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Abstract: A simultaneous saccharification and fermentation (SSF) optimization process was carried
out on pretreated empty fruit bunches (EFBs) by employing the Response Surface Methodology (RSM).
EFBs were treated using sequential acid-alkali pretreatment and analyzed physically by a scanning
electron microscope (SEM). The findings revealed that the pretreatment had changed the morphology
and the EFBs’ structure. Then, the optimum combination of enzymes and microbes for bioethanol
production was screened. Results showed that the combination of S. cerevisiae and T. harzianum and
enzymes (cellulase and β-glucosidase) produced the highest bioethanol concentration with 11.76 g/L
and a bioethanol yield of 0.29 g/g EFB using 4% (w/v) treated EFBs at 30 ◦C for 72 h. Next, the central
composite design (CCD) of RSM was employed to optimize the SSF parameters of fermentation time,
temperature, pH, and inoculum concentration for higher yield. The analysis of optimization by CCD
predicted that 9.72 g/L of bioethanol (0.46 g/g ethanol yield, 90.63% conversion efficiency) could be
obtained at 72 h, 30 ◦C, pH 4.8, and 6.79% (v/v) of inoculum concentration using 2% (w/v) treated
EFBs. Results showed that the fermentation process conducted using the optimized conditions
produced 9.65 g/L of bioethanol, 0.46 g/g ethanol yield, and 89.56% conversion efficiency, which
was in close proximity to the predicted CCD model.

Keywords: empty fruit bunches; response surface methodology; central composite design;
simultaneous saccharification and fermentation; bioethanol

1. Introduction

Biofuel has attracted lots of attention among renewable energy resources due to its
potential to replace existing fossil fuels in order to alleviate the global energy crisis and
its demand [1]. This awareness has led to a dramatic increase in biofuel production and
research [2]. Sustainable and renewable liquid biofuels such as bioethanol are seen as an
alternative to fossil gasoline substitution and replacement [3]. Bioethanol is considered a
natural and ecological fuel, can be produced from renewable energy sources, and is widely
used in automobile engines [4,5]. This can be done mainly by reducing the operational
cost as well as using cheaper and sustainable feedstocks [6]. Thus, research on bioethanol
production using renewable, sustainable, and non-food feedstock is important to overcome
the issue of fossil fuel demand.

Empty fruit bunches (EFBs) are cheap, readily available, and accessible biomass
wastes in the oil palm industries in Malaysia [7–9]. Recently, they emerged as a potential
biomass feedstock in producing bioethanol because of their great abundance and favorable
physiochemical characteristics [10,11]. Three important components in EFBs, such as
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lignin, hemicellulose, and cellulose, make it possible for the EFBs to be converted into
bioethanol [12,13]. However, an in-depth study into the bioconversion process is needed to
fully utilize EFBs for bioethanol production. An efficient bioconversion process of EFBs
into bioethanol is crucial as it affects the ethanol yield and also the overall cost of bioethanol
production [8,14]. One of the strategies to reduce the production cost is by operating the
fermentation process at a high loading substrate and low enzyme requirement [15].

Bioethanol production from EFBs can be carried out in two ways, which are the
separate hydrolysis and fermentation (SHF) and simultaneous saccharification and fermen-
tation (SSF) processes. However, SSF is preferred over SHF as the whole process of SSF
is performed in a single vessel combining both processes of hydrolysis and fermentation
to produce bioethanol [16,17]. This helps in reducing the chances of contamination in
the fermentation medium that occur during SHF [18]. Moreover, this process is a fitting
technique for the production of bioethanol, as sugars formed from biomass are rapidly
converted into bioethanol at higher concentrations and yields [19,20]. Thus, diminishing
the accumulation of inhibitory sugars, end-product inhibition and bioethanol presence in
the medium will also make it less vulnerable to contamination [21,22]. In the SSF process,
both enzymes and microorganisms are used at the same time. Hence, the optimization of
process parameters should be investigated to obtain the maximum amount of sugars that
can be converted to bioethanol during the process of saccharification [23]. For example, the
optimal conditions for hydrolysis using cellulolytic enzymes is between 40 ◦C and 50 ◦C,
but microorganisms for fermentation work best around 30 ◦C and 40 ◦C [24–26]. Therefore,
it is important to strike a balance between the optimal conditions for the enzymes and
microorganisms used in the SSF process. Choosing an ideal EFB bioconversion process
into bioethanol is also very important to establish optimal fermentation conditions for both
enzymes and microorganisms in order to develop a cost-efficient bioethanol production.

In this study, a microbial consortium of S. cerevisiae and T. harzianum were used in
the simultaneous saccharification and fermentation (SSF) process of EFBs. A microbial
consortium was used in the SSF process instead of using a single microbe, as it not only
utilizes substrate more efficiently but also increases the product yield [23]. In a study by Pol-
prasert et al. [27], palm EFBs were used as a substrate to produce ethanol using a microbial
consortium of Saccharomyces cerevisiae and Pichia stipitis at a 1:1 ratio for bioethanol produc-
tion. In another study conducted by Ali et al. [28], it is highlighted that higher bioethanol
production from date palm fronds was achieved by using the same microbial consortium
of S. cerevisiae and P. stipitis. Mishra and Ghosh [29] reported that the maximum theoretical
ethanol production from Kans grass biomass was achieved at 78.6% with 0.45 g/g ethanol
yield by using a microbial consortium of Zymomonas mobilis and Scheffersomyces shehatae.
Similarly, Izmirlioglu and Demirci [30] produced 35.19 g/L ethanol from 92.37 g/L indus-
trial waste potato mash, which corresponds to 0.38 g ethanol/g starch when Aspergillus
niger and S. cerevisiae co-cultured in the fermentation process. Kabbashi et al. [31] compared
the compatibility of several fungi and yeast to develop direct solid-state bioconversion
using the potential mixed culture to produce bioethanol. From the study, the mixed culture
of a fungus (T. harzianum) and a yeast (S.cerevisiae) showed the best ethanol production
with 14.1% (v/v) bioethanol concentration compared to other mixed culture combinations,
which produced bioethanol concentrations in the range of 6.4 to 7.5% (v/v). At present,
finding ideal optimization parameters for the simultaneous saccharification and fermenta-
tion process for all the concerned microbial strains and enzymes are important to enhance
the utilization of substrate and increase the ethanol production yield.

To the best of the authors’ knowledge, there has been no published optimization study
for the fermentation process using RSM for bioethanol production from EFBs employing
a mixed microbial consortium. Meanwhile, the SSF process using microbial strains had
been well studied using a wide range of lignocellulosic biomass, but reports on using a
microbial consortium for EFB fermentation are limited. Therefore, the aim of this study is
to optimize the production of bioethanol using a microbial consortium of S. cerevisiae and
T. harzianum during the simultaneous saccharification and fermentation (SSF) process of
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EFBs by employing the central composite design (CCD) of Response Surface Methodology
(RSM). The employment of CCD for optimization would benefit researchers, as by using
this design, the expensive cost of the analysis could be reduced as it provides a large
amount of information from a few experimental runs. RSM is also able to overcome the
limitation of one-at-a-time parameter optimization.

2. Materials and Methods
2.1. Raw Materials

Empty fruit bunches (EFBs) were provided by a local palm oil processing mill in
Beaufort, Sabah (Lumadan Palm oil Mill). The collected samples in the form of whole
bunches were initially shredded before washing with tap water to remove salts, dirt, oil,
and debris. Then, the EFBs were dried at 70 ◦C for 72 h to remove residual moisture until a
constant weight was obtained. They were then blended using a laboratory blender (Waring
Commercial), sieved, and separated into fractions using a test sieve [32]. The particle size
of EFBs used for this study is 0.1–0.5 mm to maximize the contact area of the substrate and
to facilitate the pretreatment and enzymatic hydrolysis process [19,27]. The samples were
stored in sealed plastic bags and in a dry place until further use.

