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1. INTRODUCTION 
The persistent challenge of energy, exacerbated by the 

overutilization of conventional energy sources, remains a 
significant issue globally [1]. This problem highlights the lack 
of affordable and reliable access to modern energy services, 
which are essential for promoting social and economic 
progress at the individual, community, and national levels [2]. 
With increasing awareness of the detrimental impacts of fossil 
fuels, there is a compelling drive to explore and adopt 
alternative energy sources that meet our energy needs while 
mitigating environmental harm [3]. This shift has led to 
growing interest in renewable energy sources such as solar, 
biomass, hydro, nuclear thermal, tidal, and mechanical energy 
sources [4]. Unlike fossil fuels, renewable energy sources are 
inexhaustible and continuously available. The inherent 
stability makes them dependable, especially during periods of 

high demand or disruptions in fossil fuel power generation [2]. 
Among renewable options, biomass energy stands out as a 
viable alternative. It encompasses various sources such as 
food processing waste, solid wastes, energy crops, human 
sewage, and residues from timber, forests, and agricultural 
crops [5]. Lignocellulosic biomass, in particular, is well-suited 
for producing pharmaceuticals, biofuels as well as value-
added chemicals in many industrial applications [6]. 

Renewable materials derived from oil palm-based sources 
offer a low-sulfur, carbon-neutral, and widely available 
alternative to fossil-derived precursors. The oil palm tree or 
Elaeis guineensis originally from Africa, was introduced to 
Southern Asia and South America between the sixteenth and 
nineteenth centuries [7]. In 2020, Malaysia and Indonesia 
collectively accounted for 84% (63.9 million tons) of global 
output, with Malaysia contributing 25% and Indonesia 

This study investigates the process of isolating and characterizing cellulose from Oil Palm 
Empty Fruit Bunch (OPEFB) fibers collected from Sime Darby Plantation, Selangor. The 
OPEFB fibers underwent a sequence of chemical processes including dewaxing, alkali 
pretreatment and bleaching, to isolate the cellulose. The resulting cellulose was analyzed for 
its composition, crystallinity and yield of hydrolysis products. Comparative analysis with 
recent studies indicates that the cellulose content of the isolated fibers falls within the 
reported range, with relatively lower lignin content suggesting a successful lignin removal 
during chemical treatments. The crystallinity index of the cellulose significantly increased 
after the post-treatment, reaching 76.43%, which is higher than some reported values. The 
hydrolysis of the isolated cellulose from OPEFB yielded levulinic acid (LA) levels 
comparable to commercial cellulose, with the OPEFB-based cellulose producing an LA 
yield of 8.98% lower than the 9.73% from commercial cellulose. This study highlights the 
potential of OPEFB as a viable source of high-quality cellulose for the production of sugars 
and LA.  
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contributing 59% [8]. Oil palm biomass waste includes 
various lignocellulosic residues generated during palm oil 
processing and cultivation, including palm oil mill effluent 
(POME) (60%), oil palm empty fruit bunches (OPEFB) 
(23%), mesocarp fiber (MF) (21%), palm kernel shell (PKS) 
(5%), oil palm fronds (OPF) and oil palm trunks (OPT) [9]. 
Notably, producing one tons of crude palm oil typically 
requires about five tons of oil palm fresh fruit bunches, 
significantly increasing waste generation [10]. The OPEFB, 
with its relatively low lignin concentrations ranging from 
14.2% to 38.4%, is the most utilized biomass due to its ease of 
pre-treatment [11]. Annual OPEFB production totals 
approximately 17.64 million tons when wet or 5.29 million 
tons in dry form [12]. Thus, in order to maximize profitability 
and environmental sustainability, efficient utilization of 
OPEFB is crucial, extracting valuable chemical feedstock 
such as cellulose, hemicellulose, and lignin for various 
practical applications. The substantial cellulose content in 
OPEFB renders it a promising non-edible biomass source for 
producing valuable chemicals [13].  

