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Abstract: Empty fruit bunch (EFB), which is one of the primary agricultural wastes generated from
the palm oil plantation, is generally discharged into the open environment or ends up in landfills.
The utilization of this EFB waste for other value-added applications such as activated carbon and
biofuels remain low, despite extensive research efforts. One of the reasons is that the EFB is highly
vulnerable to microbial and fungi degradation under natural environment owning to its inherent
characteristic of high organic matter and moisture content. This can rapidly deteriorate its quality
and results in poor performance when processed into other products. However, the lignocellulosic
components in degraded EFB (DEFB) still largely remain intact. Consequently, it could become a
promising feedstock for production of bio-products after suitable pretreatment with organic solvents.
In this study, DEFB was subjected to five different types of organic solvents for the pretreatment,
including ethanol, ethylene glycol, 2-propanol, acetic acid and acetone. The effects of temperature
and residence time were also investigated during the pretreatment. Organosolv pretreatment in
ethylene glycol (50 v/v%) with the addition of NaOH (3 v/v%) as an alkaline catalyst successfully
detached 81.5 wt.% hemicellulose and 75.1 wt.% lignin. As high as 90.4 wt.% cellulose was also
successfully retrieved at mild temperature (80 ◦C) and short duration (45 min), while the purity of
cellulose in treated DEFB was recorded at 84.3%. High-purity lignin was successfully recovered from
the pretreatment liquor by using sulfuric acid for precipitation. The amount of recovered lignin from
alkaline ethylene glycol liquor was 74.6% at pH 2.0. The high recovery of cellulose and lignin in
DEFB by using organosolv pretreatment rendered it as one of the suitable feedstocks to be applied
in downstream biorefinery processes. This can be further investigated in more detailed studies in
the future.

Keywords: organosolv pretreatment; delignification; fractionation; organic solvent; degraded empty
fruit bunch

1. Introduction

Depletion of finite natural energy resources such as fossil fuel is one of the most
actively debated topics recently. Lignocellulosic biomass as one of the most abundantly
available resources has attracted intensive research over the years since 2008. Numerous
lignocellulosic biomass, such as napier grass [1], corn stover [2], sugarcane bagasse, rice
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straw [3], sunflower stalk [4] and cotton stalk [5], have been constantly investigated by
researchers for production of higher value bio-products such as biofuels. Indonesia and
Malaysia are the major palm oil producers in the world, producing more than 85% of the
global palm oil supply. During the palm oil production, the oil palm fruits are stripped
from the fresh fruit bunch and thus enormous amounts of empty fruit bunch (EFB) will be
generated as waste. It is conservatively estimated that the production of 1 ton of palm oil
can generate as much as 1.05 tons of EFB [6]. Every year, both of the countries generate
more than 60 million tons of EFB, which presents a huge burden to the environment [7].
Under optimal conditions, this EFB waste is reutilized as building blocks or composite
for wooden furniture and bedding [8]. Another potential usage of EFB is being treated
as solid fuel after energy densification processes such as torrefaction. Palm oil mills with
substantial capacity usually resorted to combust EFB as solid fuel to generate energy for
their own usage, which could partially offset the exorbitant energy cost.

There are several drawbacks related to electricity generation with EFB, such as con-
siderable investment capital for smallholders to set up the necessary infrastructure and
the high moisture content in the biomass, which renders it difficult to be stored for a
pro-longed period. As a result, EFB is often discharged into the open environment or ends
up in the landfills. Furthermore, EFB is an organic matter which is highly vulnerable to
microbial and fungal attacks. This will cause its quality to degrade rapidly, especially in
terms of physical appearances and chemical composition. Consequently, degraded EFB
(DEFB) was seldom recycled and eventually disposed of into the environment, and left
to decompose naturally. As a matter of fact, lignocellulosic content in DEFB has high
potential for reutilization after undergoing appropriate pretreatment. These lignocellulosic
materials can be fractionated and synthesized into higher value-added products such as
biofuels, activated carbon or clean electricity generation from biohydrogen [9,10]. These
can effectively improve the commercial value of EFB and diversify the sources of income
for the palm oil industry in addition to the principal income derived from the conventional
production of palm oil.