2.2. Chemicals and Microorganisms

The enzymes cellulase (cellulase from Trichoderma reesei ATCC 26921, aqueous solu-
tion, 50 mL) and β-glucosidase (EC 3.2.1.21 from almonds, 0.88 g solid, crude, lyophilized
powder) were purchased from Sigma Aldrich, St. Louis, MO, USA. The cellulase had
an activity of 700 units/g while the β-glucosidase had an activity of 2.85 units/mg solid.
The enzymes, cellulase and β-glucosidase, were used in the saccharification process. The
yeast strain Saccharomyces cerevisiae Type II (YSCII) and fungi strain Trichoderma harzianum
W2(4)-1(2) were employed for this research. Yeast from Saccharomyces cerevisiae Type II
(YSII) was purchased from Sigma Aldrich, USA. Trichoderma harzianum was supplied by
Dr. Syafiquezzaman from the Biotechnology Research Institute, UMS.

Microorganisms Cultivation

Saccharomyces cerevisiae Type II (YSII) and Trichoderma harzianum W2(4)-1(2) were used
as an ethanol fermentation strain. Both the yeast and fungi strains were cultured in potato
dextrose agar (PDA) at 30 ◦C, which was then maintained and stored at 4 ◦C until further
use [33]. In this study, the growth rates of the S. cerevisiae, T. harzianum, and co-culture
of S. cerevisiae and T. harzianum were evaluated by measuring the optical densities (OD)
at a wavelength of 600 nm [34]. The approximate number of cells in the culture can be
determined with a spectrophotometer by measuring the optical density (OD) at 600 nm [35]
every three hours for 48 h using a microplate reader (Multiskan go, Thermo Scientific) to
identify the growth phases of both microorganisms. A growth curve was drawn based on
the OD600 measured.

Then, the fermentation inoculums were prepared by inoculating a loopful of the mi-
crobial consortium of S. cerevisiae and T. harzianum cells into a 50 mL sterile potato dextrose
broth (PDB) medium and harvested at the exponential phase [36]. At the exponential
growth of co-cultured S. cerevisiae and T. harzianum, the active cells were centrifuged in a
refrigerated centrifuge (10,000 rpm at 4 ◦C for 10 min), washed with sterile distilled water
three times, and then the precipitated cells were collected under aseptic conditions and
added to the fermentation stage as inoculums [37,38].

2.3. Pretreatments of EFBs

Dried EFBs were soaked in 2% (v/v) sulphuric acid (H2SO4) and incubated in an
autoclave at 121 ◦C, 15 psi for 20 min. The dilute acid-treated EFBs fibers were then soaked
in water and occasionally mixed for 1 h [25]. The washed EFBs were then dried at 70 ◦C
overnight. The dried acid-treated EFBs were soaked in 10% (w/v) sodium hydroxide
(NaOH) solution [39,40], stirred at ambient temperature for 4 h, and then recovered from
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the alkali solution. The EFBs in the wet alkali solid-state were heated again at 121 ◦C, 15 psi,
for 20 min. The thermal-treated biomass was soaked in the water and stirred occasionally
to remove NaOH from the surface. The samples were washed several times with distilled
water to neutralize the pH, after which they were dried in an oven at 70 ◦C overnight [25].
The pretreated EFBs were then stored in a sealed plastic bag until further use.

2.4. EFBs Analysis
2.4.1. Scanning Electron Microscope (SEM) Analysis of EFBs

The untreated and pretreated EFBs were subjected to microscopic observation. The
samples were washed with distilled water before drying at 70 ◦C for 24 h [32]. The dried
samples were subjected to SEM using a Carl Zeiss MA10 model brand which has elemental
analysis and chemical characterization with element surface mapping via EDX (Energy
Dispersive X-ray Spectroscopy). The EFB samples were mounted on conductive tape and
coated with gold particles prior to analysis.

2.4.2. Fourier Transform Infrared (FTIR) Analysis of EFBs

FTIR analysis was performed to evaluate the infrared spectrum that shows the chem-
ical composition of the samples. The difference between the untreated and pretreated
EFBs was studied using FTIR analysis (Perkin Elmer). The spectra for the samples were
recorded in the wavelength range of 400 to 4000 cm−1 with the direct transmittance at the
rate of 4 scans/min [41]. The FTIR spectra were smoothened and corrected to the baseline
correction. The formation, breaking, and shifting of bands were observed. Functional
groups associated with major vibration bands were also determined.

2.5. Enzymatic Saccharification of EFBs

The enzymatic saccharification of the acid/alkali pretreated EFBs was performed using
cellulase derived from Trichoderma reesei (Trichoderma reesei ATCC 26921) and β-glucosidase
(EC 3.2.1.21 from almonds). The amount of enzyme used was 50 U/g of cellulase and
10 U/g of β-glucosidase. The pretreated EFBs of 4% (w/v) were hydrolyzed in a 50 mM
citrate buffer (pH 4.8). The samples were then incubated at 50 ◦C, 150 rpm, for 72 h. Sample
aliquots were withdrawn at 24 h intervals and analyzed for reducing sugar glucose [32].

2.6. Selection of Microorganisms and Enzyme Combinations

In this study, the combination of microorganisms of S. cerevisiae and T. harzianum and
also the combination of cellulase from T. reesei and β-glucosidase from almonds were
employed for the simultaneous saccharification and fermentation (SSF) process. The selec-
tion was done to determine which combination can enhance the conversion of EFBs into
ethanol during the fermentation process. Different microorganism and enzyme combina-
tions (Table 1) at constant inoculum loadings of the microorganisms at 10% (v/v)—50 U/g
for cellulase and 10 U/g for β-glucosidase—were added under baseline parameters of 4%
(w/v) of pretreated empty fruit bunches at a fixed volume (50 mL) of sodium citrate buffer
(pH 4.8) at a temperature of 30 ◦C for 72 h in a 250 mL Erlenmeyer flask and placed in
an orbital shaker (Heidolph Incubator 1000) operated at an agitation speed of 150 rpm
(triplicates for each run). After 72 h of fermentation time, the fermentation product was
immediately heated for 5 min in a boiling water bath to end the enzymatic reaction. The
fermentation product was then centrifuged (Thermo Scientific, Heraeus Megafuge 16R) at
10,000 rpm for 10 min. The supernatant was taken and used in the distillation process to
obtain the ethanol. Then, the ethanol produced was subjected to ethanol analysis using
gas chromatography–mass spectrometry (GC–MS). The combination which produced the
higher ethanol concentration was selected for the fermentation process.
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Table 1. Different combinations of microorganisms (S. cerevisiae and T. harzianum) and enzymes
(Cellulase and β-glucosidase).

Combination
Microorganisms and Enzymes

S. cerevisiae T. harzianum Cellulase β-glucosidase

M1 X X X X
M2 X X X
M3 X X X
M4 X X X
M5 X X
M6 X X X
M7 X X X
M8 X X
M9 X X

Operating conditions: 4% (w/v) pretreated EFBs, at constant inoculums loading of 10% (v/v) for each combination,
pH 4.8, temperature 30 ◦C, for 72 h at 150 rpm.

2.7. Optimization of Simultaneous Saccharification and Fermentation

The statistical analysis of Response Surface Methodology (RSM) was utilized to opti-
mize the simultaneous saccharification and fermentation process by employing the central
composite design (CCD). Various parameters or factors affecting the SSF process of EFBs
for bioethanol production were optimized.

Central Composite Design (CCD) for Optimization

The CCD of RSM was applied to determine the optimum conditions of the significant
parameters for the SSF process. The effect of fermentation time (24–72 h), temperature
(30–50 ◦C), pH (4.8–6.0), and inoculum concentration (5–10% v/v) on the production of
bioethanol were studied at five experimental levels (−2 (α), −1, 0, +1, +2 (α)). The design
matrix of 30 sets of experimental runs was generated from the CCD of RSM software. All
the 30 experiments with three replicates were carried out according to the design matrix
to screen the best optimum value of each parameter for bioethanol production [42]. The
response surface graphs were obtained using the software to understand the effect of
variables individually and in combination, in order to determine their optimum levels.