Cellulose, the most abundant polymer on Earth, offers a 
cost-effective option with robust mechanical properties and is 
extractable from various plants and biomass sources, 
including agro-waste (corncob, soybean pods, rice straw, etc.) 
and industrial agro-waste (oil palm waste, tomato peel, 
bagasse, etc.) [14]. Cellulose is a polymer composed of high 
molecular weight β−1,4-linked anhydro-D-glucose units in 
which a dimer of glucose residue is the repeating unit of 
cellulose [15]. Cellulose can be converted into hexose sugars 
such as glucose and fructose. According to Huber et al. (2006) 
[16], during the initial phase of cellulose hydrolysis, it is 
necessary to break the glucoside bonds between α-D-glucose 
units. The cleavage mechanism of the C-O-C bond in cellulose 
involves the protonation of glucoside bonds. The proton has 
the option to either target the cyclic oxygen or the oxygen 
bond connecting two glucose molecules. In acidic conditions, 
glucose converts to hydroxylmethylfurfural (HMF) and 
subsequently forms levulinic acid (LA) upon rehydration [17]. 
Hexose sugars are converted to LA by hydrolyzing HMF in 
equal amounts during HMF hydrolysis [18]. Levulinic acid 
(LA) is primarily synthesized through acid-catalyzed chemical 
processes, unlike other high-value biomass derivatives which 
are derived through biological pathways such as fermentation 
[19]. The C6-derived cellulose sugar glucose can undergo a 
series of acid-catalyzed reactions to yield LA, formic acid, and 
acetic acid [20].  

Biomass-derived cellulose is utilized in diverse 
applications such as water filtration membranes, chemical 
precursors, electronic components, tissue engineering, 
packaging, textiles, drug delivery systems, and cosmetics [21]. 
Various techniques exist for extracting cellulose from 
lignocellulose biomass. The most economical methods for 
cellulose isolation involve the utilization of chemical, 
physical, or biological pretreatments to remove lignin, 
hemicellulose, and other non-cellulosic components [14]. 
Removing hemicellulose and lignin enlarged pores and 
enhanced substrate accessibility to catalysts or enzymes, 
thereby facilitating an improved biomass conversion process 
[22]. Efficient isolation procedures are crucial for effectively 
converting OPEFB into glucose yield via a hydrolysis 
reaction. Research by Ratnakumar et al., (2022) [23]  revealed 
the significant impact of initial biomass particle sizes on 
cellulose extraction efficiency. They observed that while 

cellulose content was high in the powdered biomass with 
particle size between 150 and 250 µm sample, a greater 
quantity of isolated cellulose was recorded in the sample with 
particle size less than 75 µm. This demonstrates that reducing 
the size of biomass can substantially increase isolated 
cellulose yield.  

In this study, the fibers underwent a multistep 
pretreatment aimed at increasing the cellulose fraction and 
removing non-cellulosic components. Various cellulose 
extraction methods, including mechanical treatment to reduce 
fiber size, dewaxing, alkaline treatment as well as bleaching 
were investigated. To the best of our knowledge, there was no 
prior research that investigated the viability of cellulose 
extracted from OPEFB to produce sugars and LA. Most of the 
studies have used commercial cellulose as raw material [24–
26]. Some previous studies used OPEFB directly, without first 
isolating the cellulose [27–29]. Hence, this study provides 
novel insights into the potential of OPEFB-derived cellulose 
for producing glucose, HMF, LA, and formic acid (FA). A 
thorough investigation was conducted using Thermal 
Gravimetric Analysis (TGA), X-ray Diffraction (XRD) and 
Fourier Transform Infrared Spectroscopy (FTIR) to reveal 
significant changes such as the disappearance of functional 
groups and changes in crystallinity in the material 
characteristics, indicating a successful extraction of cellulose 
from OPEFB. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

The primary material used for isolating cellulose was 
OPEFB collected directly from the conveyor post-shredding 
at Sime Darby Plantation, Felda Pulau Carey, Selangor. Other 
essential materials including commercial cellulose, sulfuric 
acid (H2SO4), sodium hydroxide (NaOH), ethanol, toluene, 
sodium chlorite (NaClO2) and hydroxhloric acid (HCl) were 
procured from R&M Chemicals, UK and are of analytical 
grade. High Performance Liquid Chromatography (HPLC) 
standards such as glucose, HMF, LA and FA were purchased 
from Sigma Aldrich, Germany. 

