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Simple Summary: Chicken slaughterhouses generate wastewater rich in organic contaminants and
nutrients. Chicken slaughterhouse wastewater (CSWW) is considered high-strength wastewater,
hence becoming a potential candidate for treatment processes that can recover energy. This study
focused on the performance comparison of two sets of upflow anaerobic sludge blanket (UASB)
reactors inoculated with different seed sludge treating CSWW. The reactor inoculated with seed
sludge acclimatised on modified synthetic wastewater successfully produced a significant methane
yield and removed chemical oxygen demand (COD) in the effluent, which complied with the
discharge parameter set by the Department of Environment (DOE) Malaysia. At the optimum
loading rate of bioreactor operation, energy recovery from laboratory scale (LS) and commercial scale
(CS) systems were evaluated and proven to produce significant energy yield for wet market usage.
Furthermore, a preliminary design of an on-site CS system was also proposed based on the actual
daily volume of CSWW generated, output from process performance study, and existing design of
the LS system.

Abstract: Lack of good management practice of chicken slaughterhouse wastewater (CSWW) has
caused pollution into water bodies. In this study, the potential of seed sludge acclimatised modified
synthetic wastewater (MSWW) on bioreactor performance and energy recovery of CSWW treatment
was investigated. Two sets of upflow anaerobic sludge blanket (UASB) reactors were employed. The
seed sludge in UASB 2 was acclimatised with MSWW for 30 days. In UASB 1, no acclimatisation
process was undertaken on seed sludge for control purposes. After the acclimatisation process of
UASB 2, both reactors were supplied with CSWW under the same condition of organic loading rate
(OLR = 0.5 to 6 gCOD/L/d) and mesophilic condition (37 ◦C). COD removal efficiencies of UASB 2
were >80% all through the steady-state of the OLR applied. Meanwhile, a drastic decrease in overall
performance was observed in UASB 1 when the OLR was increased to 3, 4, 5, and 6 gCOD/L/d.
Energy recovery from laboratory scale and projected value from commercial-scale bioreactor were
0.056 kWh and 790.49 kWh per day, respectively. Preliminary design of an on-site commercial-scale
anaerobic reactor was proposed at a capacity of 60 m3.

Keywords: anaerobic digestion; specific methane production; organic loading rate; energy yield
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1. Introduction

The potential of renewable raw materials in energy generation through biogas for-
mation is at the forefront of energy security discussions of recent times. Chicken slaugh-
terhouse wastewater (CSWW) showed a high potential for energy production due to the
presence of protein, lipids, fats, oil, and grease [1]. Nevertheless, industrial activities are
subjected to laws and regulations that are aimed at improving effluent quality required
to be released into receiving water bodies and are now more stringent than ever before.
This could be due to the pollution effect of discharging untreated/improperly treated
wastewater [2]. Treatment technologies such as conventional activated sludge, dissolved
air floatation, lagoon and pond systems, coagulation and flocculation processes, and anaer-
obic digestion (AD) are frequently used for domestic wastewater treatment [3,4]. These
technologies are also applied in the treatment of CSWW. Nevertheless, the major drawbacks
of these technologies are the large space requirement, substantial sludge production, odour,
and expensive installation. Biological processes are widely known to provide significant
benefits in the treatment of wastewater in this context. AD is a process that converts wastes
into biogas and enables for efficient treatment of effluents with high organic content. Biogas
can be used as an alternative energy source because it is mainly made up of methane (CH4)
and carbon dioxide (CO2) [5]. Moreover, the release of methane (CH4), carbon dioxide
(CO2), and nitrogen oxide (N2O) from open lagoons and ponds contributes immensely to
the deterioration of the environment [6]. Among the various treatment technologies of the
wastewater, AD using upflow anaerobic sludge blanket (UASB) reactor appeared promis-
ing [7]. The advantages range from the high efficiency, flexibility, and smaller footprint, to
less maintenance and low energy demand [8]. Nonetheless, the system usually requires
a long hydraulic retention time (HRT) to start, due to a range of factors, including accli-
matisation period of the seed sludge, variation of substrates composition, which includes
inhibitory compound, upflow velocity (Vup), and the liquid mixing. Moreover, pH and
temperature are also important factors that significantly affect the performance of UASB
reactors. Although anaerobic reactors can operate at three different temperature ranges
(psychrophilic, mesophilic, hyperthermophilic, and thermophilic), reactors operating at
low temperatures (psychrophilic) usually experience low maximum specific growth rate
and methanogenic activity [3,9,10]. However, several studies suggest that maintaining the
temperature at mesophilic (35 ◦C) condition significantly improves the performance UASB
reactor, compared with the psychrophilic and thermophilic range [11]. Another important
parameter is Vup, which is directly related to HRT and entrapment of suspended solids
(SSs). According to Daud et al. [12], low Vup entails an increase in HRT, which boosts the SS
removal efficiency of the system. On the other hand, chemical oxygen demand (COD) and
SS removal efficiencies usually decrease at elevated Vup because higher Vup reduces the
contact time between sludge and wastewater, in addition to smashing of sludge granules,
and resultantly higher washout of solids. Therefore, to achieve higher COD removal and
biogas production in UASB reactor, the system must take into consideration the reactor
design, seed sludge used, and operating conditions.

Most of the previous studies have highlighted bioreactor design [13–16] and organic
loading rate (OLR) for CSWW treatment [17–19]. There are two previous studies on anaer-
obic treatment of CSWW that have addressed sources or types of seed sludge. Debik and
Coskun [20] reported on a comparative study on two sets of bioreactors—the first bioreactor
was seeded with fully anaerobic granule, and the second bioreactor contained a mixture of
anaerobic non-granular biomass and granular biomass. Another study reported [21] on
the effect of different sources of seed sludge in batch mode. The seed sludge was collected
from a brewery wastewater treatment plant and from an anaerobic lagoon. However, no
previous study in the literature has investigated the comparative performance of UASB
reactors containing seed sludge acclimatised MSWW and sludge collected from domestic
wastewater treatment plants. Therefore, in this study, a MSWW was used for acclimatisa-
tion of seed sludge to investigate the effect on bioreactor performance and energy recovery.
This newly proposed approach was employed to reduce the long start-up period in opera-
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tion of the UASB reactor [22] and to improve the development of the microbial population.
Another set of UASB (UASB 1, seeded with sludge collected from domestic wastewater
treatment plant) was utilised as a control for the experimental UASB (UASB 2, seeded with
acclimatised sludge) reactor. Furthermore, in this work, energy recovery from laboratory
scale (LS) bioreactor and projected energy recovery from commercial scale (CS) bioreactor
were calculated, while most of the previous work emphasised energy recovery during ma-
nure treatment [23–26]. Therefore, there are two objectives of the present study to enhance
the understanding of anaerobic treatment on CSWW as follows: (1) to investigate the effect
of acclimatised seed sludge using MSWW on bioreactor performance in terms of OLR and
(2) to calculate the energy recovery from LS bioreactor and projected energy recovery from
CS bioreactor and propose a preliminary design of on-site CS bioreactor system based on
actual daily volume of CSWW generated, output from process performance study, and
existing design of LS system.