The experimental runs were carried out according to a 24 full factorial design for the
four identified design independent variables with low (−1) and high (+) levels. The total
number of experiments (runs) was given by the simple formula [30 = 2k + 2k + 6], where
k is the number of independent variables (k = 4); this includes the following: 16 factorial
points from 24 full factorial CCDs were augmented with 6 replicates at the center point
to assess the pure error. The response was selected based on preliminary study results.
The design factors (variables) with low −1 and high +1 levels are, namely, A (24 and 72),
B (30 and 50), C (4.8 and 6), and D (5 and 10). The central values (zero levels) chosen for
experimental design were as follows: 48 h, 40 ◦C, pH 5.4, and 7.5 % (v/v) for A, B, C, and
D, respectively (Table 2) [43].

Table 2. Experimental range and levels of variables used in the Central Composite Design for the
optimization of fermentation.

Parameters
Levels

−2 (α) −1 0 +1 +2 (α)

A Fermentation Time, (h) 0.0 24.0 48.0 72.0 96.0
B Temperature, (◦C) 20.0 30.0 40.0 50.0 60.0
C pH 4.2 4.8 5.4 6.0 6.6
D Inoculum concentration, % (v/v) 2.5 5.0 7.5 10.0 12.5
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2.8. Simultaneous Saccharification and Fermentation

The simultaneous saccharification and fermentation of the acid-alkali-pretreated EFBs
were performed in a fixed volume of 100 mL of citrate buffer broth (1% (w/v) yeast extract,
2% (w/v) peptone, and 4% (w/v) pretreated EFBs) in a 250 mL Erlenmeyer flask in an
orbital incubator shaker (Heidolph, Uimax 1010 and Incubator 1000) at an agitation speed
of 150 rpm. Combinations of different microorganisms (S. cerevisiae and T. harzianum) and
enzymes (Cellulase and β-glucosidase) were used in the bioethanol fermentation. The
sample obtained at the end of the fermentation process was centrifuged at 10,000 rpm
for 10 min. The pellet was discarded and only the supernatant was transferred to the
new Falcon tube. The fermenting products were then quantified for their bioethanol
concentration after undergoing the distillation process to obtain the bioethanol.

2.9. Analytical Methods
2.9.1. Bioethanol Determination

The ethanol contents of the samples after the distillation process were analyzed us-
ing gas chromatography–mass spectrometry (GC–MS) (Model 6890N, Agilent Technolo-
gies, CA, USA) equipped with a thermal conductivity detector and an HP−5MS column,
0.25 mm × 30 m, 0.25 µm ID. Samples were filtered through a Durapore (PVDF) syringe-
driven filter unit (0.2 µm) into 1.5 mL glass vials, sealed with a cap, and kept at 5–8 ◦C
before being analyzed using GC–MS. The sample (1.0 µL) was injected into the GC–MS
in split mode with a split ratio of 100:1. Helium gas with 99.995% purity was used as the
carrier gas and its flow rate was set to 10.0 mL/min. The initial temperature of the oven
was 40 ◦C and was increased at a rate of 10 ◦C/min up to 100 ◦C [44]. Hexane was used as
the solvent for the standard and sample dilution.

2.9.2. Statistical Analysis of the Experiment

The bioethanol yield (g/g) was calculated based on the experiment and expressed as
g of bioethanol per total g of glucose utilizing Equation (1) and g of bioethanol per total g
of EFBs utilizing Equation (2). The bioethanol conversion efficiency or theoretical ethanol
yield (%) was calculated based on the ratio of ethanol yield obtained against the theoretical
maximum ethanol yield using Equation (3) [32,45].

Bioethanol yield (g/g) of glucose =
Bioethanol concentration (g/L)

Initial glucose concentration (g/L)
(1)

Bioethanol yield/g of EFBs =
Bioethanol concentration (g/L)

Substrate (EFBs) used (g)
(2)

Conversion efficiency (%) =
[EtOH]

0.51
× 100% (3)

3. Results and Discussion
3.1. Pretreatment of EFBs

The chemical composition of EFBs includes cellulose, hemicellulose, and lignin frac-
tions. The approximate percentage compositions of EFBs depend on the source of the EFBs.
Table 3 shows the chemical composition of EFBs from a previous study before and after the
pretreatment process. It can be seen that cellulose has the highest content (%), followed
by hemicelluloses, lignin, and ash. The amount of cellulose in EFB increases while the
hemicellulose and lignin content decrease after the pretreatment process. The previous
study by Burhani et al. [46] obtained 90.5% cellulose, no trace of hemicellulose, and 9.13%
lignin after the pretreatment process. In a study by Campioni et al. [47], it was reported that
there was an increase in EFB cellulose content after acid-alkali pretreatment from 42.2 to
62.6%. Different authors observed different EFB compositions obtained after the acid-alkali
pretreatment process. Akhtar et al. [48] reported that in the first step of the pretreatment of
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EFB using dilute acid, 90% of hemicellulose and 10% of lignin were removed and further
treatment using dilute alkali with a microwave achieved 71.9% delignification.

The development of pretreatment is one of the crucial steps in bioethanol production to
minimize the sugar loss, limit the inhibitor formation, and maximize the lignin removal [49].
Most of the hemicellulose contents of EFBs are usually lost after the acid-alkali pretreatment.
A study by Kim and Kim [25] demonstrated that sequential acid-alkaline pretreatment
efficiently reduced the hemicellulose and lignin content in EFBs. EFB biomass normally
has 50 to 80% complex carbohydrates containing C6 and C5 sugar units. According to
Abdul et al. [50], oil palm EFB fibers have about 60% (w/w) sugar components. However,
no sugar loss was observed in the EFBs when they were pretreated using the ammonia
fiber expansion (AFEX) method. In addition, Taherzadeh and Karimi [51], reported that the
chemical pretreatment of lignocellulosic material should remove maximum lignin contents
with no more than 5% sugar loss. In this work, the authors used a chemical acid agent, 2%
(v/v) H2SO4, an alkaline agent, and 10% (w/v) NaOH solution.

Table 3. Chemical composition of EFBs before and after the pretreatment process.

EFB Components Content (%)

Untreated Cellulose 25.71 42.2 41.8 32.26 36.59
Hemicellulose 17.37 29.4 35.6 17.62 24.97

Lignin 34.02 13.8 18.8 33.02 26.53
Ash - - - 1.82 1.79

Treated Cellulose 90.5 62.6 85.4 65.91 75.05
Hemicellulose 0.00 5.6 3,5 15.55 10.19

Lignin 9.13 24.3 5.3 11.70 8.11
Ash - - 0.62 2.22

References [46] a [47] a [48] a [52] b [53] b

The chemical composition of treated EFBs is based on the best result of the pretreatment process taken from the
respective journal. a Sequential acid-alkaline pretreatment using H2SO4 and NaOH. b Alkaline pretreatment
using NaOH.

The effects of sequential acid-alkali pretreatment on EFBs were measured by compar-
ing the physical characteristics of the EFBs before and after pretreatment, shown in Figure 1.
Moreover, changes in the EFBs’ structure were also analyzed by using the scanning electron
microscope (SEM) and Fourier Transform Infrared Spectroscopy (FTIR).

3.1.1. Physical Analysis of EFBs

The physical characteristics of the pretreated EFBs and the non-treated EFBs were
observed and are presented in Figure 1. In general, the visual observation, which can be
seen between the non-treated and treated EFBs, is the color and structure of the EFBs. From
the figure, it can be seen that the surfaces of the non-treated EFB fibers (Figure 1a) have
clear, well-ordered, and rigid fibrils, while the pretreated EFB fibers (Figure 1b) showed
porous, rough, and irregularly ordered fibrils after the pretreatment process.

