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Abstract: The performance and syntrophic metabolism of the Anaerobic Membrane Bio-reactor
(AnMBR) treating high-lipid kitchen waste slurry under different sludge cycle frequencies were
investigated in this study. When the sludge cycle frequencies were 3.6 cycles/h, 9.0 cycles/h and
14.4 cycles/h, the obtained Organic Loading Rates (OLRs) were 10.3 kg-COD/m3d, 12.4 kg-COD/m3d
and 18.1 kg-COD/m3d, while the corresponding biogas productions were 190 L/d, 310 L/d and 520 L/d.
Moreover, with an increase of sludge cycle frequency, the Chemical Oxygen Demand (COD) removal
efficiency improved from 86.2% to 90.4% and 96.3%. Additionally, the higher sludge cycle frequency
did not break up the sludge flocs and further affect the syntrophic degradation of the toxic Long-Chain
Fatty Acids (LCFAs). Conversely, the higher sludge cycle frequency enhanced LCFA degradation and
decreased LCFA accumulation. Meanwhile, under higher sludge cycle frequencies, the abundance of
syntrophic Methanobacterium, Syntrophomonas and Clostridium increased and favored the syntrophic
metabolism of LCFAs.

Keywords: tubular membrane; digestion performance; sludge characteristics; long-chain fatty acids;
syntrophic relationship

1. Introduction

Many processing industries, for example, bioethanol production from corn, dairy foods processing,
animal slaughtering and meat processing, produce a large amount of high strength waste waters/slurries
which are characterized by high lipid contents [1–4]. In addition to these industrial processes, a new
emerging kitchen waste treatment process in China also generates a lipid-rich stream called kitchen
waste slurry. The specific integrated system for kitchen waste disposal is as follows: kitchen waste is
collected and transported to the treatment plant and then pretreated for sorting, removal of impurities
and crushing. After that, temperature steaming and three-phase separation is undertaken to obtain
three substances: raw oil, solid waste and waste slurry. The raw oil is further refined into biodiesel and
the solid waste is used for humus soil cultivation [5]. In this process, the produced kitchen waste slurry,
together with these high lipid waste waters/slurries encourage the growth of microorganisms and
promote the spread of diseases if they enter the environment, since they contain high concentrations of
organic matter [6,7]. Anaerobic digestion is a promising way to dispose of these high-strength waste
slurries for energy recovery, as the abundant organic matters (such as carbohydrates, proteins, lipids,
etc.) contained in them can be used as substrates for anaerobes [1–4]. Special attention should be
focused on the component of lipids, which exhibit higher methane yields compared with carbohydrate
and protein [8,9]. However, their hydrolysis products, Long-Chain Fatty Acids (LCFAs), present an
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acute toxic effect on anaerobe, resulting a decrease in microbial activity [10–12]. In addition, they can be
absorbed through the surface of the microbe, forming a light LCFA layer around biomass particles and
causing biomass flotation and wash-out [13]. Conventional high rate anaerobic digestion technology
(Expanded Granular Sludge Bed (EGSB) and Up-flow Anaerobic Sludge Bed (UASB) technologies) for
treating the high lipid waste waters/slurries have faced problems of operation failures due to biomass
retention problems. Fortunately, Anaerobic Membrane Bioreactors (AnMBRs) can effectively solve
these problems thanks to the complete interception ability of the membrane for the biomass. With the
AnMBR, high loading rates, excellent effluent quality, robust stability and better anaerobic digestion
performance are obtained [14]. This makes AnMBRs a very attractive alternative for the treatment of
high concentration waste waters/slurries, although they suffer from costly equipment investments and
high energy consumption in pumping in order to pressurize the membranes, as well as the extra cost
of cleaning the membrane [15].