2. Materials and Methods
2.1. Physicochemical Characterisation of CSWW

CSWW was collected from a wet market located in Seri Kembangan, Selangor, Malaysia.
It was then brought to the Public Health Laboratory, Civil Engineering Department, Faculty
of Engineering, Universiti Putra Malaysia. At the laboratory, the collected sample was
sieved to exclude any suspended particles and feathers. The sample wastewater was then
analysed for COD, total suspended solids (TSSs), volatile-suspended solids (VSSs), fats, oil,
and grease (FOG), pH, colour, and turbidity. Table 1 shows the composition of the CSWW
wastewater collected.

Table 1. The initial composition of CSWW.

Parameters Unit Average Value

pH - 7.08 ± 0.50
Temperature ◦C 26.7 ± 0.5
COD mg/L 14,350 ± 300
TSSs mg/L 2335 ± 100
VSSs mg/L 1524 ± 150
FOG mg/L 6820 ± 100
TN mg/L 3033 ± 200
Colour Pt–Co 12,300 ± 100
Turbidity FAU 8500 ± 50

COD: chemical oxygen demand; TSSs: total suspended solids; VSSs: volatile suspended solids; FOG: fats, oil, and
grease; TN: total nitrogen; Pt–Co: platinum–cobalt scale; FAU: formazin attenuation units.

2.2. Reactor Design

Two UASB (1 and 2) reactors, as shown in Figure 1, were used for the investigation.
Polyvinyl chloride (PVC) cylindrical tubes with an internal diameter of 110 mm and a
height of 740 mm were used to construct the reactors (Figure 2). Each of the two reactors
had a gas sample Tedlar bag with a capacity of 10 L linked to the gas outflow tube. Each
reactor had an equally spaced effluent discharge outlet, apart from the influent inlet at the
bottom and gas exit flows at the top. A thermometer was also installed in the water bath to
monitor the temperature of the water bath as the heating coil was placed in between the two
reactors with an immersed edge in the water bath. The reactors were run in upflow mode.

The seed sludge for UASB 2 (before acclimatisation with MSWW) and UASB 1 were
collected from a domestic wastewater treatment plant, Universiti Putra Malaysia, Selan-
gor, Malaysia, with an initial VSS concentration of 17,000 mg/L for both reactors. After
acclimatisation of seed sludge on MSWW, VSS concentration in UASB 2 was 43,800 mg/L.
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Figure 2. Cross section of UASB reactor.

Behera and Ghangrekar [27] have suggested a sludge loading rate (SLR) of less
than 0.3 kgCOD/kg of VSS/d for a proper start-up of a UASB reactor; hence, SLR
of 0.02 kgCOD/kg VSS/d was chosen for the start-up of UASB 2 fed on MSWW. After
30 days of acclimatisation, SLR for UASB 2 fed on CSWW was 0.021 kgCOD/kg VSS/d and
UASB 1 (without acclimatisation), the SLR applied was 0.051 kgCOD/kg VSS/d, where
both SLR were less than 0.3 kgCOD/kg VSS/d, as suggested earlier. SLR for UASB 2
was slightly lower because UASB 1 and UASB 2 were fed with CSWW concurrently with
the same OLR, and the VSS concentration of seed sludge in UASB 2 was higher after
acclimatisation, as reported earlier. The OLR was increased gradually in each phase for
both reactors after 14–18 days. The reactor was fed from the bottom through a sludge
blanket using a dosing pump at a constant flow rate. This was to ensure CSWW would be
provided sufficiently to the seed sludge-containing microbes.
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2.3. Modified Synthetic Wastewater for Acclimatisation Process

The seed sludge used for UASB 2 was acclimatised with MSWW prepared in the Public
Health Laboratory at Faculty of Engineering, Universiti Putra, Malaysia. The MSWW used
in this study is a modified version of synthetic wastewater which has been described
earlier in [28]. The COD, total nitrogen (TN) and phosphorus (P) concentration of the
MSWW were 203,000 mg/L, 19,800 mg/L, and 4000 mg/L, respectively. It was developed
to yield a C:N:P ratio of 50:5:1, as suggested in [29], to have a balanced nutrient composition
and similar content with typical untreated domestic wastewater. During 30 days of the
acclimatisation period, MSWW was prepared daily; the detailed composition is represented
in Table 2.

Table 2. MSWW composition.

Materials Quantity Unit

Yeast (granular form) 23 g
Urea 2 g

Ammonium phosphate (NH4)2HPO4 3.4 g
Condensed Milk 140 mL

Chicken’s pure blood 5.75 mL
Tap water To make up to 1 L

2.4. Analytical Method

The effluent from both reactors was collected on a daily basis and measured for pH, the
volume of biogas production, and COD concentration. Other parameters, which include
IA/PA ratio, total ammonia nitrogen (TAN), FOG, and biogas composition for methane
concentration, were analysed twice a week. Volatile fatty acid (VFA) was sent for analysis
twice for each OLR during the reactor stable state. Mettler-Toledo AG (Schwarzenbach,
Switzerland) was used to monitor the pH of the reactors. COD, TSSs, and VSSs were mea-
sured according to the Standard Method for the Examination of Water and Wastewater [30].
TAN was measured using a spectrophotometer (HACH DR 900, Agilent, Santa Clara, CA,
USA), and Salicylate Powder Pillow Method 8155 was adopted. Total alkalinity (IA/PA)
was determined using the titrimetric method with 0.02 N sulphuric acid (H2SO4). Biogas
composition was analysed by a gas chromatograph (Agilent HP 6890 N) with a thermal con-
ductivity detector (TCD) and an HP-PLOT-Q capillary column (30 m × 0.5 mm × 40 µm).
VFAs were quantified in a Shimadzu GC 2010 gas chromatograph, equipped with a flame
ionisation detector (FID) and a FameWax capillary column (30 m × 0.32 mm × 0.25 µm).

2.5. Energy Recovery

The analysis of energy recovery was carried out using experimental data obtained
from one of the bioreactors which performed well. The optimum condition was determined
based on the highest specific methane production (SMP) achieved and at a better quality
of effluent produced. Despite the fact that there are a variety of biogas transformation
options available, the usage of a biogas internal combustion engine coupled to an electrical
generator was considered because it is a commercially available and simple technology ap-
plication [31]. The calculation was first to convert the SMP in the unit of L CH4/gCODadded
into m3/kgCOD and kJ/kgCOD, as described in Khanal et al. [32] in Equations (1) and (2).
Then, energy recovered in kWh is calculated using Equation (3).

Energy in E
(

kJ
kgCOD

)
= SMP

(
m3

kgCOD

)
× 35846

(
kJ
m3

)
(1)

Energy in P
(

kWh
kgCOD

)
= E

(
kJ

kgCOD

)
× 0.00028

(
kWh

kJ

)
(2)

Energy in Pe (kWh) = P
(

kWh
kgCOD

)
× COD in (kgCOD) (3)
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where CODin is the chemical oxygen demand of influent (kgCOD per day).