Morphological differences between the EFBs occurred due to the removal of the
fibril components during the pretreatment process. Physical changes occurred on the
surface of treated EFBs that enable easier enzyme access to hydrolyze the cellulose com-
ponents into glucose and further facilitate the performance of enzymatic hydrolysis [54].
The treated EFBs also changed color to dark brown. This is due to an increase in steam
temperature, which caused the degradation of carbohydrates when the EFBs were auto-
claved at 121 ◦C [55]. Furthermore, the treated EFBs were more fragile compared to the
non-treated EFBs.
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The composition of biomass plays an important role in the pretreatment methods
selection [56]. Musatto et al. [57] reported that the sequential acid-alkali pretreatment
technique was used in order to eliminate the protective lignin-hemicellulose wrapper of
the EFBs. The sequence of pretreatment in combined form gave a high impact on reducing
sugar production by increasing the cellulose and reducing the hemicellulose and lignin
content [58]. In the work performed by Campioni et al. [47], EFBs’ cellulose content was
increased from 42.2 to 62.6% after acid and alkali treatment, while their hemicellulose
component had a mass loss of about 90% and a lignin loss of about 25%.

In the pretreatment process, chemical pretreatment using acid (low pH) and alkali
(high pH) techniques can be used to boost the hydrolytic reactivity [59]. The acid pre-
treatment technique helps in the hydrolysis of hemicellulose fractions and lignin content
reduction in biomass [60,61]. On the other hand, the alkaline pretreatment of lignocelluloses
with NaOH can modify or remove lignin content in the feedstocks by fracturing the ester
bonds, which are cross-links between lignin and xylan, so that the porosity of the biomass
can be increased [40]. Furthermore, the alkali (NaOH) pretreatment technique is effective in
exposing the cellulose to cellulose digestion by breaking the hemicelluloses–lignin linkage
in the amorphous-crystalline structure of cellulose, thus enabling easier conversion of EFBs
into glucose [62]. During pretreatment, NaOH penetrates and swells the substrate and
solubilizes the hemicellulose, lignin, and the other non-cellulose components [63].

EFBs are usually incubated in an autoclave at 121 ◦C for 20 min to maximize the effect
of NaOH and H2SO4 on lignin extraction [64]. Autoclaving at 121 ◦C and 15 psi is the
best way to alter the chemical composition and physical structure of the EFBs, as well as
increasing the reducing sugar production. High temperature promotes the removal of
both hemicelluloses and lignin (delignification). Akhtar et al. [48] found that 90% of EFBs’
hemicellulose was removed after the EFBs were soaked in dilute H2SO4 with additional
autoclave heating. The combination of NaOH treatment at 10 MPa pressure and 121 ◦C
during pretreatment disintegrated EFB fibers into pliable fibers. It also cleans up the fiber
surface and thus exposes more cellulose components in the EFB fibers. Moreover, mass
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losses of EFBs occur due to the heating of the EFBs at a high temperature when autoclaved
at 121 ◦C, as this causes degradation in the EFBs’ hemicelluloses and lignin contents [65].

3.1.2. Scanning Electron Microscope (SEM) Analysis of EFBs

The SEM analysis of EFBs was conducted in order to study the effects of the pre-
treatment process based on its microscopic morphology differences. A distinct change
in the EFBs’ physical appearance can be seen in the structure of the untreated EFBs in
Figure 2a,b and treated EFBs in Figure 2c,d. In Figure 2a, the untreated sample structures
are complete, compact, rigid, and have a smooth surface. This is because no pretreatment
process was used to destruct the lignocellulose component of the EFBs [64,66]. According
to Tye et al. [67], untreated biomass usually shows low enzymatic hydrolyzability because
the enzyme accessibility is restricted by the recalcitrance polymer lignin and hemicellulose.

For the treated sample in Figure 2c, there is a formation of pores on the EFB surface.
The presence of pores occurs due to the removal of hemicelluloses [58]. It was reported
that the pretreated lignocellulose, which has fractions of pores, was more accessible for
enzymatic attack [32]. This is because pretreatment effectively degraded and exposed more
surface area of fermentable sugars for the enzymatic hydrolysis process [56]. Pores present
in the EFBs are also thought to be effective in the swelling of the EFBs’ structure, thus
attracting the enzymatic and microbe reactions for the bioconversion process [55,68]. It is
revealed that the sequential acid-alkali pretreatment process changed the morphology of
the EFBs and gave the biggest impact on the alteration of the EFB structure by removing
the silica, which is the chemical composition barrier, causing pore formation.

The SEM micrographs for non-treated EFB surfaces (Figure 2a,b) showed a silica body
embedded on the surface. From the figure, it can be seen that the silica bodies were attached
to the circular craters, which were spread relatively uniformly over the EFB strands, as in a
study by Isroi et al. [69]. This was also similar to the SEM micrograph shown in the study by
Nurul Hazirah et al. [70]. The silica present in the cell wall acts as a barrier in the enzymatic
digestibility and fermentation process [48]. However, after the pretreatment process was
performed, the silica bodies were mostly removed from the EFBs’ structure (Figure 2c,d).
The remaining holes had homogenous dimensions of around 10 µm in diameter on the
EFBs’ outer surface [55]. The EFBs’ structure became cleaner and smother where almost all
the impurities on the EFBs surface were removed, as in the study by Norul Izani et al. [65].
The silica bodies also can be dislodged by an extensive treatment of the EFBs, such as
hammering, washing, and crushing [69].

3.1.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis of EFBs

The structure of EFBs before and after the pretreatment was analyzed using the FTIR
spectroscopy method. Based on Figure 3, the pattern of the graph and the existence peaks
were different before and after the pretreatment. The basic elements and functional groups
present in EFBs were obtained by FTIR analysis [70]. From the FTIR analysis performed by
Eliza et al. [71], the presence of a new group was proven after the EFB pretreatment.



Fermentation 2022, 8, 295 10 of 27
Fermentation 2022, 8, x FOR PEER REVIEW 10 of 27 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 2. The EFB samples’ structure from SEM analysis before and after the pretreatment process: 
(a) untreated EFBs at 1.0 K × magnification; (b) untreated EFBs at 1.50 K x magnification); (c) 
treated EFBs at 1.0 K × magnification and (d) treated EFBs at 3.0 K × magnification). 

3.1.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis of EFBs 
The structure of EFBs before and after the pretreatment was analyzed using the FTIR 

spectroscopy method. Based on Figure 3, the pattern of the graph and the existence peaks 
were different before and after the pretreatment. The basic elements and functional 
groups present in EFBs were obtained by FTIR analysis [70]. From the FTIR analysis 
performed by Eliza et al. [71], the presence of a new group was proven after the EFB 
pretreatment.  

Figure 2. The EFB samples’ structure from SEM analysis before and after the pretreatment process:
(a) untreated EFBs at 1.0K× magnification; (b) untreated EFBs at 1.50K× magnification); (c) treated
EFBs at 1.0K× magnification and (d) treated EFBs at 3.0K× magnification).



Fermentation 2022, 8, 295 11 of 27

Fermentation 2022, 8, x FOR PEER REVIEW 11 of 27 

From the figure, absorption bands at 1629.15, 1234.16, and 1034.68 cm−1 are shown to 
have disappeared or diminished, while other bands at 1379.88 and 1030.05 cm−1 notably 
decreased. According to Baharuddin et al. [55], the disappearance of the absorption oc-
curs due to the decomposition of the hemicellulose component in the EFBs. The reduction 
in the peak intensity shows an indication that the functional group was disturbed or al-
tered [72]. The difference in spectra also can be seen between the untreated and treated 
EFBs. Changes in the absorption bands were also visible, as some of the peaks became 
broader after the pretreatment process. The absorption of bands at 3291.32 and 2917.81 
cm−1 of untreated EFBs was sharp but became broader in the treated EFBs at absorption 
bands of 3328.88 and 2916.47 cm−1. These changes suggested a decrease in the silica 
component after the pretreatment process [55]. 

