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Abstract

:

This study aims to evaluate the sugar yield from enzymatic hydrolysis and the interactive effect pretreatment parameters of microwave-assisted pretreatment on glucose and xylose. Three types of microwave-assisted pretreatments of sago palm bark (SPB) were conducted for enzymatic hydrolysis, namely: microwave-sulphuric acid pretreatment (MSA), microwave-sodium hydroxide pretreatment (MSH), and microwave-sodium bicarbonate (MSB). The experimental design was done using a response surface methodology (RSM) and Box–Behenken Design (BBD). The pretreatment parameters ranged from 5–15% solid loading (SL), 5–15 min of exposure time (ET), and 80–800 W of microwave power (MP). The results indicated that the maximum total reducing sugar was 386 mg/g, obtained by MSA pretreatment. The results also illustrated that the higher glucose yield, 44.3 mg/g, was found using MSH pretreatment, while the higher xylose yield, 43.1 mg/g, resulted from MSA pretreatment. The pretreatment parameters MP, ET, and SL showed different patterns of influence on glucose and xylose yield via enzymatic hydrolysis for MSA, MSH, and MSB pretreatments. The analyses of the interactive effect of the pretreatment parameters MP, ET, and SL on the glucose yield from SPB showed that it increased with the high MP and longer ET, but this was limited by low SL values. However, the analysis of the interactive effect of the pretreatment parameters on xylose yields revealed that MP had the most influence on the xylose yield for MSA, MSH, and MSB pretreatments.
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1. Introduction


The utilization of solid waste, such as lignocellulosic biomass, as raw materials for the fuel, food, and pharmaceutical component industries is a global concern [1]. Forestry, agricultural, and agro-industrial residues are the main sources of these useful materials [2,3], such as sago palm bark (SPB) which is a by-product generated by the sago starch industry. Due to the presence of cellulose and hemicellulose contents in sago palm bark (> 63%) [4], SPB can provide a sustainable resource for sugar platform-based chemicals and organic fuels because of its availability in enormous quantities at low cost. The conversion of the lignocellulosic materials into different valuable products faces the complex structure of lignocellulosic materials, which make these materials resistant to some conversion possessing stages, such as enzymatic hydrolysis. Hence, the challenge in the hydrolysis stage is to achieve a high sugar yield from lignocellulosic biomass using limited amounts of energy and chemicals during pretreatment to reduce the investment cost. A pretreatment stage is a key to the use of lignocellulose materials in bio-alcohol compound production [5]. Various techniques have been developed for the pretreatment of lignocellulosic compounds, including physical and chemical pretreatment methods, such as steam explosion [6], diluted acid [7], alkali [8], and hydrothermal pretreatments [9]. Most of these methods of pretreatment involve high processing costs, due to harsh operating conditions, such as high pressure and/or temperature. Furthermore, highly concentrated chemicals, such as acids, are toxic to the enzymes or fermentative microorganisms and, therefore, require an additional processing step [10].



In recent years, microwave heating has received more recognition. The key benefit of microwave heating is the short amount of time it takes, relative to traditional heating; minutes versus hours [11]. This is because of the fundamental difference in the heat transfer mechanism between microwave and conventional heating [12]. Conventional heating requires surface heating until conduction, convection, or radiation transfers the heat inwards. However, during microwave heating, the microwave energy not only interacts with the surface material but, at the same time, penetrates the surface that comes into contact with the material’s core [13]. Because of its high heating rate and easy operation, microwave heating is, therefore, a viable alternative to conventional heating methods, which have been widely used in many fields. The microwave-assisted pretreatment of various lignocellulosic biomass substrates was used in many studies [14,15,16]. These studies reported that microwave heating has a positive effect on cellulosic material digestion for downstream processes. Despite the large number of microwave-assisted application studies, microwave technology has not completely replaced conventional heating in industry. The problems associated with the processing of waste materials with microwaves include inherent difficulties with microwaves themselves and those inherent with processed materials. Microwave radiation can be applied via an applicator; therefore, it can be placed remotely and heating can be done in a clean environment. However, not all materials (e.g. transparent materials) are easily heated via microwave heating. Another characteristic of microwave processing is the differential coupling of materials, which enables selective heating. Adding absorbers to transparent material could help to increase the reaction temperature. On the other hand, using additives (absorbers) may result in unwanted impurities. At a temperature below the critical temperature of a material, microwave processing is self-limiting and, therefore, heating can cease after the process or phase is completed. For this reason, the efficacy of microwave-assisted pretreatment relies ultimately on the the pretreatment parameters. The factors that have most influence on sugar recovery in microwave pretreatments are solvent type, solid loading (solvent to feed ratio), exposure time, and microwave power [16,17,18,19,20].



