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Abstract: In the present study, palm fiber (PF) and palm fronds (PFN) were selected as local agri-
cultural wastes for the extraction of different biopolymers (cellulose, hemicelluloses, and lignin)
by alkaline sodium hydroxide (PF, 2.37% NaOH at 86.5 ◦C for 1.6 h; PFN, 6% NaOH at 90 ◦C for
1 h) and bioethanol production. The processes of extraction were optimized by the experimental
design method of Taguchi. The total carbohydrates of PF and PFN obtained were 24.4% and 31.0%,
respectively. In addition, the untreated palm fiber (UPF), untreated palm frond (UPFN), cellulose
palm fibers (CPF), and cellulose palm fronds (CPFN) were subjected to enzymatic hydrolysis pro-
cesses using crude enzymes and commercial enzymes at 48 ◦C and pH 5.5. The results indicate
that the maximum reducing sugars used were CPF 229.90, CPFN 243.69, UPF 120.19, and UPFN
100.00 (mg/g), which were obtained at a crude enzyme loading. CPF and CPFN hydrolysates were
then successfully converted into bioethanol by a separate enzymatic hydrolysis and fermentation
by Saccharomyces cerevisiae. Anaerobic cultivation of the hydrolysates with S.cerevisiae resulted in
0.222 g/g and 0.213 g/g bioethanol in the case of CPF and CPFN, respectively. Optimization processes
could be an innovative approach to the sustainable development of bioethanol production.
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1. Introduction

Recently, the use of biomass has become more widespread due to growing global
environmental issues and the need for new green biomaterials. During domestic and
industrial processing, large amounts of agricultural waste are produced for the manufacture
of different goods, creating a major problem of biowaste manufacture. Therefore, the
processing of agricultural waste in order to reduce the environmental impacts attributed
to discarding it is a crucial task [1]. Important issues are new low-cost methods and
techniques for extracting renewable cellulose and its modification to produce a promising
value-added derivative of cellulose.

The date palm is the most important agricultural product in the world’s arid zones,
particularly in North Africa and the Middle East. There are over 120 million date palms
worldwide, which yield millions of tons of dates per year, apart from secondary items such
as palm midribs, fiber, stems, fronds, and kernels [2]. The Arab world has over 84 million
date palm trees [3]. Egypt was the world’s largest producer of dates in 2012 (1.47 million
tons), accounting for almost one fifth of global production [4].

Date palms contain tremendous amounts of agricultural waste in the form of dry
leaves, roots, pits, and kernels. A typical date tree can produce up to 20 kg of dry frond
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per year, while date pits account for nearly 10% of date fruits. Some studies have estimated
that Saudi Arabia alone produces over 200,000 tons of date palm annually. Date palm is
renewable because it can be replaced in a relatively short time. It takes 4 to 8 years to bear
fruit after planting, and 7 to 10 years for commercial harvest yields [5]. Date palm wastes
are usually burned on farms or disposed of in landfills, which causes pollution. A small
portion of its biomass is used in the processing of animal feed in countries such as Iraq
and Egypt. Such amounts of essential and useful biomass waste are of potential interest
in various countries, since they can be seen as new sources of cellulosic fiber. Innovative
ways of valorizing this abundant renewable resource should therefore be found [6]. Alter-
natively, several studies have shown that date palm waste can function as an efficient filler
in thermoplastic and thermosetting materials for use in various industrial applications [7].
Agricultural wastes supply approximately 33% of the total biofuel consumption (39% Eu-
rope, 29% Latin America, 13% Africa, 41% India, and 51% China). A total of 491 billion
liters of bioethanol can be produced per year from lignocellulosic biomass [8].

Cellulose, hemicelluloses, and lignin are the main constituents of date palm biomass.
Additionally, date palm has low moisture content. Such factors make date palm biomass
an excellent resource in Egypt for waste-to-energy conversion. The low level of humidity
in date palm waste makes it suitable for thermochemical conversion technologies such as
combustion, gasification, and pyrolysis that can produce steam, syngas, biofuel, etc. There
is a broad range of thermal and biochemical technologies for converting the energy con-
tained in date palm biomass to usable energy forms. By using hydrolysis and fermentation
processes, the cellulosic content, in date palm waste can be transformed into bioethanol.
Therefore, Egypt’s abundance of date palm trees could catalyze the growth of the biomass
and biofuel industry [9].