2.2. Raw Materials Preparation 

In this study, OPEFB fiber was chosen as the primary 
material. After collection from the plantation, the fiber was 
subjected to a washing process with tap water to eliminate 
surface oil and debris. The shredded OPEFB fiber was then 
partially sun-dried before being completely dried in an oven 
(Model Memmert 600, Germany) at 105°C for 24 hours or 
until the moisture level dropped below 10%. After reaching 
room temperature, the fiber was ground using the Universal 
Cutting Mill (Fritsch GmbH, Germany). The resulting fiber 
was then sieved to an approximate length of 125 to 250 µm 
and stored in a tightly sealed plastic bag, following a method 
by Ratnakumar et al. (2022) [23]. 

2.3. Cellulose isolation 

The cellulose isolation process involved a sequence of 
steps starting with dewaxing, followed by delignification 
using alkali pretreatment and a bleaching process. The 
dewaxing procedure was carried out as follows: 50 g of 
selected fiber was placed inside a cellulose thimble and then 
subjected to the Soxhlet extraction technique followed by the 
Technical Association of the Pulp and Paper Industry (TAPPI) 
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204 cm-97 test methods [30]. Fig. 1 depicts the specific 
apparatus configuration used for Soxhlet extraction for the 
dewaxing process. In this procedure, ground and sieved 
OPEFB fiber was submerged in a solvent blend consisting of 
ethanol and toluene in 1:2 ratios. The extraction was carried 
out for a minimum duration of 6 h, or until the solvent 
achieved clarity, resulting in dewaxed OPEFB lignocellulose 
fibers. The Soxhlet extraction process was conducted for a 
duration of 10 to 12 h, ensuring adequate time for the solvent 
in the Soxhlet tube to achieve the required clarity. 

The large-scale production of cellulose for the next steps 
was accomplished through the implementation of a batch 
reaction which includes an oil-based heating mantle, a stirrer 
with adjustable rotation, and a condenser. The jacketed glass 
reactor with a maximum capacity of 5.0 L was used to carry 
out all pretreatment steps including alkali pretreatment, 
bleaching, and refluxing processes. The entire procedure 
consisted of three main steps. Firstly, an alkali pretreatment 
was carried out using a 5% wt NaOH solution at a temperature 
of 80 °C for a duration of 1 h. Subsequently, a bleaching 
pretreatment was performed by utilizing a 5% wt NaClO2 
solution at 90 °C for 2 h and repeated twice to ensure the 
effectiveness. Lastly, the process concluded with a refluxing 
step using a 2% HCl solution for 2 h. Filtration was employed 
to separate the insoluble fiber residue which was subsequently 
washed with tap water and finally rinsed with distilled water 
until it became neutral. As a final step, the fiber was oven-
dried overnight to eliminate moisture and subsequently 
ground using a grinder to produce cellulose powder [31,32]. 

 

 
Fig. 1. Soxhlet extraction for the dewaxing process 

2.4. Characterization studies 

The Van Soest's acid detergent fiber (ADF), neutral 
detergent fiber (NDF), and acid detergent lignin (ADL) 
analysis methods were employed to determine the amount of 
lignin, cellulose, hemicellulose, and ash in OPEFB [33]. For 
compositional analysis, the prepared OPEFB was sent to the 
Malaysian Agriculture Research and Development Institute 
(MARDI), Serdang. The percentages of cellulose, 
hemicellulose, lignin, and extractives were calculated using 
the Goering and Van Soestt (1970) equation as shown below: 

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) =  𝐴𝐷𝐹 −  𝐴𝐷𝐿  (1) 

 

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) =  𝑁𝐷𝐹 –  𝐴𝐷𝐹 (2) 

 

𝐿𝑖𝑔𝑛𝑖𝑛 (%) =  𝐴𝐷𝐿  (3) 

 

Extractives (%) = 100 – NDF (%) (4) 

 

