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A B S T R A C T   

Although anaerobic membrane bioreactors (AnMBR) are widely used in high-strength wastewater treatment and 
resource recovery, membrane operational performance and membrane fouling control remain critical issues. In 
this study, the operational and treatment performance of a high-biomass (18 ≤ MLSS (g/L) ≤ 35) submerged 
anaerobic membrane bioreactor (HBSAnMBR) was assessed at organic loading rates (OLR) of 1.05–5 kg-COD/ 
m3/d to treat abattoir wastewater (AWW). The correlation between kinetic parameters representing biomass 
yield and extracellular polymeric substances (EPS) was thoroughly investigated using mathematical models. It 
was found that the yield of biomass and EPS correlated positively with applied OLR and were found in the range 
of 0.13–0.31 g-MLSS/g-COD and 0.00001–0.000013 g-EPS/g-MLSS, respectively. This study also systematically 
examined the cake layer fouling mechanisms of HBSAnMBR due to EPS and the influence of soluble microbial 
products (SMP) on membrane pore blocking. OLR above 4 kg-COD/m3/d negatively affected the performance in 
terms of TMP, filtration resistance, EPS/SMP production, and COD removal suggesting that HBSAnMBR can be 
operated sustainably at OLR 4 kg-COD/m3/d. The membrane autopsy analyses and foulant characterization 
found that cake layer foulants were primarily composed of polysaccharides and proteins, while the membrane 
did not experience pore-blocking. At the same time, sodium, phosphorous, and calcium triggered inorganic 
fouling. The efficient treatment of abattoir wastewater showed that the HBSAnMBR system could be applied to 
treat trade wastewater containing high-organic content.   

1. Introduction 

The abattoir industry consumes a significant amount of water, which 
becomes contaminated with organic pollutants and nutrients while un
dergoing different slaughtering activities. As a result, they become an 
excellent candidate for advanced treatment processes to recover energy 
and nutrient resources. The generated wastewater is often called trade 
wastewater [1], which consists of high: turbidity, total suspended solids 

(TSS), chemical oxygen demand (COD), total nitrogen (TN), total 
phosphorus (TP) concentrations, and elevated levels of organic matter 
(Protein and blood), including fats, oils, and greases (FOG) [2]. Gener
ally, the FOG from abattoir wastewater is removed using sorption [3], 
mechanical skimmers [4] and traditional approaches, which include 
injecting bacteria or enzymes [5] prior to advanced treatment. However, 
entering a municipal wastewater treatment system into the other un
treated organic components of abattoir wastewater, such as TSS, COD, 
TN, and TP, may create severe environmental constraints and incur huge 

Abbreviations: AD, Anaerobic Digestion; ANOVA, Analysis of Variance; AWW, Abattoir Wastewater; CI, Confidence Interval; COD, Chemical Oxygen Demand; EPS, 
Extracellular Polymeric Substances; HBSAnMBR, High Biomass Submerged Anaerobic Membrane Bioreactor; HRT, Hydraulic Retention Time; MLSS, Mixed Liquor 
Suspended Solids; MLVSS, Mixed Liquor Volatile Suspended Solids; ODE, Ordinary Differential Equation; OLR, Organic Loading Rate; SMP, Soluble Microbial 
Products; SRT, Solid Retention Time; TMP, Transmembrane Pressure; UF, Ultrafiltration. 
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levies for the trade waste generators, including penalties. 
The most common physicochemical pretreatment methods for 

abattoir wastewater (AWW) treatment have dissolved air floatation 
(DAF) and coagulation-flocculation [6]. However, these methods 
consume energy, demand excessive chemicals, and still perform poorly, 
with 30 % and 60 % COD reductions, respectively, yet inefficiently 
reducing organic loading. Recently, activated sludge treatment [7], 
constructed wetlands [8], and sequential batch reactors (SBR) [9] have 
been researched extensively for AWW treatment. However, their 
application to AWW was deemed unsustainable due to their large space 
requirements and higher footprints. 

It is remarkable that conventional anaerobic system in AWW treat
ment, such as anaerobic lagoons [10] and an up-flow anaerobic sludge 
blanket (UASB), has been studied extensively for treating AWW and 
proven effective. Nevertheless, lagoon-based technologies have signifi
cant drawbacks [11], including their comparatively large footprints, low 
resource recovery affinities, unpleasant odours, and costly desludging 
techniques. Similarly, UASB and other granule-based systems are 
extremely sensitive to lipids [12], while they are moderately sensitive to 
other organic solids demanding effective pretreatment. In the last 
decade, several anaerobic processes tolerant of fat and high organic 
solids have been researched extensively, including anaerobic flotation 
reactor (AFR) [13], anaerobic sequencing batch reactor (ASBR) [14], 
anaerobic baffled reactor (ABR) [15], and anaerobic membrane biore
actor (AnMBR) [16,17]. Among these, AnMBR has gained attention and 
has been extensively researched as the most appropriate high-rate 
anaerobic pretreatment (HRAPT) for the pretreatment of food indus
trial wastewaters at organic loading ranging from 1.5 kg-COD/m3/ 
d [18] to 22.57 kg-COD/m3/d [19], including confectionery [20], semi- 
solid food waste [19], breweries [21], dairy [22], seafood [23], beet 
molasses [24], cheese and whey [25], wineries [26], and swine waste
waters [27]. Subsequent interest has centred on investigating the per
formance of a high-biomass submerged anaerobic membrane bioreactor 
(HBSAnMBR), operating at a biomass concentration of over 15 g/L to 
treat a wide variety of wastewater originating from industrial and 
municipal solid wastes to several agricultural-food waste products [28]. 

AnMBR incorporates the anaerobic-biological-membrane separation 
processes in a single unit and possesses potential advantages, including; 
operating at high organic loading rates, low space-energy requirements 
[29], ability to disengage solid retention time (SRT) and hydraulic 
retention time (HRT) [30], complete retention of biomass, superior 
treatment performance and tri-resource recovery [31]. However, the 
most significant barrier to the widespread use of the AnMBR system is 
the “fouling of the membrane”, which limits its widespread full-scale 
application. The key parameters that govern the fouling of the mem
brane are not limited to; the characteristic of the membrane [32], the 

configuration of AnMBR [33], substrate composition [34], biomass 
concentration [35], the concentration of extracellular polymeric sub
stances (EPS) and soluble microbial products (SMP) [36] and the organic 
loading rate (OLR) [37]. Of these, OLR has a significant role in the 
contribution to the fouling of the membrane, which in turn could in
crease microbial growth, leading to an increase in EPS and SMP con
centrations [38]. However, several studies mention that increased OLR 
promotes bacterial growth, resulting in more stabilized treatment and 
improved filtration performance with active biomass retention by the 
membrane [39]. Due to diverse opinions on OLR, the concept of sus
tainable OLR has been researched to investigate the optimum OLR at 
which the AnMBR operates sustainably for effluents, such as confec
tionery [20], municipal wastewater [40], food waste [41] and synthetic 
antibiotics [39]. Most of these studies were conducted at 6 ≤ MLSS (g/ 
L) ≤ 18. However, no study has reported systematically conducted 
research on investigating the sustainable range of OLR for a long-term 
operation of a submerged AnMBR treating abattoir wastewater 
(AWW) under extremely high biomass concentrations (18 ≤ MLSS (g/L) 
≤ 35). 

