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Abstract: This study compared the performance of thermophilic and mesophilic digesters of an
anaerobic digestion system from palm oil mill effluent (POME), in which temperature is a key
parameter that can greatly affect the performance of anaerobic digestion. The digesters were
incubated at two distinct temperatures of 55 and 37 °C, and operated with varying organic loading
rates (OLRs) of 2.4, 3.2, and 4.0 g COD/L.d by altering the chemical oxygen demand (COD) of acidified
POME during feeding. The results indicated that the performance of anaerobic digestion increased
as the OLR increased from 2.4 to 4.0 g COD/L.d. At the OLR of 4.0 g COD/L.d, the thermophilic
condition showed the highest methane yield of 0.31 + 0.01 L/g COD, accompanied by the highest COD
removal and volatile solid reduction, which were found to be higher than the mesophilic condition.
Microbial community analysis via denaturing gradient gel electrophoresis (DGGE) revealed that
Methanothermobacter sp. emerges as the dominant microbe, which is known to utilize the carbon
dioxide pathway with hydrogen acting as an electron donor for methane formation
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1. Introduction

Nowadays, researchers have successfully produced biogas from various resources including,
but not limited to, food waste, wastewater, lignocellulosic waste, municipal waste, and agricultural
by-products such as palm oil mill effluent (POME). POME is a wastewater that is produced from
palm oil processing and contains a high amount of suspended solids, has a brownish color, and is
discharged at 80-90 °C with a mild acidic condition [1]. Additionally, POME is rich in soluble organic
content and has a high concentration of chemical oxygen demand (COD) that varies greatly between
50-100 g/L, depending on the palm oil mill processing technology [2]. Major constituents in raw POME
include fermentable sugars, volatile fatty acids (VFA), oil and grease, fibers, and organic materials.
The discharge of untreated POME can be detrimental to the environment as it is associated with an
unpleasant smell with other dissolved organic materials that can contaminate water bodies. However,
POME has tremendous potential in bioprocessing and fermentation industries as POME can be utilized
as low-cost feedstock that can be converted to various biochemical building blocks [3]. As Malaysia
and Indonesia produce the highest volume of palm oil in the world, with the correct technologies,
both countries can positively benefit from its massive production of POME.
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Some of the current technologies that have been developed to treat POME include anaerobic
digestion, aerobic process, membrane separation, water evaporation, and solid removal via
coagulation-flocculation [4]. Traditionally, most palm oil mills have adopted an open ponding
system to treat POME due to its simplicity, easy maintenance, and cost-effectiveness, but this system
has disadvantages in terms of no energy recovery, ungoverned greenhouse gas emissions, and long
retention time with a larger footprint [2]. Conversely, anaerobic digestion coupled with systematic
biogas capture offers advantages for treating POME because of its suitability for treating high-strength
wastewater, has less power requirements than aerobic systems, less solid generation, and stability
against environmental changes while simultaneously improving bioenergy harvesting from POME [5].
The production of biogas, therefore, is beneficial as a renewable source of energy for the palm oil mill
itself and potentially adding new streams of income. Various efforts have been carried out in order
to ensure a stable and high biogas output from anaerobic digestion. One of the efforts includes the
separation of traditional single tank anaerobic digestion into a two-stage system where the first system
is involved in the production of biohydrogen while simultaneously increasing the VFA content in
POME. The production of hydrogen will reduce the overall POME’s COD and is always accompanied
by the production of VFA such as acetate, butyrate, and propionate, and solvents such as ethanol,
which are excellent carbon sources for methane production [6].The effluent from hydrogen production
is colloquially known as acidified POME, and is highly apt for the methanogens to be converted
to methane. Continuation of anaerobic digestion of this acidified POME effluent into biogas will
further increase overall COD reduction and result in higher energy recovery compared to a single stage
anaerobic digestion using raw POME [7].

The government of Malaysia has planned a few strategies to maximize methane production by
mandating all mills capture the emitted biogas and use it as an energy source by 2020 in order to
mitigate environmental pollution [4]. For now, about half of the palm oil mills in Malaysia are still
using the conventional pond system to treat POME without trapping methane gas [4], probably due
to the availability of land that can be used for treating waste and the constraints in modern digester
development funds [8].