In order to evaluate its applications, the agricultural waste of date palm, specifically
fronds and fibers, was subjected to chemical treatment. The present study, therefore, aimed
to extract cellulose, hemicellulose, and lignin from Egyptian date palm agricultural waste
(fronds and fibers). The extraction process was optimized by the Taguchi experimental
design method using different conditions (alkali treatment, time, and temperature). Ad-
ditionally, untreated palm fibers, palm fronds, and extracted crude cellulose palm fibers
and fronds were subjected to an enzymatic hydrolysis process using crude and commercial
enzymes. The hydrolysate cellulose was then converted to bioethanol by fermentation
using Saccharomyces cerevisiae. The hydrolysis and fermentation processes were also op-
timized in order to provide an innovative approach to the sustainable development of
bioethanol production.

2. Materials and Methods
2.1. Materials
2.1.1. Palm Fiber and Frond Collection

Palm fibers (PF) and palm fronds (PFN) (Phoenix dactylifera L.) were collected from
Siwa Oasis in the Western Desert in October 2018. Using a grinding machine, the collected
agricultural waste was then dried at 70 ◦C in an oven to a constant weight andmilled into a
powder (0.5–1 cm).

2.1.2. Chemicals

Sodium hydroxide, HCl and H2SO4 were obtained from local scientific distributors in
Egypt. Other chemicals, including BaCO3, NaOH, n-BuOH, acetone, and aniline, were pur-
chased from Sigma-Aldrich, Merck, and BDH. All chemicals used were of analytical grade.

2.1.3. Microorganisms and Enzymes

A Saccharomyces cerevisiae (S. cerevisiae) commercial strain was obtained from the cul-
ture collection of the Bacteria Division, Faculty of Science, Helwan University. A laboratory-
prepared enzyme mixture was obtained from isolated Aspergillus niger (A. niger) and
commercial cellulase (Novozyme 188).
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2.2. Methods
2.2.1. Physiochemical Analysis

The chemical composition of the collected PF and PFN (wax, moisture, protein, and ash
content) was determined according to AOAC [10]. Low-molecular-weight carbohydrates
(LMWC) were calculated after soxhlet extraction by dissolving them in 85% ethanol for
24 h and analyzing them by paper chromatography as per [11]. Identification of spots was
accomplished by spraying the papers with aniline–phthalate reagent [12]. The phenol–
sulfuric acid method was used to conduct quantitative screening of D-glucose, L-arabinose,
D-xylose, and D-glucuronic acid [13]. Then, the color density for pentose and hexose sugars
was estimated at a wavelength of 480 nm and 490 nm, respectively.

2.2.2. Total Carbohydrates Estimation

Strong acid hydrolysis was applied to determine the total carbohydrates of PF, PFN,
extracted cellulose, and hemicellulose as glucose [13] as follows: 0.5 mg of the sample
was carefully stirred with 0.5 mL of ice cold 80% H2SO4 to give a paste and was kept
at room temperature for 15 h, then diluted with a mixture of cold distilled water (up to
13 mL). In a sealed tube, the solution was further hydrolyzed by heating in a boiling water
bath for 6 h. The hydrolysate solution was neutralized by the addition of a calculated
amount of BaCO3. The neutralized solution was filtered and thoroughly washed with
water. The filtrate was treated by a cation exchange resin (Amberlit IR-120 (H+)). The
total amount of carbohydrates was determined in the extract using the phenol–sulfuric
acid method. The details of this method are as follows: after suitable dilution, 1 mL of 5%
phenol solution was added to 1 mL of the resulting diluted solution. After mixing, 5 mL of
concentrated H2SO4 was added rapidly to the mixture, shaken, and set aside for 10 min at
room temperature, then placed in a water bath at 20–30 ◦C for 20 min. Thereafter, the color
density was measured at 490 nm using a UNICO 7200 spectrophotometer [14].

2.2.3. Qualitative Examination

The resulting hydrolysis polysaccharides were decolorized by boiling with charcoal,
concentrated under reduced pressure at 45 ◦C, and then examined by paper chromatogra-
phy (Whatman No.1) using the solvent system n-butanol–acetone–water (4:5:1) [11]. Au-
thentic samples of glucose, glucuronic acid, arabinose, and xylose were co-chromatographed
as reference substances. Detection of spots was achieved by spraying the papers with
aniline–phthalate reagent (1.66 g of o-phthalic acid and 0.91 mL of aniline were dissolved
in a mixture of 48 mL of n-butanol, 48 mL of diethyl ether, and 4 mL of water) [12]. After
chromatographic separation, the chromatogram was air dried and dipped in 40–50 mL of
the aniline–phthalate reagent, air dried, and then heated at 105 ◦C for 10 min in an oven in
order to develop the colored spots.