From the FTIR result, the EFB spectrum shows a strong similarity in the first peak 
before and after the pretreatment process at absorption bands of 3291.32 and 3328.88 cm−1

indicating the presence of hydroxyl (OH) groups in the aromatic and aliphatic com-
pounds [64]. The absorption peak at 2917.81–2916.47 cm−1 (second peak) was also identi-
fied, which is attributed to the stretchiness of the C-H bonds of the methyl group. The 
peaks at 1629.15 and 1379.88 cm−1 represent the stretching of (C=C) and (C-C), respec-
tively, in aromatics derived from EFBs. Peaks at 1234.16 cm−1 could be assigned to the 
(C-O) bonds of alcohol groups in ethers. The peaks at 1034.68 and 1030.05 cm−1 are at-
tributed to glycosidic bonds, indicating the characteristic of cellulose [70]. In another 
study [55], the most intensive broad absorption band appeared in the carbohydrate re-
gion at 1034.68 cm−1, assigned to the vibrations of C6H206H and C3HO3H of the cellulose 
and pyranosyl ring. 

Figure 3. The EFB samples’ FTIR analysis before and after the pretreatment process: (A) untreated 
EFBs, (B) treated EFBs. 

3.2. Enzymatic Saccharification of Pretreated EFBs 
The glucose production was determined using high-performance liquid chroma-

tography (HPLC) every 24 h, up to 72 h of the saccharification process. The enzymatic
saccharification was performed using cellulase and β-glucosidase, as reported by Ham-

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400.0
cm-1

%T 

3328.88 2916.47 1379.88

1030.05
519.98

427.99
420.50

408.82

3291.32
1629.15 1234.16

1034.68

B 

1629.15 1234.16 

1034.68 

1030.05 

1379.88 

 2917.81 3291.32 

3328.88 2916.47 

A 

2917.81

Figure 3. The EFB samples’ FTIR analysis before and after the pretreatment process: (A) untreated
EFBs, (B) treated EFBs.

From the figure, absorption bands at 1629.15, 1234.16, and 1034.68 cm−1 are shown to
have disappeared or diminished, while other bands at 1379.88 and 1030.05 cm−1 notably
decreased. According to Baharuddin et al. [55], the disappearance of the absorption occurs
due to the decomposition of the hemicellulose component in the EFBs. The reduction in the
peak intensity shows an indication that the functional group was disturbed or altered [72].
The difference in spectra also can be seen between the untreated and treated EFBs. Changes
in the absorption bands were also visible, as some of the peaks became broader after the
pretreatment process. The absorption of bands at 3291.32 and 2917.81 cm−1 of untreated
EFBs was sharp but became broader in the treated EFBs at absorption bands of 3328.88
and 2916.47 cm−1. These changes suggested a decrease in the silica component after the
pretreatment process [55].

From the FTIR result, the EFB spectrum shows a strong similarity in the first peak
before and after the pretreatment process at absorption bands of 3291.32 and 3328.88 cm−1

indicating the presence of hydroxyl (OH) groups in the aromatic and aliphatic com-
pounds [64]. The absorption peak at 2917.81–2916.47 cm−1 (second peak) was also iden-
tified, which is attributed to the stretchiness of the C-H bonds of the methyl group. The
peaks at 1629.15 and 1379.88 cm−1 represent the stretching of (C=C) and (C-C), respectively,
in aromatics derived from EFBs. Peaks at 1234.16 cm−1 could be assigned to the (C-O)
bonds of alcohol groups in ethers. The peaks at 1034.68 and 1030.05 cm−1 are attributed to
glycosidic bonds, indicating the characteristic of cellulose [70]. In another study [55], the
most intensive broad absorption band appeared in the carbohydrate region at 1034.68 cm−1,
assigned to the vibrations of C6H206H and C3HO3H of the cellulose and pyranosyl ring.

3.2. Enzymatic Saccharification of Pretreated EFBs

The glucose production was determined using high-performance liquid chromatogra-
phy (HPLC) every 24 h, up to 72 h of the saccharification process. The enzymatic saccharifi-
cation was performed using cellulase and β-glucosidase, as reported by Hamzah et al. [73].
The highest initial glucose concentration from the pretreated EFBs was achieved at 72 h
with 21.14 ± 1.49 g/L. Meanwhile, the initial glucose concentration at 24 and 48 h were
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13.827 ± 2.813 g/L and 20.295 ± 1.308 g/L respectively. During the saccharification process,
the cellulose in the EFBs was converted to glucose [39].

The enzymatic saccharification of pretreated EFBs was performed to determine the
maximum glucose concentration which can be produced during the saccharification. The
maximum glucose production was observed at 72 h of incubation with 21.14 ± 1.49 g/L.
A similar result has also been reported by Abu Bakar et al. [74], in which the maximum
reducing sugars reported was 6.86 g/L at 72 h. According to Adela et al. [32] the longer
the enzymatic saccharification time, the higher the glucose yield obtained from the sac-
charification process. In another study by Hossain et al. [75] the result showed that the
glucose content for the oil palm waste residue continuously increased with the increase in
the hydrolysis time. The high concentration of the reducing sugars was not only due to the
cellulase activity, which produces glucose, but it also can be attributed to the hemicellulases
in the biomass [73]. The characteristics of lignocellulosic biomass feedstocks and their
pretreatment method in the research influence the performance of cellulase during the
enzymatic saccharification process [76].

3.3. Microbial Consortium of S. cerevisiae and T. harzianum
3.3.1. Morphology of the Microbial Consortium of S. cerevisiae and T. harzianum

Microbes in a consortium are able to use a broad range of carbon sources. Therefore,
the microbes can perform complex functions that are impossible for a single type of mi-
croorganism [77]. A microbial consortium of S. cerevisiae and T. harzianum was used as the
fermenting microorganisms during the fermentation process. Each microbial strain was
cultured independently and then co-cultured together in the same plate, as in Figure 4a–c.
The morphologies of yeast and fungi strains were also studied based on their microscopic
morphology, as in Figure 4d–f. The morphology of the microbes cultured was observed
under the microscope before being used as inoculums in the fermentation process to ensure
healthy and pure cells were used in this research. This is to avoid unrelated microbes being
inoculated and isolated into the fermentation broth during the fermentation.
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of S. cerevisiae and T. harzianum.

Figure 4a,c shows the pure culture of S. cerevisiae and the cells’ microscopic view on
day 3 of culturing. The S. cerevisiae cells that were observed under the microscope were
generally round, globular, and ellipsoid in shape, having a diameter of approximately
2–8 µm in length, and most of the cells were attached and elongated to each other. Kusfanto
et al.’s [78] result showed that the S. cerevisiae cells were usually round or oval-shaped with
various sizes. Cells reproduce through a process called budding, and a typical yeast cell
is around 5–10 µm in diameter [79]. From the figure, some of the cells observed formed
budding. Budding formation indicates the cell division process, in which the “mother” cells
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produce an ellipsoidal daughter cell. S. cerevisiae is one of the most common microbes used
in producing bioethanol while T. harzianum is reported to produce the cellulase enzyme,
which helps in the fermentation process [80].

The microscopic morphology of Trichoderma isolates was observed with 100X magni-
fication under the light microscope in Figure 4d. The shapes, colors, and sizes of conidia
were also observed. The conidia cells have ovoidal shapes and were mostly single-celled.
The colors of the conidia of Trichoderma were found to be green. Conidiophores were
many-branched, hyaline, and bearing a single or group of phialides. Phialides were usually
flask-shaped, had a slightly narrowed base, and were also swollen in the middle with a
pointed tip. Conidia were single-celled, green, and ovoid with rough or smooth walls gen-
erally borne in small terminal clusters. A few conidia cells were found to be slightly ovoidal
shaped [81]. The T. harzianum colonies, which were grown in the PDA plates, should be
white at the early stage but turn to a dark green color after 7 days of culturing [82]. The
production of T. harzianum green conidia on the PDA plate was denser in the center [83].
Different intensities of green colors of mature conidia which were light green, dark green,
yellowish-green, and grayish-green can be observed on the PDA plate, as in Figure 4b. PDA
was the best medium in terms of biomass yield and growth spore production [84].