So far, the main challenge described for AnMBRs is membrane fouling with pore blocking and cake
layers forming on the membrane surface. The methods of controlling fouling mainly include substrate
pretreatment, operation condition changes, coagulant addition, membrane modification, etc. [16–19].
Notably, for a side-stream tubular AnMBR, maintaining a high cross flow velocity from 1.0 m/s to 5 m/s
on the membrane surface is an effective method to slow down the cake layer forming rate and reduce
membrane fouling. This would need an oversized circulation pump to maintain a high cycle volume for
the sludge mixture. However, according to research reported by Brockmann and Seyfried [20], the high
sludge cycle flow resulting from the oversized circulation pump may lead to the breakup of microbial
flocs and affect the interrelationship between microbes, as it produces a high shear stress for the sludge
flocs. It was reported that in the digestion process of lipids-rich waste slurries, lipid hydrolysate
(LCFAs) degradation requires syntrophic interactions between proton-reducing acetogenic bacteria and
H2-utilizing methanogens [21–23]. Thus, the high sludge cycle supplied by the sludge recycle pump of
the side-stream tubular AnMBR may have a negative impact on LCFA degradation, resulting in LCFA
accumulation and reactor performance deterioration. According to existing knowledge, few studies
about the influence of the high sludge cycle on LCFA syntrophic degradation and reactor performance
have been reported. Therefore, for the treatment of high lipid kitchen waste slurry with side-stream
tubular AnMBRs, further investigation is required. In the current work, a side-stream tubular AnMBR
system was operated under different sludge cycle frequencies; the objectives were to: (1) evaluate the
effects of different sludge cycle frequencies on the anaerobic digestion performance and stability for
treating kitchen waste slurry containing high lipids; (2) investigate variations in sludge characteristics
when the shear stress was changed; (3) analyze the LCFAs syntrophic degradation and accumulation
under different sludge cycle frequencies; and (4) detect the shift of the syntrophic microbial community
structures with increased shear stress.

2. Materials and Methods

2.1. Kitchen Waste Slurry Characterization

The specific components of the kitchen waste slurry are summarized in the references of
Xiao et al. [5]. The slurry contained high concentration organic matter with average Total Chemical
Oxygen Demand (TCOD) and Total Suspended Solids (TSS) concentrations of 90.2 g/L and 18.5 g/L,
respectively. The lipid content in the slurry was very high; the average value was up to 5.95 g/L.
The Ammonia Nitrogen (NH4), Total Nitrogen (TN) and Total Phosphorus (TP) concentrations were
325 mg/L, 1848 mg/L and 83.5 mg/L, respectively. The slurry presented a low pH of 3.9 and a high level
of salinity, with conductivities of 10.6 ms/cm.

2.2. AnMBR Configuration and Parameters

The basic configuration of the AnMBR (showed in Figure 1) and the external Ultrafiltration
Membrane (UF) used in this study were the same as those used in our previous study [5]. The main
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difference was that the anaerobic digester volume was 60 L and the total filtering surface area
was 0.01808 m2. The recycle pump (20QY-1SS, Nanfang pump industry Co., Ltd., Hangzhou,
China) provided the cross-flow velocity and operation pressure for the tubular membrane modules.
The membrane permeate flux rate kept at 14 L/m2h, and the excessive permeate was recycled back to
the digester to maintain the working volume of the anaerobic reactor at 50 L. The biogas production
was measured with a gas meter and the pH was on-line monitored. The digestion temperature was
maintained at 39 ± 1 ◦C by automatically controlling the electric heating system and cooling system.
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Figure 1. Schematic diagram of the AnMBR reactor.