2.2.4. Quantitative Determination

Quantitative determination of the hydrolysis polysaccharides was done according to
the method of [15] with modifications. The individual chromatographic monosaccharide
spots were cut off, divided into small strips, dropped into 4 mL of eluting agent (0.7 N HCl
in 80% ethanol) in a test tube, and shaken for complete elution. Using the UNICO 7200 spec-
trophotometer, the absorption of the resulting colored solutions was estimated at 390 nm
for pentose and 490 nm for hexose sugars. The quantities of monosaccharide were calcu-
lated by comparison with the corresponding standard curves developed under the same
conditions [16].

2.2.5. Dewaxing PF and PFN

The wax content was calculated by immersing the milled PF and PFN in a mixture of
toluene and ethanol (2:1, v/v) overnight and then filteringthe mixture. The oily residue
was collected in a 250 mL round-bottom flask. The wax was eliminated at reduced pressure
in a rotary evaporator and then dried in an oven at 60 ◦C for 16 h [17].
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2.2.6. Alkaline Extraction Optimization

Alkaline treatment of dewaxed PF and PFN using the Taguchi experimental design
method, a standard L9 orthogonal array, was used to examine four factors (type of alkaline,
concentration (%), time (h), and temperature (◦C))at three levels. Extraction experiments
were conducted onthe static flask stage involving 5 g of dewaxed PF and PFN (liquid-to-
solid ratio, 20 mL/g) [17]. The lower and upper levels of optimized factors were selected
based on suitable conditions for efficient dissolution of hemicelluloses, lignin, and silica
(weight loss %, w/w). The level factors were studied, and the layout of the L9 Taguchi model
is presented in Table 1. Each of the nine extraction experiments (denoted by “runs”) was
carried out as per the defined values of four different parameters at three different levels.

Table 1. L9 Taguchi model matrices.

Run A
Alkaline

B
Concentration (%)

C
Time (h)

D
Temperature (◦C)

1 NaOH 2 1 90

2 Ca(OH)2 2 2 30

3 NH4OH 6 2 90

4 NaOH 4 2 55

5 Ca(OH)2 4 3 90

6 NH4OH 4 1 30

7 Ca(OH)2 6 1 55

8 NH4OH 2 3 55

9 NaOH 6 3 30

2.2.7. Taguchi Model Runs Analysis

The Design Expert statistical software package (version 7.0) was used to determine
the outcomes of the extraction runs. The response values in terms of weight loss (%,
w/w) and S/N ratios of the Taguchi experimental design in the 9 runs were analyzed to
independently extract the main effects of the factors; the analysis of variance conditions
wewas then appliedo determine which factors were statistically significant. The controlling
factors were identified, with the magnitude of the effects qualified and the statistically
significant effects determined. Accordingly, the optimal conditions were determined by
combining the levels of factors that had the highest main effect value. The analysis of
variance (ANOVA) for the responses of weight loss was carried out according to the
factor contributing by the Taguchi method. The factors in the experimental design were
considered to be statistically significant at the 95% confidence limit and were used to
determine the ratio (F) and the p-value (p < 0.05) [18].

2.2.8. Experimental Model Validation

The model was validated by performing an extraction trial employing Taguchi-
optimized extraction process parameters on both dewaxed samples. A total of 5 g of
dewaxed PF and PFN in NaOH (liquid-to-solid ratio, 20 mL/g) was treated at 90 ◦C for
2.9 h separately. The reaction mixture was filtrated, the residue (crude cellulose) was
washed with distilled water until neutralization, and the filtrate was neutralized at pH 7–6
by hydrochloric acid under cooling. For filtration, the residue used was hemicellulose and
the filtrate contained lignin. To obtain lignin, hydrochloric acid was added to the solution
until it reached a pH 1.5. All extracted biopolymers (crude cellulose, hemicelluloses, and
lignin) were dried overnight at 105 ◦C [19].
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2.2.9. FT-IR Spectroscopy

Characterization and identification of the extracted biopolymers were performed
through infrared analysis at National Research Centre, Cairo, Egypt. IR spectra were
collected directly from the crude cellulose, hemicelluloses, and lignin powder on a detector
prism using a Bruker Vectra 22 FT-IR spectrometer equipped with a Dura Sample IR II™
detector. All spectra were taken at a spectral resolution of 4 cm−1 in the wave number
range 4000–400 cm−1.

2.2.10. Enzymatic Hydrolysis Optimization

The Taguchi experimental method was used to optimize the enzymatic hydrolysispro-
cess. The level factors were studied, and the layout of the L9 Taguchi model is presented in
Table 2. Laboratory-prepared Aspergillus niger (A. niger) crude enzymes containing FP-ase,
CMC-ase, and β-glucosidase were used to optimize the enzymatic hydrolysis of extract-
ing crude cellulose. Using the laboratory-prepared A. niger crude enzyme and industrial
cellulase enzyme (Novozyme 188), enzymatic hydrolysis of dewaxed PF, dewaxed PFN,
and extracted crude cellulose was performed in 100 mL of buffer solution at pH 5.5 (0.05 M
citrate buffer) after optimization [20].