3. Results and Discussion
3.1. Acclimatisation of UASB 2 with MSWW

Biomass acclimatisation of UASB 2 using MSWW was performed at a relatively
low OLR (0.2–0.5 gCOD/L/d) for the adaptation process. The COD was evaluated at
every stabilisation stage of each OLR. The acclimatisation stage lasted for one month
before starting with feeding the real CSWW and compared with another reactor (UASB 1).
Figure 3 depicts the COD removal efficiencies of UASB 2 during acclimatisation. The
amount of COD removal in all the stages of the OLR was >90% stable state. Additionally,
the pH profile of the system range between 6.5 to 7.2, which demonstrates a stable condition
throughout the process.
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3.2. COD Removal Efficiency

The COD removals were evaluated at various OLR to see the performance of the
UASB reactors, as shown in Figure 4. The OLR varied from 0.5 to 6 gCOD/L/d during the
whole period of the study. The COD removal efficiencies of the reactors at a steady state of
OLR between 0.5 to 4 gCOD/L/d achieved more than 90% on average. However, there
was a decline in COD removal efficiencies, along with the different phases of OLR before
reaching a stable state [33].

Conversely, with increasing OLR to 5 and 6 gCOD/L/d, the reactor UASB 1 experi-
enced a severe decline in COD removal to <70% at a stable state. The deficiency reported
in UASB 1 could be related to the microbial population’s shock in coping with the shift in
loading rate. On the other hand, UASB 2 maintained significant COD removal efficiency up
to 85% at a stable state. The rigidity of UASB 2 is probably due to the microbial community
that well adapt to the environment [34]. The study of Li et al. [35] further demonstrated that
withstanding high OLR by the reactor is a function of microbial adaptability to the subject
environment. Furthermore, the investigation of [36] had proven that once the operation
is within the usual OLR boundaries, which range between 1.5 and 16.0 kgCOD/m3/d, a
UASB reactor can sustain a stable process.
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3.3. Biogas, Methane, and Specific Methane Productions (SMPs)

The process performance of the UASB reactors in terms of biogas production is
illustrated in Figure 5. The reactors continuously operated for 105 days with raw CSWW
at various OLR, and as OLR increased, biogas output continued to rise. The systems
experienced a slight decrease in the rate of biogas production once the OLR changed to
another phase but gradually stabilised until the production rate remained the same for
three or more consecutive days. This trend was maintained between 0.5 to 3 gCOD/L/d
for both reactors, with the biogas production of 3.5 L/d in all the systems. However, the
performance of UASB 1 drastically declined when the OLR increased to 4 gCOD/L/d
(Figure 5), indicative of despair in the system. Likewise, the addition of OLR to 5 and 6
gCOD/L/d to both systems further deteriorated the performance of UASB 1 in terms of
the daily biogas production, whereas UASB 2 proved to be more efficient and resistive to
shock load, with a biogas production of 5.6, 7.2 and 10 L/d under the same condition of
loading with UASB 1.
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The specific methane yield showed a similar trend, as demonstrated in Figure 6. It
was observed that the SMPs of UASB 2 were considerably above 0.2 LCH4/gCODadded
from OLR 0.5 to 5 gCOD/L/d, while SMPs of UASB 1 were below 0.2 LCH4/gCODadded
at a steady state, under the same condition with UASB 2. However, increasing OLR to
6 gCOD/L/d showed a high rise in the SMPs produced by UASB 2 (0.31 LCH4/gCODadded),
while a drastic reduction in SMPs to <0.05 LCH4/gCODadded was observed in UASB 1.
Studies on AD have revealed that changing feed techniques can improve biogas output
and COD removal efficiency, which is the increasing or decreasing OLR. For instance,
the investigation of Basitere et al. [37] showed that biogas and methane concentration
improved with a gradual increment of OLR.
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Figure 7 indicates the composition of methane gas concentration over a period of
operation of UASB 1 and 2. It is clear that the dramatic drop in UASB 1 methane concentra-
tion was due to the shock the systems received as a result of the increases in OLR, which
substantially harmed the methanogenic activity.
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Furthermore, the reduction in methane concentration in UASB 1 indicates a sign of
inhibition of the methanogens due to VFA accumulation, as well as a low pH. However,
the UASB 2 system maintained a high concentration of methane above 70% throughout
the different stages of OLR (Figure 7), and this depicts a stable state of the system with no
sign of inhibition. Therefore, comparatively, the performance of UASB 1 containing non-
acclimatised seed sludge revealed unstable methane gas production. The two experimental
results revealed that UASB 2 is more efficient in biogas, methane, and SMP, compared with
a UASB 1 reactor of the same configuration and different seed sludge. A similar result
was reported by Torkian et al. [15] with a UASB reactor. Still, the results obtained from the
previous study were lower (0.2 to 0.28 LCH4/gCODremoved) than UASB 2 in this study.

3.4. TAN Concentrations of the Reactors

The TAN concentration profile of UASB 1 and UASB 2 over a period of time at various
OLRs are presented in Figure 8. Research has shown that during protein hydrolysis in
AD, a high concentration of TAN is usually produced [38]. It can be inferred that the
concentration of TANs for UASB 2 from OLR 0.5 to 3 gCOD/L/d were 86, 163, 214, and
305 mg/L, respectively. Meanwhile, the concentration of TANs in UASB 1 were found as
42, 92, 128 and 136 mg/L for OLR 0.5 gCOD/L/d to 3 gCOD/L/d, respectively.
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Nonetheless, a significant difference was seen when the OLR was increased to 4, 5,
and 6 gCOD/L/d to reactors, in which the values of TAN in UASB 2 increased from
685 mg/L at 4 gCOD/L/d to 813 mg/L at 6 gCOD/L/d, while it decreased from 135
mg/L at 4 gCOD/L/d to 112 mg/L at 6 gCOD/L/d in the UASB 1 reactor. Consequently,
the differences that occurred as a result of increasing OLR in both reactors depict that
protein hydrolysis was not occurring in UASB 1, and therefore, assimilation of COD by
microbial population did not show progress, indicating that microorganisms (acetogens
and methanogens) were not growing. Furthermore, the rapid breakdown of organic matter
by the vast population of microbial biomass could be explained by the high production of
TAN in the UASB 2 reactor. Comparatively, at low OLR, the performances of the reactors at
steady states were quite stable. Nevertheless, after increasing the concentration of CSWW,
UASB 2 demonstrated higher degradation of the substrate, indicating that the reactor was
more efficient than UASB 1 at converting organic matter to methane at greater OLR. On the
other hand, the TAN concentration in UASB 2 reactor’s effluent remained stable and did
not hinder or create any substantial changes in the reactor’s functioning at higher OLR.
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3.5. IA/PA Ratio and pH Profile Variations of the UASB Reactors

During AD, the IA/PA value determines the system’s ability to survive variations in
pH caused by the release of organic acids [39]. Figure 9 represents the IA/PA ratio of UASB
1 and 2 during the treatment of CSWW over time. The wastewater is characterised by high
protein and lipid content and thus very challenging when subjected to AD. According to
Tangkathitipong et al. [40], during AD, the IA/PA ratio of the reactor has to be maintained
in the range of 0.1 to 0.3; this is because when the ratio of IA/PA exceeds 0.4, the system is
likely to undergo unstable condition [8].
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Figure 9. Variation of IA/PA ratio of UASB 1 and 2.