In summary, this study critically investigated the performance of a 
high-biomass submerged AnMBR (HBSAnMBR) coupled with UF 
ceramic membrane treating AWW at various OLRs. The experimentally 
obtained results were evaluated using numerical models previously 
developed by Gautam et al. [31,42]. The critical operational parameters 
governing the fouling mechanism in the HBSAnMBR and the time-based 
MLSS, EPS, and SMP concentrations and subsequent filtration resistance 
and TMP variations at various OLR ranges were thoroughly evaluated. 
The treatment performance using COD, TN, and TP were assessed during 
the long-term HBSAnMBR operation. Additionally, membrane 
morphology and cake-layer foulants were analyzed using SEM-EDX and 
FTIR spectroscopy. The findings of this study provide a control strategy 
to reduce membrane fouling by providing a scientific rationale for the 
sustainable operation of an HBSAnMBR treating trade wastewater 
generated from abattoirs. 

2. Material and methods 

2.1. High-biomass submerged anaerobic membrane bioreactor 
(HBSAnMBR) experimental setup 

A detailed schematic diagram of the lab-scale HBSAnMBR experi
mental setup is illustrated in Fig. 1. It consists of a water-jacketed, 
continuously stirred glass fermenter (bioreactor) vessel of 5 L hydrau
lic capacity with a working volume of 3.5 L with a headspace of 1.5 L. 
The HBSAnMBR was operated using a BIOSTAT® automated controller 
(Applikon Bio Console ADI 1035) that controls the feed flow, stirrer 

Nomenclature 

Symbol Description Unit 
µ Viscosity of permeate Pa.s 
EPSc Carbohydrate concentration in EPS g/L 
EPSp Protein concentration in EPS g/L 
j Flux L/m2/hr 
kdm Detachment rate of EPS /d 
kdp Decay rate of EPS/d 
kdx Biomass decay rate/d 
L Organic loading rate (OLR) kg-COD/m3/d 
m EPS density on the membrane surface kg/m2 

p Concentration of total EPS in AnMBR mixed liquorg/L 
Rc Resistance due to cake-layer 1/m 
Rcp Concentration polarization resistance 1/m 
Rm Intrinsic membrane resistance 1/m 

Rt Total filtration resistance 1/m 
SMPc Carbohydrate concentration in SMP g/L 
SMPp Protein concentration in SMP g/L 
T Time d 
V Hydraulic volume of the bioreactor L 
x MLSS concentration in the bioreactor g/L 
Y Yield coefficient of biomass g-MLSS/g-COD 
β Yield coefficient of EPS g-EPS/g-MLSS 
δ EPS biofilm thickness m 
γ Coefficient of EPS fouling/d 
Δm Static friction coefficient - 
ΔP Transmembrane pressure Pa 
ε Deposit porosity - 
σ SMP fraction retained by the membrane - 
τm Shear stress Pa  
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speed, and pH. An electromechanical float switch (Jaycar-SF0920) 
attached to HBSAnMBR was connected to the BIOSTAT® to draw the 
abattoir wastewater from a 5 L PVC feed storage tank using a peristaltic 
pump (Masterflex 7518–00) attached to the BIOSTAT®. In contrast, a 50 
L PVC container collected the HBSAnMBR-treated permeate through a 
high-precision peristaltic precision pump (Masterflex L/s 07551–20). 
Strict anaerobic and mesophilic conditions (35 ± 2.5 ◦C) were main
tained in the HBSAnMBR using a nitrogen gas line and a hot water bath 
attached to the bioreactor. To maintain a neutral pH level in the 
HBSAnMBR system, a pH regulator system (Platon) connected to the 
BIOSTAT® via a pH probe (Mettler Toledo) was used, which injected the 
acid/alkali solutions (0.1 M HCl) and base (0.1 M NaOH) using dosing 
pumps (Masterflex 7518–00). The inoculum was suspended by main
taining consistent and thorough stirring using a mechanical stirrer 
attached to the HBSAnMBR and controlled using the BIOSTAT®. A 
negative pressure gauge (Ambitinst Australia) was used to monitor the 
transmembrane pressure (TMP) while connected to the membrane 
outlet and peristaltic precision pump (Masterflex L/s 07551–20). 

A ceramic flat-sheet ultrafiltration (UF) membrane module supplied 
by GuoChu Tech Xiamen, China, was submerged in the bioreactor to 
separate the biomass and produce high-quality treated effluent using a 
peristaltic precision pump (Masterflex L/s 07551–20). The ceramic UF 
membrane module had an outer surface dimension of 0.117 × 0.015 ×
0.126 m and an active surface dimension of 0.086 × 0.006 × 0.110 m 
with an effective filtration area of 0.02 m2. The critical membrane 
specifications were; Composition: Al2O3 (base material), titanium 
(housing material), and silicon (sealing material); filtration mode: out- 
in; nominal pore size: 0.1 μm; maximum operational temperature: 
60 ◦C; particle removal ≥ 100 nm, operational pH range: 2–12; and 
hydrophobic. The membrane was physically cleaned following the 
protocol mentioned by Navaratna et al. [43] and by adopting the 
manufacturer’s (GuoChu Tech, Xiamen) chemical cleaning protocol by 
immersing, bubbling, and backwashing the membrane using 3 g/L of 
NaClO, followed by backwashing the membrane with MiliQ ultrapure 
water to remove the NaClO residues. 

2.2. Experimental conditions 

2.2.1. Abattoir wastewater characteristics 
The simulated abattoir wastewater was prepared based on the re

ported real wastewater composition [11] for HBSAnMBR operation ac
cording to the recipe described in Table 1. These feed samples for a 
quantity of 5 L were prepared in powdered form, stored in 250 g 

polyethene zipper bags, and preserved at 4 ◦C to reduce decay. The 
simulated wastewater had a COD of 8300 ± 300 mg/L, TN of 450 ± 20 
mg/L, TP of 490 ± 30 mg/L and an acidic character with a pH of 4.81 ±
1.5. Before the wastewater was fed into the reactor, the pH of the stock 
feed was adjusted to 7 ± 0.5 using 0.1 N NaOH. The feed was purged 
with 0.5 L/min nitrogen gas for 3 min to remove the dissolved oxygen to 
ensure strict anaerobic conditions in the HBSAnMBR. For a diluted 
sample equivalent to 5 L, the chemical compounds used to supply 
micronutrients and cations required for the anaerobic treatment [44] 
were added as per the recipe shown in Table S1. 

2.2.2. Inoculum characteristics 
The inoculum was collected from a mesophilic anaerobic digester of 

a paper and pulp wastewater treatment facility known as Gippsland 
Water Factory (GWF) in Victoria, Australia. The bioreactor was accli
mated using simulated abattoir wastewater, as shown in Table 1. The 
mixed liquor suspended solids concentration (MLSS), and the mixed li
quor volatile suspended solids (MLVSS) of undiluted inoculum were 
65.85 g/L and 57.29 g/L, respectively. The HBSAnMBR was commis
sioned at a dilution ratio of 3:7 (substrate: inoculum). The bioreactor 
was occasionally purged with nitrogen gas (0.5 L/min) for 5 min to 
ensure strict anaerobic conditions in the HBSAnMBR. 

2.3. HBSAnMBR operation 

The HBSAnMBR was continuously operated under different oper
ating conditions in 7 distinct phases consisting of acclimatization 
(Phases 1a, 1b, 2a, and 2b), transition (Phase 3), and stabilization Phases 
(4 and 5) for 125 days, as shown in Table 2. The biomass concentration 
was intentionally kept high (18 ≤ MLSS (g/L) ≤ 35) during the accli
matization period to investigate biomass concentration change due to 

Fig. 1. A schematic diagram of a high-biomass submerged AnMBR (HBSAnMBR) setup.  

Table 1 
Simulated abattoir wastewater recipe.  

