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Abstract

:

Oil palm frond as an abundant and inexpensive lignocellulosic waste was used to optimize alkaline pretreatment for ethanol production. The studied lignocellulosic waste is one of the largest biomasses (47%) in oil palm waste. Oil palm frond fibers were processed by steam explosion, hot water extraction, and alkaline extraction pretreatment, followed by simultaneous saccharification and fermentation (SSF), for ethanol production as an alternative energy resource. To optimize alkaline extraction for oil palm frond, a Taguchi method with a three-factor design constituted a concentration of NaOH (15%, 20%, and 25%), time (30, 60, and 90 min), and temperature (70, 80, and 90 °C). An optimum alkaline extraction condition of 15% NaOH at 90 °C for 60 min gave the highest percentage of α-cellulose (80.74%) and the lowest percentages of lignin (15.99%), ash (1.05%), and pentosan (2.09%). In addition, the optimized pretreatment condition significantly improved α-cellulose to 52.65% and removed lignin up to 51.78%. Simultaneous saccharification and fermentation (SSF) was carried out with 10% (dry weight) alkaline pretreated OPF fibers, Celluclast 1.5 L (15 FU/gram substrate), Novozyme 188 (15 IU/gram substrate), and Saccharomyces cerevisiae SC90 at 40 and 45 °C. The highest ethanol concentration, theoretical ethanol yield, and ethanol productivity observed at 40 °C were 33.15 g/L, 72.54%, and 0.55 g/L/h, respectively. The results suggest that an optimized alkaline pretreatment process using palm frond as a lignocellulosic waste is a sustainable approach to produce efficient ethanol production.
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1. Introduction


Increasing demand for energy worldwide owing to depleting naturally occurring fuels (fossil fuels) has diverted the interest of scientists to alternative renewable energy means. The consumption of lignocellulosic biomass, for instance, agricultural wastes/byproducts and forest/crop residues, for producing ethanol is one way to reduce our reliance on crude oil as a source of energy [1]. In addition, lignocellulosic biomass is taken into account to be lower priced than fossil fuel because of its abundant accessibility [2].



Oil palm trees (Elaeis guineensis Jacq.) are fit to grow in tropical areas predominantly, in Southeast Asian countries, such as Indonesia, Malaysia, and Thailand [3]. The foremost byproduct of palm trees is palm oil [4], which is consumed as edible oil and energy manufactured goods [5], which account for more than USD 50 billion per annum [6].



In Thailand, oil palm plantation is strengthened by the government, and its growth has doubled in the last two decades [3]. Furthermore, such intensification in oil palm plantation has significantly contributed to change in climate by discharging carbon from woods to the atmosphere, and a gigantic amount of waste is being produced from the industry [7]. Oil palm frond (OPF) as lignocellulosic waste is readily available in Thailand because 96% of oil palm waste is above the ground (frond, trunk, and bunches) [8]. Typically, two fronds of mature oil palm plantation are chopped once in a month, which approximately produces 12 tons of dry weight of OPF/ha/yr [9]. Around 75% of the frond waste is left on the ground as agricultural waste [10], while the rest is burned to prevent insect breeding, causing environmental pollution [11]. OPF as a lignocellulosic waste is highly composed of cellulose, hemicellulose, and lignin. In comparison with other oil palm wastes, OPF has the least amount of lignin and contains a high content of cellulose (40–56%) and hemicellulose (16–38%) [12], making it a desirable lignocellulosic material for microbial growth and ethanol production.



An efficient pretreatment is needed for breaking down the chemical and physical structures of lignocellulosic biomass to improve the accessibility of enzymes to disrupt the crystalline structure of cellulose [13]. Moreover, an effective pretreatment of lignocellulosic material depends on its economic viability, desired product, and the nature of biomass [14]. Numerous pretreatments have been categorized as physical, physiochemical, chemical, and biological pretreatments to upsurge the production of simple fermentable saccharides from lignocellulosic biomass [15,16].