In this research, it was observed that the IA/PA ratio from OLR 0.5 to 3 gCOD/L/d
was <0.3, in both UASB 1 and 2 (Figure 9). The numbers indicate a stable working
environment with enough alkalinity, which is substantially below the inhibitory level.
Subsequently, an increase in the OLR 4 to 6 gCOD/L/d in UASB 1 resulted in an increase in
IA/PA ratio to above 0.3, and this signifies the abnormal function of the system. Moreover,
the inhibition that occurred in UASB 1 could be due to the long-chain fatty acids (LCFAs)
accumulated in solid biomass with a low pH, as shown in Figure 10. The investigation
of [41] also supports the findings of this study. The IA/PA ratio values of the UASB 2 reactor
were maintained below 0.3 at OLR 4, 5, and 6 gCOD/L/d (Figure 9), indicating a stable
state of AD. Figure 10 demonstrated the pH profile of UASB 1 and 2 at different OLRs.

During AD, microorganisms have a working range of pH between 6.5 and 7.5 [42].
According to Morales-Polo et al. [43], fermentative bacteria strive around pH 4 to 8.5, while
methanogenic bacteria performed well around 6.5 and 7. The pH of both reactors was
within a stable state at OLR 0.5 to 4 gCOD/L/d. However, when the influent concentration
increased, the pH profiles at 5 to 6 gCOD/L/d OLR of UASB 1 drastically declined
(Figure 10), while UASB 2 maintained a stable condition. Furthermore, the pH values in
UASB 2 were stable with the increased levels of OLR. As a result, the effluent of the UASB
2 reactor has a high buffering capacity and does not require pH correction.
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3.6. Fats, Oil, and Grease (FOG) Concentration in the UASB Reactors

Figure 11 demonstrates the FOG pattern removal from the two UASB reactors. CSWW
is classified as a high-strength waste stream due to its refractory character. On the other
hand, studies have shown that at higher OLR, FOG may cause significant digester foaming
in the reactor due to reactor inhibition [44]. Moreover, according to Jeganathan et al. [45],
the presence of high FOG in an anaerobic reactor could result in the accumulation of scum
that affects degradation, especially in UASB reactors.

Animals 2021, 11, x FOR PEER REVIEW 12 of 19 
 

During AD, microorganisms have a working range of pH between 6.5 and 7.5 [42]. 

According to Morales-Polo et al. [43], fermentative bacteria strive around pH 4 to 8.5, 

while methanogenic bacteria performed well around 6.5 and 7. The pH of both reactors 

was within a stable state at OLR 0.5 to 4 gCOD/L/d. However, when the influent concen-

tration increased, the pH profiles at 5 to 6 gCOD/L/d OLR of UASB 1 drastically declined 

(Figure 10), while UASB 2 maintained a stable condition. Furthermore, the pH values in 

UASB 2 were stable with the increased levels of OLR. As a result, the effluent of the UASB 

2 reactor has a high buffering capacity and does not require pH correction. 

3.6. Fats, Oil, and Grease (FOG) Concentration in the UASB Reactors 

Figure 11 demonstrates the FOG pattern removal from the two UASB reactors. 

CSWW is classified as a high-strength waste stream due to its refractory character. On the 

other hand, studies have shown that at higher OLR, FOG may cause significant digester 

foaming in the reactor due to reactor inhibition [44]. Moreover, according to Jeganathan 

et al. [45], the presence of high FOG in an anaerobic reactor could result in the accumula-

tion of scum that affects degradation, especially in UASB reactors. 

Time (Days)

0 20 40 60 80 100

O
rg

a
n

ic
 L

o
a

d
in

g
 R

a
te

 (
g

/L
/d

)

0

1

2

3

4

5

6

7

F
a

ts
, 
o

il
 a

n
d

 G
re

a
s

e
 (

m
g

/L
)

0

50

100

150

200

250

300

Days  vs OLR  

Days  vs O & G 1 

Days 2 vs O & G 2 

OLR =

 0.5 g/L/d
OLR =

 1.0 g/L/d

OLR =

 2.0 g/L/d

OLR =

 3.0 g/L/d
OLR =

 4.0 g/L/d

OLR =

 5.0 g/L/d

OLR =

 6.0 g/L/d

 

Figure 11. Comparison of FOG removal efficiencies of UASB 1 and 2. 

It was observed that an increase in OLR from 0.5 to 4 gCOD/L/d did not negatively 

affect the performance of UASB 2, nor did the subsequent loading rates (5–6 gCOD/L/d) 

(Figure 11). It can be seen that FOG in UASB 1 increased with increasing OLR from 4, 5, 

and 6 gCOD/L/d (Figure 11). The trend of FOG development in UASB 1 suggested that no 

assimilation of organic matter occurred, which could be attributed to LCFAs inhibiting 

propionate breakdown and a high propionate concentration causing inhibiting in hydrol-

ysis [46]. However, according to [47,48], reactor failure is probably caused by the inhibi-

tion of methanogens and acetogens, whereas the research of Jensen et al. [49] suggest that 

when LCFAs exit the environment and accumulate in solid biomass within 24 h, they are 

adsorbed into the membrane/cell wall of bacteria, affecting the microbial cell’s ability to 

transport or protect itself. 

3.7. VFA Formation in the UASB Reactors 

Figure 12 represents the VFA concentrations in mg/L over a period of time during 

the performance comparison of UASB 1 and 2. The samples were analysed once in every 

stage of OLR (0.5–6 gCOD/L/d). A relatively low VFA concentration was recorded from 

Figure 11. Comparison of FOG removal efficiencies of UASB 1 and 2.

It was observed that an increase in OLR from 0.5 to 4 gCOD/L/d did not negatively
affect the performance of UASB 2, nor did the subsequent loading rates (5–6 gCOD/L/d)
(Figure 11). It can be seen that FOG in UASB 1 increased with increasing OLR from 4,
5, and 6 gCOD/L/d (Figure 11). The trend of FOG development in UASB 1 suggested
that no assimilation of organic matter occurred, which could be attributed to LCFAs
inhibiting propionate breakdown and a high propionate concentration causing inhibiting
in hydrolysis [46]. However, according to [47,48], reactor failure is probably caused by the
inhibition of methanogens and acetogens, whereas the research of Jensen et al. [49] suggest
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that when LCFAs exit the environment and accumulate in solid biomass within 24 h, they
are adsorbed into the membrane/cell wall of bacteria, affecting the microbial cell’s ability
to transport or protect itself.

3.7. VFA Formation in the UASB Reactors

Figure 12 represents the VFA concentrations in mg/L over a period of time during
the performance comparison of UASB 1 and 2. The samples were analysed once in every
stage of OLR (0.5–6 gCOD/L/d). A relatively low VFA concentration was recorded from
OLR 0.5 to 2 gCOD/L/d, as shown in Figure 12. These demonstrate that methanogenic
activities proceed effectively. When the OLR was increased to 3, 4, 5, and 6 gCOD/L/d in
the UASB 1 reactor, a rapid increase in acetic, propionic, and butyric acids was observed. By
contrast, in the UASB 2 reactor under the same condition of loading, no significant changes
in acetic, propionic, and butyric acids were observed. This indicates that the experiment
was extremely stable during these times. In addition, the UASB 2 reactor’s performance
demonstrated that the microbial population had successfully acclimatised to the system.
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The rise in the acetic acid in UASB 1 when the OLR was further increased to 3, 4, 5,
and 6 gCOD/L/d could be due to the drop in pH and subsequent accumulation of VFA,
which led to inhibition. Furthermore, the investigation of Ugurlu and Forster [50] revealed
that an increase in feed concentration could cause the reactors under pressure that usually
showed a drop in pH and VFAs accumulation [51]. It was observed that after increasing
OLR in UASB 1, the effluent had become completely acidified, which suggests a high
presence of acidogens and acetogens without substrate assimilation. Similarly, studies have
revealed that the suppression of methanogens and acetogens is the primary cause of reactor
failure [52,53]. Likewise, the build-up and absorption of LCFAs inhibit the microbial cell
transport system when LCFAs enter the membrane or cell wall of bacteria [54].