The FTIR spectra were recorded using the Thermo Fisher 
Scientific, Nicolet 6700 infrared spectrophotometer in a 
scanning range of 550–4000 cm-1. Thermal gravimetric 
analysis (TGA) measurements were conducted on a thermal 
analyzer Mettler Toledo Model: TGA-DSC HT-3 for both 
TGA and differential thermal analysis (DTG). X-ray 
Diffraction (XRD) analysis was performed by Shimadzu, 
XRD 6000 diffractometer utilizing Cu-Ka radiation electrons 
generated by a Philips diffraction X-ray tube with a 
wavelength λ, = 0.1541 nm, a voltage of 30 kV and a generator 
current of 30 mA. The calculation of the the degree of 
crystallinity or crystalline index (CrI) of the samples can be 
done using the equation (5): 

 𝐶𝑟𝐼 =   
𝐴𝑟𝑒𝑎 𝑎𝑙𝑙 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘𝑠

𝐴𝑟𝑒𝑎 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑝𝑒𝑎𝑘𝑠 + 𝐴𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝𝑒𝑎𝑘𝑠
 

(5) 

 

where CrI denotes the crystalline index or degree of 

crystallinity of material (unitless). 

2.5. Conversion into levulinic acid (LA)  

The cellulose obtained was assessed for its ability to 
produce LA. 1 gram of cellulose was utilized in the hydrolysis 
reaction at 160 ⁰C for 2 h using sulfonated carbon metal 
catalyst synthesized through the following method: cellulose 
was carbonized at 400 ⁰C for 1 h and subsequently sulfonated 
using H2SO4 solution for 12 h at 150 ⁰C. Following that, the 
carbon material was impregnated with metals. The resulting 
LA yield was then compared with LA generated from 
commercial cellulose. After the reaction, the solid phase was 
separated from the aqueous phase. Concentrations of glucose, 
HMF, FA, and LA were quantified using an HPLC system 
equipped with RI-detection (Infinity 1260, Agilent, Santa 
Clara, USA) and a Phenomenex Rezex-RFQ column (100 x 
7.8 mm, 8 µm particle size). The mobile phase for analysis 
consisted of 0.01 M H2SO4 in water [34,35] 

 

3. RESULT AND DISCUSSIONS 

3.1. OPEFB Characterization 

Fig. 2 shows a prepared OPEFB sample that was washed 
and screened to remove unwanted materials, ground, and 
sieved to an approximate length of 125 to 250 µm. 

 
Fig. 2. OPEFB sample after dried, ground and sieved 

 
The proximate analysis in Table 1 indicates the findings 

of analysis by neutral detergent fiber (NDF), acid detergent 
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fiber (ADF), acid detergent lignin (ADL), and ash. These data 
are shown as percentages, representing the composition per 
100 grams of OPEFB or on a dry basis.  

Table 1. Proximate analysis of OPEFB 

Analysis Content (%) 

Acid Detergent Fiber (ADF) 56.76 

Neutral Detergent Fiber (NDF) 77.43 

Acid Detergent Lignin (ADL) 14.82  

 

Table 2 shows the amount of cellulose, hemicellulose, 
lignin, ash, and extractives expressed as percentages based on 
a quantity of 100 g of OPEFB (or on a dry basis) in comparison 
with recent studies. The cellulose content in OPEFB fibers in 
this research compares with the range reported in the 
literature, with values ranging from 39.90% to 48.60%. The 
hemicellulose content was also consistent with values 
recorded by previous studies which varied from 13.30% to 
29.80%. Nevertheless, it is important to mention that the 
amount of lignin in our study (14.82%) is generally lower in 
comparison to some previous studies, where the lignin content 
may have reached as high as 25.20% from a study by Zarin et 
al. (2022) [25]. The amount of extractives is high in this study 
compared to other reports, hence, the dewaxing method is 
needed to remove the extractives for subsequent usage of 
OPEFB [37].  

Variations in chemical composition observed among 
different studies can be attributed to several reasons, including 
harvesting technique, growth conditions, and biomass storage 
practices [38]. Additionally, differences in processing 
techniques and analytical procedures during biomass 
composition can influence the reported results [39]. Given that 
lignocellulosic materials constitute a substantial amount of 
biomass, it is crucial to assess the chemical composition 
before conducting any experiments. Understanding the 
chemical composition of OPEFB fiber is important for further 
isolation of cellulose to remove hemicellulose, lignin, and 
extractives.  