Microwave heating-based processes may achieve a green and low-energy pretreatment cycle. The minimal use of energy requirements (short heating time), chemical auxiliaries (use of extreme diluted solvents), and the recycling of biomass wastes meet with the principles of green-extraction and can provide more sustainable and feasible routes for commodity production [21,22]. Therefore, this study investigates the use of low concentration solvents in microwave-assisted pretreatment and evaluates their effect on fermentable sugar yield from sago palm bark wastes through enzymatic hydrolysis. Extremely diluted solvents, such as sulphuric acid, sodium hydroxide, and sodium bicarbonate were applied in the microwave-assisted pretreatment prior to the enzymatic hydrolysis process. The microwave-assisted pretreatment methods were, namely, microwave-sulphuric acid pretreatment (MSA), microwave-sodium hydroxide pretreatment (MSH), and microwave-sodium bicarbonate pretreatment (MSB). Experimentally, the response surface methodology (RSM) was used for the design of experiment (DOE), to construct an empirical model based on the collected experimental data, and to highlights the interactions among the microwave-assisted pretreatment parameters and their effect on the enzymatic hydrolysis process. Therefore, this study aims to evaluate the sugar yield and the interactive effect of the key operating parameters of acidic and alkali microwave-assisted pretreatments. An emphasis is placed on how MSA, MSH, and MSB pretreatment processes effect glucose and xylose yield from the enzymatic hydrolysis of SPB.




2. Material and Methods


2.1. Substrate


The purchased sago palm trunks from a plantation in Melaka, Malaysia were used to prepare the experiment feedstock. These trunks were debarked to obtain the bark fraction (the outer layer). The collected bark was dried in an oven until reached a constant weight (temperature of 105 °C for ~24 h). Then, a woodchipper (Woodchipper from Pallmann Maschinenfabrik Gmb & Co KG in Zweibrücken, Germany type PZ 8) was used to chop the dried bark. The chopped matter was sieved by a chip classifier to get particle size (2–3 cm). Finally, these materials were stored in plastic bags at −20 °C until the experiments were carried out.




2.2. Enzymes and Chemicals


The cellulase enzymes from Trichoderma reesei (E.C. 3.2.1.4), xylanase from Trichoderma viride (E.C. 3.2.1.8) and β-glucosidase from Almond (E.C. 3.2.1.21) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used in enzymatic hydrolysis. In addition, the monosaccharides glucose, xylose analytical standards, and 3,5 dinitrosalicylic acid, as well as sodium azide were and used in the qualitative and quantitative analysis for sugar. Concentrated sulphuric acid, sodium hydroxide pellets, and sodium bicarbonate powder were purchased from R&M (Selangor, Malaysia) and were utilized in the pretreatment process. Citric acid monohydrate and sodium citrate were obtained from R&M (Selangor, Malaysia) to prepare the sodium citrate buffer.




2.3. Microwave-Assisted Pretreatment


The microwave-assisted pretreatment was performed in a single-phase stainless steel domestic microwave oven with a 206 mm (H) × 315 mm (W) × 353 mm (D) microwave oven cavity from Panasonic (NN-ST340M, Panasonic, Kadoma, Osaka Prefecture, Japan). This microwave has a 2.45 GHz magnetron. This magnetron was mounted at the side of the casing and with a maximal operation power of 800 W and five discrete settings. The microwave oven was modified by making a 25 mm round hole at the center of upper side to facilitate the connection between the reaction flask and the reflux condenser and the upper end of the reflex condenser was sealed by aluminum paper to prevent evaporation. The reflux unit is often included to control pressure by condensing the vaporized sample mixture, and this system operates at atmospheric conditions. The dried samples were transferred to a 1000 mL round-bottom flask that contained 100 mL of the pretreatment solvent. Then, the flask was placed inside the microwave cavity. After the pretreatment, the slurry was filtered through filter paper (0.45 μm) (Double Ring filter paper 102, China) to separate the solid residue and liquid faction (liquor). The filtered solid fraction was washed with distilled water to remove the pretreatment solvent and was dried at 60 °C for 48–72 h to get a constant weight. Then, the dried materials were stored at −20 °C in plastic bags for the subsequent enzymatic hydrolysis process.