3.8. Summary of Bioreactor Performances and Energy Recovery from Laboratory-Scale and
Commercial-Scale Anaerobic Reactor

In this study, the energy recovery for LS and CS were evaluated to determine the
potential power yield, as illustrated in Table 3. The energy recovery was calculated based on
the methane yield or SMP achieved in LS at optimum conditions. OLR 5 g/L/d for UASB 2
was selected as the optimum phase due to the high performance achieved and better quality
of effluent produced. The SMP recorded at this phase was 0.27 LCH4/gCODadded, as shown
in Table 4. The projection of energy recovery for CS was calculated based on the SMP
obtained in LS. As presented in Table 1 in the earlier subsection, the COD concentration of
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CSWW was 14.35 g/L. CS reactor is to be operated at a wet market. The average number of
slaughtered chickens is 1000 per day at a wet market located in Seri Kembangan, Selangor,
Malaysia. Taking CSWW produced for one chicken into account, the value is 20.49 L [55].
Therefore, it is estimated that the CSWW production for that one day is 20,490 L.

The energy produced from LS and CS is 0.0562 kWh and 790.49 kWh, respectively.
Wresta et al. [26] reported that only 2 kWh from a total of 6 kWh can be converted into
electricity due to energy losses during the treatment and conversion process. This is
equivalent to only 33% of the energy that can be recovered and utilised as electricity.
Therefore, the power yield for LS and CS are 0.0185 kWh and 260.86 kWh, respectively,
considering the SMP value is constant with the percentage of methane is within the range of
70% to 75%. The energy generated (energy yield) can be utilised for the internal operation
of the wet market.

Furthermore, energy generated can also be used for slaughtering activities, thus
reducing the grid energy. For instance, based on the technical specifications of commercial
products, the power consumption for certain standard slaughterhouse equipment is shown
in Table 5.

Assuming the operation at the wet market slaughterhouse is about 8 h per day, the
total power consumed is at least 44 kWh, excluding the use of a hydraulic pump, since
the CSWW will gravitationally flow into the CS reactor. The CS reactor is designed in
a cylindrical shape with 2.5 m of height and 2.77 m in radius, yielding a total volume
of 60 m3, equivalent to 60,000 L to sustain the feeding of 20,490 L of CSWW produced
per day. Considering 50% of working volume (Wv) is seeded with sludge and 50% with
CSWW, the proposed Wv of CS is 50,000 L. Headspace is allowed in the CS reactor, thus
making the total volume equal to 60,000 L, equivalent to 60 m3. The CS reactor comprised
a biogas digester, biogas dome, and gas–liquid separator for biogas collection. In addition,
the equalisation tank for the CSWW collection is equipped with screen bars to sieve any
suspended particles with feathers and carcasses to avoid system clogging. The proposed
hydraulic retention time (HRT) was 9.5 h to allow a sufficient period for the substrate to
degrade with low Vup. CSWW flows into the CS reactor from the top of the digester to break
any scum formation and allows the substrate to properly distribute into the sludge blanket,
thus minimising the maintenance cost [57]. Furthermore, the CS reactor is designed to
be operated at ambient temperature between 31 and 35 ◦C since Malaysia has a tropical
climate throughout the year. Therefore, no external heating system is required. Figure 13
shows the process flow diagram of CS CSWW treatment.

Table 3. Energy recovery from the treatment of CSWW in LS and CS.

Parameter Unit LS CS

OLR gCOD/L/day 5.0 5.0 b

SMP LCH4/gCOD 0.27 0.27 b

Energy in kJ/kgCOD a kJ/kgCOD 9678.42 9678.42
Energy in kWh/kgCOD a kWh/kgCOD 2.69 2.69
Energy Recovery in kWh kWh 0.0562 790.49

Energy yield in kWh kWh 0.0185 260.86
a: Assuming calorific value of CH4 at standard temperature pressure = 35,846 MJ/m3 and 1 kJ = 0.00028 kWh/kJ [32];
b: assuming optimum OLR and SMP in CS equal to LS.
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Table 4. Summary of UASB 1 and UASB 2 performance comparison.

OLR
(gCOD/L/day)

COD in
(g/L)

COD out
(g/L)

COD Removal
(%)

Biogas
Production (L)

Methane
Content (%)

SMP
(LCH4/gCODadded) pH IA/PA Ratio TAN

(mg/L)
TSSs

(mg/L)
FOG

(mg/L)
Colour
(Pt-Co)

1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

0.5 0.86 0.12 0.14 85.7 83.6 0.73 1.40 75 85 0.10 0.43 7.01 6.84 0.170 0.120 42 86 10 7 39 28 86 95
1.0 1.71 0.10 0.03 94.4 98.0 1.03 1.85 84 85 0.18 0.26 7.05 6.98 0.130 0.160 92 163 25 11 42 32 81 90
2.0 3.43 0.14 0.08 96.0 97.5 2.17 3.47 77 82 0.20 0.36 6.97 7.19 0.200 0.160 128 214 36 21 50 41 71 82
3.0 4.80 0.06 0.06 98.9 98.7 3.63 3.92 78 85 0.17 0.25 7.29 7.25 0.281 0.210 136 305 51 32 65 40 62 89
4.0 6.40 0.13 0.13 98.0 98.0 3.88 5.60 59 81 0.19 0.30 7.28 7.32 0.370 0.210 135 685 65 26 68 50 55 84
5.0 8.00 2.53 0.16 69.1 98.0 4.20 7.13 53 75 0.16 0.27 6.12 7.27 0.462 0.240 136 805 76 32 121 51 56 75
6.0 9.60 4.48 1.44 53.3 85.0 2.33 10.53 20 70 0.03 0.31 6.16 7.52 0.540 0.280 112 813 403 98 245 52 42 78

OLR: organic loading rate; COD: chemical oxygen demand; SMP: specific methane production; IA/PA: alkalinity ratio; TAN: total ammonia nitrogen; TSSs: total suspended solids; FOG: fats, oil, and grease;
HRT: hydraulics retention time; 1: UASB 1; 2: UASB.
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Table 5. Equipment used during slaughtering activity and power consumption.

Equipment Power Required (kW) Power Consumption in
1-Day Operation 8 h (kWh)

Boots cleaning c 2 16
Lights and office equipment c 2 16
Feather removal machine d 1.5 12
Total power consumption 44

c: [5]; d: [56].
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4. Conclusions

The performance of UASB 1 and 2 reactors in terms of biogas production and other
physicochemical parameters were studied. The UASB 2 reactor acclimatised with MSWW
showed excellent efficiency at all the OLRs applied throughout the study period. The
efficiency of the system was attributed to the presence of high microbial growth after
acclimatisation with MSWW. Thus, the system was able to withstand high OLR without a
sign of inhibition. Conversely, the performance of UASB 1 declined drastically in all study
parameters when the OLR was increased to 3, 4, 5, and 6 gCOD/L/d. The methane content
in UASB 2 was stable (>80%) when the OLR increased. The optimum phase for UASB 2 was
recorded at OLR 5 gCOD/L/d, in which the SMP was reported at 0.27 LCH4/gCODadded
and COD concentration of the effluent at 0.16 g/L, which meet the standard (B) for water
quality discharge parameters set by the Department of Environment (DOE) Malaysia.
Energy recovery projected in the CS bioreactor indicates the system is capable to sustain the
power needed for wet market operation. The energy yield recorded in CS was 260.86 kWh,
which is higher than the energy consumed in the slaughtering unit, 44 kWh. Considering
the actual daily volume of CSWW generated, detailed assessment of process performance
study, and existing design of LS system, the CS anaerobic digester was proposed at a
capacity of 60 m3.