2.3. Operation Strategy

Three identical AnMBRs, as described in Section 2.2, named as S1, S2 and S3 respectively, started
simultaneously with 50 L (V) of inoculated anaerobic sludge, which was the same as that in the
literature [5]. They were operated under different cross flow velocities (F), i.e., about 1.0 m/s, 2.5 m/s
and 4.0 m/s respectively, under the same average operation pressure (p = (pl + p2)/2) (Figure 1),
which was achieved by adjusting the speed of recycle pumps and the opening of the values (Figure 1).
The concentrate after filtration was continuously returned to the digester with a recirculation rate
(Q, Q = FΠ(D2/4)) of 0.18 m3/h, 0.45 m3/h and 0.72 m3/h, which produced different sludge cycle
frequencies (S, S = Q/V) of 3.6 cycles/h, 9.0 cycles/h, and 14.4 cycles/h for the sludge mixture in the
three reactors, respectively (resulting in different shear stress of S1, S2 and S3). This sludge cycle
frequency supplied a mixing of substrates and anaerobes without additional mechanical stirring. The
three reactors started with the same OLR, i.e., 1.0 kg-COD/m3d. Then, the OLRs were gradually
elevated by increasing the influent flow rate, with no sludge discharge. After operating for 25 d, the
concentration of TSS reached 25 g/L, and then 2.5 L/d of sludge mixture was discharged (half of the
volume discharged every 12 h, twice a day) from the sampling port of each digestion reactor to control
the Sludge Retention Time (SRT) at 20 d. During the 120 d operation period, the membrane flux was
fixed at 14 L/m2 h by adjusting the effluent peristaltic pump on a daily basis in the all three AnMBRs,
and the excess permeate was returned to the digestion reactor. When the TransMembrane Pressure
(TMP, TMP = p − p3) (Figure 1) reached 0.15 MPa, the membrane was cleaned by a chemical method
proposed by Xiao et al. [5].

2.4. Physicochemical Analysis

The COD, TSS, Volatile Fatty Acids (VFAs), pH and alkalinity were analyzed according to
standard methods [24]. The methane (CH4) content was determined by gas chromatography [25].
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The acetate, propionate and butyrate were analyzed and the total VFAs could be shown according to
the reports [26,27].

The method of the extraction and determination of LCFAs referred to the research of Neves et al. [28].
First, 1.5 mL HCl, 1.5 mL methanol, 2 mL dichloromethane and 2 mL ultra-pure water were prepared
in a glass vial, then a defined amount of the sample was added and vortex-mixed. After that, the
mixture was methyl-esterified at 100 ◦C for 3.5 h, and then another 2 mL ultra-pure water was added.
The vial was kept in an inverted position for 30 min, after which the organic phase was analyzed by
gas chromatography (GC-2010, Shimadzu, Kyoto, Japan), equipped with a flame ionization detector
and a capillary column.

The sludge particle size distribution of sludge suspension was determined by BT-2003 Laser
Particle Size Analyzer (Bettersize Instruments Ltd., Dan Dong, China). The Bound Extracellular
Polymeric Substances (BEPS) were extracted as described in the literature [29], and the carbohydrate
and protein in the BEPS were measured by the phenol-sulfuric acid method and the Lowry method,
respectively [30,31].

2.5. Microbial Community Analysis

To investigate variations in the microbial community structure of the AnMBR under
different sludge cycle frequencies, the high-throughput 16S rRNA sequencing was conducted
with bacteria primer pairs of forward 319F (5′-ACTCCTACGGGAGGCAGCAG-3′) and reverse
806R (5′-GGACTACHVGGGTWTCTAAT-3′) [32], and archaea primer pairs of forward 349F
(5′-GYGCASCAGKCGMGAAW-3) and reverse 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [14].
The sequence analysis proceeded according to the method described in the reference of Xiao et al. [14].
After filtering out low-quality reads and trimming the adapters, barcodes and primer, high-quality
and credible sequence reads for the bacteria and archaea were obtained for data processing.
The pre-processed reads of sequence similarity 97% were identified as operational taxonomy units
(OTUs), and the longest sequence reads were selected as the representative sequences of each OTU.
The representative sequences were aligned against the Greengenes core set reference database using
the PyNAST program. A representative sequence for each OTU was classified using RDP (Ribosomal
Database Project classifier) and the Greengenes OTU database.