Three solvents—0.05 M H2SO4, 0.1 M NaOH, and 0.01 M NaHCO3—were used for the microwave-sulphuric acid pretreatment (MSA), microwave-sodium hydroxide pretreatment (MSH), and microwave-sodium bicarbonate pretreatment (MSB) of SPB, respectively. The pretreatments were performed at various solid loading, exposure time, and microwave power which resulted from the experimental design (DOE). The design of experiment (DOE) was done using Design Expert software (Version 7.1, Stat-EaseInc., Silicon Valley, CA, USA) a RSM approach. The Box–Behnken factorial design (BBD) with three independent variables and three levels was employed to plan experiments with consideration for the interactive effects among the variables during the pretreatments and their responses. Since there is no accurate procedure to directly measure the exact temperature and pressure of pretreatment in a domestic microwave oven, pretreatment was expressed in terms of the microwave power output that can be set on the instrument. The case study in this design involves the interaction effects of the pretreatment variables, microwave power (MP) (X1), exposure time (ET) (X2), and solid loading (SL) (X3) on enzymatic hydrolysis from biomass. Table 1 shows the 17 experimental runs which were generated in terms of coded and actual variables.




2.4. Enzymatic Hydrolysis


Enzymatic hydrolysis was performed in an incubator shaker at 55 °C and 150 rpm for 72 h. A total of 1.0 g of pretreated biomass, on a dry matter basis, was immersed in 30 mL of 50 mM sodium citrate buffer (pH 4.8) in a 250 mL Erlenmeyer flask. Cellulase was supplemented by 24 FPU/g, 2 UN/g of xylanase and β-glucosidase at an enzyme loading of 50 U/g. U and UN refer to the activity of β-glucosidase and xylanase, respectively, as reported by the manufacturer: “One U of β-glucosidase corresponds to the amount of enzyme which liberates 1 μmol of glucose per minute at pH 5.0 and 37 °C (salicin as substrate)” and “one UN will liberate 1 μmole of reducing sugar measured as xylose equivalents from xylan per minute at pH 4.5 at 30 °C. Additional β-glucosidase was essential to alleviate the cellobiose inhibition of cellulase. Prior to use, the cellulase activity assay for determining filter paper cellulase units (FPU) was performed as outlined by the NREL LAP-006 procedure [23] which was found to be 67 FPU/mL. A dose of 0.3% (w/v) sodium azide was added to avoid microbial contamination. Following hydrolysis, the samples were immediately transferred to a boiling water bath for 10 min to avoid further reaction and the denaturing of the enzymes. They were then cooled in an ice bath. Samples of the slurries were collected and filtered through a 0.22 μm nylon membrane, neutralized and kept at −30 °C for further sugar analysis. The sugar analysis was performed to identify the total reducing sugar using the dinitrosalicylic acid method (DNS) and to estimate monomeric sugar content via HPLC analysis.




2.5. Sugar Analysis


The total reducing sugar analysis was performed according to the DNS method of Miller (1959) [24]. The colored samples were then measured with a UV–VIS spectrophotometer (UV-2700, Shimadzu, Japan) at 540 nm using a standard curve of glucose. The monomeric sugars of glucose and xylose were analyzed by a high-performance liquid chromatography (HPLC) system (Alltech 2000, East Lyme, CT, USA) equipped with a RI detector and a Rezex RPM-Monosaccharide Pb+2 column, 300 mm in length and 7.5 mm in internal diameter, particle size: 8 (µm), Max back pressure: 1000 (PSI) (Phenomenex Inc., Torrance, CA, USA). The column was conditioned for 30 to 60 mins to reach a steady state using a mobile phase deionized water HPLC grade, which was already sonicated to deaerate the system at a flow rate of 0.6 mL/min. The column and detector temperatures were set at 85 and 40 °C, respectively and the injection volume of sample was 20 µL. The liquid samples were filtered using a 0.22 μm disposable nylon membrane syringe filter (Phenex Inc., England, UK) prior to HPLC analysis.



The total reducing sugar analysis was performed according to the DNS method of Miller (1959) [24]. The colored samples were then measured with a UV–VIS spectrophotometer (UV-2700, Shimadzu, Japan) at 540 nm using a standard curve of glucose. The monomeric sugars of glucose and xylose were analyzed by a high-performance liquid chromatography (HPLC) system (Alltech 2000, East Lyme, CT, USA) equipped with a RI detector and a Rezex RPM-Monosaccharide Pb+2 column, 300 mm in length and 7.5 mm in internal diameter, particle size: 8 (µm), Max back pressure: 1000 (PSI) (Phenomenex Inc., Torrance, CA, USA). The column was conditioned for 30 to 60 mins to reach a steady state using a mobile phase deionized water HPLC grade, which was already sonicated to deaerate the system at a flow rate of 0.6 mL/min. The column and detector temperatures were set at 85 and 40 °C, respectively and the injection volume of sample was 20 µL. The liquid samples were filtered using a 0.22 μm disposable nylon membrane syringe filter (Phenex Inc., England, UK) prior to HPLC analysis.