The morphological characteristics of the microbial consortium of S. cerevisiae and
T. harzianum were also observed under the light microscope at 100× (Figure 4f). From the
figure, both the fungal hyphae of the T. harzianum and yeast S. cerevisiae cells were observed.
In the co-culture of S. cerevisiae and T. reesei on PDA and LM mixed with cassava, the fungal
hyphae also grew with yeast cells when observed under a compound microscope at 100X
magnification [85]. From the figure, it is shown that the co-culture has conidiophores with
paired primary branches where their phialides were flask or cylindrical in shape. In a
study conducted by Prajankate and Sriwasak [85], the white colonies of the S. cerevisiae
were covered by the green T. reesei mycelium after culturing on the PDA plates at 37 ◦C for
5 days, as in Figure 4c.

In recent years, research has been more focused on bioprocesses using the S. cerevisiae
as a co-culture with Trichoderma spp., due to better fermentation attributes in the conversion
of a complex form of carbohydrates into glucose and then the conversion of glucose to
ethanol and CO2 [86]. A microbial consortium is considered a prospective bioprocess if
each microorganism metabolizing its substrate is not disturbed by the presence of another
microorganism [19]. According to Kumar et al. [87], S. cerevisiae and Actinomyces co-
culture fermentation resulted in higher bioethanol production from apple pomace with
49.64 g/L, while employing a culture of S. cerevisiae alone produced only 37.6 g/L ethanol.
Swain et al. [33] mentioned that the ability of bioethanol production from un-saccharified
sweet potato flour using S. cerevisiae and Trichoderma spp. co-culture was 65% higher than
employing a single culture of S. cerevisiae.

3.3.2. Growth Curve of S. cerevisiae, T. harzianum, and the Co-Culture of S. cerevisiae and
T. harzianum

Figure 5 shows the growth curve of S. cerevisiae, T. harzianum, and the co-culture of
S. cerevisiae and T. harzianum by measuring the optical densities of the suspension cultures
every 3 h for 48 h at a wavelength of 600 nm [34]. OD is generally used to determine the
inhibitory activity of antifungal compounds [88]. Microbes should be harvested at the
exponential phase before being inoculated into the fermentation medium for bioethanol
production. It is difficult to obtain a higher yield of bioethanol due to the slow growth of
microbes from the depletion of nutrients [20]. Hence, the growth of the yeast and fungi
was studied.

The growth curve of yeast S. cerevisiae showed a short lag phase while the log phase
had the sharpest slope and lasted nine hours. From the figure, the logarithmic phase of the
yeast S. cerevisiae was between the 3rd to 12th hours after the onset of the inoculation. In the
first three hours, there was a slight increase in the growth of the yeast culture. Subsequently,
the growth increased gradually from the 3rd h, (0.395 ± 0.013) to the 12th h (1.029 ± 0.005).
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From the 12th to the 18th h, a slow increase in the growth of the yeast was observed with
absorbances of 1.029 ± 0.005, 1.035 ± 0.006, and 1.037 ± 0.007, respectively. The growth
curve reached a maximum point at the 21st h, at which the absorbance was recorded at
1.129 ± 0.003. After the maximum growth was achieved, the absorbance of yeast culture
was in a stationary pattern until the 48th h (1.089 ± 0.009). There were no major observable
changes shown in the growth curve of yeast S. cerevisiae from hours 21 to 48.
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T. harzianum.

The growth curve of fungi T. harzianum demonstrated an increasing trend from
the 3rd h until the 6th h. These can be seen in the absorbance reading, increasing from
0.374 ± 0.009 to 0.460 ± 0.007. However, the absorbance reading started to decrease from
the 9th (0.457 ± 0.004) to the 15th (0.275 ± 0.003) hours. Then, the growth pattern of the
fungi was in a stationary state until the 48th h (0.204 ± 0.002). The absorbance reading of
the fungi T. harzianum showed a much lower reading compared to the yeast S. cerevisiae
and the co-culture of S. cerevisiae and T. harzianum. Absorbance reading or using OD for
the filamentous fungi was not so accurate because the hyphae that were growing were not
distributed evenly in the microplate well. Thus, there are uncertainties in the estimation of
the fungal growth in the medium. Moreover, a higher OD reading might occur due to the
sporulation occurring on the surface of the wells, which gives an overestimation of growth.
OD reading is, therefore, more suitable for growth vs. no growth studies or for the initial
detection of mold growth [88].

For the growth curve of the co-culture S. cerevisiae and T. harzianum, the growth was
increased from the 3rd h to the 12th h and started to enter the stationary phase from the
15th to the 48th h. There was a gradual increase in the growth of the co-culture for the first
three observations (3rd, 6th, and 9th hour) with an absorbance reading of 0.494 ± 0.048,
0.688 ± 0.038, and 0.851 ± 0.002 respectively. At the 12th h, the absorbance reading was
the highest growth of the co-culture with an absorbance reading of 1.129 ± 0.051. From
the 15th (1.095 ± 0.005) to 48th (1.077 ± 0.015) hours, the yeast growth was slowed down,
which eventually became a stationary phase.

The growth curve of yeast S. cerevisiae and the co-culture S. cerevisiae and T. harzianum
was similar compared to the growth curve of fungi T. harzianum. The yeast and co-culture
cells had a predictable pattern of growth which can be divided into lag, log, deceleration,
and stationary phases [89]. In the lag phase, no growth occurs as the cell culture is adapting
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to its environment. Microorganisms are biochemically active in the lag phase but they are
not dividing [44]. During the log phase, the cells are growing and dividing rapidly [89].
The cells then reach a stationary phase, where no growth occurs. This is because the cell
numbers reach a maximum point at which the cell numbers stop increasing [44]. For the
inoculation into the EFBs during the fermentation process, the microorganism cells were
harvested at the early exponential phase, which was after 12 h of incubation.

3.4. Selection of Microorganisms and Enzyme Combinations

The selection of microbes (S. cerevisiae and T. harzianum) and enzymes (cellulase
and β-glucosidase) was carried out by comparing the bioethanol concentration after the
fermentation process, as in Figure 6 From the figure, the combination of S. cerevisiae and
T. harzianum and enzymes (Cellulase and β-glucosidase) had better results in the conversion
of the EFBs into bioethanol production.
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From the results obtained, it can be seen that there is a significant difference in the
bioethanol production of each run using the empty fruit bunches. According to the figure,
M1 had the highest bioethanol concentration with a mean of 11.76 ± 0.79 g/L. Based on pre-
vious studies, a combination of the enzymes cellulase and β-glucosidase was successfully
employed as the main enzymes for bioethanol production, according to the studies reported
by Cui et al. [24], Jung et al. [90], Raman and Gnansounou [91], and Sudiyani et al. [40].
Enzyme cellulase possesses a different catalytic potential for cellulose breakdown and
saccharification into fermentable sugar glucose [92]. The Addition of the β-glucosidase
enzyme will help in attaining good cellulose hydrolysis performance by breaking down the
cellobiose and cellotriose into glucose monomers [93]. Shokrkar et al. [94] described that
β-glucosidase promoted the enzymatic hydrolysis process of algal cellulose by increasing
the production rate of glucose and decreasing the cellobiose inhibition. A previous study
by Poornejad et al. [95] reported that the glucose yield of untreated straw was increased
significantly from 25.7% to over 75% for the treated straw during the saccharification
process using cellulase and β-glucosidase enzymes. The results of these studies proved
that the combinations of cellulase and β-glucosidase were better in enhancing bioethanol
production than the single enzyme treatment when combined together with the fermenting
microorganisms.