Furthermore, the rate of methane generation and total biogas produced are a function of the
organic fraction and biodegradability of POME [9], hence, in order to obtain a high production of biogas,
the operational conditions (biotic and abiotic) of anaerobic digestion such as pH, organic loading rate
(OLR), hydraulic retention time (HRT), and temperature must be maintained at optimal conditions.
Temperature and OLR are the two vital parameters that critically affect the overall performance
of anaerobic digestion. OLR refers to the amount of organic content available for microorganisms
and the parameter can be estimated by measuring the amount of volatile solids (VS) present in a
digester [10]. Uncontrolled high OLR could easily dampen the biogas productivity due to the inhibition
of methanogen growth at extreme food to microbe ratio (F/M). Moreover, a thermophilic digester
was claimed to be superior to its mesophilic counterpart as it could be operated at higher OLRs and
afforded favorable biogas production [11]. However, mesophilic digesters are still widely in use due to
their cost effectiveness and simplicity in daily operations [12].

In the past, several studies have investigated the effect of temperature on anaerobic digestion with
raw POME as the source of feed. However, they only focused on the performance in terms of methane
yield, COD removal, and VS reduction without much consideration of other factors such as VFAs and
total alkalinity, which also affect the stability of anaerobic digestion. Therefore, the aim of this study
was to compare the performance and condition (operating parameters) of anaerobic digestion between
mesophilic and thermophilic conditions at three different OLRs (2.4, 3.2 and 4.0 g COD/L.d) using
acidified POME, and to evaluate the VFA consumption and total alkalinity, as both parameters are
important for monitoring the performance of anaerobic digestion. Additionally, physical observation
and the change of bacterial communities were carried out to elucidate their performance under
different conditions.
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2. Material and Methods

2.1. Acidified Palm Oil Mill Effluent (POME) and Inoculum of methanogens

The substrate in this study, acidified POME was collected from the hydrogen fermentation effluent
in our laboratory as performed by Maaroff et al. [13], which operated the digester at thermophilic
conditions with raw POME as a feedstock. The characteristics of acidified POME are summarized in
Table 1. Acidified POME has an advantage of high concentration of VFAs compared to raw POME,
which allows more substrates to be degraded into methane [6]. It was stored in a 20 L container
and kept in a chiller at 4 °C to reduce microbial activities. Upon usage, the sample was heated to
ambient temperature and stirred until homogenized before being fed to the digester. The inoculums
for thermophilic and mesophilic methanogens were collected from a POME treatment pond at the Sime
Darby Plantation Tennamaram palm oil mill, Selangor, Malaysia and had a dark brownish color with
volatile suspended solids (VSSs) of 22.3 g/L and pH of 7.30. The inoculums were acclimatized before
the OLR was altered to compare the performance between mesophilic and thermophilic temperatures.

Table 1. Characteristics of the substrate.

Concentration Range

ID Parameter

Acidified POME
1 pH 5.08 +£0.1
2 Chemical oxygen demand (g/L) 35.5+33
3 Total solid (g/L) 31.0+ 3.6
4 Total suspended solid (g/L) 241+42
5 Volatile suspended solid (g/L) 19.0+5.0
6 Volatile fatty acid (mg/L as CH3COOH) 6703.6 + 1515.1
7 Total nitrogen (mg/L) 263 + 28

2.2. Anaerobic Digestion Operation

The performance of anaerobic digestion using acidified POME as the substrate was investigated
at two distinct temperatures. Figure 1 shows a schematic diagram of the experimental setup that
included Schott Duran bottles with a working volume of 500 mL in a water bath shaker (80 rpm).
The temperature of the thermophilic condition was maintained at 55 °C, whereas the mesophilic
condition was at 37 °C. The top of the bottle was inserted with two rubber tubes for substrate feeding,
sample collection at pre-determined intervals, and nitrogen purging to create anaerobic conditions,
whereas the second tube was used for channeling the biogas into the inverted collection cylinder.
The experiments for both thermophilic and mesophilic conditions were carried out in sequencing batch
mode at HRT of eight days by adding acidified POME shortly after removing the effluent. Meanwhile,
the OLRs in both bottles were set at 2.4, 3.2, and 4.0 g COD/L.d by diluting the initial COD of influent
(substrate feed) between 29.2 and 37.3 g/L, as suggested by Badiei et al. [14]. The experiment started
with a low OLR of 2.4 g COD/L.d and then the OLR was changed incrementally, as suggested by
Jeong et al. [15]. Each OLR run was maintained for at least 20 days, then shifted to the next OLR run.
pH and biogas production were monitored daily to ensure that the anaerobic digestion operated in a
good condition. Approximately 60 days were needed to complete the trials for both mesophilic and
thermophilic temperatures.
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Figure 1. Schematic diagram of the anaerobic digestion process.