Author Contributions: Conceptualisation, T.N.T.M.M. and S.I.; methodology, T.N.T.M.M. and S.I.;
validation, M.A.M. and A.M.A.W.; formal analysis, T.N.T.M.M. and M.A.M.; investigation, T.N.T.M.M.
and S.I.; resources, T.N.T.M.M. and S.N.M.N.; data curation, S.I. and A.M.A.W.; writing—original
draft preparation, T.N.T.M.M.; writing—review and editing, N.S.J. and H.C.M.; visualisation, M.A.M.
and S.N.M.N.; supervision, S.I., N.S.J. and H.C.M. All authors have read and agreed to the published
version of the manuscript.



Animals 2021, 11, 3313 16 of 18

Funding: This research was financially supported by the Ministry of Higher Education Malaysia
through Fundamental Research Grant Scheme (FRGS/2/2014/TK02/UPM/02/6) and Tenaga Na-
sional Berhad Research Sdn. Bhd. through Industrial Grant (TNBR/Biogas/2019/UPM/6380035).
Additionally, the School of Graduate Studies, Universiti Putra Malaysia (UPM), for providing Gradu-
ate Research Fellowship (GRF) 2018–2019 and the Research Management Centre, UPM for for the
preparation, writing, and publication of this article.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the support received from the Ministry of Higher
Education Malaysia and Universiti Putra Malaysia. Additionally, the Livestock Industry Pollution
Management Section, Veterinary Public Health Division, Department of Veterinary Services (DVS),
Ministry of Agriculture and Food Industries Malaysia for valuable information.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Angelidaki, I.; Sanders, W. Assessment of the anaerobic biodegradability of macropollutants. Rev. Environ. Sci. Biotechnol. 2004,

3, 117–129. [CrossRef]
2. Edokpayi, J.N.; Odiyo, J.O.; Durowoju, O.S. Household Hazardous Waste Management in—Impact of Wastewater on Surface

Water Quality in sub-Saharan Africa Developing Countries: A Case Study of South Africa. Water Qual. 2017, 18, 1–16.
3. Musa, M.A.; Idrus, S. Physical and biological treatment technologies of slaughterhouse wastewater: A review. Sustainability 2021,

13, 4656. [CrossRef]
4. Shim, S.; Reza, A.; Kim, S.; Ahmed, N.; Won, S.; Ra, C. Simultaneous removal of pollutants and recovery of nutrients from

high-strength swine wastewater using a novel integrated treatment process. Animals 2020, 10, 835. [CrossRef] [PubMed]
5. Hernández, S.C.; Jiménez, L.D.; García, J.A.B. Potential of energy production from slaughterhouse wastewater. Interciencia 2018,

43, 558–565.
6. Xu, G.; Liu, X.; Wang, Q.; Xiong, R.; Hang, Y. Effects of screenhouse cultivation and organic materials incorporation on global

warming potential in rice fields. Environ. Sci. Pollut. Res. 2017, 24, 6581–6591. [CrossRef] [PubMed]
7. Mainardis, M.; Buttazzoni, M.; Goi, D. Up-flow anaerobic sludge blanket (Uasb) technology for energy recovery: A review on

state-of-the-art and recent technological advances. Bioengineering 2020, 7, 43. [CrossRef]
8. Idrus, S.; Banks, C.J.; Heaven, S. Assessment of the potential for biogas production from wheat straw leachate in upflow anaerobic

sludge blanket digesters. Water Sci. Technol. 2012, 66, 2737–2744. [CrossRef]
9. Alqaralleh, R.; Kennedy, K.; Delatolla, R.; Sartaj, M. Biogas Recovery from Hyper-Thermophilic Anaerobic Co-Digestion of

Thickened Waste Activated Sludge, Organic Fraction of Municipal Solid Waste and Fat, Oil and Grease. J. Bioremediat. Biodegrad.
2017, 8, 408.

10. Moerland, M.J.; Perez, L.C.; Sobrino, M.E.R.V.; Chatzopoulos, P.; Meulman, B.; de Wilde, V.; Zeeman, G.; Buisman, C.J.N.; van
Eekert, M.H.A. Thermophilic (55 ◦C) and hyper-thermophilic (70 ◦C) anaerobic digestion as novel treatment technologies for
concentrated black water. Bioresour. Technol. 2021, 340, 125705. [CrossRef] [PubMed]

11. Gou, C.; Yang, Z.; Huang, J.; Wang, H.; Xu, H.; Wang, L. Effects of temperature and organic loading rate on the performance
and microbial community of anaerobic co-digestion of waste activated sludge and food waste. Chemosphere 2014, 105, 146–151.
[CrossRef]

12. Daud, M.K.; Rizvi, H.; Akram, M.F.; Ali, S.; Rizwan, M.; Nafees, M.; Jin, Z.S. Review of upflow anaerobic sludge blanket reactor
technology: Effect of different parameters and developments for domestic wastewater treatment. J. Chem. 2018, 2018, 1596319.
[CrossRef]

13. Chollom, M.N.; Rathilal, S.; Swalaha, F.M.; Bakare, B.F.; Tetteh, E.K. Lab Scale Study of Hrt and Olr Optimization in a Uasb
Treating Slaughterhouse Wastewater. CBU Int. Conf. Proc. 2018, 6, 1030–1035. [CrossRef]

14. Musa, M.A.; Idrus, S.; Hasfalina, C.M.; Daud, N.N.N. Effect of organic loading rate on anaerobic digestion performance of
mesophilic (UASB) reactor using cattle slaughterhouse wastewater as substrate. Int. J. Environ. Res. Public Health 2018, 15, 2220.
[CrossRef] [PubMed]

15. Torkian, A.; Eqbali, A.; Hashemian, S.J. The effect of organic loading rate on the performance of UASB reactor treating slaughter-
house effluent. Resour. Conserv. Recycl. 2003, 40, 1–11. [CrossRef]

16. Batubara, F.; Ritonga, N.A.; Turmuzi, M. Start-Up of Upflow Anaerobic Sludge Blanket (UASB) Reactor Treating Slaughterhouse
Wastewater. J. Phys. Conf. Ser. 2018, 1116, 042008. [CrossRef]