Generally, pretreatment for biomass is applied to destroy the barrier or reduce the
recalcitrance of lignocellulosic biomass towards the subsequent conversion reaction [11].
Organosolv pretreatment, which applied organic solvents to pretreat lignocellulosic biomass,
is one of the promising pretreatments in the presence or absence of catalyst at elevated
temperature (80 to 200 ◦C) for short duration (30 to 120 min). Organosolv pretreatment
has several advantages in pretreating the lignocellulosic biomass compared to acidic or
alkaline hydrothermal pretreatment. It is able to obtain a very distinctive separation of
high-purity cellulose content from the rest of the lignocellulosic components, such as lignin
and hemicellulose. Furthermore, it can produce high-quality lignin which can be recovered
from its pretreatment liquor. The lignin can be further processed into other bio-products
which helps to minimize the waste generation and fulfills the circular economy concept [12].
Several prominent solvents used in the organosolv pretreatment are ethanol, acetic acid,
acetone, glycerol and γ-valerolactone (GVL) [13]. Smit and Huijgen fractionated corn
stover by using 50 wt.% acetone in the presence of sulfuric acid [2]. The acidified acetone
pretreatment was conducted at 140 ◦C for 120 min. The treated corn stover was delignified
at 81.5% with high hemicellulose removal of 91.5%. The treated corn stover also achieved
high cellulose recoverability at 89.3%. Wu et al. successfully performed the organosolv
pretreatment for cotton stalk using GVL as a solvent [5]. They discovered that the lignin
obtained after the pretreatment contained higher yields and purity due to the higher degree
of repolymerization and degradation.

From the literature, there were a lot of studies being conducted using fresh EFB [6,8–10].
However, relevant scientific studies which used DEFB for pretreatment are still very rare,
despite its existence in large quantity in the industry, to the best of our knowledge. There-
fore, this study aims to apply suitable pretreatment to the DEFB produced from the palm oil
industry to uncover its potential as feedstock for the production of other bio-products from
the recovered lignin and cellulose content. As an extension of our previous works [6,14],
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five different organic solvents were applied in this study, including ethanol, ethylene
glycol, 2-propanol, acetic acid and acetone. Each of these solvents was chosen based on
their different characteristics, which might provide different solvation effects during the
pretreatment. The effects of temperature and residence time were also investigated for the
most effective organosolv pretreatment against delignification, hemicellulose removal and
cellulose recovery. The dissolved lignin was also isolated and recovered by acidification
of the pretreatment liquor [15,16]. In order to understand the influences of pH to the
amount of condensed lignin from the pretreatment liquor, sulfuric acid was used to acidify
the pretreatment liquor. The effect of this organosolv pretreatment towards DEFB is still
relatively lacking in the literature and thus the results presented in this study would be
useful to provide the essential scientific information for future organosolv pretreatment
studies on DEFB.

2. Materials and Methods
2.1. Preparation of Feedstock

DEFB and fresh EFB were obtained from an oil palm plantation estate in Segamat,
Malaysia. Prior to the collection, fresh EFB was left in the open field for two weeks to
allow natural degradation to take place in order to obtain DEFB. The average humidity is
estimated at about 80%, which helps to promote the microbial and fungal attacks from the
oil palm plantation through a series of enzymatic and oxidation reactions. DEFB and fresh
EFB were cut into pieces with length less than 5 cm and washed thoroughly with distilled
water several times in order to remove the dirt and contaminants. Subsequently, the
cleaned fresh EFB and DEFB were dried in a hot air oven (Mermert, Schwabach, Germany)
at 105 ◦C overnight until constant weight was obtained. The dried fresh EFB and DEFB
were ground with a mechanical grinder to reduce the particle size to powder form. The
ground fresh EFB and DEFB in powder form were then sieved with No. 20 mesh size
in order to maintain uniform particle size. Finally, the samples were kept in resealable
containers inside a desiccator prior to the pretreatment. The lignocellulosic compositions
for both the DEFB and fresh EFB were characterized and compared in Figure 1. The
schematic experimental flowchart for the entire experimental work in this study is shown
in Figure 2.

Sustainability 2021, 13, x FOR PEER REVIEW 3 of 16 
 

products from the recovered lignin and cellulose content. As an extension of our previous 

works [6,14], five different organic solvents were applied in this study, including ethanol, 

ethylene glycol, 2-propanol, acetic acid and acetone. Each of these solvents was chosen 

based on their different characteristics, which might provide different solvation effects 

during the pretreatment. The effects of temperature and residence time were also investi-

gated for the most effective organosolv pretreatment against delignification, hemicellu-

lose removal and cellulose recovery. The dissolved lignin was also isolated and recovered 

by acidification of the pretreatment liquor [15,16]. In order to understand the influences 

of pH to the amount of condensed lignin from the pretreatment liquor, sulfuric acid was 

used to acidify the pretreatment liquor. The effect of this organosolv pretreatment towards 

DEFB is still relatively lacking in the literature and thus the results presented in this study 

would be useful to provide the essential scientific information for future organosolv pre-

treatment studies on DEFB. 