3. Results and Discussion


3.1. Effect of Microwave-Assisted Pretreatment Type on Sugar Yield


The effects of MSA, MSH, and MSB pretreatment on the physical and chemical characteristics of SPB were reported and discussed in a previous study by Ethaib et al. [4], and the composition of the pretreated solids is shown in Table 2.



In the current study, the enzymatic hydrolysis of pretreated SPB using MSA, MSH, and MSB was carried out to evaluate the sugar yield and the interactive effect of microwave-assisted pretreatment parameters on sugar yield. In the present section, the sugar yield (mg/g of pretreated solids) and enzymatic hydrolysis efficiency of pretreated SPB were evaluated based on the total reducing sugar content using the DNS method on both glucose and xylose yields. Figure 1 depicts the levels of the total reducing sugar content that was obtained via MSA, MSH, MSB, and enzymatic hydrolysis for the seventeen experiment runs of the design of experiment. The examination of glucose and xylose yields using HPLC analysis are tabulated in Table 3 for MSA, MSH, and MSB based on BBD experiments. The results show that the sugar yield from enzymatic hydrolysis, which was calculated using the DNS method, was higher than the HPLC results. From a chemical standpoint, the DNS reagent reacts with all of the reducing sugars that contain aldehyde groups, which include all monosaccharaides, along with some disaccharides, such as cellobiose, oligosaccharides, and some polysaccharides [25]. In general, the HPLC can be used to detect the individual components of monosaccharaides, in this study, it was limited for glucose and xylose detection.



The results show that, overall, microwave-acid pretreatment (MSA), followed by the enzymatic hydrolysis of SPB gave a higher sugar yield in comparison to both types of alkaline pretreatments (MSH and MSB), as shown in Figure 1. The maximum total reducing sugar was found to be 386 mg/g when SPB was loaded at 5% and soaked in 0.05 M H2SO4 under 440 W for 15 mins. With 0.1 M NaOH and 0.01 M NaCHO3 treatments under the same conditions, the yields were 332 mg/g and 279 mg/g, respectively. The results in Table 3 indicate that the highest glucose yield was found through MSH pretreatment, with an average glucose yield of 1.27—times the pretreatment yields of MSA and MSB, respectively. The highest glucose yield was found at 44.3 ± 4.8 mg/g in run 4 when the SPB underwent MSH pretreatment, loaded at 5% solid and subjected to 800 W for 5 mins. SPB, pretreated under the same conditions with sulphuric acid and bicarbonate sodium, only yielded 24.4 ± 3.3 mg/g and 20.1 ± 1.5 mg/g after the enzyme hydrolysis, respectively. Zhang and his co-workers [26] reported that NaOH solutions can cause the swelling and dissolution of cellulose. The swelling of cellulose causes significant changes in physical properties and an increase in cellulose volume. Moreover, the dissolution of cellulose can destroy the supramolecular structure of cellulose. Therefore, cellulose swelling and the increase in the cellulose content and its volume and the disruption of its structure, caused by the NaOH solution, may lead to an increase in the surface area available for the cellulase enzyme to react, resulting in increased glucose release.



Xylose yield in MSH pretreatment was lower than that of MSA pretreatment; however, a higher xylose yield was found at 43.1 ± 4.2 mg/g in run 7 using MSA pretreatment. The xylose yields for the MSH and MSB pretreatments under the same pretreatment conditions were 22.9 ± 1.4 mg/g and 17.2 ± 1.3 mg/g, respectively. This can be attributed to the ability of sulphuric acid to provide hydrogen ions to breakdown long hemicellulose chains and form shorter chain oligomers, facilitating the liberation of monomeric sugars C5 and C6 [24]. The average xylose yield in SPB hydrolysate via MSA was 1.72, which was 1.95 times the xylose yields of MSH and MSB, respectively.



Table 3 details the glucose and xylose yields for MSA, MSH, and MSB pretreatments, based on the variables SL, ET, and MP. These variables have a significant effect on glucose and xylose yields. For instance, in run 4, the glucose yield was 44.3 ± 2.8 mg/g when SPB underwent MSH pretreatment and was loaded at 5% (SL) and subjected to 800 W (MP) for 5 min. In run 2, increasing the solid loading to 10% at the same microwave power led to a decrease in glucose yield to 35.8 ± 3.9 mg/g, even though the time was increased to 10 min. This means that the SL has a significant effect on sugar yield compared to ET. A similar trend was found with MSA. For more details on the combined effects of these variables on glucose and xylose yield, statistical analysis was performed and a 3D contour plot was created for discussion in the following sections.