Steam explosion as a physical pretreatment is commonly used to break down the internal cell structure of biomass through high temperature and pressure for a few minutes [17]. Likewise, during steam explosion, most of the hemicellulose is removed; on the other hand, for the elimination of lignin, a chemical pretreatment is needed to boost the hydrolysis of cellulose [18]. For the delignification of lignocellulosic material, especially oil palm trunk (OPT), different chemical pretreatments have been used, such as H2O2 pretreatment [15,19] and NaOH pretreatment [20,21]. In contrast with the rest of the chemical pretreatments, the alkaline pretreatment method is a promising way that requires less time, temperature, and pressure [22]. Similarly, it portentously progresses enzyme hydrolysis and produces less inhibitors [23]. The mechanism of alkaline pretreatment is by degrading the structure of lignin and causes swelling of fibers, which leads to improving the surface area, reduces cellulose crystallinity, decreases the degree of polymerization, and eliminates the acetyl group from hemicellulose [24,25]. Simultaneous saccharification and fermentation (SSF) is required for efficient ethanol production, consuming lignocellulosic material. However, SSF has many advantages over the hydrolysis and fermentation (SHF) process, such as both hydrolysis and fermentation steps coming about together in the same reactor [26], less production of inhibitors [27], a reduced amount of processing cost, and fewer chances of contamination [28]. The optimum temperature of most cellulase enzymes is usually above 45–55 °C, which is fairly high for the growth of S. cerevisiae and to produce efficient ethanol [29]. To overcome this problem, a thermotolerant S. cerevisiae SC 90 was used, which could produce ethanol at 40 °C [21]. To elevate various parameters and conditions, there are several optimizing methods, such as the response surface method, artificial neural network, and Taguchi method [30]. In the present study, the Taguchi method, which is a statistical method developed by Taguchi and Konishi [31], was used to optimize several experimental parameters with minimum numbers of experiments using an orthogonal array [31].



To the best of the author’s scientific capacity, the optimization of the alkaline pretreatment condition using the Taguchi method on oil palm frond (OPF) as waste is very limited in the literature. The current study optimized the alkaline pretreatment condition to eliminate lignin from OPF with different studied parameters (NaOH concentration, time, and temperature) by using the Taguchi method.




2. Materials and Methods


2.1. Materials


The equipment used in this study are a steam explosion machine (Kumakai Nitto, Osaka, Japan), crucible pores, different-sized sieves (425−250 μm), water bath (VS-1205S2W1, Vision Scientific Co. LTD., Westland, MI, USA), and high performance liquid chromatography (HPLC A5333, KNAUER, Berlin, Germany). The analytical-grade chemicals purchased from Sigma-Aldrich comprised cellobiose (99%), ethanol (98%), glucose (99%), acetic acid, sulfuric acid (98%), sodium carbonate, sodium chloride, sodium hydroxide (98%).




2.2. Raw Materials


Oil palm fronds (OPF) were collected from an agriculture farm located in Krabi Province, Thailand. The raw OPF was chopped using a disc wood chipper machine (SL-420) into smaller pieces (0.2–2 mm), dried in sunlight for 7 days, and used as raw material. The conditions of steam explosion with severity logRo 3.84 (210 °C; 4 min), hot water extraction (80 °C; 30 min), and fiber-to-liquid ratio (1:8 g/mL) were used according to [20].




2.3. Pretreatment


Optimization of Alkali Extraction by the Taguchi Method


Alkali extraction was performed in 2000 mL beakers containing different concentrations of NaOH solution with 1:8 solid-to-liquid ratio [5]. Three factors, concentration of sodium hydroxide (NaOH), extraction time, and temperature, were observed for their influence on optimized steam-exploded fibers (Table 1). The alkali extraction conditions were augmented by a Taguchi experimental design, and the three factors of an L9 (33) orthogonal array were selected (Table 2). In this study, the optimum conditions were expressed in terms of “the larger-the-better” for cellulose and “the smaller-the-better” for lignin, and the S/N for these attributes were assessed by using Equations (1) and (2), respectively:


S/N = log 10 (∑(1/Yi)2/n)



(1)






S/N = log 10 (∑(Yi)2/n)



(2)




where Yi is a variable used for either comparison or combination, i defines combinations of controlled factor levels, and n is the number of experiments accompanied.