2.3. Start-Up Operation

The digesters were first acclimatized at a constant HRT of 30 days with an OLRof 1.1 £+ 0.2 g
COD/L.d, and operated in a sequencing batch mode where the substrate (acidified POME) was fed
every two days. The acclimatization was considered completed when the biogas production reached a
steady state with stable biogas volume production at the variation of 10%. At steady state, the biogas
production kinetics and methanogenic microbial community were presumed to achieve a stability that
would allow impartial comparison between the two digesters. The OLR of the feed was then adjusted to
2.4,3.2,and 4.0 g COD/L.d, with each OLR maintained for at least 20 days consecutively. Furthermore,
anaerobic digestion between mesophilic and thermophilic temperatures was carried out at low OLR
(2.4,3.2 and 4.0 g COD/L.d) compared to other studies that carried out anaerobic digestion using raw
POME. For example, Krishnan et al. [16] operated their system at an OLR of 12.0 g COD/L.d using
raw POME as a substrate. In contrast, the acidified POME used in this study contained higher VFA
proportions than raw POME. Compared to the same study by Krishnan et al. [16], the concentration
of the acidified POME’s VFA in this study was about 10 times higher than that of the raw POME’s
VFA. Therefore, in order to avoid the possibility of VFA accumulation at a high OLR, both mesophilic
and thermophilic digesters were operated at low OLR to compare their performances. The stability
of anaerobic digestion was monitored, especially in terms of the concentration of VFAs and biogas
production to avoid failure during the experiment.

2.4. Analytical Method

The volume of biogas produced was measured by the water displacement technique as described
in previous studies [6,17], whereas the percentage of methane was calculated by gas chromatography
(Shimadzu GC-2014, Kyoto, Japan) equipped with a thermal conductivity detector. Helium gas was
used as a carrier gas and operated at a flow rate of 25 mL/min. The calibration method was done by
using pure methane and carbon dioxide gas (approximately 99.99% purity). The initial temperature of
the column was set at 43 °C and maintained for 6 min, and then the temperature was ramped until
220 °C with a ramping rate of 20 °C/min and maintained for 3 min. The measured biogas composition
involved two gases, namely carbon dioxide and methane. The liquid sample was analyzed for the pH,
VSS, and total alkalinity using the method from the American Public Health Association standard [18].
COD analysis was done according to the dichromate method by using a DR 2800 COD analyzer
(HACH, Loveland, CO, USA). Volatile fatty acids (propionic acid, butyric acid, and acetic acid) were
analyzed using Agilent 1100 series HPLC system (Agilent, Santa Clara, CA, USA) with a diode array
detector at 210 nm UV wavelength. The system was equipped with REZEX ROA column (Phenomenex,
Torrance, CA, USA) and 2.5 mM sulfuric acid was used as the mobile phase at a flow rate of 0.6 mL/min
with isocratic elution at room temperature.



Water 2020, 12, 2432 50f17

2.5. Microbial Community Analysis

The samples for DGGE analysis were collected from the effluent of mesophilic and thermophilic
digesters before the digesters were fed. The samples were stored in 50 mL centrifuge tubes, and
kept in a freezer at —20 °C before the analysis was conducted. The modified DNA extraction
was done by utilizing the FavorPrep Soil DNA Isolation Mini Kit (Favorgen Biotech, Ping-Tung,
Taiwan). The extracted DNA was amplified using the nested polymerase chain reaction (PCR)
technique, which involved the archaeal 165 rRNA gene primer set 21F (5’-TTCCGGTTGATCC
YGCCGGA-3") and 958R (5-YCCGGCGTTGAMTCCAATT-3") [19] and primer set GC-341F
(5’ CGCCCGCCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGAG GCAGCAG-3)
and 518R (5’-A TTACCGCG GCTGCTGG-3) [20]. The PCR component (PCR Master Mix, Promega,
Madison, WI, USA) was carried out based on the manufacturer’s instructions. The PCR program
consisted of an initial 3 min denaturation step at 94 °C, followed by 35 cycles of repeated denaturation
at 94 °C for 30 s, annealing at 60 °C for 1 min, and extension at 72 °C for 1.5 min, followed by a
final extension at 72 °C for 10 min. The samples were amplified using an Eppendorf Mastercycler
(Eppendorf AG, Hamburg, Germany).

The PCR products were separated using VS20WAVE—DGGE (Cleaver Scientific, Warwickshire,
UK) on a vertical gel containing 10% (w/v) acrylamide with a denaturant concentration of 30% to
60% from the top to the bottom of the polyacrylamide gel. Electrophoresis was carried out in 1x
Tris-acetate-EDTA (TAE) buffer at 145 V for 4 h at 60 °C. After that, the gel was stained with SYBRR
Green nucleic acid gel stain for 40 min and then visualized and sliced out on Gel Imaging (FireReader
V10, Uvitec, Cambridge, UK). The PCR program and DNA sequencing for the eluted DGGE bands
were conducted as prescribed by Yasin et al. [21]. The closest matches for partial 165 rRNA gene
sequences were identified by the ribosomal database project [22].