Macro Nutrients Concentration (g/L) 5 L (g) 

Anhydrous Sodium Acetate (NaCH3COOH⋅3H2O)  1.75 8.75 
Soy Protein  1.75 8.75 
Glucose (C6H12O6)  5.0 25 
Urea (CH4N2O)  0.35 1.75 
Potassium Dihydrogen Phosphate (KH2PO4)  0.5 2.5 
Magnesium Sulphate (MgSO4⋅7H2O)  0.35 1.75 
Calcium Chloride (CaCl2⋅2H2O)  0.5 2.5 
Micro Nutrients (ml)  0.35 1.75  
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OLR. To mitigate heavy fouling and observe the system’s performance, 
the initial OLR during Phases 1a, 1b, 2a and 2b were kept as low as 1.05, 
1.45, 1.72, and 2.40 kg-COD/m3/d, respectively. However, during the 
consecutive Phases: 3, 4 and 5, the OLR was methodically increased to 
3.2, 4, and 5 kg-COD/m3/d, respectively, to observe the system’s per
formance. During Phases 1a, 1b, 2a, 2b, and 3–5, suction rates were 
regulated by adjusting the flow rate to obtain the designed OLR values. 
The HBSAnMBR was operated in 30-min cycles (2 cycles per hour), 
consisting of 25 min of filtration and 5 min of high-intensity backwash 
(three times of suction rate). The average operational flux during Phases 
1a, 1b, 2a, 2b, 3, 4, and 5 was 3, 3.6, 4.5, 7.5, 10, 12.5, and 15 L/m2/hr 
(LMH), respectively, resulting in a decreased HRT from 3.35 d (Phase 
1a) to 0.69 d (Phase 5). The reactor was operated at a controlled tem
perature of 35 ◦C, pH of 7 ± 0.25 and a 140 rpm stirring speed. 

2.4. Detailed analytical procedure 

The physicochemical parameters such as COD, TN, and TP were 
analyzed in DR 5000™ UV–Vis Spectrophotometer using standard 
colorimetric methods [45]. The MLSS and MLVSS concentrations of 
bioreactor sludge samples were measured using standard methods [45]. 
Navaratna et al. [37] described a method for EPS extraction in the 
aerobic MBR study, which was slightly modified in this study. Initially, a 
20 mL sample of mixed liquor was allowed to settle for 1 h at 4 ◦C, and 
the supernatant was removed. The settled sediment/sludge was then 
diluted with 8 mL of MiliQ ultrapure water and carefully kept in a me
chanical shaker for 5 min at 150 rpm. The diluted sludge mixture was 
centrifuged at 13200 rpm (12225g) for 20 min at 4 ◦C to collect the 
supernatant, known as soluble microbial products (SMP). The remaining 
sludge was then re-suspended in 8 mL of 0.1 N NaOH solution and mixed 
thoroughly in the same mechanical shaker at 150 rpm for 120 min 
before being centrifuged at 13,000 rpm (11337g) for 20 min at 4 ◦C to 
give the EPS concentration. The SMP and EPS samples were then 
neutralized with 0.1 N HCl. 

The phenol–sulphuric acid method [46] was used to determine car
bohydrate (polysaccharide) concentrations, with glucose as a control. 
The protein concentration in the EPS and SMP was measured using the 
ThermoScientific Modified Lowry Protein Assay Kit (23240), which 
contains Folin-Ciocalteu Reagent and the Lowry original reagent. Bovine 
Serum Albumin (BSA) (1–1500 mg/L) from the modified Lowry Protein 
Assay Kit was utilized as a standard to create the calibration curve. The 
samples were examined for absorbance using a UV-2600 UV/vis double- 
beam spectrometer set to a wavelength of 490 nm for polysaccharides or 
750 nm for proteins, and the concentrations of all samples were 
determined. 

2.4.1. Membrane morphology and foulant characterization 
Fourier transmission infrared spectroscopy (FTIR) analysis: FTIR 

with gas cell (Perklin Elmer) was used to investigate the surface prop
erties and detect the functional groups on the cake layer and the 
membranes (clean and fouled) between the wavenumber of 500 and 
4000/cm. The cleaned and fouled membranes and the cake-layer 

foulants scrapped from the membrane surface were thoroughly dried in 
a hot air oven at 70 ◦C for 48 h to remove moisture and kept for 24 h in a 
desiccator before analysis. The FTIR analysis of the fouled membranes 
and the cake layer was performed during Phases 1a, 1b, and 3. 

Field emission scanning electron microscope (FESEM): A (FESEM) 
(ThermoFisher Scientific) was used to examine the surface morphology 
of the ceramic UF flat-sheet membrane and the membrane foulants (cake 
layer). Before testing, the membrane samples were cut using a ceramic 
cutter and then coated with sputtering platinum. FESEM photomicro
graphs of the cross-section and the outer surface of selected samples 
were taken at a magnification of 5000x and 9000x. 

Energy-dispersive X-ray (EDX) analysis: EDX analyzer (Thermo
Fisher Scientific) was used to characterize the elemental-chemical 
compositions in the cake layer. 

2.5. Parameter estimation using numerical models 

The mathematical model equations developed by Gautam et al. [31], 
Charfi et al. [47] and Olubukola et al. [42] were used to estimate the 
kinetic parameters and simulate the time-based variation of MLSS, EPS, 
TMP, and Rt (total resistance). The nomenclature defines the lists of the 
parameters with their symbols. The Runge-Kutta 4th order differential 
equation (ODE) was used at a step size of 0.05 to simulate the model 
equations (Equations (1), 2, 3, and 6). The model input parameters were 
taken from the literature and are summarised in Table 3. 

2.5.1. Biomass concentration in the HBSAnMBR 
The change in concentration of the biomass during Phases (1a, 1b, 

2a, 2b, 3–5) was simulated to obtain the coefficient of biomass yield (Y) 
and decay rate (Kdx) using Equation (1) [31,51]. 

dx
dt

= YL − kdxx (1) 

Where x is the concentration of biomass (MLSS),Y is biomass yield 
due to substrate consumption in (g-MLSS/g-COD), and Kdx is the decay 
rate of biomass in (/d). The growth of biomass due to influent COD is 
expressed as YL. Where L is the organic loading rate (OLR) (kg-COD/m3/ 
d). 

2.5.2. EPS concentration in the HBSAnMBR 
The change in concentration of EPS during Phases (1a, 1b, 2a, 2b, 

3–5) was simulated to obtain the coefficient of EPS yield (β) and decay 
rate (kdp) using Equation (2) [31,42]. 

dp
dt

= β(YL) − kdp(p) (2)  

where p is the EPS concentration in the HBSAnMBR mixed liquor (g/L),β 
is EPS yield in (g-EPS/g-MLSS), and Kdp is the decay rate of EPS in (/d). 

Table 2 
HBSAnMBR operating conditions.  

Phase Days of 
operation 

MLSS 
(g/L)* 

MLVSS 
(g/L)* 

OLR 
(kg-COD/ 
m3/d) 

Flux 
(LMH) 

HRT 
(days) 

1a 0–14  34.31  29.12  1.05  3.0  3.35 
1b 15–29  23.10  18.65  1.45  3.6  2.90 
2a 30–44  19.46  15.82  1.72  4.5  2.30 
2b 45–64  18.72  15.87  2.40  7.5  1.39 
3 65–84  24.30  18.49  3.20  10.0  1.00 
4 85–109  20.82  15.96  4.00  12.5  0.83 
5 110–125  19.37  14.30  5.00  15.0  0.69 

*average value through the phase. 