The steam exploded fibers were placed in a beaker with a total solid-to-liquor ratio of 1:8, and the sodium hydroxide concentrations in the extraction were 15%, 20%, and 25%. The mixture was stirred with a stirring rod. In a water bath, the beaker was heated to 70, 80, and 90 °C for 30, 60, and 90 min. The slurry was periodically agitated after every 5 min and left at room temperature to cool down. The fibers were squeezed, filtered, and washed by tap water to neutralize its pH (called alkaline extracted fibers (AEF)). They were collected, weighed, placed into plastic sealed bags, and stored at 4 °C for downstream processes.





2.4. Enzyme Hydrolysis


The raw material of oil palm frond and pretreated oil palm fronds (OPF) were subjected to enzyme hydrolysis at 50 °C and 150 rpm using a water bath shaker for 96 h. The 10% substrate on dry weight basis (raw material and alkaline pretreated oil palm frond fibers) was placed separately in Erlenmeyer flasks (500 mL) using 270 mL sodium citrate (0.05 M, pH 4.8), Celluclast 1.5 L (15 FPU/g substrate), and Novozyme 188 (15 IU/g substrate) [32]. Enzyme activity was evaluated by using the National Renewable Energy Laboratory’s (NREL, 2008) protocol LAP-006 (Measurement of Cellulase Activities) through filter paper unit (FPU) activity [33].




2.5. Fermentation


2.5.1. Preparation of Yeast Growth and Preinoculums


The industrial yeast strain Saccharomyces cerevisiae SC90 used in the fermentation part was purchased from Liquor Distillery Organization Excise Department, Thailand. This strain was grown on yeast peptone and dextrose (YPD agar) medium, containing 20 g/L glucose, 10 g/L yeast extract, 20 g/L peptone, and 15 g/L agar. Preinoculums were prepared by growing 2-day cultures on solid medium. A single yeast colony, transferred to a 125 mL shaking flask, comprising 30 mL YPD medium was incubated at 30 °C and 150 rpm for 18 h in an orbital shaker. These fresh cells were used as inoculums in flasks. The total amount of inoculum was 10% (v/v) of SSF medium.




2.5.2. Simultaneous Saccharification and Fermentation (SSF)


The SSF experiments were executed in a 500 mL Erlenmeyer flask carrying a total capacity of 300 mL, containing 10% (w/v) of alkaline-extracted fibers (AEF) and 10 g of 10-fold concentrated YP medium (100 g/L yeast extract and 200 g/L peptone). The pH of the medium was adjusted to 5 ± 0.2 by 5 mM sodium citrate buffer and autoclaved at 121 °C for 30 min. Subsequently, the flasks were kept at room temperature to cool down, and then the mixture of Celluclast 15 FPU/g substrate, Novozyme 188, 15 IU/g substrate, and 10% (v/v) yeast inoculums was added through an aseptic technique.



The SSF fermentation step was carried out with three replications. The flasks were incubated in an orbital shaker at 150 rpm at 40 and 45 °C for 96 h. The samples (4 mL) were collected with three replicates from 0 to 96 h of fermentation, aseptically with sterile pipette tips, and analyzed for viable cells, glucose consumption, and ethanol production.





2.6. Analytical Methods


The chemical compositions of oil palm fronds (OPF) before pretreatment and after pretreatment were determined according to the standard protocols provided by the Technical Association of the Pulp and Paper Industry (TAPPI), that is, TAPPI T264 om-97 (1997) for the moisture content of OPF before pretreatment and after pretreatment, TAPPI T204 om-97 for extractive substances, TAPPI T223om-84 (TAPPI, 1983d) for the content of pentosan, TAPPI T211om-85 (TAPPI, 1983b) for ash, TAPPI T222om-98 (TAPPI, 1983a) for acid insoluble lignin, and TAPPI T203om-93 (TAPPI, 1983c) for the alpha-cellulose content.




