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Abstract: Biomass wastes originating from palm oil milling activities can be characterized by their
high biochemical oxygen demand (BOD), chemical oxygen demand (COD), total suspended solid
(TSS), and oil and grease content. The utilization of oil palm wastes such as palm oil mill effluent
(POME) and empty fruit bunch (EFB) has great potential for a sustainable energy biomass pellet as it
reduces the reliance on conventional materials for energy production. A mixture of POME and EFB
in various ratios ranging between 7:3, 8:2, 9:1, and 10:0 was fermented in the presence of Lysinibacillus
sp. LC 556247 for 120 h at 37 ± 2 ◦C and 180 rpm with the aim of elucidating the biodegradation
of complex organic material in terms of BOD, COD, TSS, total organic carbon, inorganic carbon,
and total carbon content. After fermentation, the mixtures were oven dried at 105 ◦C overnight and
then subjected to calorific energy value (CEV) determination. The highest CEV of 20.26 MJ/kg was
achieved for a ratio of 10:0 (slightly higher than the control experiment with the value of 18.67 MJ/kg),
with maximum removal efficiencies of COD (12.19%), BOD (11.72%), TSS (93.94%), and oil reduction
of 17.43%. The addition of EFB did not positively increase the CEV.

Keywords: biomass fuel; fermentation; palm oil mill effluent; empty fruit bunch; Lysinibacillus sp.
LC 556247

1. Introduction

Malaysia is one of the largest exporters and producers of palm oil. The oil palm sector
in Malaysia is a developing economic industry, and the production of palm oil results in
high revenues [1]. Approximately 34.3% of global palm oil exports were contributed by
Malaysia in 2020 [2]. In the same year, Malaysia contributed 9.1% and 19.7% of the global
total production and exports of oils [2]. Malaysia produced 18,116,354 tons of crude palm
oil (CPO) and exported 24,279,569 tons of various processed palm oil products; the area
of oil palm plantation was 5.90 million hectares in the year 2021 [2,3]. The oil palm tree is
made up of 10% palm oil and 90% biomass [4,5]. As the year passed, the oil palm industry
became a major biomass producer in Malaysia due to the fact that only a small proportion
of the waste was processed and valorized into value-added products.

Oil palm wastes can be categorized into liquid and solid forms. The liquid form of
palm oil waste is palm oil mill effluent (POME), whilst the solid form of oil palm waste is
empty fruit bunch (EFB), mesocarp fibers (MF), palm kernel shells (PKS), oil palm trunk
(OPT), and oil palm fronds (OPF). The most voluminous oil palm waste produced is
POME, with approximately 3.05 m3 produced for one ton of CPO processing [6]. POME
has been identified by millers as the most expensive and difficult waste to manage [7].
Similarly, POME is also regarded as the most significant pollutant produced in Malaysia.
The high amount of solids, COD, BOD, nutrients, and grease present in POME contributes
to land and aquatic pollution upon discharge directly into the environment [8]. Direct
POME discharge into the environment without proper treatment could be detrimental to
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the environment because of greenhouse gas emissions emitted into the atmosphere, such
as methane and carbon dioxide [9]. Furthermore, the physiochemical characteristics of
POME can pollute water and disrupt the aquatic ecosystem [10]. It could result in water
logging of the soil, clogging, and killing the vegetation on contact [11]. Hereafter, local
water sources for fishing and domestic use become limited, and the mortality of aquatic
organisms upsurges [11].

POME can be characterized as a brownish viscous liquid produced from a palm oil
mill with high moisture content (MC). The liquid waste is generated from the sterilization
of fresh fruit bunch (FFB), clarification of CPO, and hydrocyclone separation of the kernel,
and can be obtained from the clarification of wastewater, sterilizer condensate, and hydro-
cyclone wastewater [12–14]. EFB is the second most voluminous oil palm waste produced.
EFB can be characterized as a highly fibrous and mineral-rich material [15,16]. Approxi-
mately one ton of EFB is produced from one ton of palm oil production [17]. Conventionally,
EFB is disposed into the environment either by burning or left to decompose due to its
bulky nature and low commercial value. However, the burning and decomposition of EFB
in an open environment also emit greenhouse gases and insect manifestations. Even though
POME is classified as non-toxic, its high organic content can interfere with ecosystems and
create environmental pollution in water bodies [18].

POME and EFB are sources of renewable energy as they can be valorized into biomass
fuel and can be replenished without compromising the Earth’s natural resources and the
liability of the ecosystem. Biomass fuel can be defined as a fuel produced by renewable
organic material that comes from plants and animals and is used to generate energy as
heat or as electricity. POME contains a high organic content of carbon [9]. The increase
in calorific energy value (CEV) is contributed by the increase in the percentage of fixed
carbon [19].