3. Results and Discussion

3.1. Reactors Performance and Stability

Reactor performances and stability under different sludge cycle frequencies (S1, S2 and S3) were
compared by the obtained OLR, VFAs concentrations, pH value, biogas production, percentage of
methane in the biogas, effluent COD and the parameter value VFAs/alkalinity [33]. Generally, it
could be determined whether the reactor was stable and the OLR could be improved according to
the value of VFAs/alkalinity. When the VFAs/alkalinity ratio is below 0.3, the reactor had robust
stability and could continue to increase its OLR. In contrast, when the ratio was above 0.5, the digester
was at risk of acidification and breakdown [34]. The results of the performances and stability under
different sludge cycle frequencies (S1, S2 and S3) are shown in Figure 2 and Table 1. For reactor S1
operating under a sludge cycle frequency of 3.6 cycles/h, when the OLR gradually increased from
1.0 kg-COD/m3d to 8.2 kg-COD/m3d in the initial stage (0–15 d) (Figure 2a), the biogas production
elevated accordingly, and the methane percentage was at a stable level of 66.5% (Figure 2b). In addition,
the effluent COD kept below 2100 mg/L and COD removal efficiency was above 96.0%, based on the
effluent quality (Figure 2c). The pH was around 7.6, the VFA concentration was under 200 mg/L, and
the VFAs/alkalinity was less than 0.02 (Figure 2d). These data show that the system S1 presented
promising digestion performance and stability at low OLR. However, when the OLR continued to
increase to about 10.3 kg-COD/m3d on the 30th day, the reactor performance deteriorated gradually,
with a gradual decrease of methane percentage and COD removal efficiency and an increase in VFAs
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concentration. Keeping the AnMBR operating under the OLR of 10.3 kg-COD/m3d until the end for S1,
the biogas production was 190 L/d and methane percentage dropped to 50.3%, effluent COD increased
to 13,400 mg/L and COD removal efficiency decreased to 86.2% (Figure 2b,c and Table 1). Further,
VFAs accumulated to 6860 mg/L, VFAs/alkalinity raised to 0.68, and the pH was below 7.0 (Figure 2d).
This suggested that the deteriorated digestion performance and acidification risk were observed for
the reactor S1 with lower cross flow velocity when the OLR increased to about 10.3 kg-COD/m3d.
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Figure 2. Reactor performance of the AnMBR reactor under cycle frequencies. (a) The OLRs variation;
(b) The biogas production and methane content production; (c) The influent COD, permeate COD
and COD removal efficiency variation; (d) VFAs, alkalinity, VFAs/alkalinity and pH variation; (e) The
specific VFAs composition; (f) The membrane flux and TMP variation.
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Table 1. Performance of the AnMBR at different sludge cycle frequencies (mean ± standard deviation).

Parameters Unit S1 S2 S3

OLR (kg COD/m3d) 10.3 ± 0.7 12.4 ± 0.9 18.1 ± 0.5
Permeate COD (mg/L) 13,400 ± 1370 7300 ± 690 5200 ± 540

COD removal efficiency (%) 86.2 ± 0.8 90.4 ± 1.3 96.3 ± 0.6
Biogas production (L/d) 190 ± 25 310 ± 31 520 ± 38

Methane percentage (%) 50.3 ± 1.2 55.2 ± 0.8 58.4 ± 0.7
VFAs (mg/L) 6860 ± 150 4780 ± 110 1690 ± 130

VFAs/alkalinity - 0.68 ± 0.08 0.45 ± 0.03 0.17 ± 0.02
pH - 6.9 ± 0.1 7.4 ± 0.1 7.6 ± 0.1

Acetate (mg/L) 3100 ± 130 2800 ± 140 1140 ± 160
Propionate (mg/L) 1150 ± 125 580 ± 88 172 ± 26