2.7. Analysis of Cellobiose, Glucose, and Ethanol


The concentrations of ethanol, glucose, and cellobiose were determined by high performance liquid chromatography (HPLC A5333, KNAUER, Berlin, Germany) using an Aminex HPX-87H column at 50 °C. Sulfuric acid (0.005 M) was used as mobile phase with a flow rate of 0.6 mL/min [34].




2.8. Statistical Analysis


Statistically significant differences between ethanol concentrations (g/L), ethanol yield (g/g), ethanol productivity (g/L/h), and theoretical yield (%) were evaluated by Duncan’s new multiple range test through SPSS (23 version IBM Corp., USA) with a significance level of 95% (p < 0.05).





3. Results


3.1. Optimization of Alkaline Extraction by the Taguchi Method


The cellulose and lignin content in the experimental data showed that among all the studied factors, the concentration of NaOH was the most noteworthy for the cellulose and lignin content (Table 3). This showed that the concentration of NaOH effectively declined lignin and augmented the cellulose content.



The data in Table 4 exhibits information to identify the optimized condition of NaOH extraction provided by prediction. The relation of S/N ratio plots is displayed in Figure 1. The main effect plot shows the change in factor level and effects of alkaline extraction. Out of three factors with three levels each, only one of the levels maximized the value of the mean S/N ratio. The results presented in Figure 1 suggest the optimum condition that gave the highest content of cellulose and the lowest content of lignin.



The equations presented in Table 5 were used to estimate the expected chemical content (Yexpected) of alkaline-extracted oil palm frond fibers under various conditions. The highest predicted cellulose content (83.38%) was obtained under the condition of 15% NaOH at 90 °C for 60 min. In addition, the lowest predicted lignin content (15.79%) was obtained under the condition of 15% NaOH at 70 °C for 90 min. Thus, both conditions were selected and used for further experiments.




3.2. Confirmation under Optimal Conditions


For the confirmation of results, a single confirmation test with three replicates was conducted to analyze the chemical content using the above two recognized optimum conditions. The exhibition of the confirmatory test results for the optimized condition (Table 5) pointed to the presence of cellulose and lignin contents. The confirmation of CON-1 data showed the cellulose and lignin contents as 80.74% and 15.99%, respectively. The confirmation of CON-2 data showed the cellulose and lignin contents as 74.57% and 15.14%, respectively. These results indicate that CON-1 gave the higher cellulose content than CON-2, whereas the lignin contents of CON 1 and 2 were not different. Thus, CON-1 of 15% NaOH at 90 °C for 60 min was selected and used in the alkaline extraction step for the pretreatment of oil palm frond fibers. A detailed compositional analysis of oil palm frond after every step of the pretreatment is given in Table 6.




3.3. Enzyme Hydrolysis


The enzyme hydrolysis was carried out separately with 10% raw material and alkaline pretreated oil palm frond (OPF) fibers. Enzyme hydrolysis with raw material gave a glucose concentration of 18.08 g/L after 96 h of hydrolysis, while the glucose concentration significantly increased when OPF fibers were treated with alkaline pretreatment. The alkaline-treated OPF fibers gave a substantial glucose concentration of 54.30 g/L after 96 h of enzyme hydrolysis (Figure 2A,B).




3.4. Simultaneous Saccharification and Fermentation of Alkaline Pretreated Oil Palm Frond Fibers


Ethanol production through SSF was performed with alkaline pretreated oil palm frond (OPF) fibers using Celluclast 1.5 L, Novozyme 188, and S. cerevisiae SC 90. The relations of ethanol, glucose cellobiose, and viable cells at 40 and 45 °C are shown in Figure 3 and Figure 4, respectively.