2.6. Heat Requirement and Heat Loss during Anaerobic Digestion

The heat energy requirement to maintain the temperature at mesophilic and thermophilic
conditions was calculated according to Equation (1) [23], while calculation for heat loss was according
to Equation (2) [24]. The total energy needed for heating the substrate can be obtained from the sum of
the heat required (Equation (1) and heat loss (Equation (2)).

Qs=Vsps G (T-T,) )

where Qg indicates the heat required, J/d; Vs indicates the volume of sludge, m?3/d; p, indicates the
density of sludge, kg/m?; Cs indicates the specific heat of sludge, (assumed to be same as water [25]),
4200 J/kg-°C; T indicates the operating temperature, °C; and T, indicates the temperature feed sludge, °C

Q=UA(T; - Ty) @)

where Q indicates the heat loss, J/s; U indicates the heat transfer coefficient, J/m2-s-°C; A indicates the
surface area of digester through which heat losses occur, m?; Ty indicates the temperature of sludge in
the digester, °C; T, indicates the temperature outside the digester, °C.

3. Results and Discussion

3.1. Methane Yield

At a glance, the methane yield for thermophilic and mesophilic conditions was elevated in both
mesophilic and thermophilic conditions with increasing OLR. As shown in Figure 2, the methane
yield of the thermophilic condition was consistently higher than that of the mesophilic condition.
At the highest tested OLR of 4.0 g COD/L.d, both mesophilic and thermophilic conditions registered
the highest methane yield of 0.23 + 0.01 and 0.31 + 0.01 L/g COD, respectively. A similar trend was
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observed by Musa et al. [26], in which an increase of OLR from 7.0 to 10.0 g COD/L.d improved the
methane yield from 0.36 to 0.38 L/g COD. The result from Musa et al. [26] and this study not only
accomplished a high methane yield but also achieved high COD removal and VS reduction. Operating
at the OLR of 4.0 g COD/L.d also resulted in a higher consumption rate of VFAs by the methanogen,
which was translated into higher methane yield. Moreover, there was no overloading of organic matter
during the digestion at the highest tested OLR as no significant reduction of methane yield could be
observed during anaerobic digestion.

0.4 -
OLR =2.4 g COD/L.d OLR=3.2gCOD/L.d OLR =4.0 g COD/L.d

<& »
< Ll

A
N

0.35

0.3 -~

0.25

0.15

,,r--i»ﬂ}\%/f
, |

Methane Yield (L/g COD)

0.1

0.05

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Time (Day)
—@— Methane Yield COD (Thermophilic)
-~} -- Methane Yield COD (Mesophilic)

Figure 2. The methane yield at various organic loading rates (OLRs). Notes: error bars show standard
deviation of means (1 = 3).

At each tested OLR, the methane yield for the mesophilic condition was much lower than the
thermophilic condition. For instance, at the OLR of 2.4 g COD/L.d, the methane yield for thermophilic
temperature was 0.15 + 0.07 L/g COD, whereas for mesophilic temperature, the methane yield was
0.12 + 0.05 L/g COD. Meanwhile, at the OLR of 3.2 g COD/L.d, the methane yield for thermophilic and
mesophilic temperatures was 0.25 + 0.01 and 0.17 + 0.01 L/g COD, respectively. The same conclusion
was corroboratively reported by Choorit and Wisarnwan [2], who claimed that the methane yield
in the thermophilic condition was higher than the mesophilic condition with a difference of 29%.
Likewise, the anaerobic digestion of cyanobacterium Spirulina maxima resulted in an increase in the
methane yield in the thermophilic condition that surpassed the yield in the mesophilic condition by
21% when operated at a HRT of 16 days [27]. Anaerobic digestion (hydrolytic, acidogenic, acetogenic,
and methanogenic) reaction rate is typically higher under thermophilic conditions due to higher
microbial activities. The high methane yield in the thermophilic condition suggested the higher
degradation rate of the substrate by the methanogen; hence, it generated a favorable methane yield.