Many researchers focus on the utilization of palm oil wastes for energy production.
Yacob et al. reported methane production from two anaerobic ponds in the Felda Serting
Palm Oil Mill for 52 weeks with values of 35.0% and 70.0% [20]. However, their study
only addresses the methane and remaining POME that still exists and requires further
treatment. In another separate experiment, Bakar et al. utilized a mixture of POME and EFB
to produce biomass fuel via co-fermentation of Lysinibacillus sp. and Aspergillus flavus with
a CEV of 26.71%. Bakar et al. successfully utilized the remaining POME and biovalorized
it into other value-added products of biomass fuel [21,22]. Nevertheless, if the CEV is
considered low, extensive research is necessary to further increase the CEV.

Furthermore, the initiatives of utilizing sustainable, abundant, and low-cost carbon
sources derived from agricultural waste can support industry waste reduction whilst
maximizing the manufacture of value-added products [23].

Open ponding systems are widely employed in Malaysia to treat POME prior to dis-
charge into the environment on an industrial scale. POME is treated incessantly under both
aerobic and anaerobic conditions. This is due to its convenience, cost-effectiveness, and low
technology requirement [24,25]. However, the ponding system can be considered obsolete
as it requires long hydraulic retention time (HRT) and large land space, and concomitantly,
POME final discharge fails to meet the discharge limits set by the Malaysian Department of
Environment (DOE) [26]. Therefore, an alternative approach with shorter HRT and small
space requirement, producing sustainable by-products, is essentially needed.

Diverse microorganisms have been utilized for fermentation processes in the attempt to
produce biofuel; for example, Saccharomyces cerevisiae is one of the yeasts commonly utilized
to produce ethanol with a concentration as high as 18% of the fermentation broth [27].
Saw dust is reported to have a significant CEV between 8.3 and 16.7 MJ/kg depending
on the moisture content (MC) [28]. The average CEV for POME and EFB is 16.99 MJ/kg
and 18.88 MJ/kg, respectively [29]. Utilizing microbes for biomass fuel production from
agricultural waste by exploiting metabolic pathways sustainably and economically might
be an ideal approach as microbes can increase the CEV [21,22,30,31].
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Currently, there are limited studies on the aerobic treatment of palm oil mill waste,
particularly for the production of sustainable biomass fuel with high CEV. In this study,
various ratios of POME and EFB were fermented in the presence of indigenous bacteria
Lysinibacillus sp. LC 556247. The bacteria were isolated from POME and are thus regarded
to be resilient microorganisms that can thrive in extreme conditions. These microbes
have the potential to biodegrade complex organic compounds into simpler forms. The
potential for valorizing a mixture of POME and EFB into useful energy sources was touted
as a practical and prevalent treatment since these resources are abundant wastes from
oil palm plantations. The objectives of this study were to investigate the suitable ratio
of POME and EFB for biomass fuel production in the presence of Lysinibacillus sp. LC
556247 and its degradation processes by monitoring the BOD, COD, total suspended solid
(TSS), and elemental analysis of carbon (C), hydrogen (H), and nitrogen (N). Upon 120 h
of fermentation, the mixture was subjected to overnight oven drying at 105 ◦C, and the
changes in calorific energy value (CEV) prior to and after treatment were compared.

2. Materials and Methods
2.1. Biofeedstocks

The POME and EFB utilized in this study were obtained from a trapping pond at
one of the processing palm oil facilities, namely United Oil Palm Sdn. Bhd. Malaysia at
coordinates 5◦09′22.3′ ′ N and 100◦30′32.3′ ′ E. EFB long fibres were shredded (Seng Hup
Engineering, Kuala Lumpur, Malaysia) and ground (Daya Korban, Malaysia) to produce
a short single fiber within the range of 5–10 cm prior to storage in a sealed plastic bag at
room temperature; POME was stored in a refrigerator prior usage. All biofeedstocks were
autoclaved before being subjected to batch fermentation.