Butyrate (mg/L) 1250 ± 90 620 ± 96 188 ± 35

As the sludge cycle frequency increased by 2.5 times for reactor S2, the same good digestion
performance and stability as that of S1 were obtained at the initial operation stage (0–20 d), when
the OLR increased from 1.0 kg-COD/m3d to 9.0 kg-COD/m3d. As the OLR continued to elevate to
12.4 kg-COD/m3d on the 60th day, a slight decrease of digestion performance was noticed. The biogas
production remained at 310 L/d and methane percentage was 55.2% (Figure 2a,b and Table 1). Effluent
COD was 7300 mg/L and COD removal efficiency was above 90.4% (Figure 2c and Table 1). Moreover,
from the 60th day to the end, VFAs was gradually accumulated to 4780 mg/L, VFAs/alkalinity was
approximately 0.45 and pH was about 7.4 (Figure 2d and Table 1), which indicated that the reactor was
in an unstable state.

When the reactor S3 was operating at the highest sludge cycle frequency, 14.4 cycles/h, it exhibited
excellent performance and stabilityThis It can afford higher OLR peaking, i.e., 18.1 kg-COD/m3d,
compared with S1 and S2 (Figure 2a and Table 1). Under this OLR, the reactor still presented unexpected
digestive performance, with a highest biogas production of 520 L/d containing methane percentage of
58.4% (Figure 2b and Table 1). More importantly, the effluent COD remained below 5200 mg/L and
COD removal efficiency was above 96.3% throughout the whole operation (Figure 2c and Table 1).
Further, reactor S3 also showed robust stability, with a stable pH of 7.6, a low VFA concentration below
1690 mg/L, and a small ratio of VFAs/alkalinity, i.e., less than 0.17 (Figure 2d and Table 1).

From the above description, it was concluded that as the sludge cycle frequency increased, higher
OLR and biogas production, better effluent quality and COD removal efficiency, and more robust
stability were attained. This conclusion is inconsistent with other reports that high shears in the AnMBR
lead to poor reactor performance [20]. In their research, it was proposed that higher shear conditions
may cause the breakup of flocs and the disruption of the spatial juxtaposition relationship between
hydrogen-producing syntrophic bacteria and their methanogenic partners, resulting in poor syntrophic
metabolism, especially for the conversion of propionate and butyrate, requiring microbe syntrophic
degradation. It is well known that in anaerobic process, the conversion of reduced organic compounds
is energetically unfavorable under standard conditions [35]. They need the methanogens to keep
the concentrations of the reaction products, acetate and hydrogen, low enough to create a situation
in which all partners involved gain energy. Therefore, the spatial juxtaposition relationship directly
affects the propionate and butyrate degradation efficiency and accumulation rate. In order to further
understand the effects of different shears on the syntrophic metabolism of propionate and butyrate,
the specific VFA composition were determined throughout the operation; the results are shown in
Figure 2e. When the reactor S1, S2 and S3 operated under 10.3 kg-COD/m3d, 12.4 kg-COD/m3d and
18.1 kg-COD/m3d respectively, the acetate concentrations in the three reactors were about 3100 mg/L,
2800 mg/L and 1140 mg/L, accounting for 56.4%, 70.0% and 76.0% of the their own total VFAs. In
addition, the propionate and butyrate concentrations were about 1150 mg/L, 580 mg/L, 172 mg/L
and 1250 mg/L, 620 mg/L, 188 mg/L, and their proportions were 20.9%, 14.5%, 11.5% and 22.7%,
15.5%, 12.5% for S1, S2 and S3, respectively. These data showed that the percentages of propionate
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and butyrate concentrations in the S3 were lower than those in S1 and S2, which indicated that the
propionate and butyrate degradation rate increased under higher sludge cycle frequencies. This may
be ascribed to that the syntrophic relationship between syntrophic bacteria and their methanogenic
partners degrading the propionate and butyrate was enhanced under higher sludge cycle frequency.
Therefore, in this research, the syntrophic metabolism was not affected by the higher sludge cycle
frequency; specific reason for this is described in Sections 3.2 and 3.3.