2. Materials and Methods 

2.1. Preparation of Feedstock 

DEFB and fresh EFB were obtained from an oil palm plantation estate in Segamat, 

Malaysia. Prior to the collection, fresh EFB was left in the open field for two weeks to allow 

natural degradation to take place in order to obtain DEFB. The average humidity is esti-

mated at about 80%, which helps to promote the microbial and fungal attacks from the oil 

palm plantation through a series of enzymatic and oxidation reactions. DEFB and fresh 

EFB were cut into pieces with length less than 5 cm and washed thoroughly with distilled 

water several times in order to remove the dirt and contaminants. Subsequently, the 

cleaned fresh EFB and DEFB were dried in a hot air oven (Mermert, Schwabach, Germany) 

at 105 °C overnight until constant weight was obtained. The dried fresh EFB and DEFB 

were ground with a mechanical grinder to reduce the particle size to powder form. The 

ground fresh EFB and DEFB in powder form were then sieved with No. 20 mesh size in 

order to maintain uniform particle size. Finally, the samples were kept in resealable con-

tainers inside a desiccator prior to the pretreatment. The lignocellulosic compositions for 

both the DEFB and fresh EFB were characterized and compared in Figure 1. The schematic 

experimental flowchart for the entire experimental work in this study is shown in Figure 2. 

 

Figure 1. Lignocellulosic composition of fresh EFB and DEFB. 

0%

20%

40%

60%

80%

100%

Fresh EFB DEFB

C
o

m
p

o
si

ti
o

n
 (

w
t.

%
)

Ash Extractive Cellulose Hemicellulose Lignin

Figure 1. Lignocellulosic composition of fresh EFB and DEFB.
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2.2. Pretreatment with Different Organic Solvents

A predetermined amount of powdered fresh EFB and DEFB (10 w/v%) was treated
with a total of five different organic solvents, including ethanol, ethylene glycol, 2-propanol,
acetic acid and acetone. For all organic solvents, 30 v/v% solvent concentration was used
to pretreat the DEFB at 80 ◦C for 30 min based on the parameters from the previous
works [6,14]. The dried and treated DEFB was repeatedly filtered and cleaned with distilled
water until no more solvent was detected in the effluent. Subsequently, the biomass was
dried in the hot air oven (Mermert, Schwabach, Germany) at 105 ◦C overnight. The dried
and treated DEFB was then subjected to compositional analysis and characterization tests.
Each of the experimental runs were repeated thrice to determine the variability of the data.

2.3. Pretreatment of DEFB with Ethylene Glycol Assisted by NaOH

Two primary factors including reaction temperature and pretreatment duration were
studied for alkaline pretreatment of DEFB using ethylene glycol based on the best results
obtained from Section 2.2. For the effect of reaction temperature, 10 w/v% of a prede-
termined amount DEFB sample was subjected to pretreatment with the concentration
of ethylene glycol at 50 v/v% and addition of NaOH as the alkaline catalyst (3 v/v%)
at temperature from 60 to 140 ◦C for 30 min. Treated DEFB was washed with distilled
water and filtered repeatedly to remove all the pretreatment liquor. Afterwards, it was
dried at 105 ◦C overnight to remove all the excess water and solvent in the sample. The
pretreatment and washing steps were performed repeatedly with different pretreatment
durations from 15 to 75 min under the same solvent and catalyst concentrations. For the
temperature and residence time parameter study, the dried DEFB was then subjected to
compositional analysis to evaluate the pretreatment performances in terms of cellulose
recovery, delignification and hemicellulose removal. Each of the experimental runs were
repeated thrice to determine the variability of the data.

2.4. Precipitation of Lignin from the Pretreatment Liquor by Using Acidification

Alkaline ethylene glycol pretreatment was conducted at optimum conditions accord-
ing to Section 2.3 to produce sufficient amounts of pretreatment liquor in order to study
the effects of pH toward the amount of precipitated lignin. All pretreatment liquors were
collected immediately upon the completion of the pretreatment. The collected pretreat-
ment liquors were kept in the cold storage at 4 ◦C to preserve the samples before their
pH values were measured from the produced pretreatment liquors. The initial pH of
pretreatment liquors from the alkaline ethylene glycol pretreatment was in the range of 12.3
to 12.5. Sulfuric acid with 5.0 mol/L concentration was slowly added in order to acidify
the pretreatment liquor until the designated pH values from 6.5 to 2.0 were obtained. The
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acidified pretreatment liquor was subsequently washed thoroughly and filtered under
vacuum several times in order to recover all the precipitated lignin. The precipitated lignin
was then dried in the hot air oven (Mermert, Germany) at 105 ◦C overnight until constant
weight was obtained.