2.2. Microorganism and Inoculum Preparation

The isolated indigenous bacteria, Lysinibacillus sp. LC 556247, were grown in a sterile
nutrient broth (NB) medium containing 5.0 g/L peptone, 5.0 g/L sodium chloride, 1.5 g/L
HM peptone B#, and 1.5 g/L yeast extract with a final pH of 7.4 ± 0.2 in an incubator
shaker (A3555, Smith, UK) at 35 ± 2 ◦C and 127 180 rpm overnight [14]. The optical density
(OD) of the bacterial cells was measured using a UV-Vis Spectrophotometer (Shimadzu
UVmini-1240, Shimadzu Corp., Kyoto, Japan) at 620 nm. Once the optical density (OD) of
the bacteria cells reached 0.6–0.8 at 600 nm, the bacteria were inoculated (10% w/v) into the
fermentation medium.

2.3. Batch Fermentation

Preceding experiment, POME was mixed with various ratios of EFB. In detail, the
preparation of a fermentation medium in the presence of Lysinibacillus sp. LC 556247
bacteria was performed under four different ratios of POME and EFB, ranging between 7:3
(Group 1), 8:2 (Group 2), 9:1 (Group 3), and 10:0 (Group 4); the medium was fermented
using a benchtop bioreactor under aerobic conditions. Air was injected using a sparger
for 120 h and oven-dried at 105 ◦C to obtain the dried output. A control experiment (CE)
was conducted whereby autoclaved POME (without EFB) was utilized as a fermentation
medium with the same conditions mentioned above. The ratio was varied in order to
elucidate the effects of short, single, and loose fibrous material on the fermentation effec-
tiveness and pellet compactness. For example, to prepare the fermentation medium of 7:3,
1000 mL of POME and 60 g of EFB were transferred into a bioreactor (Minifors, Infors AG
CH-4103, Bottmingen, Switzerland) with a working volume of 1 L. The initial moisture
content (MC) of both POME (approximately 86.38%) and EFB (approximately less than 1%)
was evaluated to calculate the ratio of fermentation medium based on the solid weight.
The temperature was set at 37 ± 2 ◦C, and agitation was set to 180 rpm. Fermentation was
conducted for 120 h (h). The pH was recorded throughout fermentation, with the initial
pH ranging between 4.7 and 5.3. A volume of 40 mL of fermented mixtures of POME and
EFB samples collected at 0, 24, 48, 72, 96, and 120 h were dried overnight using an oven
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at 105 ◦C until a constant weight was observed (Binder World FD056UL, Binder GmbH,
Tuttlingen, Germany). They were then stored at−20 ◦C in a freezer prior to being subjected
to further analyses.

2.4. Analytical Methods

BOD was determined by incubating the diluted fermented samples with deionized
water in a 20 ◦C incubator for five days. The BOD value was measured using a portable DO
meter (HANNA HI98193, Hanna Instruments, Woonsocket, Rhode Island, USA). COD was
determined by filtering the fermented samples through 0.22 µm into COD2, High Range,
0–1500 mg/L CO. The COD value was measured using a portable spectrophotometer (DR
2800, HACH, Loveland, USA) after digestion for 2 h at 150 ◦C using a digital reactor block
(DRB 200, HACH, Loveland, Colorado, USA). For COD analysis, the 5220 D procedure
of closed reflux with a colorimetric method was adopted to evaluate the organic contents
in the fermentation feedstocks and was then tabulated as COD removal efficiency using
Equation (1) [22]. The method adopted for BOD analysis was the BOD5, 5210 B procedure.

COD Removal E f f iciency (%) =
CODi − COD f

CODi
× 100, (1)

whereby CODi is the initial COD value, and CODf is the final COD value. All tests were
performed in triplicate to confirm the reproducibility.

The pH of the fermentation medium was measured using a portable pH meter
(HANNA HI-98100 Checker Plus, Hanna Instruments, Woonsocket, USA) at the beginning
and end of the experiment for each designated ratio. TSS was determined by filtering
diluted samples using a 0.22 µm filter. Perforated crucibles containing the filtered sample
and filter were oven-dried at 105 ◦C until a constant weight was obtained. TSS before and
after fermentation were compared, and removal efficiencies were calculated.

The moisture content (MC) of the samples was determined using a standard oven-
drying method at 105 ◦C until a constant weight was obtained (AOAC, 2010). The CEV
was determined using a bomb calorimeter (Parr 6200, Fisher Scientific International Inc.,
Pittsburgh, USA). The combustion vessel was ignited under the following conditions: pre-
fire: 3 min, post-fire: 5 min, fuse wire length: 10 cm, and bucket and jacket temperature:
13–33 ◦C.