Table 3 
Model input parameters.  

Symbol Description Unit Initial 
values 

Reference 

Y Yield coefficient of biomass g-MLSS/g- 
COD 

0.08 [48] 

Kdx Biomass decay rate /d 0.037 [49] 
Kdp Decay rate of EPS /d 0.020 [50] 
ƞ Constant 1/d-Pa 0.1 [51] 
τm Shear stress Pa 5.0 [37] 
β Yield coefficient of EPS g-EPS/g- 

MLSS 
0.01 [31] 

Δm Static friction constant unitless 1 × 10-3 [31] 
kε Coefficient of deposit 

porosity decrease 
– 1 × 10-3 [47] 

α Specific resistance of the 
cake 

1/m 1.20 × 10- 

12 
[42] 

μ was taken as 0.001 (Pa.s) as that of pure water. 

R. Kumar Gautam et al.                                                                                                                                                                                                                       



Chemical Engineering Journal 463 (2023) 142145

5

Using model equations by Gautam et al. [31] in their AnMBR study, 
the EPS density was modelled, considering the accumulation of EPS (m) 
(Equation (3) due to advection force (out-in filtration) and detachment 
(Equation (4) as a result of shear-induced from backwashing (Equation 
(5). 

dm
dt

= Jp − kdmm (3)  

where J is the flux through the membrane (m/d), kdm is the detachment 
rate of the EPS (/d), and m is the EPS density on the membrane surface 
(kg/m2). 

kdm can be further expressed as: 

kdm = η(τm − ΔmΔP) (4)  

where η is constant (1/d-Pa), τm is the shear stress (Pa), Δm is the co
efficient of static friction, and ΔP is the transmembrane pressure (Pa). 

The shear stress (τm) due to EPS [31], can be further expressed as: 

τm = ρtgδ (5) 

Where ρt is the density of mixed liquor for a known concentration of 
x, which can be obtained by the expression given by Busch et al. [52]. δ 
is the thickness of EPS biofilm (m). 

2.5.3. SMP concentration in the bioreactor 
To explore the effects of pore blocking in the HBSAnMBR during 

(Phase 1a, 1b, 2a, 2b, 3–5), Equations (9) and (10) given by Charfi et al. 
[47] were used. 

dε
dt

= − kε
QP

A
σ[SMP]ε (6) 

Where QP is the permeate flowrate in m3/s, kε is the coefficient of 
deposit porosity decrease, A is the membrane surface area in m2, σ is the 
SMP fraction retained by the membrane, SMP concentration is expressed 
in kg/m3, and ε is the deposit pore diameter of the membrane. Charfi 
et al. [47] also gave a relationship between E and ε as: 

E =
ε

ε + n
(7) 

Where E is the negative correction parameter, and n is equal to 1. 

2.5.4. Dynamics of fouling in HBSAnMBR 
The dynamics of the fouling process due to cake formation were 

examined from the extracted EPS containing proteins and carbohy
drates, while a dynamic fouling model [42] was used to explore the 
fouling propensities and is given as follows: 

v
dMJc

dt
= Jj2α Mjc

Rc
+ Jj4α Mjc

Rc
(8) 

According to Olubukola et al. [42], Jj2 is defined as the flux in contact 
with the area of the membrane A1 in g/d-m2 and Jj4 is the flux in g/d-m2, 
which is in contact with the area of membrane A2. The quantity MJc is 
the mass concentration of the cake foulant in g/L that resulted in the 
cake fouling, α is the specific resistance of the cake (1/m), Rc is the cake 
resistance in (1/m). 

Based on the derivation elucidated by Olubukola et al. [42], the 
coefficient of fouling formation can be represented as ’a’ and ’b’ with 
this expression depicted by their corresponding values as: 

Jj2 α
Rcv

= a;
Jj4 α
Rcv

= b (9) 

Where v is the wet volume of the HBSAnMBR. If the area of the 
membrane is uniform i.e., a = b, and a=γ; then the total coefficient of 
fouling is represented as:  

a+ b = 2γ (10)  

2.5.5. Filtration resistance 
The filtration resistance (Rt) is the sum of membrane resistance, 

concentration polarization resistance, resistance due to the cake layer, 
and pore blocking. This can be expressed as; 

Rt = Rp +Rc +Rm +Rcp (11)  

where Rt is the total filtration resistance (1/m), Rp is resistance due to 
pore blocking (1/m), Rc is resistance due to the cake layer (1/m),Rm is 
membrane resistance (1/m), and Rcp is concentration polarization 
resistance (1/m). Since the present study focuses only Rc and Rp, Rcp was 
not taken into consideration in this study, so (Rt) can be expressed as: 

Rt = Rp +Rc +Rm (12) 

While the relation between TMP, viscosity (μ), flux (J), and Rt, is 
given by: 

J = ΔP
μRt 

(13) The viscosity of permeate (μ) was calculated using 
Equation (11) as given by Xing et al. [53] 

μ =
0.33*x + 2.3

(1 + 0.0337*T + 0.000221*T*T)/1000
(Pa.s) (14)  

2.6. Statistical data analysis 

A paired sample t-test was performed using the SPSS V.21 at a 95 % 
confidence interval (CI). Further, an analysis of variance (ANOVA) was 
also conducted in SPSS to validate the fitting results. The best curve- 
fitting results represent a higher correlation coefficient value (R2). 

3. Results and discussion 

3.1. Impact of organic loading rate (OLR) on biomass concentration 
during the operation phases 

The applied OLR and biomass concentration are crucial parameters 
that determine the filterability and operational stability of the SAnMBR. 
Past studies [54,55] reported that MLSS concentrations over 10 g/L lead 
to the entrapment of all particles larger than 20 μm. The entrapped 
particles caused the solids to swell, increasing membrane resistance and 
system overload. The system overload reduces the ability of sludge to 
settle and reduces the overall treatment efficiency of SAnMBR. 

This study found that the MLSS and MLVSS concentrations correlated 
positively with OLR during Phases 1a, 1b, 2a, 2b, and 3–5, as shown in 
Figs. 2(a) and 2(b). On day 1, while commissioning the HBSAnMBR, the 
MLSS and MLVSS concentrations were 46.6 g/L and 39.18 g/L averaging 
34.31 g/L and 29.12 g/L during Phase 1a, indicating that the 
HBSAnMBR mixed liquor was in a semi-solid state. Due to this, the OLR 
was intentionally kept as low as 1.05 kg-COD/m3/d at an HRT of 3.35 d. 
Using the numerical model developed previously for AnMBR (Equation 
(1), the biomass concentration was simulated and fitted with experi
mental data, giving values of the coefficients; yield of biomass (Y = 0.13 
g-MLSS/g-COD) and decay of biomass (Kdx = 0.07/d) for Phase 1a, as 
shown in Fig. 2(b). The food-to-microorganism ratio (F/M) during Phase 
1a was as low as 0.08 g-COD/g-MLSS. This could be attributed to low 
food availability leading to significant cell decay due to endogenous 
respiration [56]. These findings agreed with previous AnMBR studies 
[19,36,57]. In Phase 1b, the OLR was further increased to 1.45 kg-COD/ 
m3/d, with an HRT of 2.90 d. The average MLSS and MLVSS concen
trations during this period were 23.10 g/L and 18.65 g/L, respectively. 
As a result of the relative increase of OLR during Phase 1b, the F/M ratio 
and the biomass yield (Y) increased to 0.13 g-COD/g-MLSS and 0.17 g- 
MLSS/g-COD, respectively. Conversely, the decay of cells (Kdx) declined 
by 57 % from 0.07/d (Phase 1a) to 0.03/d (Phase 1b) due to the avail
ability of sufficient food. 