17. Loganath, R.; Mazumder, D. Performance study on organic carbon, total nitrogen, suspended solids removal and biogas
production in hybrid UASB reactor treating real slaughterhouse wastewater. J. Environ. Chem. Eng. 2018, 6, 3474–3484. [CrossRef]

http://doi.org/10.1007/s11157-004-2502-3
http://doi.org/10.3390/su13094656
http://doi.org/10.3390/ani10050835
http://www.ncbi.nlm.nih.gov/pubmed/32408573
http://doi.org/10.1007/s11356-017-8397-7
http://www.ncbi.nlm.nih.gov/pubmed/28078520
http://doi.org/10.3390/bioengineering7020043
http://doi.org/10.2166/wst.2012.511
http://doi.org/10.1016/j.biortech.2021.125705
http://www.ncbi.nlm.nih.gov/pubmed/34391186
http://doi.org/10.1016/j.chemosphere.2014.01.018
http://doi.org/10.1155/2018/1596319
http://doi.org/10.12955/cbup.v6.1290
http://doi.org/10.3390/ijerph15102220
http://www.ncbi.nlm.nih.gov/pubmed/30314290
http://doi.org/10.1016/S0921-3449(03)00021-1
http://doi.org/10.1088/1742-6596/1116/4/042008
http://doi.org/10.1016/j.jece.2018.05.031


Animals 2021, 11, 3313 17 of 18

18. Rajakumar, R.; Meenambal, T.; Saravanan, P.M.; Ananthanarayanan, P. Treatment of poultry slaughterhouse wastewater in hybrid
upflow anaerobic sludge blanket reactor packed with pleated poly vinyl chloride rings. Bioresour. Technol. 2012, 103, 116–122.
[CrossRef]

19. Musa, M.A.; Idrus, S.; Man, H.C.; Daud, N.N.N. Performance comparison of conventional and modified upflow anaerobic sludge
blanket (UASB) reactors treating high-strength cattle slaughterhouse wastewater. Water 2019, 11, 806. [CrossRef]

20. Debik, E.; Coskun, T. Use of the Static Granular Bed Reactor (SGBR) with anaerobic sludge to treat poultry slaughterhouse
wastewater and kinetic modeling. Bioresour. Technol. 2009, 100, 2777–2782. [CrossRef]

21. Gallardo, G.; Rodriguez, J.A.; Antonio, I.D.; Martinez, S.Y. Effect of Inoculum and Substratum on Cod Removal of Slaughterhouse.
In Proceedings of the XV National Congress of Biotechnology and Bioengineering, Cancun, Mexico, 23–28 June 2013.

22. Jung, K.W.; Kim, D.H.; Shin, H.S. Application of a simple method to reduce the start-up period in a H 2-producing UASB reactor
using xylose. Int. J. Hydrog. Energy 2013, 38, 7253–7258. [CrossRef]

23. Oehmichen, K.; Thrän, D. Fostering renewable energy provision from manure in Germany—Where to implement GHG emission
reduction incentives. Energy Policy 2017, 110, 471–477. [CrossRef]

24. De Oliveira, A.C.L.; Renato, N.D.S.; Martins, M.A.; de Mendonça, I.M.; Moraes, C.A.; Resende, M.D. Modeling for estimating and
optimizing the energy potential of animal manure and sewage in small and medium-sized farms. J. Clean. Prod. 2021, 319, 128562.
[CrossRef]

25. Fuchsz, M.; Kohlheb, N. Comparison of the environmental effects of manure- and crop-based agricultural biogas plants using life
cycle analysis. J. Clean. Prod. 2015, 86, 60–66. [CrossRef]

26. Wresta, A.; Andriani, D.; Saepudin, A.; Sudibyo, H. Economic analysis of cow manure biogas as energy source for electricity
power generation in small scale ranch. Energy Procedia 2015, 68, 122–131. [CrossRef]

27. Behera, M.; Ghangrekar, M.M. Performance of microbial fuel cell in response to change in sludge loading rate at different anodic
feed pH. Bioresour. Technol. 2009, 100, 5114–5121. [CrossRef] [PubMed]

28. Rosli, N.S.; Idrus, S.; Daud, N.N.; Ahsan, A. Assessment of potential biogas production from rice straw leachate in upflow
anaerobic sludge blanket reactor. Int. J. Smart Grid Clean Energy 2016, 5, 135–143. [CrossRef]

29. Tchobanoglous, G.; Burton, F.L.; Stensel, H.D. Wastewater Engineering: Treatment and Reuse, 4th ed.; McGraw Hill Inc.: New York,
NY, USA, 2003.

30. Rodger, B.; Bridgewater, L. Standard Methods for the Examination of Water and Wastewater, 23rd ed.; American Public Health
Association: Washington, DC, USA, 2017.

31. Hakawati, R.; Smyth, B.M.; McCullough, G.; de Rosa, F.; Rooney, D. What is the most energy efficient route for biogas utilization:
Heat, electricity or transport? Appl. Energy 2017, 206, 1076–1087. [CrossRef]

32. Khanal, S.K.; Li, Y. Biogas Production and Application. In Bioenergy: Principles and Applications, 1st ed.; Wiley Blackwell: Hoboken,
NJ, USA, 2017; pp. 338–360.

33. Pan, M.; Huang, X.; Wu, G.; Hu, Y.; Yang, Y.; Zhan, X. Performance of denitrifying phosphate removal via nitrite from
slaughterhouse wastewater treatment at low temperature. Water 2017, 9, 818. [CrossRef]

34. Musa, M.A.; Idrus, S. Effect of hydraulic retention time on the treatment of real cattle slaughter house wastewater and biogas
production from HUASB reactor. Water 2020, 12, 490. [CrossRef]

35. Li, D.; Liu, S.; Mi, L.; Li, Z.; Yuan, Y.; Yan, Z.; Liu, X. Effects of feedstock ratio and organic loading rate on the anaerobic mesophilic
co-digestion of rice straw and cow manure. Bioresour. Technol. 2015, 189, 319–326. [CrossRef] [PubMed]

36. Fang, C.; Boe, K.; Angelidaki, I. Biogas production from potato-juice, a by-product from potato-starch processing, in upflow
anaerobic sludge blanket (UASB) and expanded granular sludge bed (EGSB) reactors. Bioresour. Technol. 2011, 102, 5734–5741.
[CrossRef] [PubMed]

37. Basitere, M.; Rinquest, Z.; Njoya, M.; Sheldon, M.S.; Ntwampe, S.K.O. Treatment of poultry slaughterhouse wastewater using
a static granular bed reactor (SGBR) coupled with ultrafiltration (UF) membrane system. Water Sci. Technol. 2017, 76, 106–114.
[CrossRef] [PubMed]

38. Labatut, R.A.; Angenent, L.T.; Scott, N.R. Conventional mesophilic vs. thermophilic anaerobic digestion: Atrade-off between
performance and stability? Water Res. 2014, 53, 249–258. [CrossRef]

39. Sakar, S.; Yetilmezsoy, K.; Kocak, E. Anaerobic digestion technology in poultry and livestock waste treatment—A literature review.
Waste Manag. Res. 2009, 27, 3–18. [CrossRef]

40. Tangkathitipong, P.; Intanoo, P.; Butpan, J.; Chavadej, S. Separate production of hydrogen and methane from biodiesel wastewater
with added glycerin by two-stage anaerobic sequencing batch reactors (ASBR). Renew. Energy 2017, 113, 1077–1085. [CrossRef]

41. Mata-Alvarez, J. Fundamentals of the anaerobic digestion process. In Biomethanization of the Organic Fraction of Municipal Solid
Wastes; IWA Publishing: London, UK, 2003; pp. 14–20.