3.2. Substrate Removal

In the mesophilic digester, the lowest VS reduction and COD removal (39.4% + 3.5% and
49.7% + 1.7%, respectively) were observed at the OLR of 2.4 g COD/L.d, as shown in Figure 3. As the
OLR increased from 2.4 to 4.0 g COD/L.d, the VS reduction and COD removal correspondingly rose
by 34.9% and 26.3%, respectively. The same trend was noted in the thermophilic condition with the
VS reduction and COD removal in the thermophilic condition, which increased by 26.4% and 24.1%,
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respectively, when the OLR increased from 2.4 to 4.0 g COD/L.d. Furthermore, for both mesophilic and
thermophilic conditions, the highest OLR tested (4.0 g COD/L.d) registered the highest performance
in VS reduction and COD removal. A high COD removal and VS reduction in the discharge effluent
implies a successful consumption of substrate to produce methane. Fang and Chui [28] reported
that the elevation of OLR from 1.0 to 3.0 g COD/L.d led to 90% of COD removal in the system.
The factor underlying the increase in COD removal with increased OLR is that the methanogen has
already effectively acclimatized to the new environment and becomes more active in digesting organic
matters [29]. The use of high OLR can result in the superior performance of anaerobic digestion.
However, excessive OLR could contribute to the failure of anaerobic digestion as it leads to low
COD removal and VFA accumulation. Both studies agreed that high COD removal comes with high
VFA consumption. The increase in the substrate in the digester promotes methanogenic growth,
which eventually improves substrate conversion to methane by the methanogen.
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Figure 3. Chemical oxygen demand (COD) removal and volatile solids (VS) reduction at various
loading rates. Notes: Error bars show standard deviation of means (1 = 3).

The superior performance of thermophilic digestion in terms of COD removal and VS reduction
is probably due to the higher acceleration of the biochemical reaction when functioning at higher
temperature [30], which is directly linked to a greater reduction of VFA content in the effluent under
the thermophilic condition, when compared to the mesophilic condition. At higher temperatures,
the growth rate and microorganism activity are much higher than lower temperatures due to the
increase of metabolism in bacteria. Thus, higher VS reduction typically signifies equally higher methane
yield. This finding is in agreement with the study reported by Cavinato and co-workers [31], where VS
reduction was much larger in the thermophilic condition than the mesophilic condition with 16.3%
variation between these two conditions. Higher VS reduction in the thermophilic condition indicates a
greater consumption of organic matters by the methanogen. The greater VS reduction achieved in our
study is reflected by the higher resultant methane concentration of this study, which was 7% higher
than the latter study [31].

3.3. Total Alkalinity and pH

Parameters such as pH and total alkalinity are critical to determine the stability of anaerobic
digestion. Observation in the variations of pH enables the monitoring of the condition in anaerobic
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digestion because pH fluctuation is a direct result due to changes in buffering capacity [3]. Methanogens
are sensitive to pH changes; conducting anaerobic digestion outside of neutral condition is not
favorable for methanogenic growth because it can attribute to the accumulation of VFAs in the system.
Furthermore, the buffering capacity in the anaerobic system is the outcome of total alkalinity, in which
high total alkalinity in the system will result in pH elevation.

In this study, the influent, acidified POME, was primarily in an acidic condition (5.1 + 0.1) and
its pH was quite similar to the previous study (5.2 + 0.2) that used acidified POME [32]. The low pH
in acidified POME is due to the presence of VFAs such as acetic acid and butyric acid. Operating
anaerobic digestion at low pH would affect methanogenic activity and finally lead to failure in
anaerobic digestion [33]. This is because low pH indicates that VFA was not efficiently converted into
methane. However, this study proved that despite the low initial pH of the substrate, the pH levels
of both thermophilic and mesophilic effluents remained close to neutrality at all OLRs, possibly due
to the successful degradation of fatty acids into biogas, thereby elevating the pH reading. Inactive
methanogens could not utilize fatty acid fully, resulting in low pH of the effluent, hence indicating a
failed or unstable anaerobic digestion system.

Atlow OLR of 2.4 g COD/L.d, the methanogens appeared to slow down, as reflected by the low
pH. This is probably due to the low consumption of VFAs, as shown in Figure 4. Atthe OLRof 3.2 g
COD/L.d, the pH continued to rise for both mesophilic and thermophilic conditions and attained its
peak at 4.0 g COD/L.d. The reason for the increase is that the total alkalinity for both mesophilic and
thermophilic conditions rose proportionally with pH from 2.4 to 4.0 g COD/L.d. The thermophilic total
alkalinity increased from 7857.7 + 328 to 9748.0 + 246 mg/L as CaCOj3, whereas the mesophilic total
alkalinity increased from 7322.7 + 334 to 9344 + 101 mg/L as CaCOj3. High total alkalinity is crucial as
it prevents the decrease in pH and ensures that the anaerobic digestion is stabilized. Operating at an
acidic condition may be fatal to methanogens and lead to anaerobic digestion failure. At the OLR of
4.0 g COD/L.d, the total alkalinity of thermophilic and mesophilic conditions increased by 19% and
22%, respectively, compared to that at the OLR of 2.4 g COD/L.d. Similar findings were observed in
the literature [34]. It has been suggested that the correspondingly high total alkalinity at a high OLR
was probably because of the production of ammonia [35]. According to Najafpour et al. [36], anaerobic
digestion has been demonstrated to retain operation at OLRs up to 23.2 g COD/L.d, as long as the
VFAs were well-buffered by the alkalinity. Anaerobic digestion typically fails to operate at high OLRs
because of the accumulation of VFAs. In this study, the high total alkalinity at 4.0 g COD/L.d indicated a
desirable buffering capacity, which thus contributed to the favorable methane yield. The concentration
of VFA in the system did not appear to have perturbed the anaerobic process at all tested OLRs as the
pH was still at the optimum for methanogen growth.