Table 2. Compositional analysis of OPEFB 

Research Materials (%) 

Cellulose Hemicellulose Lignin Extractive 

This 

study* 

41.94 20.67 14.82 22.57 

[29]  40.30 19.90 22.90 16.90 

[53] 42.38 23.84 20.20 - 

[25]  41.00 13.30 25.20 20.50 

[30]   39.90 25.80 22.10 12.20 

[15]  44.60 29.80 21.40 4.13 

[31]  48.60 28.10 23.40 - 
*The proximate analysis data from MARDI for this study was issued by the 
Agriculture Chemical Analysis Laboratory (D10), Food and Agriculture 
Analysis Laboratory Program, Technical Services Center. 

‘-’ Not determined. 

The thermogravimetric curves of lignocellulosic biomass 
exhibit four different stages of primary decompositions, 
characterized by the reduction in weight of the biomass 
materials (hemicellulose, cellulose, and lignin) and the loss of 
moisture. After the removal of moisture up to a temperature of 
150 ⁰C, the decomposition of the three biomass lignocellulosic 
components is observed. Hemicellulose undergoes 
degradation at temperatures ranging from 230 to 290 ⁰C, while 
cellulose degrades at temperatures between 290 and 370 ⁰C 

[43]. However, the decomposition peak of lignin was broader 
in comparison to the decomposition peaks of hemicellulose 
and cellulose due to the lower reactivity of C-C bonds in lignin 
[44]. In the last stage, the slow and constant decomposition of 
the complex compound lignin occurred at a temperature of 370 
to 900 °C [45]. According to the TGA result shown in Fig. 3, 
the cellulose content is approximately 38.98% (stage III), the 
hemicellulose content is 21.41% (stage II), and the lignin 
content is 10.45% (stage IV). The values for cellulose, 
hemicellulose, and lignin in the proximate analysis were 
41.94%, 20.67%, and 14.82%, respectively, which are not 
markedly different from these results. The content of residue 
collected from TGA analysis is 23.41% which is almost equal 
to the result from proximate analysis. 

 

  

 
Fig. 3. TG (a) and DTG (b) Curve for prepared OPEFB 

3.2 Characterization of cellulose isolated from OPEFB 

Fig. 4 shows the physical transformation from a raw 
OPEFB fiber to cellulose obtained through an isolation 
process involving a dewaxing technique, treatment using 
NaOH, bleaching treatment using NaClO2 solution, and 
refluxing using HCl solution. The change in color primarily 
results from the removal of lignin, a complex aromatic 
polymer that imparts a brown color to natural fibers. NaOH 
treatment disrupts the lignin structure, while NaClO2 
treatment further breaks down lignin into soluble fragments 
that are washed away, leaving behind the white cellulose. 
Consequently, the original brown color of raw OPEFB fiber 
turns white post-isolation due to the removal of hemicellulose 
and lignin materials [46]. A study carried out by Ng et al., 
(2015) [36] corroborated that successful cellulose isolation is 
typically indicated by a noticeable color change to a white 
powder. Similar observations have been reported in cellulose 
isolation from other biomass sources such as sugarcane 
bagasse [32] and rice husks [48], where the color alteration 
serves as an indicator of effective removal of lignin and 
hemicellulose.  
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Fig. 4. OPEFB fiber and cellulose produced from OPEFB 

Meanwhile, the evaluation based on chemical properties 
was observed from the analysis of TGA, XRD, and FTIR 
below.  

The purpose of TGA analysis is to differentiate the 
decomposition behaviors of hemicellulose and cellulose 
materials in both the original OPEFB sample and isolated 
cellulose from OPEFB (OPEFB-based cellulose). 
Hemicellulose undergoes degradation at temperatures ranging 
from 230 to 290 ⁰C, while cellulose degrades at temperatures 
between 290 and 370 ⁰C [43]. Lignin, on the other hand, 
degrades at a temperature above 400 ⁰C [49]. The distinct 
decomposition profiles of these materials are evident in the 
TGA and DTG curves depicted in Fig. 5. The TGA results for 
the OPEFB-based cellulose sample exhibit distinct 
decomposition trends compared to those of the original 
OPEFB sample. 