To mitigate fouling and frequent membrane cleaning due to the high- 
biomass concentration in the HBSAnMBR, Phases 2a and 2b were 
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Fig. 2a. Variation of experimental MLSS, MLVSS concentration and MLVSS/MLSS ratio with time during different phases at OLR 1.05–5 Kg-COD/m3/d.  

Fig. 2b. Variation of simulated and experimental MLSS concentration during different phases at OLR 1.05–5 kg-COD/m3/d.  
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operated under SRT control [58]. This was achieved by intentionally 
removing the sludge from the HBSAnMBR to maintain a biomass con
centration of around 20 g/L. From the 30th day (Phase 2a) to the end of 
the 64th day (Phase 2b), the SRT was calculated at 20 and 10 days, 
respectively. After implementing SRT control, Y during Phases 2a and 2b 
increased to 0.37 and 0.31 g-MLSS/g-COD, respectively and correlated 
positively with the OLR increase (1.72 and 2.40) kg-COD/m3/d. 
Although the yield was high, the MLSS concentration stabilized around 
19.46 and 18.72 g/L, respectively, as shown in Fig. (2(a) and 2(b)). 
During these phases (Phase 2a and 2b), the decay coefficient (Kdx) was 
found to be 0.01 and 0.038/d, respectively, which attributed to a much 
more stable operation with F/M ratios of 0.15 and 0.13 g-COD/g-MLSS 
respectively. 

Phase 3 could be attributed to the transition phase towards stabili
zation as the HBSAnMBR started showing stable treatment performance 
in terms of operation and COD removal. The OLR during Phase 3 was 
further increased to 3.20 kg-COD/m3/d with an HRT of 1 day. Due to 
this, the HBSAnMBR experienced an increase in MLSS concentration by 
30 % from Phase 2b, averaging 24.3 g/L, as shown in Fig. 2(b). However, 
due to a power outage at our PC-2 laboratories, the SRT control could 
not be implemented, and the bioreactor’s sludge was not intentionally 
wasted except for sampling. This observation confirmed that controlling 
the SRT effectively maintained the biomass concentration in the 
HBSAnMBR during Phase 2a and 2b. The biomass yield (Y) during Phase 
3 was found insignificant and was almost similar to Phase 2b (0.31 g- 
MLSS/g-COD), even though the OLR was increased to 3.20 kg-COD/m3/ 
d, as shown in Table 4. This phase could be attributed to the transition 
from the log phase to the stationary phase, as it does not increase the 
biomass yield in multiples but keeps it static, even at a high F/M ratio 
(0.13 g-COD/g-MLSS). 

Phases 4 and 5 were operated with SRT of 14 and 10 days, respec
tively, and the HBSAnMBR showed optimum performance during these 
phases. During these Phases, the HRT reduced significantly to 0.83 and 
0.69 days, respectively, with an increase in the OLR. Although the OLR 
was increased to 4 kg-COD/m3/d (Phase 4) and 5 kg-COD/m3/d (Phase 
5), the MLSS concentrations stabilized around 20 g/L. The SRT control 
was proven effective in attaining a sustainable biomass concentration in 
the HBSAnMBR for its stable operation and performance. The increased 
OLR during Phases 4 and 5 correlated positively with the F/M ratio (0.18 
and 0.26 g-COD/g-MLSS) and the yield (0.18 g-MLSS/g-COD), respec
tively. These findings strongly agreed with past AnMBR studies [59,60]. 
In summary, the biomass concentration and yield correlated positively 
with the OLR. At the same time, a low OLR resulted in a low F/M ratio 
leading to substantial death of microorganisms (Kdx) due to competition. 

3.2. Dynamics of production of polymeric substances in the HBSAnMBR 

To predict the influence of foulants dynamics on the performance of 
the HBSAnMBR process, the EPSc dynamics were simulated using 
Equation (8). As shown in Fig. 3a–3g, the EPSc (carbohydrate) and EPSp 
(protein) concentrations fit with the experimental data. The measured 
and simulated concentrations of EPSp were higher than EPSc. It was 
noticed that 140 mg/L of EPSp formed during Phase 1 was higher than 
the 60 mg/L of EPSc formed during the same phase. These values kept 
fluctuating at different stages. During all phases, the concentration of 

EPSp was higher than EPSc. The model estimated parameters are 
depicted in Table 4. The formation of EPS significantly affected the 
performance of HBSAnMBR, while operating parameters such as OLR 
influence the EPS yield and decay rate. Within the OLR 1.05 kg-COD/ 
m3/d, it was observed that the yield of EPSc was 0.00005 g-EPS/g-MLSS, 
and that of EPSp was 0.00008 g-EPS/g-MLSS. As the organic loading rate 
increases, a reasonable decrease in the yield of EPSc and that of EPSp is 
observed, as shown in Table 4. 

The decay rate of EPSc and EPSp are other essential parameters upon 
which the performance of HBSAnMBR depends [31]. With the EPS for
mation during Phase 1a, the decay rate was observed to be 0.002/d and 
0.002/d for EPSc and EPSp at OLR 1.05 kg-COD/m3/d, respectively. As 
the organic loading rate increases in the subsequent phases, the decay 
rate significantly increases at different organic loading rates, as shown in 
Table 4. Phases 3 and 4 were noticeable for a drastic increase, observed 
at 0.01/d and 0.07/d, respectively. This observation supports an asser
tion by Olubukola et al. [42] that the dynamics of EPSc and EPSp for
mation are critical factors responsible for the performance of SAnMBR. 
Being able to control these dynamics would lead to improved membrane 
performance due to the reduction in the coefficient (γ) responsible for 
fouling formation. With an increase in OLR during Phase 5, the EPSc and 
EPSp decay rates were significantly decreased. 

The time-based variation of SMP formation is illustrated in Fig. 4(a). 
In Phase 1a, the formation of SMPp was 67 % more than SMPc. When the 
SMPp during Phase 1a was compared with SMPp during Phase 1b, there 
was a recorded increase of 35 %. During the long-term HBSAnMBR 
operation across all phases, SMPp formation was higher than SMPc. 
Compared to the previous phases, a moderate and constant rate of in
crease in SMPp and SMPc was observed during Phases 4 and 5. Ac
cording to Balcıoğlu et al. [20], protein concentration in the SMP and 
EPS is higher than that of carbohydrates. This result can be explained 
due to slow protein hydrolysis compared to carbohydrate hydrolysis, 
protein adsorption due to electrostatic interaction force which domi
nates protein adsorption on the membrane surface, and high colloidal 
stability that minimizes protein adsorption on the membrane surface 
leading to reduced protein concentration [69]. In summary, the EPS, 
SMP dynamics, and yield significantly impacted the fouling rate and 
HBSAnMBR performance. 

3.2.1. Influence of SMP on membrane pore blocking 
The model proposed in Equation (6) simulates the impact of SMP on 

the membrane’s pores diameter at 2 %, 5 %, and 10 % SMP entrapment, 
as given by Charfi et al. [47]. The simulated results are illustrated in 
Fig. 4(b). A consequential reduction of the pores was observed due to the 
entrapment of SMP within the cake layer; as the decay rate of SMP re
duces, the amount of SMP available for the entrapped increases, as 
shown in Fig. 4(b). The entrapment process changed intermittently 
within Phases 1a, 1b, 2a, 2b, and 3 at given SMP concentrations. In 
Phases 4 and 5, the concentration of SMP became almost stable, and 
there was no significant influence of SMP concentration on the pore- 
blocking at all entrapment rates (2 %, 5 %, and 10 %), as shown in 
Fig. 4(b). With 10 % SMP entrapment, the porosity reduction was 
negligible in Phases 4 and 5. As most of the pore-blocking necessitated 
by SMPs was removed by ordinary backwashing, the findings of this 
study validated the effectiveness of backwashing in mitigating 

Table 4 
Model estimated parameters for the current study.  