Total organic carbon (TOC) was analyzed using a Shimadzu TC 5050 Carbon Analyzer
(Shimadzu Corporation, Kyoto, Japan). A 1 g powdered sample with the highest CEV
from Group 2 was subjected to further analysis to measure the level of organic compounds
using a TOC analyzer. Carbon analyzers are mainly comprised of two different system
components: a solid sample module—5000 A (SSM) and a total organic carbon (TOC–L)
analyzer. Initially, 1 g of homogenous solid samples was weighed and deposited into the
SSM with the following parameters: furnace temperature of 900 ◦C and 200 ◦C for TC and
IC content, respectively. The SSM was equipped with purified oxygen at 200 kPa, and the
carrier gas flow was set to 20 mL/min. Then, the samples were further analyzed using a
TOC–L analyzer, with the furnace temperature set to 680 ◦C and supplied with 200 kPa
purified air. The carrier gas flow was set to 20 mL/min. The TOC was measured in terms
of percentage using the following Equation (2):

Total Carbon (%) = Total Organic Carbon (%) + Inorganic Carbon (%). (2)

Oil and grease content was determined by performing the soxhlet-extraction method [14].
Dried samples were weighed and transferred into a cellulose thimble with a dimension
of 22 mm × 80 mm (A3840, Smith, Kent, UK) and extracted using n-hexane at 99% as an
extraction solvent at 60 ◦C. The excess solvent was evaporated using a drying oven at
105 ◦C. The final weight of the flask was measured, and the oil extracts were stored.

One g of homogenized dried sample from each group was transferred into a pellet
maker (Model: Parr, Moline, IL, USA) and pressed to obtain a compact pellet with a
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dimension of 12 mm in diameter and a height of approximately 8 mm. The compression
strength of the biomass pellet was analyzed based on texture profile analysis using a Texture
Analyzer (TA.XTplusC, Stable Micro System, Surrey, UK). The load cell applied was 30 kg
with a trigger force of 0.03 kN. The compression strength was tested at five different levels
of stress: 10, 20, 30, 40, and 50%.

3. Results and Discussion
3.1. Batch Fermentation of Lysinibacillus sp. LC 556247 in Various Ratios of POME and EFB

The results of BOD removal efficiency, COD concentration, and COD removal effi-
ciency throughout 120 h fermentation time are shown in Figure 1. BOD is the concentration
of dissolved oxygen (DO) required by organisms to metabolize the organic materials
present in a water sample over a specific period and temperature. Commonly, BOD is
used as an indicator to measure the effectiveness of wastewater treatments. Referring to
Figure 1a, BOD was successfully aerobically reduced by the mixture of POME and EFB in
the presence of Lysinibacillus sp. LC 556247. The BOD level is influenced by microorganisms
that actively consume oxygen and thus reduce the DO concentration [32,33]. At the end
of the fermentation, the BOD concentrations for all groups reduced remarkably, with all
DO concentrations maintained at a minimum of 2 mg/L. The maintenance of a minimum
DO concentration of 2 mg/L at the end of the fermentation process is a rational bench-
mark [14,34,35]. The highest BOD removal efficiency was achieved by Group 3 at 24.66%,
followed by Group 4 at 11.72%, Group 1 at 9.37%, Group 2 at 9.29%, and the CE at 1.50%.
This observation is due to the reaction of the microorganism Lysinibacillus sp. LC 556247
during fermentation. The addition of indigenous bacteria during fermentation contributes
to the effective degradation of organic matter. High BOD removal efficiency was achieved
at the minimal amount of EFB in the mixture, as indicated in the ratio of 9:1.

Vigorous degradation activity by Lysinibacillus sp. LC 556247 took place due to the
fact that this strain is indigenous to POME. According to previous studies [21,22], the
addition of indigenous microorganisms may contribute to the increasing population size
of microorganisms functioning in the degradation of organic matter [36,37]. Lysinibacillus
sp. LC 556247 bacteria, which occur naturally in POME, have the ability to adapt to harsh
POME environments. Furthermore, high BOD removal efficiency achieved with minimal
addition of EFB also indicates that Lysinibacillus sp. LC 556247 is hypothetically suitable to
be utilized in the mixture of POME and EFB at a ratio of 9:1. The ability of Lysinibacillus sp.
LC 556247 to adapt to the harsh environment of POME allows the bacteria to utilize the
organic matter from POME as nutritional resources and proliferate.