Both samples exhibit a degradation peak corresponding to 
the thermal breakdown of cellulose within a narrow 
temperature range of 290 to 370 °C consistent with findings 
from previous studies. However, the decomposition peak 
within the temperature range of 230 to 290 ⁰C, indicative of 
hemicellulose degradation, appears only in the OPEFB 
sample, suggesting the absence of hemicellulose in the 
isolated cellulose (OPEFB-based cellulose) sample. The 
disappearance of this peak confirms that the alkaline and 
bleaching treatment has effectively removed the unstable 
hemicellulose [50]. The findings align with the TGA result for 
isolated cellulose obtained in the study by Ajayi et al. (2023) 
[15] and Mirzaee et al. (2023) [41], where only cellulose 
degradation was observed in isolated cellulose samples. The 
hydrolysis of glycosidic bonds in cellulose, resulting in the 
production of water, alkenes, carbon dioxide, and other 
hydrocarbon derivatives which performed within the 
temperature range of 250–370 ⁰C. The degradation and DTG 
peak temperature of isolated cellulose were lower than 
OPEFB biomass. This difference may be attributed to the 
significant reduction in the molecular weight of OPEFB 
biomass resulted from acid hydrolysis during refluxing steps 
[52]. 

Furthermore, the residual weight remaining after thermal 
degradation in TGA is higher in the raw OPEFB sample 
compared to the isolated cellulose. This higher residual weight 
indicates that the raw OPEFB contains more inorganic 
material, such as ash, which does not decompose during TGA 
analysis [52]. The isolation process in this study has 
effectively reduced these inorganic constituents, resulting in a 
lower residual weight for the isolated cellulose sample and 
highlighting the achievement of the purification step. In 
addition, the isolated cellulose in this study showed good 
thermal stability compared to commercial cellulose. It was 
expected that the yield of hydrolysis products from isolated 

cellulose would be lower than commercial cellulose since the 
conversion of high thermal stability cellulose requires 
extensive hydrolysis conditions [52].  

 

  

 
Fig. 5. Comparison of TGA curve (a) and DTG curve (b) for 

OPEFB biomass and OPEFB-based cellulose 

 
FTIR spectra for OPEFB-based cellulose are presented in 

Fig. 6 with a raw OPEFB sample provided alongside for 
comparative purposes. Peaks around 3200-3400 cm−1 in both 
samples were assigned to the O–H stretching vibration of the 
hydrogen-bonded hydroxyl group in the cellulose molecule 
[53]. Furthermore, C–H stretching groups of cellulose were 
seen at 2885 cm−1 in both samples. The presence of significant 
micro-cellulose content is confirmed by the C–OH vibration 
in both samples, which exhibits a very intense band at 1032 
cm−1 [54]. In the raw OPEFB, a peak at 1373 cm-1 is attributed 
to the bending vibrations of C-O of cellulose [55]. 
Interestingly, this peak appears more pronounced in the 
sample of OPEFB-based cellulose.  

In the FTIR spectra, the C=O stretching frequency of the 
carbonyl functional groups from hemicellulose and lignin 
fractions was observed in the OPEFB sample at 1720 cm−1. 
Another distinctive peak present only in the spectrum of 
OPEFB is at 1238 cm−1, attributed to the syringyl ring and C–
O stretching of lignin and xylan [50]. The complete absence 
of these peaks in the spectrum of the OPEFB-based cellulose 
sample indicates that the isolation process effectively removed 
or significantly reduced the presence of hemicellulose and 
lignin. Furthermore, the intensity of the peak located at 1613 
cm-1 which is related to the C=C stretching of aromatic rings 
in lignin, was noticeably diminished in the OPEFB-based 
cellulose sample. These findings are consistent with Kaur et 
al., (2023) [46] and Kundu et al., (2023) [14] where isolated 
cellulose from biomass similarly resulted in the disappearance 
or reduction of these special features. 
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Fig. 6. Comparison of FTIR analysis for OPEFB biomass 