Parameters Description Unit Phase 1a Phase 1b Phase 2a Phase 2b Phase 3 Phase 4 Phase 5 

Y Yield coefficient of biomass g-MLSS/g-COD  0.13  0.17  0.37  0.31  0.31  0.18  0.18 
Kdx Biomass decay rate /day  0.07  0.03  0.01  0.03  0.03  0.04  0.05 
β1 (Carbohydrate) Yield of EPSc g-EPSc/g-MLSS  0.00005  0.00003  0.00001  0.00002  0.000013  0.00001  0.00001 
Kdp1 (Carbohydrate) EPSc decay rate /d  0.002  0.003  0.04  0.0012  0.01  0.07  0.00012 
β2 (Protein) Yield of EPSp g-EPSp/g-MLSS  0.00008  0.00005  0.000003  0.00003  0.00001  0.00001  0.00001 
Kdp2 (Protein) EPSp decay rate /d  0.002  0.003  0.0004  0.0012  0.0000012  0.01  0.0000002 
γ Coefficient of EPS fouling /d  0.0005  0.00003  0.000016  0.00015  0.00025  0.000002  0.000002  
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Fig. 3. (a), (b), (c), (d), (e), (f), and (g): Simulated and experimental EPSc and EPSp concentration for Phases 1a, 1b, 2a, 2b, and 3–5.  
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membrane fouling due to pore-blocking in ceramic UF membranes. 
Compared with the performances of the AnMBR-coupled polymeric 
membranes reported in previous studies [22,26], the ceramic UF 
membrane used in this study demonstrated anti-fouling properties and 
sustainable membrane operation at high biomass and high organic 
loading rates. 

3.3. Filtration performance 

The filtration performance improved as the membrane flux increased 

to 4.5 and 7.5 LMH with SRT control during Phases 2a and 2b, respec
tively. When the membrane flux values were compared with previous 
phases (Phases 1a and 1b), and those after the SRT control (Phases 2a 
and 2b), the average membrane flux values (4.75 and 7.5 LMH) with the 
SRT control were higher than those (3 and 3.6 LMH) without the SRT 
control, as shown in Table 2. As the filtration processes continued, the 
fouling coefficient (γ) decreased. During Phase 1a, there was a slight 
increase in EPSc from 69.0 mg/L until it reached 69.09 mg/L, with the 
coefficient of fouling (γ) estimated to be 0.00005/d, as shown in Fig. 3 
(a) and Table 4. As the OLR increases in the subsequent phase (Phase 

Fig. 4a. Variation of SMP during various phases of HBSAnMBR operation.  

Fig. 4b. Simulated decrease in the membrane pore diameter (µm) of ceramic UF membrane at 2 %, 5%, and 10 % of SMP entrapment.  
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1b), a decrease in the concentration of both EPSc and EPSp is observed, 
as illustrated in Fig. 3(b). The EPSc and EPSp in Phase 1b were estimated 
to decrease by 7.2 % and 14.4 %, respectively, compared to Phase 1a. 

With the implementation of SRT control in Phase 2a, the EPSc and 
EPSp concentrations decreased by 9.4 % and 18.9 %, respectively, as 
shown in Fig. 3(c). Despite the reduction in the γ coefficient, a sharp 
increase in EPSc and EPSp concentrations was observed during Phase 
2b, as shown in Fig. 3(d). In Phase 3, no noticeable change in γ was 
observed, as shown in Fig. 3(e). This result supported the claim made by 
Olubukola et al. [42] that the fouling propensity of the membrane in 
AnMBR is due to an array of factors, including OLR, during the long- 
term operation. Due to an increase in OLR during Phases 4 and 5, a 
more than 9 % reduction in EPSc and EPSp was observed, as shown in 
Fig. 3(f) and 3(g), with a noticeable drop in the γ, as shown in Table 4. 
During these phases, the filtration process was significantly optimized, 
which reduced the possibility of fouling formation. The claim by some of 
the previous AnMBR studies conducted by Balcıoğlu et al. [20,31,42] 
confirms that membrane fouling depends on OLR and other operating 
parameters, such as yield of the biomass, concentrations of EPS and 
SMP, and microbial activities, supported the findings of this study. 

As shown in Fig. 5, the TMP was relatively high during Phase 1a, i.e., 
above 70 kPa after 3 days of HBSAnMBR operation. This could be 
attributed to a high biomass concentration in the SAnMBR (around 40 g/ 
L) and a semi-solid state of biomass, leading to the rapid formation of the 
cake layer. To mitigate this issue, chemical cleaning of the membrane 
was conducted on the third day and at the end of Phase 1a, which 
brought the TMP to 15 kPa. With an increase of OLR during Phase 1b, 
the TMP increased and reached around 68 kPa by the end of Phase 1b, as 
shown in Fig. 5, and the membrane required chemical cleaning. 

SRT control was initiated in Phase 2a to reduce the biomass con
centration and mitigate frequent membrane cleaning. Further TMP 
analysis during Phase 2a shows a significant increase in TMP, i.e., above 
65 kPa on the 35th day of HBSAnMBR operation. Chemical cleaning of 
the membrane was conducted due to a heavy cake layer build-up, as the 
MLSS concentration was still around 23 g/L during this period. SRT 
control during Phase 2b brought the MLSS concentration to around 20 
g/L. SRT control could not be implemented in Phase 3 due to a power 
outage, and the sludge was not intentionally removed except for sam
pling. However, the OLR was increased to 3.2 kg-COD/m3/d, which 
increased MLSS concentration to 24.3 g/L. The TMP reached around 

60–65 kPa during Phase 3, and chemical cleaning was conducted on the 
72nd day of operation. During Phase 4, the OLR was increased to 4 kg- 
COD/m3/d, and SRT control was implemented. The TMP during this 
period was recorded as reasonably low, swinging between 26 and 32 
kPa. 

During Phase 5, the OLR was further increased to 5 kg-COD/m3/d, 
which was the highest OLR for this study, leading to an increased TMP of 
around 40–45 kPa. From the results, it can be concluded that the 
HBSAnMBR showed optimum performance during Phase 4 at a stable 
TMP range, stable biomass yield, increased EPS decay rate, reduced γ 
coefficient, and high permeate flux at OLR 4 kg-COD/m3/d. The total 
resistance during Phases 1a, 1b and 2a were higher than in the other 
phases, as depicted in Fig. 5. While during phase 2b, the total resistance 
reduced to 1x1010 (1/m) and remained stable in later phases, as shown 
in Fig. 5. 

3.4. Membrane fouling characterization 

SEM-EDX and FTIR spectroscopy was used to conduct autopsy ana
lyses of the ceramic UF membrane used in this study and the cake layer 
collected from the surface of the membrane during different phases of 
the experiment. The membrane surface was analyzed before (clean 
membrane) and after the formation of the cake layer (fouled mem
brane), as shown in Fig. 6(a), (b) and (c)) to elucidate the fouling 
mechanism. In contrast, the collected cake layer’s morphology and 
chemical composition during Phases 1a, 1b, and 3 were thoroughly 
investigated using SEM-EDX and ATR-FTIR spectroscopy (Fig. 7(b), (c), 
and (d)). The cake layer formation was insignificant during Phases 4 and 
5 due to stable HBSAnMBR operation and less fouling. 

