; (c) TS = 30 g/L, F/R = 3:1, Jijns. = 15
LMH, an unsustainable flux operation induced by excessive instantaneous flux in the FW and SeS co-digestion; (d) TS = 30 g/L, F/R = 4:1, Jins. = 12 LMH, an
unsustainable flux operation induced by inadequate relaxation time in the FW and SeS co-digestion; (e) schematic diagram of a mixed liquid with a high apparent
viscosity under an unsustainable process caused by excessive instantaneous flux; (f) schematic diagram of a mixed liquid with a high apparent viscosity under an

unsustainable process caused by inadequate relaxation time.

result, TMPy can return to the starting values very quickly after relax-
ation. This is also the reason why TMP, kept around the initial value
over time in Fig. 6 (c) and (d).

4. Conclusion

In this study, a control strategy of membrane filtration was system-
atically investigated for the anaerobic co-digestion of FW and SeS at
varying TS concentrations to improve sustainable flux and mitigate
membrane fouling. The main findings are as follows.

(1) The optimal membrane filtration conditions at the TS concen-
trations of 30, 25, 20, and 15 g/L were at the instantaneous fluxes
of 12, 15, 24, and 24 LMH, and the F/R ratios of 3:1, 5:1, 9:1, and
9:1, respectively. Under these optimized conditions, the
maximum sustainable fluxes reached 8.7 + 0.1, 13.3 + 0.2, 20.3
+ 0.2, and 20.3 + 0.6 LMH, which were 4.24, 3.33, 2.18, 2.01,
and 1.54 times of those in mono FW digestion.

(2) A TS concentration of 20 g/L is recommended for the FW and SeS
co-digestion due to the high sustainable flux and treatment
capacity.

(3) The obtained exponential function correlating maximum sus-
tainable flux and TS concentration can be used to forecast the
sustainable flux at other TS levels.
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