To compare culturing temperatures of 40 and 45 °C, the simultaneous saccharification and fermentation (SSF) was performed with 10% dry w/v of alkaline pretreated OPF fibers. In Figure 3, it was observed that in the first 6 h of fermentation, the thermotolerant Saccharomyces cerevisiae SC90 yeast amended to the new atmosphere. The results depict the maximum ethanol concentration and theoretical ethanol yield at 40 °C, that is, 33.15 g/L and 72.54%, respectively.



Figure 4 displays the profile of ethanol production using alkaline pretreated OPF fibers at 45 °C. It was exposed through the data that in the initial 6 h of fermentation, the glucose concentration amplified exponentially but started lessening afterward till 96 h. During SSF, the ethanol production started slowly and gradually after 6 h. The peak value of ethanol concentration, that is, 27.62 g/L, was observed after 48 h, which was expressively lower than 40 °C. However, the obtained values of ethanol productivity at 40 and 45 °C (0.55 and 0.54 g/L/h, respectively) were not significantly different. A comparative analysis of bioethanol production using lignocellulosic biomass is given in Table 7.





4. Discussion


In this study, oil palm frond fibers were subjected to steam explosion, hot water extraction, and optimized alkaline pretreatment, followed by simultaneous saccharification and fermentation (SSF), to produce ethanol. The alkaline pretreatment was optimized using the Taguchi method with a three-factor design constituted by a number of NaOH concentrations, time, and temperature. The Taguchi method employs full fractional design called orthogonal arrays (minimum set of experiments, representing various factor combinations) and ANOVA as a tool for analysis. The orthogonal arrays are optimized in relation to the signal-to-noise S/N ratio of the responses instead of the responses itself. This feature marks the difference between the conventional statistical technique and the Taguchi method. Additionally, in comparison with the central composite design (CCD) and response surface methodology (RSM), the Taguchi method is suitable and economical owing to the minimum number of experiments, less time requirement, and computational experience for finding out the optimized condition [39]. The optimized alkaline pretreatment (15% NaOH/90 °C/60 min) showed that the concentration of NaOH effectively diminished lignin and improved cellulose content. Similar observations were reported by Tareen et al. [40], in whose study, the lignin content decreased from 21.64% to 6.13% in oil palm trunk by using NaOH pretreatment. Furthermore, in a study by Nlewem and Thrash [41], switch grass pretreated with NaOH showed a momentous shrinkage in lignin content and enhanced pore formation with approachability of the surface area to the enzymes. In comparison with acid pretreatment, alkaline pretreatment was proven to be more favorable by Rizal et al. [12] because acid pretreatment could significantly reduce lignin. In addition, lignin plays a vital function in plant cell wall texture, as it is heterogeneous in nature and composed of phenolic and biopolymers, owing to which it shows resistance to degradation [41,42].



The chemical composition of OPF fibers was analyzed after every step of pretreatment. The optimized alkaline pretreatment significantly removed the lignin content to 15.99%, which in turn improved the overall cellulose content up to 80.74%. The content of alpha-cellulose and lignin was found to be relatively improved than the results of a study by Barlianti et al. [43], who obtained 54.97% cellulose and 19.23% lignin while using alkaline pretreated oil palm frond (OPF) fibers. However, Mahmood et al. [44] used alkaline extraction for OPF in their study and achieved only 31% of lignin removal with 21.57% percentage yield of alkaline pretreated fibers.