High BOD removal efficiency was achieved by Group 3 as it showed the most promi-
nent changes on the initial and final day of fermentation. Nevertheless, the BOD removal
efficiencies were found to decrease as the addition of EFB into the mixture increased. The
high amount of EFB could reduce the oxygen diffusion rate into the biofeedstocks medium.
When EFB is added into POME, it can be observed that the aeration provided by the sparger
is less effective. The visibility of air supplied to the medium decreases as more EFB is
added. Based on physical observation, the rate of aeration decreases with increasing EFB.
Concomitantly, the rate of oxygen diffusion is reduced and causes the bacteria’s capability
to degrade the organic matter to be slightly declined. Simultaneously, oxygen becomes
the limiting factor. Oxygen is the key factor and plays a crucial role in the biodegrada-
tive process [38]. Biostimulation by oxygen supply can be applied to enhance aerobic
biodegradation rates and stimulate microbial activity [39].

The discharge of wastewater with high BOD can reduce the oxygen content of the
receiving water bodies and consequently causes the death of the organism [33]. This is
because organic material increases the growth of microorganisms and depletes the oxygen
required for other aquatic life [32]. Therefore, it is important to ensure the BOD is reduced
prior to release into water bodies.



Processes 2023, 11, 1444 6 of 14Processes 2023, 11, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 1. Batch fermentation performance: (a) BOD removal efficiency, (b) COD concentration, and 
(c) COD removal efficiency profile. 

Vigorous degradation activity by Lysinibacillus sp. LC 556247 took place due to the 
fact that this strain is indigenous to POME. According to previous studies [21,22], the 

(a)

0

(b)

24 48 72 12096

G4 (12.19 %)
(c)

G3 (24.66 %)

G1 (9.37 %)
G2 (9.29 %)

G4 (11.72 %)

CE (1.50 %)
0.00

5.00

10.00

15.00

20.00

25.00

30.00

0 24 48 72 96 120

BO
D

 re
m

ov
al

 e
ffi

ci
en

ci
es

 (%
)

Fermentation time (hours)

Group 1: Ratio 7:3

Group 2: Ratio 8:2

Group 3: Ratio 9:1

Group 4: Ratio 10:0

Control Experiment (CE)

G1 (19.32 g/L)
G2 (18.82 g/L)

G3 (20.07 g/L)

G4 (17.99 g/L)

CE (20.12 g/L)

15.00

16.00

17.00

18.00

19.00

20.00

21.00

0 24 48 72 96 120

C
O

D
 c

on
ce

nt
ra

tio
n 

(g
/L

)

Fermentation time (hours)

G1 (1.02 %)

G3 (8.21 %)

G2 (1.26 %)

G4 (12.19 %)

CE (1.08 %)
0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

0 24 48 72 96 120

C
O

D
 re

m
ov

al
 e

ffi
ci

en
cy

 (%
)

Fermentation time (hours)

Figure 1. Batch fermentation performance: (a) BOD removal efficiency, (b) COD concentration, and
(c) COD removal efficiency profile.

COD is an analytical approach used to measure the amount of oxygen required for
organic matter in water samples to oxidize [40]. COD represents the degree of organic
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pollution in water bodies [41]. Discharge of POME into the environment without extensive
treatment due to its complexity and high capital cost can pollute the environment and
disrupt ecosystems due to its high COD, even though it is not considered a toxic waste as
there is no chemical added during palm oil extraction. The efficiencies of Lysinibacillus sp.
LC 556247 in treating different ratios of POME and EFB mixture during aerobic fermentation
were compared in this study.

Referring to Figure 1c, the highest COD removal efficiency was recorded by Group
4 (Ratio 10:0). Reduction of EFB increased the aeration or airflow. Similar reactors with
hollow fiber membranes for oxygen delivery and biomass support also demonstrated a
high COD-removing capability [42]. Low COD removal efficiency was recorded with the
addition of EFB into the fermentation medium. Low COD removal efficiency was recorded
by Group 3 (Ratio 9:1), Group 2 (Ratio 8:2), the CE, and Group 1 (Ratio 7:3) with values of
8.21%, 1.26%, 1.08, and 1.02%, respectively. The increase in EFB amount results in lower
COD removal efficiency. This is because fibers present in EFB are unable to sufficiently
homogenize with ionic species in the effluent [43]. Based on visual observations of Group 1
(Ratio 7:3), Group 2 (Ratio 8:2), and Group 3 (Ratio 9:1), excess biomass from fibrous EFB
resulted in lower aeration. A similar observation was reported by Pankhania et al. (1994)
in which the excess biomass initiated channeling problems and subsequently decreased the
COD removal efficiency [42]. Decreasing biomass activity with metabolite accumulation
in dense biofilm resulted in declined mass transfer [44]. As a result, high COD remained
during the duration of fermentation. Pankhania et al. (1994) also explained that the absence
of backwash resulted in extensive clogging and reduced COD efficiency [42].