2.5. Compositional Analysis of Fresh EFB and DEFB

Untreated and treated fresh EFB and DEFB were subjected to compositional analysis.
For composition of cellulose and hemicellulose in the substrate, they were determined
according to TAPPI T203 cm-09. For total lignin content, the Klason lignin was quantified
by using the Klason method while the acid soluble lignin from the Klason lignin test and
the depolymerized lignin in pretreatment liquor were measured with a UV-Vis spectropho-
tometer (Agilent, Cary 100, Selangor, Malaysia) at 215 and 280 nm wavelength [14]. The
ash and extractives content in the substrate were determined with TAPPI T211 om-02 and
TAPPI T204 cm-97, respectively.

2.6. Equipment Characterizations

Scanning electron microscopy (SEM) was conducted using the model Hitachi, S-3400N,
Japan, to obtain the surface morphology of the treated, untreated DEFB and fresh EFB,
with 500× magnifications, non-destructively. FTIR (Thermo-Fisher, Nicolet IS-10, Selangor,
Malaysia) was used to analyze the chemical bonding of the related substrate by using the
wavelength range from 500 to 4000 cm−1.

3. Results and Discussion
3.1. Effects of Different Organic Solvents on Fresh EFB and DEFB

Both the fresh EFB and DEFB were used as substrates and subjected to organosolv
pretreatment in order to study the substrate effects on the pretreatment performances. Five
different organic solvents, including acetic acid, 2-propanol, ethylene glycol, glycerol and
acetone, were investigated, as shown in Figure 3. For fair comparison, the organosolv
pretreatment was conducted with different organic solvents in fixed conditions based on the
previous works: 30 v/v% concentration at 80 ◦C for 30 min under 10 w/v% mass loading.

As shown in Figure 3, the pretreatment with DEFB was able to achieve moderately
higher delignification but lower hemicellulose removal compared to fresh EFB for all the
organic solvents investigated. Furthermore, DEFB also achieved slightly lower cellulose
recovery. The degradation process by the microbial action on the DEFB when left in open
environment had helped to loosen up the lignocellulosic structure. This would increase its
surface area which was exposed to the pretreatment environment. Higher surface area of
DEFB also resulted in it being more susceptible to chemical attacks, which enhanced the
delignification and degradation of cellulose.

In terms of delignification, 2-propanol was able to achieve the highest delignification
at 50.6% for DEFB, while acetone recorded the highest delignification at 44.4% for fresh EFB.
The mechanism of lignin depolymerization through the action of major organic solvents
was mainly through the cleavage of aryl ether linkages [17]. The highest delignification
achieved by 2-propanol could be attributed to its closer Hildebrand solubility parameter
(23.8 MPa−1) with lignin, which was estimated to have a value of 22.5 MPa−1 [13]. Hilde-
brand solubility parameter is a square root of the cohesive energy density and is often used
to gauge the solvency behavior of the solvents. It was advocated that the smaller difference
in Hildebrand solubility parameter between organic solvent and lignin would result in
the largest possible solubility [18,19]. It could be evidently observed that the decrement of
delignification was in accordance with the increasing differences between the Hildebrand
solubility of organic solvents and lignin, except for acetic acid (acetone 20.5 MPa−1, ethy-
lene glycol 32.8 Mpa−1, glycerol 33.8 MPa−1). Low delignification was reported for acetic
acid despite its close Hildebrand solubility parameter with lignin. The possible reasons
could be due to the lower concentration and milder temperature applied, which led to
insufficient cleavage of the lignin. Tang et al. studied the organosolv pretreatment with
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different acetic acid concentrations in the presence of 0.7 wt.% sulfuric acid for tea oil fruit
hull under the same operating conditions (135 ◦C for 30 min) [20]. The delignification was
improved by more than 5-fold, from 11.9% to 67.1%, when the acetic acid concentration
was increased from 20 to 60 wt.%. This indicated that the delignification performance of
acetic acid was strongly affected by its concentration.
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On the other hand, the percentage of hemicellulose removal for different organic sol-
vents was recorded in the following sequence (from highest to lowest), regardless of fresh
EFB and DEFB: acetone > 2-propanol > acetic acid > ethylene glycol > glycerol. Increasing
hydroxyl functional groups in the organic solvent did not favor the hemicellulose hydroly-
sis since 2-propanol recorded 50% while glycerol only recorded 15% hemicellulose removal.
Generally, acid catalyst was able to facilitate the hemicellulose hydrolysis more efficiently
and achieved higher removal of hemicellulose [21]. It was interesting to report that acetic
acid merely recorded 44% hemicellulose hydrolysis, which was lower as compared to
2-propanol and acetone. This could be due to the lower concentration of acetic acid being
applied in this study, which could result in a smaller amount of H+ ions being dissociated.
The fact that acetic acid is a weak organic acid compared to sulfuric acid further strengthens
this theory. Similar to delignification, Tang et al. reported that the hemicellulose was only
effectively removed under higher acetic acid concentrations [20]. Hemicellulose hydrolysis
was substantially improved from 9.0% to 81.2% when the concentration of acetic acid was
increased from 20 to 60 wt.% under the same operating conditions. On the other hand, glyc-
erol recorded the lowest hemicellulose hydrolysis as compared to other organic solvents. It
was reported that glycerol was ineffective in hemicellulose hydrolysis, where large amounts
of hemicellulose would be retained in the treated pulp after the pretreatment [22,23]. Lv
et al. performed the pretreatment for sugarcane bagasse with 80 wt.% glycerol at 130 ◦C
for 60 min. Their study merely recorded 8.7% of hemicellulose removal [23]. In another
similar work, Phi Trinh et al. observed that the continuous increment of 70 wt.% glycerol
pretreatment temperature (130–210 ◦C) was not effective in removing hemicellulose, which
only recorded the removal in the range of 6.1–14.0% [22].