3.4. Metabolite Production

The determination of VFAs present in this study (i.e., acetic acid, butyric acid, and propionic acid) is
vital because it offers insights into the metabolic pathways involved in the digestion. The concentration
of VFAs is related with the methane yield, in which a favorable methane yield is a result of high
VFA consumption by the methanogen. At the OLR of 4.0 g COD/L.d, the thermophilic condition
registered the highest VFA consumption (69.2% + 3.0%) whereas the mesophilic condition recorded
the consumption of 51.3% =+ 5.5%, which resulted in high methane yield, as can be seen from Figure 5.
Conversely, at the OLR of 2.4 g COD/L.d, both mesophilic and thermophilic conditions registered the
lowest VFA consumption, which declined by 67.3% and by 27.3%, respectively, compared to those
at the OLR of 4.0 g COD/L.d. This study has verified that operating at the OLR of 4.0 g COD/L.d
(i.e., the highest OLR tested) did not impair anaerobic digestion because the VFA consumption by the
methanogen remained high; thereby its performance was unaffected.
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Figure 5. Volatile fatty acids (VFAs) concentration at various organic loading rates. Notes: Hac (Acetic
acid); HPr (Propinoic acid); HBu (Butyric acid); VFA% (Volatile fatty acid consumption).

Notably, at all tested OLR, the total VFA consumption at three different OLR (2.4,3.2,and 4.0 g
COD/L.d) was consistently much higher in the thermophilic condition than in the mesophilic condition
with 42.2% + 40.2% difference, which might be attributed to the greater methanogenic activity.
This resulted in higher degradation rate by methanogens as the temperature increased. As a result,
lower residual VFAs in the thermophilic condition could be detected at each tested OLR. It has been
reported that the concentration of residual VFAs in the mesophilic condition surpassed that in the
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thermophilic condition. Yu and co-authors [37] reported that on the twentieth day of operation at pH 10,
the thermophilic condition recorded half of the total VFAs than the mesophilic condition. Furthermore,
this study has revealed a better stability for the thermophilic condition than in the mesophilic condition
due to the low VFA effluent content of the former. The accumulation of VFAs can perturb anaerobic
digestion and, in the worst-case scenario, culminate in systemic failure.

Moreover, the existence of propionic acid that may hinder anaerobic digestion was noteworthy in
this study. For both thermophilic and mesophilic conditions, the average concentrations of propionic
acid (522 + 52.6 and 650 + 76.6 mg/L, respectively) were below 951 mg/L. A previous study showed that
the concentrations of propionic acid exceeding 951 mg/L. may hinder methanogenesis [38], probably
because of its low conversion rate for methane production, which could lead to accumulation [33].
A low rate of conversion to methane by propionate was probably due to the high hydrogen pressure
inside the digester, which resulted in propionate-oxidizing bacterium performing other reactions that
required sufficient energy for growth [39]. In terms of the conversion of VFAs into methane, the highest
rate was associated with acetic acid, followed by ethanol, butyric acid, and, finally, propionic acid.
According to Inanc et al. [40], methanogenic bacteria can tolerate 10 times a higher concentration
of butyrate compared to propionate. A similar observation was made by Wang et al. [33], in which
propionic acid at 5000 mg/L reduced methane production by 22-38%. Therefore, the concentration of
propionic acid needs to be controlled during anaerobic digestion.

3.5. Microbial Community at Best Performance OLR

The analysis from the denaturing gradient gel electrophoresis (DGGE) (Figure 6 and Table 2)
revealed the bacterial communities responsible for the mesophilic and thermophilic anaerobic digestion
at the OLR of 4.0 g COD/L.d. In this study, two-step nested PCR was applied as an alternative of a
single-step procedure in order to improve the sensitivity of PCR as well as to amplify the community
structure of the methanogenic communities [41,42].

(a) (b)

Figure 6. Denaturing gradient gel electrophoresis (DGGE) analysis of bacterial community structures
from the methane fermentation systems under (a) mesophilic and (b) thermophilic temperatures.
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Table 2. Classification of bacterial community taxa in methane producing communities at mesophilic
and thermophilic conditions.