Moreover, a combination of co-cultured S. cerevisiae and T. harzianum was found to
be better as the fermentative microorganisms than using the S. cerevisiae and T. harzianum
independently in the SSF process. The combination of S. cerevisiae and T. harzianum was
found to be the best compatible mixed culture for maximum bioethanol production using
EFBs in the solid-state bioconversion process compared to other combinations [26,96]. In
addition, T. harzianum is a prolific enzyme producer that aids in facilitating the sacchar-
ification of EFBs, as it is regarded as a potential cellulase enzyme producer [97,98]. The
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co-culture of ethanol-fermenting and amylolytic microorganisms has also shown great
potential in making a cost-competitive SSF process for bioethanol production [99]. A study
by Verma et al. [100] shows that the ethanol production by a co-culture of S. diastaticus
and S. cerevisiae 21 (24.8 g/L) was higher than the monoculture of S. diastaticus (16.8 g/L)
using raw, unhydrolyzed starch. According to Dey et al. [101], the co-cultivation of Baker’s
yeast S. cerevisiae and P. stipitis NCIM 3499 also resulted in a higher ethanol concentration
of 42.34 g/L with 0.53 g/g yield from 18% (w/w) solid loading of pulp and paper sludge
waste. Similarly, Izmirlioglu and Demirci [30], observed a maximum amount of bioethanol
production at 35.9 g/L when A. niger and S. cerevisiae were co-cultured for the SSF of
industrial waste potato mash. Liu et al. [102] obtained a 5.825 g/L ethanol yield (40.84% of
theoretical yield) by using mixed cultures of Trichoderma, S. cerevisiae, and Penicillium for
the bioethanol production of alkali-pretreated wheat bran.

3.5. SSF Optimization for Bioethanol Production

In simultaneous saccharification and fermentation, the enzymes and microbes will be
simultaneously converted into ethanol [52]. Therefore, the optimization of the SSF process
is important in order to achieve maximum bioethanol production from EFBs at a minimal
cost [103]. Four parameters, including fermentation time, temperature, pH, and inoculum
concentration, which have a significant influence on fermentation, were optimized using
CCD-based RSM. The experimental design and response for the optimization of the SSF
process of pretreated EFBs were as in Table S1. The interactive effect of the independent
variables was studied in order to obtain optimum conditions for bioethanol production. A
good correlation between the experimental and predicted bioethanol concentration from
different parameters was observed. This indicates the high accuracy of the response surface
model constructed in this experiment.

Further data analysis of the results obtained was performed using the RSM software
to determine the suitable model that best fits the experimental data. A quadratic model was
suggested as the model because the p-value was statistically significant with a p-value of
<0.0001 (Table S2). The R2 value at 0.9633 was close to 1, hence indicating the high accuracy
of this model and signifying a better correlation between the observed and predicted
values [87]. The adjusted R2 of 0.9266 was in agreement with the predicted R2 of 0.7774.
Adequate precision compares the average prediction error to the range of the predicted
values at the design points [9]. Moreover, the lack of fit value of 2.95 implies that the lack
of fit model was not significant relative to the pure error. There is a 15.41% (p-value of
0.1541) chance that a lack of fit value this large could occur due to noise. The experimental
responses fit with the model when the lack of fit value obtained was not significant in the
experiment and could be used to predict the optimum conditions accurately [18].

From the analysis of variance (ANOVA) (Table S3), the Model F-value of 26.25 im-
plies that the model is significant. The ANOVA focused on the relationship between the
independent and dependent variables based on the results and data obtained [66]. Based
on the ANOVA, eight model terms, fermentation time (A), temperature (B), inoculum
concentration (D), the interaction of fermentation time and inoculum concentration (AD),
the interaction of temperature and pH (BC)), fermentation time (A2), temperature (B2) and
inoculum concentration (D2), were found to be statistically significant with a p-value of
less than 0.05 (<0.05), which affects the fermentation. The values of coefficient of variation
(C.V. % = 8.37), standard deviation (SD = 0.59), and predicted residual sum of squares
(PRESS = 29.69) were relatively low, which explained that the model had good precision
and the experiments were reliable.

Final Equation in Terms of Coded Factors:

Bioethanol concentration (g/L)
= 8.48 + 1.79 (A) − 0.34 (B) + 0.09 (C) + 0.31 (D) − 0.31 (AB) − 0.074 (AC) − 0.46 (AD)

0.38 (BC) − 0.043 (BD) + 0.041 (CD) − 1.14 (A2) − 0.42 (B2) − 0.021 (C2) − O.26 (D2)
(4)
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Note: A denotes the fermentation time (h), B is the temperature (◦C), C is pH, and D is
the inoculum concentration (% (v/v)).

Figure 7a–f shows the 3D response surface plots analysis of the CCD model for the
optimized conditions during fermentation. Each figure represents the effect of two different
variables on bioethanol production while the other conditions were kept constant at their
optimum points [104]. The surface plots show the significant influences of each param-
eter on bioethanol production in this study. It is also used to investigate the interaction
among the parameters and to determine the optimum concentration of each variable for
maximum bioethanol production from EFBs [103]. The significant loss of EFBs during
pretreatment, incomplete hydrolysis, inefficient fermentation conditions, and type has been
identified as a major limitation that leads to poor yield in bioethanol production [105].
Hence, an optimization process was performed to improve the fermentation parameters
which influence the bioethanol production efficiency of EFBs. In this study, the effects of
fermentation time, temperature, pH, and inoculum concentration on bioethanol production
were studied. From the 3D response surface plot analysis, the optimum predicted condi-
tions for bioethanol production from EFBs were: 72 h fermentation time, temperature 30 ◦C,
pH 4.8, and 10% (v/v) inoculum concentration. Under the above conditions, the maximum
experimental bioethanol production was found to be 9.95 g/L, while the predicted response
was 9.46 g/L.
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3.5.1. Effect of Fermentation Time

From the studies, the highest bioethanol concentration obtained was 9.95 ± 0.41 g/L
at 72 h while the lowest was 3.35 ± 0.56 g/L at 24 h. The highest bioethanol concentration
was produced at a longer fermentation time of 72 h. Bioethanol production gradually
increased from 24 to 72 h since the fermentable sugars were sufficient for the growth
of microorganisms in order to digest the sugars into bioethanol. It can be seen that the
bioethanol concentration tends to increase with the time of fermentation until all the
fermentable sugars in the medium are completely utilized by the fermenting microbes. The
bioethanol production was found to decrease slightly after 72 h [39].

In this current study, it can be seen that a fermentation time of 60 to 72 h shows a
good correlation to the bioethanol production of EFBs. In [93], the bioethanol concentration
improved with the increase in fermentation time using the co-culture of T. harzianum
and S. cerevisiae of EFBs. The optimum fermentation time, 72 h was found as a suitable
period to obtain higher bioethanol production. Similar results have also been reported
by Syadiah et al. [106], in which the maximum ethanol production from sweet sorghum
bagasse using a co-culture of S. cerevisiae and Trichoderma reesei was obtained at 72 h of
fermentation with 6.60 g/L. Jambo et al. [107] revealed that the optimum fermentation time
for bioethanol production from Eucheuma cottonii based on CCD was also 72 h.

3.5.2. Effect of Temperature

The highest bioethanol (9.95 ± 0.41 g/L) concentration was obtained at 30 ◦C. High
temperature has been shown to lower bioethanol production [108]. Temperature has a
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major effect on bioethanol fermentation. The optimum temperature of the enzymes and
yeast S. cerevisiae growth was 50 ◦C and 28 ◦C, respectively [44]. In this study, a new
combination of enzymes (Cellulase and β-glucosidase) and microorganisms (S. cerevisiae
and T. harzianum) were employed in the SSF fermentation process. Every enzyme and mi-
croorganism has its own optimum temperature for every process. Therefore, it is important
to strike a balance between the optimal temperature for the enzymes and microorgan-
isms used in the fermentation [109]. Thus, the optimization process for the parameter of
temperature (30 ◦C to 50 ◦C) was carried out in the SSF fermentation.