The surface morphology of treated DEFB by different organic solvents is shown in
Figure 4. The SEM images agree with the pretreatment performances reported in Figure 3.
Large opened and deepened line structures were observed for treated DEFB by 2-propanol
and acetone, which indicated that substantial lignin and hemicellulose content had been
removed. Numerous opened structures were also prevalently observed on the surface of
DEFB treated with acetic acid. However, the surface was relatively smooth, which implied
that the lignin was removed to a relatively smaller extent. Similar surface morphology was
also observed for ethylene glycol, where numerous pores were formed and silica bodies
were removed. The enlargement of the pores showed that the delignification process
took place through the pores’ enlargement and swelling as the delignification intensified.
DEFB treated with glycerol had a relatively smooth surface as compared to DEFB treated
with ethylene glycol, which could be due to its lower hemicellulose removal. Despite that
similar opened surface structures were observed for DEFB treated with glycerol, the opened
structures were relatively less obvious since glycerol only removed a smaller amount of
lignin and hemicellulose.

The FTIR spectrum of DEFB treated with different organic solvents in the range of
500 to 4000 cm−1 is shown in Supplementary Figure S1. As compared to FTIR spectrum
of untreated DEFB, the reduction of intensity of the absorbance peak at 2850 cm−1 was
observed for all organic solvents. The absorbance peak at 2850 cm−1 represents the acetyl
group of hemicellulose or the methyl oxide group of lignin [24], which indicated that
all the tested organic solvents were able to remove considerable amounts of lignin or
hemicellulose. Since organic solvents including 2-propanol and acetone were able to
remove significant amounts of lignin and hemicellulose, the absorbance peak at 3330 cm−1,
which corresponded to the hydrogen bond or hydroxyl of cellulose [25], was shown to be
intensified. The intensification of the peak indicated the removal of lignin and hemicellulose
content, which ramified the exposure of cellulose.
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3.2. Effects of Reaction Temperature for Organosolv Pretreatment

The alkaline pretreatment of DEFB was conducted with 50 v/v% ethylene glycol
and addition of 3 v/v% sodium hydroxide as the catalyst. The operating temperature
of the pretreatment varied from 60 to 140 ◦C for 30 min. From Figure 5, it was evident
that the pretreatment temperature significantly affected the degree of delignification. As
the pretreatment temperature increased from 60 to 140 ◦C, the delignification recorded
improvement from 56.1% to 71.5%. Higher pretreatment temperature could provide more
energy to facilitate the cleavage of lignin bonds, which led to higher delignification. On
the other hand, when the temperature was increased from 60 to 140 ◦C, the hemicellulose
removal from DEFB also increased, from 52% to 78.0%, which was a similar trend to the
delignification. The addition of alkaline catalyst was able to promote the cleavage of
the glycosidic linkages between the hemicellulose and benzyl ester [22]. The cellulose
recovery was diminished to 78.5%, down from the previous 92%, when the pretreatment
temperature was increased from 60 to 140 ◦C Higher pretreatment temperature could lead
to more intensive cleavage of the glycosidic bonds in cellulose. Lv et al. demonstrated
that the addition of a suitable alkaline catalyst was able to significantly improve the
delignification [23]. They conducted two types of glycerol pretreatments to treat sugarcane
bagasse, with one scenario using 0.8 wt.% sodium methoxide and another without the
addition of any catalyst [23]. The glycerol pretreatment with sodium methoxide achieved
70.4% delignification, while the glycerol pretreatment without any catalyst merely recorded
19.1% delignification.