Mesophilic Thermophilic

Band Nearest Relative Accession  Band Nearest Relative Accession
1 Methanosarcina thermophila CP009502 1 Methanothermobacter crinale sp. HQ293273

2 Uncultured Methanothermobacter sp. ~ MF471083 2 Methanothermobacter sp. JN983061

3 Methanothermobacter sp. JN983061 3 Methanothermobacter crinale sp. HQ293273

4 Uncultured Methanosarcina sp. KU661854 4 Methanothermobacter crinale sp. HQ293273

5 Methanosarcina thermophila MH?708238 5 Methanothermobacter crinale sp. HQ293273
6 Methanosarcina thermophila MGO008505 6 Methanothermobacter tenebrarum AB5237865

7 Methanothermobacter sp. JN983061
8 Methanothermobacter tenebrarum AB5237865

The assemblage of mesophilic methanogens was found to coexist mainly of those in the class
Methanosarcina thermophila and the addition of few Methanothermobacter sp. M. thermophila is known
to predominate with higher levels of VFAs, as observed in the mesophilic condition with a positive
correlation (p < 0.05) between the VFA concentration and Methanosarcina [43]. Commonly, M. thermophila
is present in feedstock such as food waste, wastewater, and sewage sludge [44]. Another characteristic
of M. thermophila is its versatility of thriving in different substrates such as acetate, methanol,
and methylamine. The slow growth rate of acetotrophic methanogen can upset anaerobic digestion
since it can result in the accumulation of acetate. The most dominant archaea in a mesophilic anaerobic
digester treating POME were Methanosaeta sp. and Methanosarcina [45]. The literature also suggests that
in mesophilic conditions, syntrophic acetate oxidation coupled with hydrogenotrophic methanogenesis
was a crucial pathway for biogas production. In addition, Methanosarcina thermophila was the dominant
genus in mesophilic anaerobic digestion, which directed stable digestion [46].

In contrast, the thermophilic methanogen community was dominated by Methanothermobacter
sp. The genus of Methanothermobacter sp. is known to utilize the carbon dioxide pathway whereas
hydrogen acts as an electron donor. Patil and co-authors [47] found that Methanothermobacter sp.
predominated in a thermophilic digester whereas M. thermophila predominated in a mesophilic reactor.
Similarly, Methanothermobacter sp. was abundant in the thermophilic condition with food and lignin
waste as a substrate [48]. Hydrogenotrophic methanogen could also be found in a digester with
a low concentration of acetate [49]. In terms of the waste with a high concentration of organics,
hydrogenotrophic methanogen is superior to acetotrophic methanogen [50]. In this study, the VFA
concentration in the thermophilic condition was much lower than the mesophilic condition with
a difference of 38%, hence resulted in a less favorable condition for the growth of acetotrophic
methanogen in thermophilic conditions. Furthermore, the thermophilic digester showed an abundance
of hydrogenotrophic methanogens due to its abilities to adjust to high temperature conditions as well
as its capability to tolerate toxic conditions compared to acetotrophic methanogens [51].

3.6. Scanning Electronic Microscopy

Figure 7 depicts the granular structure of thermophilic and mesophilic methanogens via scanning
electronic microscopy (SEM), which is suitable to determine the morphology of the microbial species
in anaerobic digestion [52]. For each sample, the images are presented with 15,000 magnification that
permits visualization of different types of sludge developed in the reactors and detailed morphological
features of the microbial species. The examination of the sludge revealed that cocci- and rod-shaped
microbes were dominant and appeared to be concentrated in the mesophilic sludge, whereas the
rod-shaped microbes were found loosely in the thermophilic sludge. An identical result was reported
by Zellner et al. [53], in which rod- and cocci-shaped microbes were discovered in the anaerobic
digester. It is believed that the rod-shaped microbes are similar to Methanothermobacter sp. [54] while
the cocci shape microbes are comparable to Methanosarcian sp. [55].
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(a) (b)

Figure 7. Photograph of scanning electron microscope (SEM) of the (a) thermophilic and (b)
mesophilic conditions.