Table 2. L9 Taguchi model template matrix layout for PF, PFN, and crude cellulose.

Run
A

Enzymeamount
(IU)

B
Shaking Rate

(rpm)

C
Temperature

(◦C)

D
Substrateamount

(% w/v)

1 30.00 125 42.50 1.00

2 20.00 125 35.00 2.00

3 10.00 137.5 50.00 2.00

4 30.00 150 42.50 1.00

5 20.00 125 50.00 3.00

6 20.00 150 50.00 2.00

7 30.00 150 35.00 3.00

8 20.00 137.5 42.50 3.00

9 10.00 137 35.00 1.00

2.2.11. Glucose Concentration Determination

The hydrolysate samples (1 mL) were added directly to glucose oxidase peroxidase
reagent (1 mL), and then the mixture was incubated at 37 ◦C for 10 min. The absorbance
was recorded at 546 nm. The amount of glucose in each sample was measured by using the
standard curve of glucose oxidase.

2.2.12. Bacterial Growth

The bacterial growth was measured by measuring the optical density (OD) of cultures
at a wavelength of 540 nm using a Shamidzo 2410c UV spectroscope [19].

2.2.13. Fermentation Optimization

Fermentation experiments were carried out under the following conditions: tempera-
ture, 30 ◦C; agitation speed, 40 rpm. Saccharomyces sp. were used as fermentable organisms
and maintained on yeast peptone dextrose agar medium (yeast extract, 10; peptone, 20;
dextrose, 20; agar–agar, 20gl−).

2.2.14. Distillation and Bioethanol Determination

One milliliter of the fermented wash was placed in a 500 mL pyrex distillation flask
containing 30 mL of distilled water. The distillate was collected in a 50 mL flask containing
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25 mL of acidified potassium dichromate solution (33.768 g of K2Cr2O7 dissolved in 400 mL
of distilled water with 325 mL of sulfuric acid andthe volumeraised to 1 L). Approximately
20 mL of distillate was collected in each sample, and the flasks were held for 20 min in
a water bath at 62.5 ◦C. The flasks were then cooled in an ice bath, and the volume was
increased to 50 mL. Five milliliters of solution was diluted with 5 mL of distilled water
to determine the optical density at 600 nm using a spectrophotometer. A standard curve
was prepared under a similar set of conditions by using a standard solution of ethanol
containing 2% to 12% (v/v) ethanol in distilled water. The ethanol content of each sample
was estimated and a graph was prepared [21].

3. Results and Discussion
3.1. Chemical Composition and Total Carbohydrates

In the present examination, it was of interest to survey the constituents of PF and
PFN, including moisture, ash, wax, low-molecular-weight carbohydrates (LMWC), and
protein. The chemical composition of PF and PFN was determined to be (% w/w): moisture,
9.00 and 9.93; wax 3.30 and 4.20, ash 5.1 and 4.9, LMWC 5.2 and 7.9, and protein 2.2 and
2.9, respectively. According to Ragab et al. [19], the chemical composition as percentage
w/w LMWC, lipids, wax, ash, and moisture was for rice straw and rice husk 7.35, 2.15, 5.85,
17.65, and 12.41 and 4.20, 5.45, 12.55, 14.20, and 9.20, respectively.

3.2. Cellulose Extraction Optimization by the Taguchi Method

The influence of four factors on the extraction process was tested (Table 1) by the
Taguchi experimental method in nine runs (Figure 1). The response values for weight loss
(%, w/w) were chosen by the extraction method to maximize the weight loss. The weight
loss efficiency (%, w/w) ranged from 0% to 0.49%, which corresponds to the combined
effect of the four factors within their specific ranges. The experimental findings indicate
that the weight loss is strongly supported by certain variables at the optimal level. The
mean weight loss of PF was 0.49% with a mixture of 4% NaOH at 90 ◦C for 2 h (Figure 1a).
The best response for PFN was 0.451%, which was determined in run 4 under the same
conditions (Figure 1b). Rice straw and rice husk recorded a maximum weight loss under
the same conditions of 0.39% and 0.45%, respectively [19].
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Figure 1. Response values of the L9 Taguchi orthogonal array design.

3.3. ANOVA Analysis of the Taguchi Model Runs

The F-values for PF and PFN imply that the two models were significant (28.07 and
10.06, respectively). The two rice straw and rice husk models were significant, according to
the F-values (67.08 and 218.98, respectively) [20]. The values of “Prob > F” were less than
0.0500, which indicates that the model terms were significant. In the case of the PF model,
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A and D were significant model terms when A, B, and D were significant model terms
for the PFN model. Values greater than 0.1 indicate that model terms are not significant
(Table 3).