It was generally hypothesized that the increasing pretreatment temperature would
encourage the destruction of glycosidic linkages in the biomass structure connecting the
cellulose and hemicellulose content. Nevertheless, it was interesting to take note that the
degree of delignification at higher temperature did not improve significantly based on
the comparison of the initial composition of the DEFB shown in Table 1 and the results
obtained in Figure 5. A closer observation revealed that there was no significant reduction
of lignin content for the composition of treated pulp when the temperature was varied
from 100 to 140 ◦C. Similarly, the cellulose content in the treated DEFB did not exhibit any
improvement either. By observing the lignocellulosic composition in Table 1, composition
of all components remained almost similar in the temperature range investigated, which
insinuated that all the compositions were being detached simultaneously at the same
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rate. It could also be due to the high exposure of treated DEFB to the pretreatment
environment after significant lignin content was removed. Ideally, satisfactory pretreatment
performances by organosolv pretreatment should preferentially remove the lignin and
hemicellulose content only, while recovering as much cellulose content as possible with
high purity. Consequently, the optimum pretreatment temperature at 80 ◦C was fixed
for the subsequent experimental investigations based on the best pretreatment results
obtained, which recorded the lignin composition at 11.9%, 90.8% cellulose recovery and
70.4% hemicellulose removal. By comparing to the acidified ethylene glycol pretreatment,
ethylene glycol pretreatment assisted by NaOH catalyst in this study successfully obtained
high delignification percentage at lower temperature (80 ◦C), albeit it required a longer
pretreatment period. The longer pretreatment duration could be attributed to the DEFB,
which had higher lignin content as compared to newspaper in a similar study conducted by
Lee and co-workers, where they applied the ethylene glycol with sulfuric acid to pretreat
the newspaper. The acidified ethylene glycol pretreatment was conducted at 150 ◦C for
short duration (15 min) and the delignification was recorded at 75% [26].
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Table 1. The compositional analysis of treated pulp with variations in pretreatment temperatures.

Temperature (◦C) Pulp Yield (g)
Composition (wt.%)

Lignin Hemicellulose Cellulose Ash Extractive

Untreated - 23.9 6.10 55.9 4.45 8.80
60 6.87 15.3 3.93 75.4 2.33 3.06
80 6.29 11.9 2.70 81.2 1.91 2.23

100 5.89 12.4 2.38 81.2 2.72 1.36
120 5.55 12.1 2.34 79.8 4.32 1.44
140 5.42 12.0 2.40 81.5 3.14 0.92

Figure 6a–c demonstrates the surface characteristics of the treated DEFB at 60, 80
and 120 ◦C. From the figures shown, the surface structures were observed to be severely
cracked open with prevalence of rough surfaces at higher temperatures, which proved the
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successful detachment of lignin and hemicellulose from DEFB. However, excessive high
pretreatment temperature can be detrimental to the pretreatment efficiency since it will
cause higher loss of cellulose during the pretreatment. As shown in Figure 6c, at 120 ◦C, the
surface morphology was significantly disrupted, and the internal structures were widely
exposed. This could explain the reasons behind the low cellulose recovery after 120 ◦C.
The larger exposure of the internal structure to the pretreatment environment could induce
more severe bond cleavage.
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Supplementary Figure S2 shows the FTIR of treated DEFB at 60, 80 and 120 ◦C,
as well as untreated DEFB. FTIR results show that the reduction in absorbance peak
intensity at 1243 cm−1 (C-O-C aryl alkyl ether of lignin), 1630 cm−1 (C=C aromatic group
of lignin) [27] and 2850 cm−1 (OCH3 group of lignin) indicated that a higher amount of
lignin was removed with increasing temperature. This was in agreement with the higher
delignification results being reported in the previous pretreatment performance. The
reduction of 1243 and 1735 cm−1 peak intensities coupled with the reduction in absorbance
peak at 2850 cm−1 represented the removal of hemicellulose during the pretreatment.
The increment in absorbance of peak intensity at 3330 cm−1 indicated higher exposure of
cellulose with higher pretreatment temperature, which was in agreement with the surface
morphology observed with SEM characterization. This could also be explained as the
reason for lower cellulose recovery being reported at 100–120 ◦C.