42. Fantozzi, F.; Buratti, C. Anaerobic digestion of mechanically treated OFMSW: Experimental data on biogas/methane production
and residues characterization. Bioresour. Technol. 2011, 102, 8885–8892. [CrossRef]

43. Morales-Polo, C.; Cledera-Castro, M.D.M.; Moratilla Soria, B.Y. Reviewing the anaerobic digestion of food waste: From waste
generation and anaerobic process to its perspectives. Appl. Sci. 2018, 8, 1804. [CrossRef]

44. Ghaniyari-Benis, S.; Borja, R.; Monemian, S.A.; Goodarzi, V. Anaerobic treatment of synthetic medium-strength wastewater using
a multistage biofilm reactor. Bioresour. Technol. 2009, 100, 1740–1745. [CrossRef]

http://doi.org/10.1016/j.biortech.2011.10.030
http://doi.org/10.3390/w11040806
http://doi.org/10.1016/j.biortech.2008.12.058
http://doi.org/10.1016/j.ijhydene.2013.03.171
http://doi.org/10.1016/j.enpol.2017.08.014
http://doi.org/10.1016/j.jclepro.2021.128562
http://doi.org/10.1016/j.jclepro.2014.08.058
http://doi.org/10.1016/j.egypro.2015.03.240
http://doi.org/10.1016/j.biortech.2009.05.020
http://www.ncbi.nlm.nih.gov/pubmed/19539466
http://doi.org/10.12720/sgce.5.3.135-143
http://doi.org/10.1016/j.apenergy.2017.08.068
http://doi.org/10.3390/w9110818
http://doi.org/10.3390/w12020490
http://doi.org/10.1016/j.biortech.2015.04.033
http://www.ncbi.nlm.nih.gov/pubmed/25909453
http://doi.org/10.1016/j.biortech.2011.03.013
http://www.ncbi.nlm.nih.gov/pubmed/21450459
http://doi.org/10.2166/wst.2017.179
http://www.ncbi.nlm.nih.gov/pubmed/28708615
http://doi.org/10.1016/j.watres.2014.01.035
http://doi.org/10.1177/0734242X07079060
http://doi.org/10.1016/j.renene.2017.06.056
http://doi.org/10.1016/j.biortech.2011.06.077
http://doi.org/10.3390/app8101804
http://doi.org/10.1016/j.biortech.2008.09.046


Animals 2021, 11, 3313 18 of 18

45. Jeganathan, J.; Nakhla, G.; Bassi, A. Long-term performance of high-rate anaerobic reactors for the treatment of oily wastewater.
Environ. Sci. Technol. 2006, 40, 6466–6472. [CrossRef]

46. Marcos, A.C.; Al-Kassir, A.; Cuadros, F.; Yusaf, T. Treatment of slaughterhouse waste water mixed with serum from lacteal
industry of extremadura in Spain to produce clean energy. Energies 2017, 10, 765. [CrossRef]

47. Basitere, M.; Njoya, M.; Rinquest, Z.; Ntwampe, S.K.O.; Sheldon, M.S. Performance evaluation and kinetic parameter analysis for
static granular bed reactor (SGBR) for treating poultry slaughterhouse wastewater at mesophilic condition. Water Pract. Technol.
2019, 14, 259–268. [CrossRef]

48. Borja, R.; Banks, C.J.; Wang, Z. Effect of organic loading rate on anaerobic treatment of slaughterhouse wastewater in a fluidised-
bed reactor. Bioresour. Technol. 1995, 52, 157–162. [CrossRef]

49. Jensen, P.D.; Mehta, C.M.; Carney, C.; Batstone, D.J. Recovery of energy and nutrient resources from cattle paunch waste using
temperature phased anaerobic digestion. Waste Manag. 2016, 51, 72–80. [CrossRef] [PubMed]

50. Ugurlu, A.; Forster, C.F. The impact of shock loadings on the performance of thermophilic anaerobic filters with porous and
non-porous packings. Bioresour. Technol. 1992, 39, 23–30. [CrossRef]

51. Chou, Y.C.; Su, J.J. Biogas production by anaerobic co-digestion of dairy wastewater with the crude glycerol from slaughterhouse
sludge cake transesterification. Animals 2019, 9, 618. [CrossRef] [PubMed]

52. Ma, J.; Zhao, Q.-B.; Laurens, L.L.M.; Jarvis, E.E.; Nagle, N.J.; Chen, S.; Frear, C.S. Mechanism, kinetics and microbiology of
inhibition caused by long-chain fatty acids in anaerobic digestion of algal biomass. Biotechnol. Biofuels 2015, 8, 141. [CrossRef]
[PubMed]

53. Yuan, Y.; Wang, S.; Liu, Y.; Li, B.; Wang, B.; Peng, Y. Long-term effect of pH on short-chain fatty acids accumulation and microbial
community in sludge fermentation systems. Bioresour. Technol. 2015, 197, 56–63. [CrossRef]

54. Kundu, P.; Debsarkar, A.; Mukherjee, S. Treatment of slaughter house wastewater in a sequencing batch reactor: Performance
evaluation and biodegradation kinetics. Biomed. Res. Int. 2013, 2013, 134872. [CrossRef]

55. Fatima, F.; Du, H.; Kommalapati, R.R. Treatment of Poultry Slaughterhouse Wastewater with Membrane Technologies: A Review.
Water 2021, 13, 1905. [CrossRef]

56. Ezekiel, B.O.; Oyekola, P.O.; Ovaha, O.; Mohamed, A.; Lambrache, N. Bird feather removal machine: Design and development.
Int. J. Recent Technol. Eng. 2019, 8, 406–410.

57. MY, N.A.; Ibrahim, C.E.; Salmiyah, S.; SA, S.H.; Kamaruddin, D. Small-scale biogas plant in a dairy farm. Malays. J. Vet. Res. 2012,
3, 49–54.

http://doi.org/10.1021/es061071m
http://doi.org/10.3390/en10060765
http://doi.org/10.2166/wpt.2019.010
http://doi.org/10.1016/0960-8524(95)00017-9
http://doi.org/10.1016/j.wasman.2016.02.039
http://www.ncbi.nlm.nih.gov/pubmed/26965211
http://doi.org/10.1016/0960-8524(92)90052-Y
http://doi.org/10.3390/ani9090618
http://www.ncbi.nlm.nih.gov/pubmed/31466250
http://doi.org/10.1186/s13068-015-0322-z
http://www.ncbi.nlm.nih.gov/pubmed/26379773
http://doi.org/10.1016/j.biortech.2015.08.025
http://doi.org/10.1155/2013/134872
http://doi.org/10.3390/w13141905

	Introduction 
	Materials and Methods 
	Physicochemical Characterisation of CSWW 
	Reactor Design 
	Modified Synthetic Wastewater for Acclimatisation Process 
	Analytical Method 
	Energy Recovery 

	Results and Discussion 
	Acclimatisation of UASB 2 with MSWW 
	COD Removal Efficiency 
	Biogas, Methane, and Specific Methane Productions (SMPs) 
	TAN Concentrations of the Reactors 
	IA/PA Ratio and pH Profile Variations of the UASB Reactors 
	Fats, Oil, and Grease (FOG) Concentration in the UASB Reactors 
	VFA Formation in the UASB Reactors 
	Summary of Bioreactor Performances and Energy Recovery from Laboratory-Scale and Commercial-Scale Anaerobic Reactor 

	Conclusions 
	References