The presence of a higher percentage of lignin in lignocellulosic biomass remarkably influences the process of enzyme hydrolysis by producing toxicity and nonspecific enzyme adsorption within the structure of lignocellulose [45]. Prior to the fermentation process for ethanol production, the enzyme hydrolysis was carried out using 10% OPF fibers. The results of enzyme hydrolysis were parallel to the impact observed using alkaline treatment, which significantly removed lignin and increased cellulose content. Therefore, the leftover cellulose was more prone to be hydrolyzed by enzymes into glucose [5]. Hence, more glucose availability for conversion to ethanol indicates the efficacy of alkaline pretreatment. Likewise, the findings of this study expressed a post–pretreated accelerated amount of glucose from 18.08 g/L in raw material to 54.30 g/L after alkaline pretreatment after 96 h of enzyme hydrolysis. The significant escalation in glucose concentration is due to the potential effect of alkaline treatment by severe delignification, which augmented biomass porosity and diminished cellulose crystallinity, which led to an increase in the surface area of fibers for enzyme accessibility [46] and digestibility due to reducing nonspecific bonding to enzyme [47].



Simultaneous saccharification and fermentation of alkaline pretreated oil palm frond fibers was performed using Celluclast 1.5 L, Novozyme 188, and S. cerevisiae SC 90 at 40 and 45 °C. It was observed that during SSF at 40 °C, in commencing 6 h of fermentation, the thermotolerant Saccharomyces cerevisiae SC90 yeast amended to the new atmosphere. The glucose concentration steadily increased, which could be due to poor mixing of the enzymes Celluclast 1.5 L, Novozyme 188, and OPF fibers. Similar observations were noted by Cara et al. [48] and Tareen et al. [40], stating that an enzyme requires time to adjust to the new environment and mix properly with a substrate for the production of glucose. After the initial 6 h, the growth of the cells was observed due to the release of glucose and the production of ethanol on a continuous basis. The results depicted the maximum ethanol concentration and theoretical ethanol yield at 40 °C, that is, 33.15 g/L and 72.54%, respectively.



In contrast, the data of SSF at 45 °C for ethanol production using alkaline pretreated OPF fibers indicated the exponential growth of glucose in the first 6 h of SSF, which later decreased steadily up to 96 h; nonetheless, it was vice versa for ethanol production (lower in the initial 6 h and later rose till 96 h) owing to high temperature (higher than 43 °C), which may considerably affect yeast cells [48]. The maximum ethanol concentration at 45 °C was 27.62 g/L (48 h). It exhibited that a temperature of 40 °C was the optimum condition, which gave the highest ethanol concentration after 60 h using SSF. These results were found on a higher hand when compared with the findings of Boateng and Lee [49], who achieved the maximum ethanol concentration and yield of 21.96 g/L and 84.65%, respectively. On the other hand, Boonsawang et al. [35] managed to produce only 12.1 g/L of ethanol concentration using alkaline pretreated OPF fibers in SSF fermentation at 35 °C.




5. Conclusions


The study exhibited the optimum condition of alkaline extraction of oil palm fronds obtained by the Taguchi method. The optimized condition of alkaline extraction with 15% NaOH, 90 °C of temperature, and 60 min of extraction time significantly reduced the biomass recalcitrance. The results revealed that the highest cellulose and lowest lignin were 80.74% and 15.99% on a dry weight basis, respectively. For ethanol production by the SSF process, an optimized temperature of 40 °C significantly gave the uppermost ethanol concentration along with a theoretical ethanol yield of 33.15 g/L and 72.54%. Thus, oil palm frond is an alternative material for ethanol production.
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Figure 1. S/N ratio for various factors (A–C, Table 1) and levels (1–3, Table 1): (a) cellulose content; (b) lignin content. Peak values of the S/N ratio indicates optimum conditions. 
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Figure 2. Enzyme hydrolysis of oil palm frond (A) before pretreatment (raw material) and (B) after pretreatment: (●) glucose concentration and (○) cellobiose concentration in g/L. 
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Figure 3. Simultaneous saccharification and fermentation of 10% (w/v) alkaline pretreated frond fibers incubated with S. cerevisiae SC 90 at 40 °C for 96 h. (■) Viable cells, (▼) cellobiose, (▲) glucose, (●) ethanol. 
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Figure 4. Simultaneous saccharification and fermentation of 10% (w/v) alkaline pretreated frond fibers incubated with S. cerevisiae SC 90 at 45 °C for 96 h. (■) Viable cells, (▼) cellobiose, (▲) glucose, (●) ethanol. 
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Table 1. Factors and their levels assigned to different columns and the orthogonal array of an L9 (33) design for optimizing the alkaline extraction conditions by the Taguchi method.
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Levels