Table 3. ANOVA table for the PF and PFN Taguchi models.

Source
Sum of Squares df Mean Square F-Value p-Value Prob > F

PF PFN PF PFN PF PFN PF PFN PF PFN

Model 0.14 0.13 5 5 0.029 0.025 28.07 10.06 0.0101 0.0431

A—Type 0.064 0.070 2 2 0.032 0.035 31.11 14.04 0.0099 0.0300

B—
concentration 7.35 × 10−3 1.667 × 10−5 1 1 7.350 × 10−3 1.667 × 10−5 7.14 6.701 × 10−3 0.0756 0.9399

C—Time 6.667 × 10−5 3.840 × 10−4 1 1 6.667 × 10−5 3.840 × 10−4 0.065 0.15 0.8156 0.7206

D—Temp 0.073 0.055 1 1 0.073 0.055 70.93 22.06 0.0035 0.0183

3.4. Model Evaluation

A common and simple approach to model evaluation is to regress the expected versus
actual value. The 0.6544 “Pred R-Squared”value is in fair accordance with the 0.9442 “Adj
R-Squared” value. The plot of predicted versus actual values shows how well the model
predicted over the range of obtaining data (Figure 2A,B).
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3.5. Response Surface Methodology (RSM)

The 3D response surface graph shows the effect of interaction between the signifi-
cant factors on cellulose extraction. The maximum PF weight loss was obtained using
2.37% NaOH for 1.6 h at 86.5 ◦C (Figure 3A). In the case of the PFN model, 6% NaOH was
used for 1 h at 90 ◦C (Figure 3B).

3.6. Validation of the Experimental Model

The model was validated by taking the best expected parameters of the extraction
method. The validation of the experimental model was carried out by evaluating the
weight loss of PF (% w/w), which was 52.74%, almost equal to the 49.69% predicted value,
and the weight loss of PFN, which was 55.74%, greater than the 44.68% predicted value.
The weight loss of rice straw (%, w/w) was 38.00%, which is almost equal to the predicted
value of 40.73%, and the weight loss of rice husk was 48.10%, which is almost equal to the
predicted value of 47.25% [20].
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3.7. Dewaxed PF and PFN Aqueous Extraction

For both agricultural residues (PF and PFN), cellulose, hemicelluloses, and lignin were
extracted with good yield. Interestingly, it was noted that PFN has high cellulose content
(50.74% (w/w)). In comparison, PFN has low hemicellulose content (6.87%) and low lignin
content (24.61%). On the other hand, PF has 48.34% cellulose, 10.40% hemicellulose, and
only 30.3% lignin content. Therefore, the optimization was effective in obtaining higher
contents of cellulose using a lower concentration of NaOH, a shorter time, and a lower
temperature compared with rice straw (44%) and rice husk (43%) using 4% NaOH for 3 h
at 90 ◦C [17]. The average chemical composition (as a weight percentage) of the date palm
fibers and fronds was: cellulose, 40.21% and 38.26%; hemicelluloses, 12.80% and 28.17%;
and lignin, 32.20% and 22.53%, respectively [22]. Alkali treatment interferes with the cell
wall by dissolving hemicelluloses, lignin, and silica, by swelling cellulose, and by reducing
the cellulose’s crystallinity [23]. In the plant cell wall network, hemicelluloses are relatively
tightly bound to lignin and cellulose by hydrogen and covalent bonds, respectively; it is
difficult to separate them without significant structural modifications [24].

3.8. Qualitative and QuantitativeDetermination of Carbohydrates

Plant cell walls are recognized to be a potential source of active polysaccharides.
To obtain further details on the total carbohydrate content of PF, PFN, and extracted crude
cellulose, hemicelluloses, and lignin, they were subjected to strong acid hydrolysis followed
by qualitative separation and then quantitative determination using paper chromatography.
The total PF and PFN carbohydrate values obtained were 24.4% and 31.0%, respectively;
however, the percentage was small, so some of them could have been lost during dewaxing
processes. The total carbohydrate content of the crude cellulose was 63.95% and 65.20%
for PF and PFN, respectively. In the case of PF and PFN hemicelluloses, the strong acid
hydrolysis caused over-hydrolysis such that the total carbohydrate content was low (72.4%
and 78.1%, respectively). The presence of low carbohydrate content in lignin (PF, 4.45%;
PFN, 5.70) indicates that the extraction method was successful, resulting in some cellulose
and hemicellulose precipitation along with lignin. The sugar content of the rice straw and
rice husk was 62.4% and 64.6%, respectively [19]. According to the paper chromatography
study, the ratios of D-glucuronic acid, D-glucose, L-arabinose, and D-xylose were calculated.
Table 4 presents the results on themonosaccharide constituents for cellulose, hemicellulose,
and lignin extracted from PF and PFN. According to the obtained results, cellulose still
has L-arabinose and D-xylose (hemicelluloses) because pure cellulose should just have
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repeating units of D-glucose. Hemicellulose has glucose, mainly xylose and arabinose.
D-xylose, L-arabinose, D-glucoses, D-galactose, D-mannose, D-glucuronic acid, 4-O-methyl-
D-glucuronic acid, D-galacturonic acid, and, to a lesser extent, L-rhamnose, L-fucose, and
various O-methylated neutral sugars are the main sugars in hemicelluloses. Hemicelluloses
are low-molecular-weight branched polymers with a polymerization degree of 80–200 [25].
Lignin has glucose, xylose, and arabinose (soluble cellulose and hemicelluloses) [26].