3.2. Analysis Effect of Microwave-Assisted Pretreatment Parameters Using ANOVA


In order to understand the effect of the parameters in microwave-assisted pretreatment on glucose and xylose yields, analyses of variance (ANOVA) for the BBD, as shown in Table 3, were performed using Design Expert software. The BBD was used to evaluate the effect of the three microwave-assisted pretreatment independent variables, SL, ET, and MP, on the response variables, glucose and xylose yields, via enzymatic hydrolysis to create models between these variables. Second-order multi regression models were constructed as a function of the three microwave-assisted pretreatment variables, SL (X1), ET (X2), and MP (X3), on the predicted response of glucose yield (Y1) and xylose yield (Y2). The quality of fit of the polynomial model equations and their parameters were evaluated by determining the R2 coefficient. Statistical and regression coefficient significances were checked against the probability (p-value). p-values of less than 0.05 were applied to validate the significant of the models and each of the variables, which, in turn, is necessary to understand the pattern of the mutual interactions between the test variables.



The glucose yield (Y1) and xylose yield (Y2) models for MSA pretreatments and the enzymatic hydrolysis of SPB are illustrated using second-order polynomial equations as follows:


     Y 1  = 11.01211 + 0.35256  X 1  + 1.71473  X 2  + 0.035514  X 3  − 0.15532  X 1   X 2  +     0.000394581  X 1   X 3  − 0.00120793  X 2   X 3  + 0.032591  X 1    2  + 0.032933  X 2    2  −     0.0000354291  X 3    2     



(1)






     Y 2  = 35.76288 − 2.78708  X 1  + 2.91092  X 2  − 0.022262  X 3  + 0.033276  X 1   X 2  +     0.00138219  X 1   X 3  − 0.000152006  X 2   X 3  + 0.10210  X 1    2  − 0.15315  X 2    2  +     0.0000157648  X 3    2     



(2)







The glucose yield (Y1) and xylose yield (Y2) models for MSH pretreatment and enzymatic hydrolysis are illustrated in Equations (3) and (4), respectively:


     Y 1  = 41.5865 − 3.18614  X 1  + 1.75493  X 2  − 0.00832057  X 3  − 0.028987  X 1   X 2  −     0.0000126471  X 1   X 3  + 0.0000142204  X 2   X 3  + 0.13534  X 1    2  − 0.060397  X 2    2  +     0.0000186437  X 3    2     



(3)






     Y 2  = 6.19687 + 0.39759  X 1  + 1.65842  X 2  − 0.00238738  X 3  − 0.073023  X 1   X 2  −     0.000906216  X 1   X 3  + 0.0000219542  X 3    2     



(4)







The regression model for the glucose yield (Y1) and xylose yield (Y2) of MSB pretreatment and the enzymatic hydrolysis of SPB are presented in Equations (5) and (6), respectively:


     Y 1  = 9.14903 − 0.15517  X 1  + 0.91215  X 2  + 0.00852174  X 3  − 0.022048  X 1   X 2  +     0.000128086  X 1   X 3  − 0.000514792  X 2   X 3     



(5)






     Y 2  = 8.48181 − 1.27393  X 1  + 1.55549  X 2  − 0.00771416  X 3  − 0.00612675  X 1   X 2  +     0.000498938  X 1   X 3  + 0.000525542  X 2   X 3  − 0.077275  X 1    2  − 0.094553  X 2    2      + 0.00000165916  X 3    2     



(6)







Table 3 and Table 4 display the ANOVA for glucose yields (Y1) and xylose yields (Y2) for MSA, MSH, and MSB pretreatments.



The ANOVA for the glucose models (Y1), pertaining to MSA, MSH, and MSB pretreatments, shows that the p-values are significant, as shown in Table 3. The results show that the p-value for the Y1 of the MSA pretreatment model was 0.012, which means model is significant at a linear regression of R2 0.8901 and a F-value of 6.3. The p-values also revealed that the independent variables, X1 and X2, and the quadratic term X3 had significant effects on glucose yields during MSA pretreatment, as shown in Table 4.



The R2 and associated p-values for the MSH pretreatment of Y1 were 0.8944 and 0.0106, respectively at F-value 6.59, showing that this model is significant. The variables X1 and X2 and the quadratic term of X1 illustrate their significant effect on glucose yields during MSH pretreatment, as shown in Table 4.



For MSB pretreatment, the p-value of the Y1 model is very low (less than 0.0001) reflecting a high R2 value (0.9476) and F-value 30.11. Based on the p-values of the model variables, the variables X1, X2, and X3, and the interaction between X2 and X3, had significant effects on glucose yields during MSB pretreatment, as shown in Table 3.