In addition, variations of membrane fouling under different sludge cycle frequencies were also
investigated, as shown in Figure 2f. The average flux of the three reactors was controlled at about
14 L/m2h, and the fouling rate was evaluated by the TMP variation and cleaning frequency. Under the
lower sludge cycle frequency (i.e., lower cross flow velocity) in S1, a cake layer rapidly developed
on the membrane surface due to the weaker shear force, resulting in severe fouling. Thus, the TMP
increased rapidly in a short period and the cleaning frequency reached 11 times during the 120-day
operation. With the increased sludge cycle frequencies (also increased cross flow velocities) of S2 and
S3, the enhanced shear force on the membrane surface could remove the cake layer efficiently and
relieve fouling, as demonstrated by the decreased cleaning frequency of 6 times and 4 times during the
120-day operation for S2 and S3, respectively. In summary, a higher sludge cycle frequency can both
reduce membrane fouling and enhance digestion performance.

3.2. Sludge Characteristics

The distance between hydrogen -producing and -consuming microorganisms becomes critical for
syntrophic interactions to work effectively, as the small distance between cells facilitates hydrogen
diffusion and transfer [36]. The large flocs can decrease the distance between syntrophic acetogenic
bacteria and H2-utilizing methanogen and improve hydrogen transfer efficiency. Therefore, floc size
was monitored over time to evaluate whether the increased shear was sufficient to lead to the breakup
of microbial flocs; the results are shown in Figure 3 and Table 2. For S1, S2 and S3, the average particle
size decreased rapidly from 22.8 µm, 22.4 µm and 22.9 µm to 7.0 µm, 6.8 µm and 6.1 µm in the initial
shear period of 70 d, 50 d and 30 d, respectively (Figure 3a). This indicated that the higher sludge cycle
frequency of S2 and S3 could produce a worse effect on the sludge flocs in a short period. However,
in the following operation stage, the average particle sizes of the S1, S2 and S3 were 6.9 µm, 7.1 µm,
7.0 µm, respectively (Figure 3a and Table 2), which showed that the flocs of the three reactors could
almost maintain the same size, as the microbes gradually adapted to their new environment. According
to the report of Zhang et al. [37], floc size was connected to the Protein (PN) and Polysaccharide (PS)
contents in the BEPS. The high ratio of PN/PS could make the flocs more resistant to the shear stress.
Thus, the contents of the PN and PS under different under sludge cycle frequencies were determined
throughout the whole operation; the results are shown in Figure 3b and Table 2. With the increase of
the sludge cycle frequency, the content of PN gradually increased while that of PS remained about the
same, which resulted in an increase of PN/PS. This increase of the ratio made the flocs more resistant to
the high shear stress, and the sludge average particle size decreased slightly under a higher sludge
cycle frequency.

Table 2. The sludge characteristics of the AnMBR at different sludge cycle frequencies (mean± standard deviation).

Parameters Unit S1 S2 S3

average particle sizes (µm) 22.8 ± 0.6 a 22.4 ± 0.8 a 22.9 ± 0.7 a

7.0 ± 0.4 b 6.8 ± 0.2 c 6.1 ± 0.3 d

6.9 ± 0.3 e 7.1 ± 0.1 e 7.0 ± 0.2 e

PN (mg/g VSS) 31.3 ± 6.5 49.2 ± 5.4 64.5 ± 5.9
PS (mg/g VSS) 15.2 ± 2.3 16.8 ± 2.1 17.1 ± 2.5

PN/PS – 2.0 ± 0.21 2.9 ± 0.30 3.8 ± 0.28
a at the start-up stage of the three reactors; b,c,d at the 70th day, 50th day, 30th day in the S1, S2, S3, respectively; e at
the late operation stage of the three reactors.
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Thus, under a higher sludge cycle frequency, the syntrophic metabolism was not affected and the
reactor performance was also not deteriorated. On the contrary, the higher sludge cycle frequency
produced a higher up-flow velocity in the reactor and accelerated the mixing intensity of the system,
giving the flocs more chance to come into contact with each other. This would probably further enhance
the interspecies hydrogen transfer rate and improve syntrophic metabolism efficiency. Thus, better
degradation efficiency and digestion performance were observed under a higher sludge cycle frequency.