The highest COD removal efficiency was achieved by Group 4 (12.19%) without EFB,
and the lowest COD removal efficiency was achieved by Group 1 (1.02%) with the highest
addition of EFB. Overall, by the end of fermentation, all fermentation groups showed COD
removal efficiency. This indicates that Lysinibacillus sp. LC 556247 can reduce the COD of
POME via the fermentation process. Lysinibacillus sp. LC 556247 convert organic matter
present in POME and EFB into carbon dioxide, water, and biomass. The biomass fuel
generated from the degradation process can be exploited as an alternative energy source
that is sustainable and environmentally friendly.

3.2. Biodegradation Study

Table 1 summarizes the biodegradation study of organic matter in the presence of
Lysinibacillus sp. LC 556247 after 5 days of fermentation using various ratios of POME
and EFB, together with data from a commercial product, namely ‘B’, which contains only
EFB. All groups were in acidic conditions throughout the fermentation time, with an
operating pH of 4.8–5.6. In detail, the recorded operating pH during fermentation for
Group 1 was 5.0–5.1, Group 2 was 5.3–5.8, Group 3 was 4.8–5.0, and Group 4 was 5.3–5.6.
The pH remained acidic (below 5.8) throughout the fermentation process in all designated
ratios. This is due to the accumulation of organic acids [14]. Nevertheless, the pH can be
considered a non-critical factor that influences the performance of Lysinibacillus sp. LC
556247 during the degradation of organic matter [14]. This is because the Lysinibacillus sp.
LC 556247 can be observed to proliferate in acidic conditions throughout fermentation.

Moisture content (MC) is one of the factors that affect the combustion characteristics
and quality of a fuel [29,45–47]. Asamoah et al. (2016) reported that productive and high-
quality fuel pellets and briquettes depend on low MC, volatile matter, and ash content
with high fixed carbon content [48]. High MC presence in biomass fuel will reduce the
stability and density of the pellets and briquettes [49]. Low MC will produce high-quality
fuel pellets and briquettes. Therefore, a reduction in MC is required for biomass-based
energy applications.
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Table 1. Comparison of TSS, pH, MC, CEV, oil, and grease after 120 h fermentation in various ratios of POME and EFB with the presence of Lysinibacillus sp. LC
556247.

Group 1 (Ratio 7:3) Group 2 (Ratio 8:2) Group 3 (Ratio 9:1) Group 4 (Ratio 10:0) Control Experiment Commercial
Product ‘B’

Parameter 0 hr 120 h RE 0 h 120 h RE 0 h 120 h RE 0 h 120 h RE 0 h 120 h RE

TSS (g/L) 11.47± 0.15 6.67± 0.15 41.86± 1.78 348.83± 0.03 25.50± 0.06 92.69± 0.02 42.07± 0.18 9.40± 0.12 77.65± 0.26 1123.50± 0.08 68.10± 0.10 93.94± 2.03 2.70± 0.06 2.67± 0.06 1.00± 0.27 NR
pH 5.0 ± 0.00 5.1 ± 0.00 NR 5.3 ± 0.00 5.8 ± 0.00 NR 4.8 ± 0.00 5.0 ± 0.00 NR 5.3 ± 0.00 5.6 ± 0.00 NR 4.7 ± 0.00 4.5 ± 0.00 NR NR

MC (%) 86.38± 2.00 2.24± 0.05 NR 86.38± 2.00 0.55± 0.05 NR 86.38± 2.00 1.92± 0.03 NR 86.38± 2.00 0.58± 0.02 NR 86.38± 2.00 4.41± 0.02 NR 9.8
CEV (MJ/kg) 14.97 16.98 NR 22.21 16.02 NR 23.69 18.27 NR 31.36 20.26 NR 19.25 18.67 NR 17.35

Oil and grease (%) 46.27± 0.18 15.46± 0.00 66.58± 0.13 68.46± 0.00 31.04± 0.08 54.65± 0.11 50.61± 0.02 42.63± 0.01 15.78± 0.05 28.59± 0.05 23.61± 0.00 17.43± 0.15 20.97± 0.01 19.63± 0.01 6.39± 0.03 NR