The SEM images of the clean membrane (Fig. 6(a)) show a smooth 
surface free of particles that could trap inorganic colloids, macromole
cules, and microbial flocs. On the other hand, the fouled membrane 
exhibited a relatively rough surface and appeared to contain bacteria, 
EPS floc, and particles, as shown in Fig. 6(a). It was assumed that the 
hydrophobic nature of EPS expedited the production of the cake layer on 
the membrane surface [20], as the cake layer was primarily composed of 
EPS. A high protein concentration in the EPS (EPSp) was found, and it 
was assumed that the interaction between the membrane surface and 
protein prevented the foulants from being entirely eliminated from the 
membrane surface. The membrane pores were clearly visible in the 

Fig. 5. Variation of transmembrane pressure (TMP) and total filtration resistance (Rt) during different phases of HBSAnMBR operation.  
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cross-section of the clean and fouled membranes, as shown in Fig. 6(a), 
indicating that membrane pores did not experience pore blockage, while 
cake layer formation was found to be a critical fouling mechanism. The 
cake layer was collected from the membrane surface during Phases 1a, 
1b and 3 for analysis and was found to be compact, dense, and evenly 
distributed, as seen in Fig. 7(a) and 7(b). It was found that at high 
biomass concentrations, removing the cake layer was quite impossible 
using normal backwashing. 

The EDX analysis revealed that inorganic foulants on the clean 
membrane surface correlated with the foulant composition on the fouled 
membrane surface, which included Al (43.03 and 25.77 %), and Si (0.66 
and 4.43 %), respectively. Additionally, the presence of calcium (0.77 
%) and sodium (0.55 %) on the fouled membrane (Fig. 6(b)) may have 
contributed to the inorganic fouling [61]. The high concentration of Al 
was due to the fingerprint of the membrane (Al2O3). The results of EDX 
demonstrated that foulants accumulated on the membrane were pri
marily organic and could be distinguished from the carbon (37.7 %) and 
oxygen (32.81 %) peaks, as shown in (Fig. 6(b)). 

The collected cake layer was analyzed using EDX during Phases 1a, 
1b and 3, and it found that the cake layer was primarily composed of 
elements: C, O, Na, Mg, Al, Si, P, F, Ca, and Mo, as shown in Fig. 7(c). 
Although during Phases 1a, 1b and 3, the relative content of Al (1.41, 
0.61 and 0.87 %), Si (0.6, 0, and 0.58 %), Na (0.49, 0.64 and 0.7 %), Mg 
(0.4, 0, 0 %), was low, these elements had a significant impact on the 
formation of the membrane cake layer [61]. A notably high concentra
tion of Phosphorous (5.89 %) was detected during Phase 1b. A trace 
amount of Molybdenum (Mo) (0.29 and 0.3 %) was also found in the 
cake layer during Phases 1a and 3, respectively, which could be a 
component of micro-nutrients added to the simulated abattoir waste
water. Khan et al. [60] reported a significant concentration of Mo 
attributed to wastewater component discharges from automotive in
dustries in their fouling study. Furthermore, Khan et al. [62] also re
ported that the rare earth metals, which include Niobium and 
Molybdenum, minimize polar interaction leading to increasing 

hydrophobicity in the membrane. In this study, we discovered that the 
interaction between Niobium and Molybdenum with ceramic UF 
membrane improved the fouling performance by reducing the SMP 
entrapment. 

FTIR analysis was conducted to validate the membrane surface 
chemistry changes over time and to identify the cake layer’s functional 
groups. Fig. 6(c) shows the clean and fouled ceramic UF membrane’s 
FTIR spectra. Each peak demonstrates a particular type of molecular 
vibration; (symmetrical, asymmetrical, twisting, wagging, bending, 
deformation, or rocking), and some characterize the ceramic UF mem
brane skeleton (O-H group). The clean membrane’s absorbance peaks at 
3676, 2981, 1395, 1240 and 1055/cm are attributed to the ceramic 
membrane fingerprint [63]. As shown in Fig. 6(c), an intense peak 
around 3400/cm corresponded to (O-H) stretching vibrations of car
boxylic acids and (N-H) stretching vibrations of amide or amine groups 
[64], around 2900 (C-H) stretching, about 1390 (C-H3) bending, 
1250–1050 (C-O-C) stretch, and 950–1100 /cm (Si-O) stretching of sil
icates [65]. 

The spectra demonstrate a significant absorption (3200–3300/cm) in 
the fouled membrane (Fig. 6(c)) and the cake layer foulants (Fig. 7(d)) 
collected during Phases 1a, 1b and 3, which are caused by stretching the 
O-H bond in hydroxyl functional groups (phenols and/or alcohols). 
Around 2925/cm (Fig. 7(d)), the C-H stretch of alkanes may be seen, 
which could be attributed to carbohydrates [66]. Absorbance peak 
around 2164/cm in the fouled membrane (Fig. 6(c)) and the cake-layer 
foulants (Fig. 7(d)) could be attributed to (C≡C) stretch. The absorption 
bands detected around 1600/cm on the membrane surface (Fig. 6(c)), 
attributed to aromatic compounds and overlap with the absorption band 
of amides, while the fingerprints of amides I and II spectra, located 
around (1500–1600/cm) in the cake-layer foulants (Fig. 7(d)), correlate 
to the protein secondary structure [67]. This finding indicates the 
presence of proteins in the foulant cake layer. The (C-H) bend absorption 
band of alkanes around 1419/cm overlaps the absorption band of 
inorganic compounds (Fig. 6(c)), while the peak of around 1020/cm 

Fig. 6. Membrane morphology of clean and fouled membrane: (a) SEM imaging (top and cross-section view), (b) EDX analyses, (c) FTIR analyses.  
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indicates the presence of polysaccharides or polysaccharide-like com
pounds. Broad absorption regions at about 1300/cm and a peak at 834/ 
cm, as shown in Fig. 6(c) and Fig. 7(d), indicate the presence of car
bonate and signs of CaCO3 scaling [68] due to the calcium-rich feed. 

In conclusion, it was found that the formation of the membrane cake 
layer during Phases 1a and 1b increased the filtration resistance in the 
order of 6.2x1010/m and 4.83 x1010/m, respectively. The EDX results of 
the fouled membrane indicated that membrane cake layer formation 
was the primary fouling mechanism, while sodium, phosphorous, and 
calcium triggered the inorganic fouling. The membrane pores did not 

experience pore blockage. Within the technical information from this 
study, the non-polar interaction between the ceramic membrane and the 
inorganic foulants, as indicated by the EDX analysis in Fig. 6(b), 
improved the intrinsic hydrophobic property of the ceramic UF mem
brane. From the FTIR peaks (Fig. 6(c)), obtained from the fouled 
membrane surface (Fig. 6 (c)) (3279, 2925, 1586, 1419, and 1020/cm) 
and the cake layer (Fig. 7(d)) (3278, 2925, 1633, 1537 and 1032/cm), it 
can be concluded that the cake layer foulants were primarily of organic 
origin. 