An ANOVA was also executed for the xylose yield (Y2) models of the three types of pretreatments. The p-values of the generated models are significant, as shown in Table 5. The p-value of 0.0363 for the Y2 model for MSA pretreatment is significant where R2 = 0.8431. This suggests that the interaction between the independent variables X1 and X3, and quadratic terms X1 and X2, had a significant effect on xylose yields during MSA pretreatment.



For MSH pretreatment, the p-value of the Y2 model was 0.0005, which means that this model is highly significant where R2 = 0.9583 and the F-value = 17.89. The variables X1, X2, and X3 are significant, as are the interactions between X1 and X2, and between X2 and X3. The quadratic term X3 has a significant effect on xylose yields during MSH pretreatment, as shown Table 4.



Finally, Table 4 also shows the significance of the Y2 model for MSB pretreatment, where: R2 = 0.8472, p-value = 0.0335. In this table, only the quadratic terms of X1 and X2 are observed as having a significant effect on xylose yield under MSB pretreatment with p-values of 0.01440 and 0.0055, respectively.




3.3. Analysis Effect of Microwave-Assisted Pretreatment Parameters Using RSM Plots


In order to understand the main and interactive effects between the pretreatment parameters on glucose and xylose yields, 3D response surface plots and contour lines were generated for glucose and xylose yields, according to the pretreatment condition (SL, ET and MP). This allows for the examination of the interactive effect of the operating parameters. The shape and color of the surface plot and the contour lines provide information about the relationship between the pretreatment variables and related response. Contour plots are the projection of the response surface on a two-dimensional plane, while 3D surface plots are the projection of the response surface on a three-dimensional plane [27].



3.3.1. Pretreatment Parameters on Glucose Yield


Figure 2 displays the effect of the pretreatment parameters—solid loading (SL), exposure time (ET), and microwave power (MP)—on glucose yields during microwave-sulphuric acid (MSA) pretreatment. Figure 2a illustrates the response surfaces of the combined effects of MP and ET with a constant SL. The glucose yields gradually increased with an increase in MP and ET. However, after a certain point, further increases in MP caused a decrease in glucose yield. This might be related to the interactive effect of the third parameter (SL) whose effect on MP and ET can be clearly seen in the previous subsection in Table 3 regarding run 2 and run 7. It was reported that the increase in SL level could cause a decrease in the saccharification process. This might be attributed to the different ‘‘energy effect” with different SL. In other words, the samples with a high SL (and thus relatively low pretreatment solvent loading) receive less energy absorbed by the pretreatment solvent, resulting in a decrease in the internal heating and the oscillation of the pretreatment solvent molecules [17].



Figure 2b shows the relationship between ET and SL at a fixed MP. In this figure, the surface plot shows an increase in the glucose yield with an increase in ET, reaching a peak at the lowest SL (5%). An increase in ET allowed the sample (solvent + biomass) to absorb more microwave energy. This, in turn, generated more heat in the sample-breaking cellulose chains, which led to more enzyme accessibility during enzymatic hydrolysis, resulting in increased glucose yields [28].



Figure 2c shows a similar trend between MP and SL, where an increase in solid loading levels led to a gradual decrease in glucose yield. The higher glucose yields were found at the surface plot regions with low and medium SL. This confirms that high solid loadings have a negative effect on glucose yield because more energy is needed to produce a higher yield. A low solid loading allows the sample particles to receive more microwave energy per gram of the solid substrate. Moisture is heated inside the sample particles, evaporates, and generates tremendous pressure on the plant cell walls because of plant cell swelling. The pressure pushes the cell wall from inside, stretching and ultimately rupturing it, which facilitates a leaching out of the active constituents from the ruptured cell to the surrounding solvent, thus improving the yield of sugar [29].



Regarding MSH pretreatment, Figure 3 shows the combined effect of the pretreatment parameters on glucose yield. Figure 3a illustrates that a continuous increase in ET with a lower level of MP does not affect glucose yield, while increasing ET in combination with a high level of MP causes a steady increase in glucose yield due to the increase in heat generation within the sample. This may lead to a high delignification process because of disruptions in the lignin structure during the microwave-alkaline pretreatment [14]. Removing the lignin reduces the mechanical strength of the plant cell which, in turn, helps enzymes to access the cellulosic compounds inside the cell. Figure 3b shows that only lower levels of SL (less than 10%) result in a higher glucose yield at various ET levels. Figure 3c demonstrates that a higher level of microwave power leads to a higher glucose yield at lower levels of SL (5%), while an increase in SL to 15% causes a decrease in glucose yield mg/g (at a fixed ET). This is because samples which have low solid loading absorb more microwave energy, which helps to generate more heat within the sample. This reflects positively on enzymatic hydrolysis, as mentioned in an earlier study by Manaso et al. [28].