and OPEFB-based cellulose 

Fig. 7 shows the XRD patterns of OPEFB-based cellulose 
and similar to FTIR analysis, a raw OPEFB sample is provided 
alongside for comparative purposes. This analysis was 
conducted to evaluate the phase purity and crystallinity of the 
OPEFB before and after the cellulose isolation process. The 
XRD pattern of the OPEFB sample was broad and did not 
show any sharp peaks. Only one peak appeared in this sample. 
This reveals that the sample had an amorphous structure which 
is similar to findings by Mirzaee et al., (2023) [41]. The XRD 
pattern of the OPEFB-based cellulose shows a prominent peak 
at 2θ = 22.5⁰, characteristic of cellulose I, indicating a highly 
crystalline structure. This peak is significantly more 
pronounced compared to the XRD pattern of the raw OPEFB, 
which exhibited a broad and diffuse peak, signifying its 
amorphous nature. The elimination of lignin and 
hemicellulose which was verified by the FTIR findings, both 
known to be amorphous in the raw material, results in a 
sharper and more distinct appearance of the crystalline peak, 
reflecting the improved crystallinity. This transition from an 
amorphous to crystalline structure underscores the 
effectiveness of the cellulose isolation process. 

The CrI increased to 76.43% compared to raw OPEFB 
(18.58%) and was higher than that reported in the literature for 
cellulose isolated from other agricultural sources. For 
example, Ndwandwa et al., (2023) [47] obtained 63.82% and 
72.10% crystallinity of cellulose derived from bagasse and 
eucalyptus, respectively. Mirzaee et al. (2023) [41] reported a 
CrI of 70.0% for cellulose extracted from rapeseed straw while 
64.48% crystallinity of cellulose from OPEFB was reported 
by Norazli et al. (2023) [42]. The higher CrI observed in our 
study indicates a more efficient removal of amorphous 
components, particularly hemicellulose and lignin, resulting in 
a cellulose product with improved structural order.  

The process of isolating cellulose from OPEFB involves 
several critical methods, including dewaxing, alkali 
pretreatment (delignification), and bleaching, each 
contributing to the removal of non-cellulosic components and 
enhancing the cellulose crystallinity. Alkali pretreatment, also 
known as delignification, specifically targets the lignin and 
partially removes hemicellulose, effectively breaking down 
the amorphous regions. 

 

 
Fig. 7. XRD analysis for OPEFB biomass, OPEFB-based 

cellulose and commercial cellulose 

This is evidenced by the disappearance of the broad, 
amorphous peak in the XRD pattern of the raw OPEFB 
sample. The subsequently bleaching process further purifies 
the cellulose, resulting in clearer and more distinct crystalline 
peaks in the XRD pattern. This process ensures the removal of 
residual lignin and other impurities, enhancing the overall 
quality of the isolated cellulose. The combined effect of these 
methods not only increased the CrI but also removed 
amorphous regions, thereby improving the overall quality and 
crystallinity of the isolated cellulose. 

3.3 Evaluation of cellulose conversion in the hydrolysis 
reaction 

The evaluation of the cellulose obtained from the 
extraction process was done by subjecting this material to a 
hydrolysis reaction. The yields of various products including 
glucose, HMF, FA, and LA generated from this hydrolysis 
reaction of extracted cellulose were compared with products 
collected from the reaction using commercial cellulose. Table 
3 presents the yield of glucose, HMF, FA and LA from 
OPEFB-based cellulose and commercial cellulose. The yield 
of LA from OPEFB-based cellulose is 8.98% (based on 
theoretical yield), slightly lower than the 9.73% yield from 
commercial cellulose. However, this difference is within an 
acceptable range considering the physical and chemical 
properties of cellulose and other factors such as natural 
variability in cellulose sources, processing, and isolation 
techniques [15]. Furthermore, the difference between the two 
yields is small, indicating the level of purity of OPEFB-based 
cellulose.  