3.3. Syntrophic Metabolism of LCFAs

3.3.1. LCFAs Accumulation in the Reactor

The kitchen waste slurry included a high lipid content (5.95 g/L), although it was pretreated
by oil extraction. Lipids are an interesting substrate for biogas production because of their high
methane yield potential. However, their hydrolysis products, i.e., the LCFAs, are known to inhibit the
microbial activity by adsorbing onto the microbial surface and affecting the transport of nutrients into
the cell [38]. Therefore, it is necessary to determine the LCFA concentration under different sludge
cycle frequencies; the results of these calculations are shown in Figure 4. During the whole operation
for S1, a rapid accumulation of LCFA contents in the AnMBR was observed. When the OLR increased
from 1.0 kg-COD/m3d to 10.3 kg-COD/m3d, the LCFAs contents in the effluent, supernatant and sludge
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solid accumulated from 89 mg/L, 189 mg/L and 232 mg/L to 705 mg/L, 923 mg/L and 1830 mg/L. Most
of LCFAs accumulated in the sludge solid, probably due to the absorption of LCFAs on the surface of
the microbe, forming a fat layer. This layer hindered the mass transfer process and inhibited microbial
activity, resulting in the deteriorated operation performance of S1. For S2, the LCFA contents in the
system were lower than those of S1, and the LCFA concentrations in the effluent, supernatant and
sludge solid increased from 69 mg/L, 165 mg/L and 277 mg/L to 474 mg/L, 805 mg/L and 1353 mg/L.
Compared with S1 and S2, S3 exhibited the greatest ability to degrade LCFAs. When the OLR of S3
increased to 18 kg-COD/m3d, the LCFAs in the effluent, supernatant and sludge solid maintained low
levels of 326 mg/L, 426 mg/L and 924 mg/L, respectively. These data suggested that LCFA metabolism
was enhanced under a higher sludge cycle frequency. The decreased LCFA contents with increased
sludge cycle frequency diminished its toxicity to the microbe and favored the digestion process, thus
contributing to better reactor performance under a higher sludge cycle frequency.
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It was reported that LCFA degradation is commonly achieved by proton-reducing acetogenic
bacteria that require the syntrophic interactions with H2-utilizing methanogens [22] to lower
hydrogen partial pressure, as anaerobic oxidation of LCFAs by proton-reducing acetogenic bacteria
is thermodynamically unfavorable (∆G > 0). Syntrophic interactions between these two kinds of
microorganisms are usually associated with interspecies hydrogen transfer; therefore, the efficiency of
hydrogen transfer is very important and dictates the strength of syntrophic interactions. As described
in Section 3.2, higher sludge cycle frequencies did not affect syntrophic metabolism. On the contrary,
they could enhance the mixing intensity and may improve the hydrogen diffusion rate and transfer
efficiency, promoting LCFA syntrophic degradation and enhancing the reactor performance.

3.3.2. Microbial Community Structure

In order to evaluate the effects of different sludge cycle frequencies on the performance of the
AnMBR system, the microbial community structure, especially the abundance of syntrophic microbe
degrading the LCFAs, was analyzed with a specific cross flow velocity using the 16S rRNA high
throughput sequencing technique. The results are presented in Figure 5.