	
A: Concentration of Sodium Hydroxide (%)

	
B: Temperature (°C)

	
C: Time (Minutes)






	
1

	
15

	
70

	
30




	
2

	
20

	
80

	
60




	
3

	
25

	
90

	
90




	
Experiment No.

	
L9 (33)




	

	
A

	
B

	
C

	
NaOH

(%)

	
Temperature (°C)

	
Time (min)




	
1

	
1

	
1

	
1

	
15

	
70

	
30




	
2

	
1

	
2

	
2

	
15

	
80

	
60




	
3

	
1

	
3

	
3

	
15

	
90

	
90




	
4

	
2

	
1

	
2

	
20

	
70

	
60




	
5

	
2

	
2

	
3

	
20

	
80

	
90




	
6

	
2

	
3

	
1

	
20

	
90

	
30




	
7

	
3

	
1

	
3

	
25

	
70

	
90




	
8

	
3

	
2

	
1

	
25

	
80

	
30




	
9

	
3

	
3

	
2

	
25

	
90

	
60
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Table 2. Factor levels in the experimental design for the optimization of alkaline extraction.
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Experiment No.

	
Factor

	
Chemical Composition (%)




	

	
NaOH (%)

	
Temperature (°C)

	
Time (Min)

	
Cellulose

	
Lignin






	
1

	
15

	
70

	
30

	
78.81

	
16.21




	
2

	
15

	
80

	
60

	
80.74

	
17.07




	
3

	
15

	
90

	
90

	
77.79

	
16.31




	
4

	
20

	
70

	
60

	
74.88

	
20.40




	
5

	
20

	
80

	
90

	
74.16

	
20.07




	
6

	
20

	
90

	
30

	
79.58

	
19.97




	
7

	
25

	
70

	
90

	
68.45

	
19.55




	
8

	
25

	
80

	
30

	
56.80

	
21.46




	
9

	
25

	
90

	
60

	
71.07

	
21.13
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Table 3. Analysis of variance (ANOVA) of factors affecting the cellulose and lignin content.
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Cellulose

	

	

	




	
Factor

	
DOF

	
SS

	
MS

	
F

	
S’

	
Contribution (%)




	
Concentration of sodium hydroxide (%)

	
2

	
5.33

	
2.67

	
3.78

	
3.92

	
79.08




	
Temperature (°C)

	
2

	
0.45

	
0.23

	
0.32

	
0

	
24.24




	
Time (minutes)

	
2

	
0.54

	
0.27

	
0.38

	
0

	
27.58




	
Error

	
2

	
1.41

	
0.71

	

	

	




	
Total

	
8

	
7.73

	

	

	

	
100




	

	

	
Lignin

	

	

	




	
Factor

	
DOF

	
SS

	
MS

	
F

	
S’

	
Contribution (%)




	
Concentration of sodium hydroxide (%)

	
2

	
6.92

	
3.46

	
136.54

	
6.87

	
92.3




	
Temperature (°C)

	
2

	
0.24

	
0.12

	
4.7

	
0.19

	
2.52




	
Time (minutes)

	
2

	
0.23

	
0.12

	
4.6

	
0.18

	
2.45




	
Error

	
2

	
0.05

	
0.03

	

	

	




	
Total

	
8

	
7.47

	

	

	

	
100








DOF = degree of freedom; SS = sum of square; MS = mean sum of squares; F = F-test statistic; S’ = pure sum of squares.
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Table 4. Optimized factor levels for the chemical composition of cellulose and lignin.
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Factor

	
Factor Levels Optimized for Chemical Composition




	