Table 3. Product yields from different celluloses 

Starting 

materials 

Yield (%) based on theoretical yield 

Glucose HMF FA LA 

Commercial 

cellulose  

15.3 0.57 7.34 9.73 

OPEFB-based 

cellulose 

14.7 1.93 5.13 8.98 

 
It is important to highlight that the total yields of LA from 

both starting materials are low as shown in Table 3. The slight 
reduction in LA yield from OPEFB-based cellulose can be 
attributed to its higher crystallinity index, thermal stability, 
and the complexity of the cellulose structure which have been 
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proved based on TGA and XRD results. Fig. 5 demonstrated 
the thermal stability of commercial cellulose is lower 
compared to OPEFB-based cellulose. Meanwhile, Fig. 7 
indicated the crystallinity of commercial cellulose is also 
lower than the crystallinity of cellulose extracted from 
OPEFB. Highly crystalline cellulosic materials pose more 
difficulties and challenges in the process of converting 
cellulose into simpler molecules thereby affecting the overall 
yield of the reaction. This is due to the difficulty of the 
hydrolyzing agent in penetrating the matrix and the increased 
energy required to weaken the glycosidic bond of cellulose 
[57].  

Comparing LA yields in this study with those reported in 
the literature highlights the potential and constraints of the 
existing hydrolysis process. Gromov et al. (2018)  [58] 
achieved a yield of only 4.6% of LA by using solid acid 
catalysts made from a graphite-like mesoporous carbon 
material called Sibunit similar to the sulfonated carbon 
catalyst used in this study. Their lower yield suggests that the 
hydrolysis method employed in this study is more efficient 
than some previous studies that also used solid acid catalysts 
despite its relatively low total yield. In contrast, Han et al. 
(2019) [59] achieved a significantly higher production yield of 
48.45% LA by employing a solid catalyst derived from lignin 
which was also a sulfonated carbon catalyst. However, their 
study also utilized γ-valerolactone (GVL) as a solvent in the 
reaction to produce LA. GVL facilitates the adsorption of 
cellulose and the reactive sites of the solid acid, accelerating 
the hydrolysis of cellulose into glucose [60]. The notable yield 
of this experiment demonstrates the potential for substantial 
enhancement in LA synthesis through the investigation of 
different catalysts and solvents in the hydrolysis process. It is 
worth noting that the high yield of LA in their research is 
partly attributed to the use of GVL, which facilitates the 
challenging conversion of cellulose into glucose. However, 
GVL is an expensive solvent, limiting its practicality for large-
scale industrial applications [61].  

It is noteworthy to highlight the generation of glucose, 
which is an important intermediate in the hydrolysis of 
cellulose to LA. The current study showed that 15.3% glucose 
was generated from commercial cellulose and 14.7% from 
OPEFB-based cellulose. These yields are comparatively low, 
indicating that the hydrolysis of cellulose into glucose remains 
a bottleneck in the process. The findings from a study by Han 
et al. (2019) [59], where the presence of GVL has significantly 
increased the conversion efficiency, suggest that improving 
glucose production could enhance the overall yield of LA. The 
relatively low glucose yields in this study align with the 
challenges mentioned in the previous studies, emphasizing the 
requirement for optimizing hydrolysis conditions to facilitate 
better yield of glucose. This highlights the necessity for 
additional optimization and pretreatment of cellulose to 
improve the efficiency of the production of LA.  

 

4. CONCLUSION 
The cellulose isolation from OPEFB fibers was 

successfully accomplished through a series of chemical 
processes, resulting in a product of high crystallinity and 
purity. The study confirmed that the cellulose content in the 
isolated fibers aligned with previous research, while the lignin 
content was notably lower. The crystallinity index of the 
isolated cellulose was significantly higher compared to raw 

OPEFB and some existing literature, suggesting successful 
elimination of amorphous components such as lignin and 
hemicellulose. The hydrolysis experiments revealed that the 
yield of LA from OPEFB-based cellulose (8.98% based on 
theoretical yield) was comparable to that from commercial 
cellulose (9.73% based on theoretical yield), albeit slightly 
lower. This suggests that the extracted cellulose is of high 
quality, yet further optimization of pre-treatment and 
hydrolysis processes is essential to enhance LA synthesis 
efficiency. In conclusion, this study underscores the potential 
of OPEFB fiber as a sustainable source of cellulose, with 
significant implications for various industrial applications. 
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