3.3. Effects of Duration Time for Organosolv Pretreatment

The effects of residence time are shown in Figure 7, while the composition of treated
DEFB at different residence times is shown in Table 2. Initially, the increased residence
time of pretreatment from 15 to 45 min improved the delignification from 63.1% to 75.1%.
However, the delignification reduced slightly to 72.8% as the pretreatment residence time
was further increased to 75 min. The removal of hemicellulose was discovered to increase
significantly from 53.2% to 85.2% when the residence time of pretreatment was increased
from 15 to 75 min. This resulted in the decrement of hemicellulose content from 6.10% to
1.39%. On the other hand, the cellulose recovery was only affected minimally, even though
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the residence time was further prolonged from 15 to 75 min. The cellulose recovery was
recorded at 91.8% for 15 min, while the recovery was only 88.0% for 75 min. By comparing
the results from Sections 3.2 and 3.3, it seems that prolonged pretreatment time had a milder
influential effect on cellulose recovery as compared to pretreatment temperature. However,
low reduction of cellulose recovery with extended residence time could be due to the lower
operating temperature (80 ◦C) applied to the pretreatment. This was in agreement with
a similar work in the literature, where the cellulose recovery was found to reduce from
93.1% to 85.6%, even though the residence time for the pretreatment was prolonged from
30 to 90 min at the same temperature as in this work. However, when the pretreatment
was conducted at 140 ◦C with the same residence time range, the reduction of recoverable
cellulose content became very significant. At this high temperature, it reported a cellulose
recovery reduction of 46.1% to 35.7% [28]. Therefore, it can be concluded that the operating
temperature for the pretreatment played a dominant role in determining the cellulose yield.
Consequently, this study chose the residence time of 45 min since it recorded the highest
cellulose purity of treated DEFB at 84.5%, lignin removal efficiency at 75.1%, hemicellulose
removal up to 81.5% and recovery of cellulose at 90.4%.
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Table 2. The compositional analysis of treated pulp with variations in residence times.

Time (min) Pulp Yield (g)
Composition (wt.%)

Lignin Hemicellulose Cellulose Ash Extractive

Untreated 10.0 23.9 6.10 55.9 4.45 8.80
15 6.71 13.6 3.56 77.0 3.27 2.10
30 6.29 11.9 2.70 81.2 1.91 2.23
45 5.98 10.0 1.89 84.4 1.73 1.98
60 5.85 11.3 1.50 83.2 1.76 2.19
75 5.84 11.6 1.39 84.3 1.86 0.92

Figure 8a–c shows the SEM images of treated DEFB, which revealed its surface mor-
phology after the designated pretreatment duration. Increased pretreatment residence
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time led to higher uneven and opened surface structures, as shown on treated DEFB. This
showed that both the lignin and hemicellulose content were removed or cleaved after the
pretreatment. Supplementary Figure S3 shows the FTIR spectrum of treated DEFB at differ-
ent pretreatment residence times (15, 45 and 75 min) and untreated DEFB for comparison.
FTIR analysis indicated that increasing pretreatment residence time successfully improved
the delignification due to the reduction in intensity of the absorbance peaks observed at
1243, 1630 and 2850 cm−1. Similarly, peaks at 1735 and 2850 cm−1, which represented
hemicellulose bonding, were reduced. In addition, the increased intensity of absorbance
peaks at 3330 and 1157 cm−1 signified that increased pretreatment time enhanced the
exposure of cellulose. The continuous removal of lignin and hemicellulose resulted in the
higher exposure of cellulose. However, similar to temperature, increasing the pretreatment
residence time would result in a higher degradation of the cellulose.
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3.4. Comparison of Different Pretreatments with That in This Study

Table 3 shows the comparison of pretreatment performances of different pretreatments
in the literature with that in this study. As compared to other pretreatments, the alkaline
ethylene glycol pretreatment that was applied in this study was capable to achieve compa-
rable and effective pretreatment performances with lower pretreatment temperatures and
shorter duration. The comparable pretreatment performances indicated the effectiveness
of alkaline organosolv pretreatment to remove the lignin and hemicellulose but retain sig-
nificant amounts of cellulose. Furthermore, the pretreatment in this study was performed
below 100 ◦C, which removed the requirement of a pressurized reactor which can minimize
the initial capital cost for industrial-scale production.
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Table 3. Comparisons of different pretreatments with DEFB.