Table 4. Monosaccharide constituents of PF and PFN cellulose (CPF and CPFN, respectively),
hemicellulose (HPF and HPFN, respectively), and lignin (LPF and LPFN, respectively).

Monosaccharide Constituents
Monosaccharide Constituents of Acid Hydrolysis (% w/w)

CPF CPFN HPF HPFN LPF LPFN

D-glucuronic acid 4 5 6 9 t t

D-glucose 60 62 29 37 t t

L-arabinose 10 11 30 22 t t

D-xylose 26 22 35 32 t t

3.9. FT-IR Analysis

The FT-IR analysis was carried out primarily to classify the functional groups in CPF,
CPFN, HPF, HPFN, LPF, LPFN, and untreated residues. In general, some variations in the
spectrum were observed in terms of band strength and band disappearance after alkaline
extraction (Figure 4). The CPF, CPFN, HPF, HPFN, LPF, and LPFN spectra showed the
bands listed in Table 5. The peak at 2922–2854 cm−1 was allocated to the C-H stretching
vibration from the-CH2 cellulose group and the peak at 1566 cm−1 was due to the anti-
symmetric C-O-C stretching bridge [27]. The effect of the chemical treatment, which can
lead to the structure of a type I cellulose crystal, was indicated [28].
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Figure 4. FT-IR spectra of cellulose, hemicellulose, and lignin.

3.10. Crude Enzymatic Hydrolysis Optimization

The response values chosen for the optimization process in terms of reducing sugars
showed that the efficiency of the hydrolysate output ranged from 20 to 250 (mg/g), cor-
responding to the combined effect of the four variables in their different ranges (Table 2).
The experimental results suggest that these factors at the optimal level strongly support
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hydrolysate production. The maximum amount of reducing sugars created from both CPF
and CPFN was 229.9 mg/g and 243.2 mg/g, which was observed in run 5 with a combi-
nation of 20 IU of enzymes with a 3% (w/v) substrate at 125 rpm and the best response
temperature (50 ◦C) (Figure 5). Under the same conditions, crude cellulose rice straw and
rice husk gave the maximum reducing sugar amounts of 230.31 mg/g and 221.8 mg/g,
respectively [20].

Table 5. Assignment of bands in the spectra of PF and PFN (cellulose, hemicelluloses, and lignin).

Peak Wave Number (cm−1)
Band Assignment

PF PFN

Hemicellulose

874 cm−1 895 cm−1 C1 group frequency or ring frequency is characteristic of b-glycosidic
linkages between the sugar units

1032 cm−1 1039 cm−1 C–O and C–C stretching or C–OH bending in hemicelluloses

1456 cm−1 1420 cm−1 C–H vibrations of a polysaccharide or OH or CH2 bending

1633 cm−1 1634 cm−1 Absorption ofwater

2925 cm−1 2924 cm−1 C-H symmetric vibrations

3696 cm−1 3434 cm−1 Hydrogen bond in the –OH group

Lignin

1025 cm−1 1025 cm−1 Skeletal vibrations of C-O

1122 cm−1 1122 cm−1 Associated with cyclic ether

1390 cm−1 1383 cm−1 Bending vibrations of phenolic OH

1456 cm−1 1456 cm−1 C–H vibrations of a polysaccharide or OH or CH2 bending

1790 cm−1 1720 cm−1 Carbonyl group C=Ocharacteristic of lignins

2925 cm−1 2925 cm−1 C-H symmetric vibrations

3696 cm−1 3696 cm−1 Hydrogen bond in the –OH group

3778, 3911 cm−1 3780, 3937 cm−1 C-H stretching vibrations of methoxy groups.

Cellulose

875 cm−1 875 cm−1 Refers to -CH rocking vibrations characteristic of a cellulose backbone
and the β-glycosidic linkages between glucose units.