In this study, the optimum temperature for the highest bioethanol production using
co-cultures in EFBs was observed to be 30 ◦C. The cellulolytic enzyme activity shows a
maximum at 30 ◦C in co-culture conditions in the present study, which might due to one
of the enzymes; cellulase is derived from the microorganism Trichoderma reesei. Thus, the
cellulolytic activity, which works best at 30 ◦C, influenced the glucose production from
cellulase. This result is in accordance with the study of Ahmad et al. [110], in which the
optimum temperature for maximum ethanol production was at a temperature of 30 ◦C. The
ethanol yield was decreased significantly when temperature values were higher or lower
than 30 ◦C. However, Verma et al. [100] suggested that a slight difference in temperature
between 30 ◦C and 40 ◦C will not affect the ethanol fermentation of starch using a co-
culture of S. cerevisiae and S. diastaticus. Research by Kassim et al. [111] reported that the
lowest ethanol production rate was at 40 ◦C compared to other temperatures at 30 ◦C and
35 ◦C. This is because fermentation at higher temperatures can inhibit ethanol production.
Moreover, a decrease in the viable cell number at temperatures above 30 ◦C would lower
the bioethanol concentration and fermentation efficiency [33]. According to Park et al. [20],
the optimal temperature for ethanol production using a fed-batch from the alkali-pretreated
EFBs was 30 ◦C. Sahu et al. [112] attained the highest bioethanol production with 29.5 g/L
at a 30 ◦C temperature for the fermentation process of glucose for rose petals.

3.5.3. Effect of pH

From the results, the highest bioethanol concentration of 9.95 ± 0.41 g/L was obtained
at pH 4.8. In order to determine the effect of pH on the fermentation by the co-culture
on bioethanol production, the citrate buffer pH was adjusted in the range of 4.8 to 6.0. In
the present study, it was found that pH did not significantly affect the optimization of the
fermentation, based on the ANOVA analysis. This occurred because the range of pH chosen
for the optimization process was not wide enough to be used in the fermentation process.
From the results, both the high (6.0) and low (4.8) pH values showed little difference in
bioethanol production.

From the CCD optimization design, it was indicated that the optimum pH value for
the fermentation process was 4.8. This shows that the co-culture preferred a slightly acidic
condition to grow. Even though acids were required for the production of bioethanol, a
highly acidic condition was not suitable for cell growth [113]. In Alam et al. [114], pH 5.5
was found as the optimum pH that led to a maximum bioethanol production of 7.4 g/L
using co-cultured S. cerevisiae and A. niger for EFB fermentation. Meanwhile, Anu et al. [115]
exhibited the best attribute for bioethanol production with 18.07 g/L for the enzymatic
hydrolysate (20%) of pretreated rice straw at pH 6, 30 ◦C after 72 h. Meanwhile, the study
by Chohan et al. [116] observed an increase in the ethanol yield from 0.14 g/g to 0.29 g/g
after the pH was increased from 4.00 to 6.30. However, further increases in pH beyond
6.30 reduced the process yield. Hence, increasing the pH value significantly affected the
production of ethanol and the rate of glucose consumption during the fermentation process.

3.5.4. Effect of Inoculum Concentration

According to the results, the highest bioethanol (9.95 ± 0.41 g/L) concentration was
produced at 10% (v/v) inoculum concentration, respectively. These results were in line with
the results obtained by Swain et al. [30] for the production of ethanol using sweet potato,
in which the optimal inoculum size was 10%. Ansar et al. [117] described that the higher
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the percentage of inoculum used during fermentation, the higher the amount of ethanol
produced. An increase in the inoculum concentration should increase the concentration
of bioethanol. Different inoculum concentrations can be used to determine whether the
ethanol yield and productivity were influenced [109]. In this study using the RSM approach,
it was found that a high inoculum concentration increased the bioethanol yield.

The inoculum concentration used is one of the most critical factors which influences the
industrial fermentation, lag phase duration, biomass yield, specific growth rate, and final
product yield [118]. Kabbashi et al. [31] employed a 4% (v/v) inoculum size in the direct
solid-state bioconversion of palm oil EFBs for bioethanol production with a maximum
ethanol yield of 14.1% (v/v). The research by Neelakandan et al. [119] showed that the
optimum inoculum concentration for cashew apple juice for bioethanol production was 8%
(v/v) with a maximum bioethanol yield of 7.62% (v/v).

3.6. Bioethanol Production Using Optimized Conditions of Fermentation

The experimental analysis was performed to determine the optimized conditions
for the fermentation process. Based on the optimization analysis of the experimental
data, the suggested optimum levels of all the variables from the quadratic model of CCD
in this study were 72 h of fermentation time, a temperature of 30 ◦C, pH 4.8, and an
inoculum concentration of 6.79% (v/v). From these optimized conditions, the bioethanol
concentration can reach up to 9.72 g/L with the desirability of 0.977.

A validation experiment was carried out to evaluate the conditions predicted by the
CCD. The fermentation process was conducted under optimized conditions with 72 h of
fermentation time, a temperature of 30 ◦C, pH 4.8, and an inoculum concentration of 6.79%
(v/v). The bioethanol concentration after the fermentation process was 9.65 g/L, which
was in close agreement with the predicted value of 9.72 g/L. The difference between the
predicted and experimental value was only 1.07%. Therefore, it can be concluded that the
response surface from this study is reliable to be used to predict bioethanol production
from the fermentation process.

4. Conclusions

Empty fruit bunches were treated with sequential acid-alkali pretreatment before being
further used as the main feedstock in this study. A change in the physical characteristics and
morphology of the EFBs before and after the pretreatment was confirmed by SEM and FTIR
analysis. From the SEM analysis, the formation of pores and removal of silica was shown in
the treated EFBs’ structure. The FTIR spectra of EFBs showed a different graph pattern and
peak between the raw and treated EFBs. The combination of enzymes and microorganisms
in producing bioethanol was screened to determine the optimum concentration of this
combination for the fermentation process of EFBs. It was found that enzyme combinations
of cellulase and β-glucosidase with the microorganism combination of S. cerevisiae and
T. harzianum had better results in the conversion of the EFBs into bioethanol production.
From the GCMS analysis, this combination has the highest bioethanol concentration with
11.76 ± 0.79 g/L. The simultaneous saccharification and fermentation (SSF) optimization
process was performed on pretreated EFBs by employing the central composite design of
Response Surface Methodology. The effects of fermentation time, temperature, pH, and
inoculum concentration on the fermentation were then analyzed. During fermentation, the
highest bioethanol concentration was obtained at 72 h, 30 ◦C, pH 4.8, and an inoculum
concentration of 10% (v/v). Based on the CCD analysis, the SSF of pretreated EFBs was
repeated using the optimized conditions. From the results, the experimental data obtained
were in close agreement with the RSM model prediction. Thus, it can be deduced that
the RSM optimization of EFBs using SSF employed in this study is a promising tool for
the better optimization of the fermentation process of bioethanol production in the future.
Moreover, a new combination of enzymes and microbes was employed in the fermentation
process. This combination has never been employed in other studies related to bioethanol
production from EFBs using simultaneous saccharification and fermentation. Hence, this
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study can be a pioneer for the development of bioethanol production, as the results obtained
were satisfactory with regard to bioethanol yield. Moreover, the employment of a central
composite design from the RSM method for the optimization of the SSF process in this
study showed a promising potential for the production of bioethanol using lignocellulosic
biomass waste in the future. Thus, this study may contribute to future research for second-
generation bioethanol using lignocellulosic biomass waste in Malaysia. In addition, the
potential of EFBs as the main feedstock may contribute to the economic development of
Malaysia by producing bioethanol, which is commercially valuable.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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and fermentation. Table S3: Analysis of variance table (ANOVA).
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