Fig. 7. Foulant morphology: (a) Cake-layer photographs, (b) SEM imaging of foulants, (c) EDX analyses, (d) FTIR analyses.  
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3.5. Treatment performance of HBSAnMBR 

The treatment performance of the HBSAnMBR system was assessed 
at various OLRs during Phases 1a, 1b, 2a, 2b, and 3–5 according to TP, 
TN, and COD removal efficiencies at 125 days of operation. The OLR 
values during Phases 1a, 1b, 2a, 2b, 3–5 were 1.05, 1.45, 1.72, 2.40, 3.2, 
4 and 5 kg-COD/m3/d, respectively. Fig. 8 depicts how the influent COD 
loading affects COD removal effectiveness at various HRT. Past AnMBR 
studies [69,70] reported that a high MLSS concentration leads to a 
higher removal (%) for a specific COD-loaded effluent with increasing 
HRT. However, a poor treatment performance was observed in this 
study at a reportedly high MLSS concentration and high HRT during 
Phases 1a, 1b and 3, as shown in Fig. 8. 

It was found that the permeate COD concentration increased with 

increasing OLR during Phases 1a, 1b, and 3, and concentrations of 
1622.62, 952.32, and 1020.94 mg/L were recorded at the end of Phases 
1a, 1b and 3. During Phases 1a, 1b, and 3, the TP (20.22 %, 20.61 % and 
19.81 %), TN (20.22 %, 20.61 % and 19.81 %) and COD (80.45 %, 88.53 
% and 87.70 %) removal were recorded respectively. After implement
ing the SRT control in Phases 2a and 2b, the performance of HBSAnMBR 
improved as the OLR was increased to 1.72 and 2.40 kg-COD/m3/d, 
respectively. The COD removal was as high as 95.79 % and 95.66 %, 
respectively. During this period, the F/M increased to 0.15 and 0.13 g- 
COD/g-MLSS. A good treatment performance in terms of TP (23.59 and 
26.32 %) and TN (41.43 and 40.78 %) removal efficiencies were 
observed during this period, as shown in Fig. 8. Power outage during 
Phase 3 led to poor performance. However, the OLR was increased to 
3.2 kg-COD/m3/d during this period, maintaining an F/M ratio of 0.13 

Fig. 8. Treatment performance of HBSAnMBR in terms of total phosphorous (TP), total nitrogen (TN) and chemical oxygen demand (COD) removal efficiencies 
during Phase 1a, 1b, 2a, 2b, and 3–5. 
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g-COD/g-MLSS. The TP, TN and COD removal efficiencies during Phase 
3 were similar to Phase 1a and 1b, as shown in Fig. 8. 

During Phase 4, at OLR 4 kg-COD/m3/d, a superior treatment per
formance was observed in terms of TP, TN, and COD removal of 36.58 
%, 41.11 % and 99.33 %, respectively, at a high F/M and low HRT of 
0.18 g-COD/g-MLSS and 0.83 days. This behaviour agreed with a past 
AnMBR study conducted by Inaba et al.[71] to treat organic solid waste 
under controlled and deteriorated conditions. Phase 5 was operated at a 
maximum OLR (5 kg-COD/m3/d) designed for this study. The removal 
efficiencies during this period were higher than Phases 1a, 1b, 2a, 2b, 
and 3 but lesser than Phase 4, as shown in Fig. 8. This indicates that the 
treatment performance of HBSAnMBR started to decline above OLR 4 
kg-COD/m3/d. 

In summary, the HBSAnMBR, when operated at low OLR and 
extremely high biomass concentration (18 ≤ MLSS (g/L) ≤ 35) during 
the acclimatization and transition Phases (1a, 1b, 2a, 2b and 3), was able 
to remove COD over 80.45, 88.53, 95.79, 95.66 and 87.70 %, respec
tively. At OLRs (4 and 5 kg-COD/m3/d) and biomass concentration (19 
≤ MLSS (g/L) ≤ 25), the HBSAnMBR consistently removed 99.33 and 
98.88 % of COD. The present study was highly successful in meeting the 
trade-waste discharge limits (COD: 1500 mg/L; TP: 50 mg/L and TN: 
150 mg/L) of the Australian water and wastewater association [72] by 
achieving high COD removal efficiencies (up to 99%). 

3.6. Statistical analysis 

Using SPSS software version 28.0.1, the model fitting results were 
verified. The correlation between simulated data and experimental re
sults was analyzed at 95% CI (confidence intervals) using a paired 
sample t-test. The mean difference between two sets of observations 
(simulated and experimental) is typically calculated using a paired 
sample t-test [73]. According to Gupta and Kapoor [74], the two groups 
of data are regarded as “strongly correlated,” “moderately correlated,” 
and “least correlated” if their correlation coefficients lie between ± 0.50 
to ± 1.00, ± 0.30 to ± 0.49 and less than ± 0.29 respectively. All esti
mated operating parameters: MLSS, EPSc, EPSp, TMP and filtration 
resistance, derived from model-fitted results with experimental data, 
were statistically correlated (p ≤ 0.0137), and the results are summar
ised in Table S2. 

4. Conclusion 

The HBSAnMBR was operated for 125 days to treat AWW at biomass 
concentrations of 18 ≤ MLSS (g/L) ≤ 35. The treatment and operational 
performances at different OLR ranges of 1.05–5 kg-COD/m3/d were 
critically investigated during its long-term operation. The kinetic pa
rameters governing biomass yield, production and decay of EPS, filtra
tion resistance and decrease in membrane porosity due to SMP 
production during different phases were explored using numerical 
models, and their correlations were established. It was found that the 
OLR was a critical parameter responsible for the treatment performance 
and filtration performance of HBSAnMBR. 

The key findings of this study are:  

• At the OLR range (1.05–3.2) kg-COD/m3/d, the HBSAnMBR 
removed up to 95 % of COD, while a COD removal of 99.33 and 
98.88 % was achieved at OLRs 4 and 5 kg-COD/m3/d, respectively.  

• The biomass concentration (x) and yield (Y) correlated positively 
with the OLR and negatively correlated with the decay rate of mi
croorganisms (Kdx).  

• The EPSp yield was significantly higher than that of EPSc, and the 
dynamic behaviour of EPS formation indicated a reasonable decrease 
of the fouling coefficient γ as the OLR increases, which accounts for 
favourable optimum performance at OLR 4 kg-COD/m3/d  

• The HBSAnMBR had much pronounced organic fouling at high 
biomass concentrations (18 ≤ MLSS (g/L) ≤ 35) without SRT control 

during Phases 1a, 1b, and 3 at OLR (1.05, 1.45, and 3.2) kg-COD/m3/ 
d, resulting in high cake resistance up to 6.5 × 1010/m. At the same 
time, SRT control helped mitigate organic fouling during Phases 2a, 
2b, 4, and 5 and achieved stable membrane operation at OLR (1.72, 
2.40, 4 and 5) kg-COD/m3/d.  

• The cake layer was primarily composed of polysaccharides and 
proteins. At the same time, Significant amounts of sodium, phos
phorous and calcium depositions were detected in the cake layer 
deposited on the membrane’s surface during high biomass concen
trations, and their crystallization triggered inorganic fouling. 

• The complex interaction between the rare earth metal like Molyb
denum and Niobium provided better conditions to enhance the 
fouling performance of HBSAnMBR by improving the hydrophobic
ity of the ceramic membrane, which consequently reduced the 
entrapped SMP on the membrane pores. 

The results highlighted that sustainable OLR was found as 4 kg-COD/ 
m3/d, at which the HBSAnMBR exhibited superior treatment perfor
mance, less fouling and stable operational performance. With excellent 
operational and treatment efficiency, it is envisaged that this study will 
aid in developing a strategy for adopting SAnMBR as a pretreatment 
system to treat trade wastewater generated from abattoirs and similar 
high-strength industrial effluents. Further research is required to 
investigate the biomethane recovery performance and the associated 
microbial dynamics under extremely high-biomass concentration in a 
SAnMBR treating abattoir wastewater. 
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