1032 cm−1 1032 cm−1 C–O and C–C stretching or C–OH bending in hemicelluloses

1044 cm−1 1037 cm−1 C-O-C stretching vibrations of the polysaccharide or ring stretching

- 1382 cm−1 C-H stretching

1456 cm−1 1430 cm−1 C–H vibrations of a polysaccharide or OH or CH2 bending

1632cm−1 1632 cm−1 Absorption ofwater

2925 cm−1 2925 cm−1 C-H symmetric vibrations, asymmetric stretching of methyl and
methylene groups

3434 cm−1 3429 cm−1 Hydrogen bond in the –OH group

3.11. ANOVA of Taguchi Model Runs

The obtained F-values for CPF (12.4) and CPFN (11.48) indicate that the two models
were significant. Values of “Prob > F” less than 0.0500 indicate that model terms are
significant. Factors A and C were significant model terms in the case of both CPF and
CPFN. Values greater than 0.1000 indicate that model terms are not significant (Table 6).

3.12. Model Evaluation

The plot of predicted vs. actual valuesshowshow well the applied model predicted
over the range of data (Figure 6). For the CPF model, the “Pred R-Squared” value of 0.5089
was in reasonable agreement with the “Adj R-Squared” value of 0.8508. Additionally,
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the“Pred R-Squared” value of 0.5890 was in agreement with the “Adj R-Squared” value of
0.9199 in the CPFN model.
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Figure 5. Response values of the L9 Taguchi orthogonal array design.

Table 6. ANOVA table for the Taguchi models of CPF and CPFN.

Source
Sum of Squares df Mean Square F Value p-Value Prob > F

CPF CPFN CPF CPFN CPF CPFN CPF CPFN CPF CPFN

Model 45,564.45 46,032.29 4 4 11,391.11 11,508.07 12.40 11.48 0.0159 0.0182

A—amount of enzyme 8552.41 12,152.48 1 1 8552.41 12,152.48 9.31 12.12 0.0380 0.0253

B—shaking rate 4638.36 2345.25 1 1 4638.36 2345.25 5.05 2.34 0.0879 0.2009

C—Temp. 39,626.32 39,726.69 1 1 39,626.32 39,726.69 43.15 39.62 0.0028 0.0033

D—amount of substrate 417.86 595.70 1 1 417.86 595.70 0.45 0.59 0.5370 0.4838

Residual 3673.57 4010.73 4 4 918.39 1002.68 – – – –

Cor total 49,238.01 50,043.02 8 8 – – – – – –
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3.13. RSM

The 3D response surface graphs display the effects of key process variables on en-
zymatic hydrolysis. The overall reducing sugar production from CPF expected by the
model was found to be 235.4 (mg/g) with 17.87 IU of enzymes and 1.57% (w/v) of sub-
strate at 112 rpm and 49.0 ◦C (Figure 7). CPFN was expected to produce 267.76 mg/g of
reducing sugars using 29.74 IU of enzymes and 1.05% (w/v) of substrate at 100 rpm and
45.7 ◦C (Figure 7). The data were further validated by carrying out the experiment under
optimized conditions.
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3.14. Validation of the Experimental Model

The model was validated by taking the best predicted parameters of the extraction
process. The validation of the experimental model was achieved by evaluating the amount
of reducing sugars derived (mg/g) from CPF (263.88), which was nearly equivalent to the
predicted value of 235.41, and from CPFN (331.74), which was nearly equivalent to the
predicted value of 269.76.

3.15. Commercial Enzymatic Hydrolysis

The efficacy of the crude enzyme and industrial enzymes in substrate saccharification
was investigated. Figure 8 showed that the amount of reducing sugars manufactured
from untreated palm wastes (UPF and UPFN) and their extracted cellulose increasedas
thehydrolysis time increased and, with further hydrolysis, it became nearly constant. The
maximum amounts of reducing sugars obtained were (mg/g) UPF, 120.19; CPF, 270.69;
UPFN, 100.00; and CPFN, 335.36 at a crude enzyme loading. The commercial enzymes
showed a high yield of reducing sugars(mg/g): UPF, 160.97; CPF, 310.50; UPFN, 210.82;
and CPFN, 425.38.

The results show that it was very difficult to obtain high yields of reducing sugars
from the lignocellulosic residues without pretreatment because lignin was present in the
plant cell wall, which hindered the action of the enzyme [29].

3.16. Estimation of Glucose in the Hydrolyzed Cellulose

The highest glucose yield of the crude enzyme of CPF and CPFN from hydrolysis
was weighted at a value of 0.39 g with a 21.5% hydrolysis rate and 0.75 g with a 35.5%
hydrolysis rate, respectively.
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Figure 8. Production of reducing sugars by commercial enzymes and crude enzymes from untreated
wastes and extracted cellulose.