	
Cellulose

	
Lignin






	
Concentration of sodium hydroxide (%)

	
15

	
15




	
Temperature (°C)

	
90

	
70




	
Time (min)

	
60

	
90




	
Yexpected

	
Predicted chemical composition based on optimal condition




	
Cellulose

	
    Y expected  = A 1 + B 1 + C 1 − 2  T ¯    




	
Lignin

	
    Y expected  = A 1 + B 1 + C 1 − 2  T ¯    
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Table 5. Comparative analysis of predicted and experimental Yexpected values at the optimal 1qqqqqcondition for the chemical composition of cellulose (CON-1) and lignin (CON-2).
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Parameter

	
Cellulose

	
Lignin




	

	
Predicted

	
Experimental

	
Predicted

	
Experimental






	
CON-1

	

	

	

	




	
Chemical composition (%)

	
83.38

	
80.74

	
16.88

	
15.99




	
Yexpected + CI

	
71.08 < Yexpected < 97.80

	
14.39 < Yexpected < 19.81




	
CON-2

	

	

	

	




	
Chemical composition (%)

	
81.26

	
74.57

	
15.79

	
15.14




	
Yexpected + CI

	
78.84 < Yexpected < 83.76

	
15.32 < Yexpected < 16.27
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Table 6. Chemical compositions of oil palm fronds after the optimized condition of the alkaline pretreatment.
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Pretreatment Steps

	
Yield (%)

	
Chemical Composition (%)




	
% Dry Weight of α-Cellulose

	
% Dry Weight of Lignin

	
% Dry Weight of Ash

	
% Dry Weight of Pentosan






	
Raw

materials

	
100

	
42.51

	
30.88

	
1.82

	
28.11




	
Steam

explosion

	
82.55

	
36.21

	
30.32

	
1.48

	
7.41




	
Water

extraction

	
49.46

	
47.78

	
32.17

	
1.44

	
6.10




	
Alkaline extraction

	
21.57

	
80.74

	
15.99

	
1.05

	
2.09
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Table 7. Comparative analysis of the current study with previous relevant studies for the production of bioethanol.
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	Raw Material
	Pretreatment

Type
	Fermentation Type
	Fermentation

Temperature

(°C)
	Substrate Concentration
	Nitrogen Source
	Ethanol Concentration
	Reference





	Oil palm fronds
	Steam

explosion and alkaline extraction
	Batch SSF
	40
	10% (w/v)
	Yeast extract and peptone
	C: 33.15 g/L
	Current study



	Oil palm fronds
	Steam

explosion and alkaline extraction
	Batch SSF
	45
	10% (w/v)
	Yeast extract and peptone
	C: 27.62 g/L
	Current study



	Oil palm trunk fiber
	Steam

explosion and alkaline extraction
	Batch SSF
	40
	10% (w/v)
	Without nitrogen source
	C: 29.68 g/L
	[21]



	Oil palm trunk
	Steam explosion and alkaline hydrogen peroxide treatment
	Fed batch fermentation
	40
	10% (w/v)
	Yeast extract and peptone
	C: 31.77 g/L
	[34]



	Oil palm fronds
	Organosolv/H2O2 pretreated
	Batch fermentation
	30–50
	8% (w/v)
	Yeast extract and peptone
	C: 20.61 g/L
	[35]



	Palm pressed
	Alkali pretreated
	Batch SSF
	35
	10% (w/v)
	Yeast extract, KH2PO4, (NH4)2SO4, and MgSO4 7H2O
	C: 10.4 kg/m3
	[36]



	Oil palm fronds
	Biological pretreatment
	Batch fermentation
	30
	6% (w/v)
	Potato dextrose and agar
	C: 23.10 g/L
	[37]



	Oil palm trunk
	Steam explosion and alkaline hydrogen peroxide treatment
	Batch fermentation
	40
	10% (w/v)
	Urea
	C: 37.41 g/L
	[38]







C: Ethanol concentration (g/L).
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