NR: not related. RE: Removal efficiency. MC at 120 h are the values after overnight oven drying, and constant weight is observed.
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All fermented biomasses were oven-dried at 105 ◦C overnight to obtain MC below
3% (Table 1). The MC for commercial product ‘B’ was slightly high, with a value of 9.8.
When the MC is high, the ignition process of the biomass fuel is reduced. This is because
extra energy is required to evaporate the moisture present in the biomass fuel prior to
combustion. Biomass fuel with high MC produces a low concentration of carbon dioxide
which indicates that less combustion has occurred [45]. Inevitably, ignition time would
be prolonged and result in low combustion efficiency. Ignition difficulties for biomass
fuel can be overcome by drying biomass before utilization. Reduction of MC improves
the CEV. This is because the reduction of MC reduces the water and oxygen content of
biomass fuel and consequently increases the heating value [50]. The intensity of the fire
and energy release rate reduces as the MC increase for all types of fuel [51]. Furthermore,
the ignition speed and capability for the flame to sustain in a fuel-rich environment reduces
as the moisture rate increases [51]. Therefore, it is essential to adopt a post-treatment for
moisture reduction to increase combustion efficiency with high CEV and stable flame. It is
also recommended to utilize biomass with low MC in order to maximize the quality of the
heating value [52]. When the MC decreases, the duration for long-term storage will also
increase.

CEV is a measure of the heat released during combustion in a calorimeter and is
normally expressed as megajoules per kilogram (MJ/kg). CEV is tested to measure the
amount of heat energy that would be recovered from the biomass during combustion. CEV
generated by biomass fuel indicates the quality of the fuel. An analysis was performed
to determine the CEV of fermented POME and EFB with various ratios. Referring to
Table 1, the highest CEV was 31.36 MJ/kg (Group 4), followed by 23.69 MJ/kg (Group
3), 22.21 MJ/kg (Group 2), the CE (18.67 MJ/kg), and 16.98 MJ/kg (Group 1). The highest
CEV was achieved under the fermentation conditions of Group 4 with POME solely as
substrates (without EFB) in the presence of Lysinibacillus sp. LC 556247. The CEV recorded
from this study was higher than the average CEV for commercially available product ‘B’,
17.35 MJ/kg [5,29]. A commercial pellet with higher carbon content similar to POME is
not available in the market (yet). POME can generate high CEV due to its high content of
carbon [5,48]. Moreover, palm oil waste sources are considered abundant, easy to obtain,
and they utilize sustainably. Most importantly, biomass fuel is carbon neutral, and no
additional carbon is released upon combustion, which leads to a reduced carbon footprint.
Utilization of agricultural waste, such as palm oil mill waste, into biomass fuel using
naturally occurring microbes is sustainable rather than leaving the waste in open spaces
such as open ponding systems without extensive treatment. The obsolete open ponding
system causes uncontrollable greenhouse gas (GHG) emissions into the atmosphere [53].
The commercially available pellet has a low CEV of 17.35 MJ/kg when compared to the
product from the Group 4 biomass fuel. The low CEV of commercial pellets is due to
the low carbon composition in the pellet. Carbon molecules exposed to heat and oxygen
create a chain reaction resulting in additional heat to fuel the combustion process [54].
This indicates that the Group 4 product, which solely consisted of POME, is suitable to be
commercialized given the high CEV able to produce high energy upon combustion.

Table 2 shows the total organic carbon (TOC), total carbon (TC), and total inorganic
carbon (TIC) together with the compression strength for the treated samples of Groups 1,
2, 3, and 4, and the control experiment (CE) after 24 h of fermentation. The sample with
the highest CEV of 31.36 MJ/kg from Group 4 indicates higher percentage composition for
TOC and TC with values of 66.27% and 66.28%, respectively. In lieu, the percentage values
for TOC and TC from Group 1 (low CEV) are 45.09% and 45.11%. Referring to Table 2,
samples with a high composition of carbonaceous elements in Group 4 directly correlate
with high CEV.

An increase in carbon composition will increase the burning rate and vice versa. The
observed relationship is explainable as the CEV decreases with the decrease in carbon con-
tent. These findings validate previous research on the energy generated by biomass fuels in
which a high calorific value was acquired with an increase in C and H values [49,55].
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The high composition of carbon in biomass fuels directly increases the CEV. This is
due to its characteristics of high flame reactivity, minimum ignition energy, and high
flammability [56–58]. Here, we can suggest ending the fermentation process for Group 4
at 24 h due to its high CEV; by shortening the process, production costs may be reduced.
The high CEV value is the main priority in producing high-quality biomass pellets. Upon
drying, BOD and COD are negligible for biomass fuel production.

Table 2. Composition of total organic carbon (TOC), total carbon (TC), and total inorganic carbon
(TIC) together with compression strength for treated samples of Groups 1, 2, 3, and 4, and control
experiment (CE) after 24 h of fermentation.