3.17. Bioethanol Production (Fermentation)

Fermentation of CPF and CPFN hydrolysate was carried out and the glucose was
found to have completely assimilated within 24 h. Interestingly, it was observed that the
bioethanol yield of 22.2% (w/w) in the case of the CPF hydrolysate was almost equal to the
CPF model’s predicted value (Figure 9A).The bioethanol yield was 21.34% in the case of
the CPFN hydrolysate (Figure 9B). The ethanol yield from the CPF and CPFN hydrolyzate
in terms of consuming sugar was 43.5% and 41.8%, respectively, of the theoretical value.

Sustainability 2021, 13, x FOR PEER REVIEW 14 of 16 
 

bioethanol yield of 22.2% (w/w) in the case of the CPF hydrolysate was almost equal to the 
CPF model’s predicted value (Figure 9A).The bioethanol yield was 21.34% in the case of 
the CPFN hydrolysate (Figure 9B). The ethanol yield from the CPF and CPFN hydrolyzate 
in terms of consuming sugar was 43.5% and 41.8%, respectively, of the theoretical value. 

(A) CPF hydrolysate (B) CPFN hydrolysate 

  
Figure 9. Relationship between bioethanol yield and time for the hydrolysate (CPF and CPFN). 

4. Conclusions 
This vision of growth in the agro-waste industry is revolutionary in its implementa-

tion and could increase gains by substantially increasing the energy output based on a 
biochemical process for bioethanol production. Full optimization of the extraction, hy-
drolysis, and fermentation processes could be an innovative approach to the sustainable 
development of bioethanol production from palm fiber and frond waste and extracted 
cellulose. Anaerobic cultivation of hydrolysates with S.cerevisiae resulted in 0.222 g/g and 
0.213 g/g of bioethanol in the case of CPF and CPFN, respectively.This new concept, 
known as ‘integral usage’, would improve the current efficiency of bioethanol production 
per ton and reduce the impact on the environment. 

Author Contributions: Conceptualization, T.I.M.R., F.M.A. and W.A.E.-S.; methodology, T.I.M.R. 
and A.S.G.S.; software, T.I.M.R. and A.S.G.S.; validation, T.I.M.R., W.A.E.-S., and S.M.S.; formal 
analysis, T.I.M.R., A.S.G.S. and F.M.A.; investigation, T.I.M.R., A.S.G.S., S.M.S. and W.A.E.-S.; re-
sources, F.M.A. and A.S.G.S.; data curation, T.I.M.R. and A.S.G.S; writing—original draft prepara-
tion, T.I.M.R.; writing—review and editing, T.I.M.R. and W.A.E.-S.; visualization, T.I.M.R. and 
W.A.E.-S.; supervision, T.I.M.R. and F.M.A.; project administration, F.M.A. and S.M.S.; funding ac-
quisition, F.M.A., W.A.E.-S. and S.M.S.; All authors have read and agreed to the published version 
of the manuscript. 

Funding: The authors extend their appreciation to the Deputyship for Research& Innovation, Min-
istry of Education and, Saudi Arabia for funding this research work through the project number 
(QU-IF-1-1-4). The authors also thank to the technical support of Qassim University. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Conflicts of Interest: The authors declare that they have no conflicts of interest. 

Statement of Novelty 

 Palm frond and fiber agro-wastes can generate wealth by the production of bioetha-
nol. 

 Lignocellulosic biomass has many advantages, includingthat it is abundant, a renew-
able source of sugars, and inexpensive. 

0

5

10

15

20

25

0 8 16 24 32 40 48 56 64

Et
ha

no
l (

g 
/ g

)

Time (h)

0

5

10

15

20

25

0 8 16 24 32 40 48 56 64

Et
ha

no
l (

g/
gl

)

Time (h)

Figure 9. Relationship between bioethanol yield and time for the hydrolysate (CPF and CPFN).



Sustainability 2021, 13, 13660 14 of 15

4. Conclusions

This vision of growth in the agro-waste industry is revolutionary in its implemen-
tation and could increase gains by substantially increasing the energy output based on
a biochemical process for bioethanol production. Full optimization of the extraction, hy-
drolysis, and fermentation processes could be an innovative approach to the sustainable
development of bioethanol production from palm fiber and frond waste and extracted
cellulose. Anaerobic cultivation of hydrolysates with S.cerevisiae resulted in 0.222 g/g
and 0.213 g/g of bioethanol in the case of CPF and CPFN, respectively.This new concept,
known as ‘integral usage’, would improve the current efficiency of bioethanol production
per ton and reduce the impact on the environment.
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