Regarding MSB pretreatment, Figure 4 depicts the effect of the operating parameters of this pretreatment on glucose yield. The response surface plot shape and the contour lines in Figure 4a indicate that there is a linear relationship among MP, ET, and glucose yield. An increase in both microwave power and exposure time intensified the generation of heat, enhancing the delignification process, making the lignocellulose more accessible for enzyme action. Figure 4b shows the interaction between ET and SL, where it can be seen that there is a contrasting relationship between the latter parameters and response. Similarly, Figure 4c shows the same relationship among MP, SL, and glucose yield as a result of the “energy effect”, where low solid loaded samples received more microwave energy [30].




3.3.2. Effect of Pretreatment Parameters on Xylose Yield


Figure 5 illustrates the interactive effects of microwave-assisted pretreatment conditions MP, ET, and SL on xylose yields under MSA pretreatment. Figure 5a points to a strong interaction between MP and ET. It can be observed that the gradual increase in microwave power from 80 to 800 W enhanced the xylose yield from 32 to 43.2 mg/g at low and medium levels of exposure time. A maximum xylose yield (43.2 mg/g) was achieved at 800 W for 10 min. However, increasing the exposure time beyond 10 min caused a decrease in xylose yield, a similar finding to that of Ma et al. [17]. This interactive effect between irradiation time and microwave power level increased biomass digestibility by enhancing hemicellulose removal. However, an extended exposure time with a higher microwave power may lead to a decline in biomass digestibility, as this increases irradiation time and microwave power cause high temperatures within the sample, which could initiate the decomposition of released sugar [31].



By the same token, as seen in Figure 5b, ET has a stronger influence on xylose yield compared to SL. The xylose yield is less influenced by increases in SL, while the increase in ET results in a higher xylose yield until a specific point. Ma et al. [17] reported that the elliptical nature of the contour plots refers to a prominent interaction between the pretreatment variables, as seen between MP and SL in Figure 5c. An increase in solid loading causes a decrease in biomass digestibility at low and medium levels of MP; an increase in microwave power to 800 W mitigates the negative effect of the increase in solid loading. These results can be attributed to the energy effect for high solid loading samples. By increasing microwave power, the sample is able to receive more energy absorbed by the solvent, which helps to disturb the hemicellulose structure, impacting positively on xylose yield [32].



Similarly, Figure 6a shows the significant interaction between MP and ET at a constant solid loading on xylose yields under MSH pretreatment. The gradual increase in microwave power and exposure time causes a gradual increase in xylose yield. Extending the exposure time and increasing the microwave power, in addition to the high dielectric constant of NaOH (6.8 Debay) [33], can lead to higher heat generation within the sample which, in turn, enhances sugar yield. These results support the view that to facilitate partial hemicellulose fractionation may require a strong pretreatment condition during alkaline pretreatment [34].



Figure 6b suggests a significant relationship between exposure time and solid loading; a high xylose yield (25.7 mg/g) was found with a longer exposure time (15 min) and a low solid load (5%). Extended exposure time and low solid loadings allow the samples to absorb more energy, which intensifies the generation of heat within the biomass particles. This increases hemicellulose destruction and enhances its hydrolysis, resulting in the swelling of the biomass particles and the improvement of carbohydrate accessibility to enzymes [34]. It has been suggested that alkaline pretreatments may need more time to reach the same level of digestibility offered by other pretreatments [5]. Figure 6c shows that the xylose yield found at a high microwave power and low solid loading decreased when the microwave power was reduced, and solid loading was increased. These results can also be explained by energy absorption, where higher microwave power provided more energy, causing an increase in reaction temperature. In summary, it can now be stated that high microwave power, longer exposure time, and low solid loading during MSH pretreatment can enhance xylose yield during the enzymatic hydrolysis step.



Figure 7a shows that a gradual increase in microwave power and exposure time can increase xylose yield until a tipping point is reached where further increments cause a decrease in xylose yield. This may be related to the formation of carbonic acid in NaHCO3 aqueous solutions which, coupled with heat, cause sodium bicarbonate to act as a raising agent by releasing carbon dioxide [35]. This enhances biomass destruction. However, extended exposure time and microwave power does not enhance the sugar yield; this may be due to loss of carbon dioxide because of the conversion of sodium bicarbonate. The circular contour nature between exposure time and solid loading, as shown Figure 7b, suggests a less prominent or negligible interaction between these two parameters [17]. Figure 7c also illustrates a minor interactive effect between MP and SL, as there is no significant difference in xylose yield (between 5% and 15%) or increase in microwave power (from 80 to 800 W). In other words, the xylose yield is less affected by the interaction of pretreatment variables during MSB pretreatment.