For archaea at the genera level (Figure 5a), most of thm were affiliated with the five major
genera: Methanobacterium, Methanothrix, Methanosarcina, Methanoculleus and Methanomethylovoranns.
Special attention should be paid to the genera Methanobacterium, the main important hydrogenotrophic
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methanogen in the three digestors. They served to remove the hydrogen and to maintain low hydrogen
partial pressure, which ensured syntrophic LCFAs degradation [39]. As shown in Figure 5a, for S1, S2
and S3 from the 30th day to the end of operation, Methanobacterium abundance increased from 15.9%,
22.3%, 28.7% to 23.8%, 35.5%, 60.4%, respectively. The sharp elevation of syntrophic methanogen in S3
was probably due to the enhancement of interspecies H2 transfer rate under a higher mixing intensity,
which supplied enough substrates for the Methanobacterium, and thus improved their abundance.
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The bacterial community structure was determined over the whole operation period to
detect variations of the syntrophic acetogenic abundance; results are shown in Figure 5b.
The bacteria existing in the AnMBR system mainly belonged to Paludibacter, Petrimonas, Proteiniphilum,
Bacteroidales_unclassified, Candidatus Cloacamonas, Sedimentibacter, Syntrophomonas, Clostridium,
Thermovirga, VadinCA02 and Kosmotoga on a genus level. Special attention was paid to the genus
Syntrophomonas and Clostridium, two kinds of syntrophic acetogenic bacteria, which play an important
role in the β-oxidation process of LCFAs [40]. Their abundances changed significantly over the
whole operation period under each sludge cycle frequency. For S1, with the increase of OLR, the
Syntrophomonas and Clostridium abundances slowly increased from 2.2% and 0.9% to 4.8% and 1.6%,
and then decreased to 3.9% and 1.4% at the end of the operation due to the deteriorated performance.
For S2, it presented a faster increase from 2.3% and 1.3% to 5.5% and 2.4%. Compared to that of S1 and
S2, a sharp rise of the abundances for the syntrophic acetogenic bacteria from 2.8% and 1.2% to 6.9%
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and 3.9% was observed in S3. The obvious increase of Syntrophomonas and Clostridium abundances
under higher sludge cycle frequencies was probably due to the decreased hydrogen partial pressure
resulting from the elevated abundance of the H2-utilizing methanogen Methanobacterium (Figure 5a).
In short, the improved abundance of Syntrophomonas, Clostridiums and Methanobacterium enhanced the
syntrophic metabolism in the system and decreased the LCFA accumulation rate, making the reactor
capable of obtaining higher OLR and operating more steadily.

4. Conclusions

This study investigated the performance and syntrophic metabolism of the AnMBR treating
high-lipid kitchen waste slurry under different sludge cycle frequencies, i.e., 3.6 cycles/h, 9.0 cycles/h
and 14.4 cycles/h. It was concluded that increasing the sludge cycle frequency can improve the
digestion performance, enhance operation stability, and attenuate membrane fouling. When the sludge
cycle frequencies changed from 3.6 cycles/h to 9.0 cycles/h and 14.4 cycles/h, the OLR improved from
10.3 kg-COD/m3d to 12.4 kg-COD/m3d and 18.1 kg-COD/m3d, VFA/alkalinity decreased from 0.68 to 0.45
and 0.17, and membrane cleaning frequency reduced from 11 times to 6 and 4 times during the 120-day
operation period. Moreover, with the increase of the sludge cycle frequency, the PN/PS gradually
increased, which showed that the spatial adjacent relationship and syntrophic interactions were not
affected, which may be ascribed to the resistance ability of the flocs to the shear force. Furthermore,
LCFA syntrophic degradation was promoted, and its toxicity level to the microbe was reduced as
the LCFA accumulation decreased under the high sludge cycle frequency. Finally, the increased
abundance of the syntrophic microbe with the hydrogenotrophic methanogen (Methanobacterium)
and proton-reducing acetogenic bacteria (Syntrophomonas and Clostridium) under higher sludge cycle
frequencies favored syntrophic metabolism and enhanced the digestion performance. This study
provides important theoretical knowledge and practical information for the operation of AnMBR
treating lipid-rich kitchen waste slurry.
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