Biomass Pretreatment Conditions Delignification
(%)

Hemicellulose
Removal (%)

Cellulose
Recovery (%) Reference

DEFB 50 v/v% ethylene glycol + 3 v/v%
NaOH at 80 ◦C for 45 min 75.1 81.5 90.4 This Study

EFB 50 wt.% ethanol + 0.07 wt.%
H2SO4 at 210 ◦C for 90 min 90.0 84.6 80.0 [29]

EFB

3–7 wt.% Acetic acid at
170–190 ◦C for 10–20 min

followed by:
5–20 wt.% Ammonium hydroxide

at 140–220 ◦C for 5–25 min

53.9 53.6 98.3 [30]

EFB

8 v/v% H2SO4 at 121 ◦C for 1 h
followed by:

2.5 mol/dm3 NaOH at 90 ◦C for
20 min

72.9 90.7 N.D. * [31]

Extractive-free EFB 76.3 wt.% lactic acid + 23.7 wt.%
choline chloride at 120 ◦C for 8 h 88.0 100 100 [32]

* Not Determined.

3.5. Lignin Precipitation from Spent Pretreatment Liquor after Organosolv Pretreatment

Acidification of pretreatment liquor is commonly applied to precipitate and recover
the lignin which dissolved in the pretreatment liquor. The amount of precipitated lignin
and its corresponding purity at different pH values is shown in Figure 9. Decreasing pH
was found to improve the amount of precipitated lignin. From Figure 9, it shows that the
lignin recovery increased significantly from 47.7% to 74.6% at pH 6.5 and pH 2.0, respec-
tively. The purity of the precipitated lignin was measured between 94.5% and 97.2%, while
the rest consisted of a hemicellulose component which was still attached together with the
lignin due to the lignin–hemicellulose bonding, which remained intact [33]. Mussatto et al.,
who performed a similar study in the literature, investigated the delignified brewer’s spent
grain as the feedstock with sodium hydroxide as the alkaline catalyst to recover its precipi-
tated lignin [15]. They successfully precipitated up to 81.4% of lignin content at pH 2.15,
compared to this study, which recorded 74.6% recoverable lignin content at pH 2.0. This
difference might be caused by the intrinsic phenolic composition in the different feedstock
which resulted in different lignin precipitation rates. Furthermore, Supplementary Figure
S4 shows the color of the pretreatment liquor after the removal of precipitated lignin from
the acidified pretreatment liquor. It could be observed that the color changed significantly
from dark brown to light brown when the pH was reduced from pH 6.5 to pH 2.0. The color
change advocated that the dark brown color was derived from the chromophore of lignin,
such as phenolic hydroxyl groups, carbonyl groups and quinones, which are generally
soluble in alkaline medium [34]. Therefore, the color change corresponded to the higher
amount of precipitated lignin being recorded. Depolymerized lignin from the pretreatment
was able to be recovered in huge amounts from the pretreatment liquor, which signified the
sustainability of organosolv pretreatment and reduced the wastage from the production.
This was also in line with the findings from Lauwaert et al. [16]. The color of black liquor
was reduced upon acidification and yielded light brown precipitate, which represented
the recovered lignin at pH 5.2. Generally, the lignin that is recovered from organosolv
liquor has a very high reutilization potential due to the negligible sulfur content, which
will reduce the environmental pollution. The recovered lignin from organosolv pretreat-
ment liquor can be incorporated or synthesized into composites, bioplastics, nanoparticles,
dispersants, adsorbents and carbon fibers [35].
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4. Conclusions

This study successfully demonstrated that the DEFB could be a promising low-cost
feedstock for various applications due to its high lignocellulosic content, which was still
preserved even after microbial degradation. In fact, the DEFB possessed a more open
and deepened surface structure, as evidenced from the SEM characterizations. Its high
cellulose content, which was recoverable up to 55.9% by weight, could be a potential
source for biofuel production. The comparison between different organic solvents during
the pretreatment proved that ethylene glycol was the best solvent for DEFB. Under the
designated ethylene glycol pretreatment with addition of sodium hydroxide as the alkaline
catalyst, 75.1% of lignin and 81.5% of hemicellulose contents were successfully removed,
while at the same time, 90.4% of cellulose content was recovered. Its cellulose purity was
enhanced from 55.9% in fresh EFB to 84.5% in treated DEFB, which rendered the DEFB to
be suitable for utilization as a substrate for the subsequent hydrolysis process. The next
phase of research will be to evaluate the conversion of the extracted cellulose into sugar
before being subjected to enzymatic processes to produce bioethanol. Last but not least,
addition of sulfuric acid was able to precipitate the lignin from the pretreatment liquor
of DEFB, which enhanced the practicability of organosolv pretreatment. In this study,
the optimum lignin recovery was obtained at 74.6% at pH 2.0. Further analysis could be
performed in the future to upgrade the recovered lignin into more usable bio-products such
as bioplastics, adsorbents and other specialty chemicals through a consolidated bioprocess.
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