3.7. Overall Performance and Energy Requirement

Asshown in Table 3, most previous studies were conducted in either the mesophilic or thermophilic
condition, except for this study, which operated in both conditions. All studies were conducted at
OLRs typically used in anaerobic digestion and succeeded in achieving the digestion without causing
an overloading of organic matters in the digester. Borja and co-authors [56] operated at the highest
OLR (12.9 g COD/L.d), which was more than three times higher than the OLR in the present study,
which explains the highest methane yield compared to the other studies in Table 3. The selection
of OLR has become a key role to produce notable methane yield. Interestingly, the shortest HRT of
3.5 days was recorded without resulting in VSS washout and nonetheless achieved high methane
yield. The selection of the HRT of eight days in this study appears to have attained a favorable balance
between the performance and stability of the system of anaerobic digestion because the methanogen
had sulfficient time to digest the substrates and efficiently performed anaerobic digestion. Furthermore,
all studies shared the similarity that the high methane yield was verified by the high value of COD
removal, which presented high utilization of substrate concentrations to produce high methane yield.
However, Krishanan and co-authors [16] did not reach significant methane yield, although the COD
reduction could be as considered high. High-energy requirement is one of the main problems when
operating with thermophilic digestion. The temperature set for the thermophilic digester was 55 °C,
which was 18 °C higher than the mesophilic digester. The thermophilic digester requires 1.1 W of
energy input to maintain the temperature at 55 °C, which is twice the energy needed for the mesophilic
condition. Despite this, it is more worthy to operate in the thermophilic condition than in the mesophilic
condition due to such noticeable differences in the yield, despite the higher energy demand incurred
by the thermophilic condition. The energy requirement of the thermophilic digester is similar to
the mesophilic digester process, which consists of the heat required to elevate the temperature of
sludge and to cancel out energy loss during digestion. The result is also comparable with the study by
Amani et al. [57], which required 3 W of power to maintain the temperature of a 2 L digester in the
thermophilic condition.
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Table 3. Comparison of previous studies on the anaerobic digestion of methane from POME based on

different OLR.
Best OLR Methane COD
Substrate Temperature Performance Yield Removal (%) Reference
(g COD/L.d)  (LCH,/g COD) ’
Acidified POME Mesophilic 4.0 0.23 67.5
P t stud
Acidified POME ~ Thermophilic 40 0.31 763 resent study
POME Mesophilic 12.9 0.35 94.1 [56]
POME Thermophilic 12.0 0.16 85.0 [16]
POME Thermophilic 12.9 0.20 87.8 [32]

3.8. Statistical Analysis

Table 4 shows the t-test results for methane yield with mesophilic and thermophilic temperatures
by using IBM SPSS Statistics 23 (IBM Corporation, New York, NY, USA). In this analysis, p < 0.05
was considered significant. T-test analysis was carried out to determine whether methane yield was
affected by temperature during anaerobic digestion. Theoretically, high temperature leads to high
methane yield. This is because the degradation of the substrate is high at high temperatures. From the
result, the sig. (2-tailed) for methane yield was 0.01, which is below 0.05. Therefore, there was a
significant difference between the temperature and methane yield. From this study, for the three OLRs
that were tested, the thermophilic digester showed a 42.2% higher methane yield when compared to
the mesophilic digester.

Table 4. Summary of t-test for the measured methane yield between mesophilic and
thermophilic digesters.

Independent Samples Test

Levene’s Test for

Equality of Variances t-test for Equality of Means

F Sig. t df Sig. (2-tailed) = Mean Difference
Productivit Equal variances assumed 2.503 0.125 3.884 28 0.001 0.065
¥ Equal variances not assumed 3.884 25 0.001 0.065
Group Statistics
Condition N Mean Std Deviation  Std Error Mean
Methane yield Thermophilic 15 0.31 0.05 0.01
Mesophilic 15 0.23 0.04 0.01

where F denotes for the value for Levene’s test of equality of variance, Sig. = an abbreviation for significance,
t = value for t-test of equality of variance, df = degrees of freedom and N = number of valid observations used in
calculating the t-test.

4. Conclusions

The results indicated that the thermophilic digester registered a higher methane yield than the
mesophilic digester at every OLR tested. This finding was supported by the percentage of COD
removal and VS reduction in the thermophilic condition, which was also higher than the mesophilic
condition. This indicates that the reaction of methanogen was high at higher temperatures, as illustrated
by the result of thermophilic digestion. Overall, the performance of anaerobic digestion increased
with increasing OLR. The OLR of 4.0 g COD/L.d indicated the highest methane yield, COD removal,
and VS reduction for both mesophilic and thermophilic conditions. Furthermore, the pH for the
mesophilic and thermophilic conditions remained in the range of optimum methanogenic activities
at 6.8-7.2. Therefore, the VFAs inside the digesters did not influence the performance of anaerobic
digestion. High alkalinity in the system seemed to neutralize the VFAs and maintained the stability of
anaerobic digestion. Furthermore, the mesophilic condition was associated with more diverse bacterial
community than the thermophilic condition. The colony of the thermophilic digester was comprised of
Methanothermobacter whereas the mesophilic digester contained an abundance of Methanothermobacter
and Methanosarcina sp. It can be concluded that thermophilic digestion is recommended to operate in the
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anaerobic digestion of POME compared to mesophilic digestion as it produced higher methane yield,
although it requires higher heating energy to maintain thermophilic temperature during operation.
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