Group TOC (%) TC (%) IC (%) Compression Strength (kN)

1 45.09 45.11 0.02 0.069 ± 0.020
2 44.31 44.32 0.01 0.072 ± 0.010
3 57.97 57.99 0.02 0.099 ± 0.001
4 66.27 66.28 0.02 0.337 ± 0.037

CE 47.19 47.20 0.01 0.056 ± 0.017

Compressive strength is the maximum load of force or stress that a disc-shaped
biomass fuel pellet can resist before it begins to break, fracture, or crack when a sudden
external force is applied during storage and handling. The compression strength test allows
us to indicate the overall strength of force a disc-shaped biomass fuel pellet can sustain and
the durability or compactness of the pellet. In this study, the maximum load applied was
0.03 kN compared with commercially available pellet ‘B’. Pelletization is a compressing
interaction between particles and their constituent materials into the shape of a pellet with
high compactness [59].

Referring to Table 2, the highest compressive force of load was sustained by the
Group 4 pellet, 0.337 ± 0.037 kN, followed by the Group 3 pellet (0.099 ± 0.001 kN),
commercial pellet ‘B’ (0.081 ± 0.003 kN), the Group 2 pellet (0.072 ± 0.010 kN), and the CE
(0.056 ± 0.017 kN). The Group 4 pellet was able to resist a 30% level of stress with 0.337 kN
maximum force load, whilst the Group 3 pellet was able to resist a 30% level of stress with
0.099 ± 0.001 kN. The maximum force load sustained by commercial pellet ‘B’ and the
Group 2 pellet was 0.081 kN at a 20% level of stress and 0.072 kN at a 20% level of stress,
respectively. Commercial pellet ‘B’ and the Group 2 pellet were completely cracked and
compressed beyond the 30% level of stress.

The obtained result pinpointed that pellets solely made of POME (Group 4 product)
were more prominent than the mixture of POME and EFB in terms of compression strengths.
POME in the form of fine-dried material was able to remain intact four-fold, increasing the
level of stress sustained by the Group 2 product. Particle size affected the pellet density
significantly. Differences in density were contributed by fibrous material from EFB. When
EFB was added into POME under the conditions set up in this experiment, it was observed
that the pellet hardness decreased with increased particle size. Mani et al. (2006) also
confirmed that switchgrass pellet hardness was reduced with a decrease in particle screen
size from 3.2 to 2.8 mm in their study [59]. When compressed into a pellet, the finely
dried particle of POME provides a denser and more durable pellet. This is because smaller
particles fill up empty spaces better compared to larger particles. Finely ground biomass
also provides a large surface area that facilitates heat absorption, which is crucial for the
activation of chemical components’ binding properties [60].

However, a pellet mixture of POME and EFB produced a loose and brittle pellet. As a
result, biomass fuel pellets consisting of POME and EFB mixture have lower compressive
force resistance when compared to biomass fuel pellets solely consisting of POME. Pellets
with low mechanical resistance will emit dust during pellet handling, storage, and trans-
port [61]. Furthermore, high compactness, high densities, and less bulky pellets result in
low transportation costs and high-efficiency energy conversion [60]. Thus, the high density
and hardness of pellets can be achieved by reducing the biomass particle size [60].
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The Group 4 product is more prominent as compared to the commercially available
pellet ‘B’ in terms of compression strength, handling, and storage. During fermentation in
Group 4, the complex organic compound was degraded to a simpler compound and could
be monitored by high carbon content. High carbon content increases the CEV and combus-
tion efficiency. Therefore, the results indicate that the Group 4 product is suitable for the
production of biomass fuel pellets with enhanced CEV and high compactness [62]. It is very
essential to ensure the pellets do not degrade physically during handling, transportation,
and storage between manufacturer and user.

4. Conclusions

The BOD, COD, and TSS for all experimental groups decreased after fermented for
120 h at 37 ± 2 ◦C and 180 rpm with the highest CEV, 20.26 MJ/kg, achieved by Group 4
in the presence of Lysinibacillus sp. LC 556247. A post-treatment drying method to reduce
the moisture content to approximately less than 3% was necessary before utilization. The
pH remained acidic below 5.8, along with the fermentation duration for all designated
ratios of the POME and EFB mixture. The sample from Group 4 with the highest CEV was
correlated with high carbon elements, as analyzed by a TOC analyzer. In terms of pellet
physical properties, the G4 pellet with the highest CEV can sustain a 40% level of stress
and a maximum force load of 0.337 kN, suppressing the commercial pellet with 0.081 kN of
maximum force load. Overall, this study displayed that Lysinibacillus sp. LC 556247 is a
promising bacterium for sustainable and efficient POME and EFB degradation.
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