4. Conclusions


The results revealed that MSA pretreatment is the most efficient sago palm bark pretreatment technique, compared to the two other types of microwave-alkali pretreatment (MSH and MSB), for the release of reducing sugar and the yield of xylose. However, MSH pretreatment methods resulted in the higher glucose yield. The analyses of the effects of the pretreatment parameters MP, ET, and SL on the glucose and xylose yield from SPB revealed that microwave-assisted pretreatment parameters showed different patterns of influence on glucose and xylose yield via enzymatic hydrolysis for MSA, MSH, and MSB pretreatment. From this, it can be interfered that variation in microwave-assisted pretreatment parameters and the pretreatment solution play a crucial role on the sugar yield from lignocellulosic biomass. For further studies, the performance of conventional sulphuric acid pretreatments using the same solvent level and same exposure time is recommended. Moreover, the base cost analysis is useful when exploring new technology. Therefore, conducting overall mass-energy balance and economic analyses will help the microwave-assisted pretreatment to be commercialized. Additionally, performing the microwave-assisted pretreatment in a microwave system equipped with a temperature sensor will be useful to develop the kinetic models for sugar yield. Moreover, this will enable the identification of appropriate process parameters that will be useful in the scale-up of microwave-assisted pretreatment processes.
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Figure 1. Total reducing sugar measured after enzymatic hydrolysis of sago palm bark for MSA, MSH, and MSB pretreatments. 






Figure 1. Total reducing sugar measured after enzymatic hydrolysis of sago palm bark for MSA, MSH, and MSB pretreatments.



[image: Processes 08 00787 g001]







[image: Processes 08 00787 g002 550] 





Figure 2. The effect of pretreatment parameters in MSA pretreatment on the glucose yield (a) with MP and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET. 
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Figure 3. The effect of pretreatment parameters of MSH pretreatment on the glucose yield (a) with MP and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET. 
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Figure 4. The effect of pretreatment parameters of MSB pretreatment on glucose yield (a) with MP and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET. 
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Figure 5. The effect of pretreatment parameters of MSA pretreatment on the xylose yield (a) with MP and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET. 
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Figure 6. The effect of pretreatment parameters of MSH pretreatment on the xylose yield (a) with MP and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET. 
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Figure 7. The effect of pretreatment parameters of MSB pretreatment on the xylose yield (a) with MP and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET. 
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Table 1. Number and Conditions of Experiments According RSM and BBD.
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	RUN
	X1
	X2
	X3
	SL (%)
	ET (min)
	MP (W)





	1
	0
	−1
	1
	10
	5
	800



	2
	0
	1
	1
	10
	15
	800



	3
	0
	1
	−1
	10
	15
	80



	4
	−1
	0
	1
	5
	10
	800



	5
	−1
	1
	0
	5
	15
	440



	6
	−1
	−1
	0
	5
	5
	440



	7
	1
	0
	1
	15
	10
	800



	8
	0
	0
	0
	10
	10
	440



	9
	0
	0
	0
	10
	10
	440



	10
	1
	0
	−1
	15
	10
	80



	11
	0
	0
	0
	10
	10
	440



	12
	1
	−1
	0
	15
	5
	440



	13
	−1
	0
	−1
	5
	10
	80



	14
	0
	0
	0
	10
	10
	440



	15
	0
	0
	0
	10
	10
	440



	16
	1
	1
	0
	15
	15
	440



	17
	0
	−1
	−1
	10
	5
	80
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Table 2. The chemical composition of solids before and after pretreatment [4].
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Component

% w/w

	
SPB




	
Untreated

	
MSA

	
MSH

	
MSB






	
Cellulose

	
40.79

	
47.23

	
47.1

	
44.92




	
Hemicellulose

	
22.32

	
19.55

	
24.21

	
27.18




	
Lignin

(Removal)

	
25.85

	
17.68 (31.6%)

	
20.21

(21.8%)

	
18.83

(27.1%)




	
others

	
11.04

	
15.47

	
8.48

	
9.07
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Table 3. Glucose and xylose yield after enzymatic hydrolysis of sago palm bark for MSA, MSH, and MSB pretreatments.
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Run

	
Pretreatment Conditions

	
MSA Pretreatment

	
MSH Pretreatment

	
MSB Pretreatment




	
SL(%)

	
ET (min)

	
MP (W)

	
Glucose (mg/g)

	
Xylose (mg/g)

	
Glucose (mg/g)

	
Xylose (mg/g)

	
Glucose (mg/g)

	
Xylose (mg/g)






	
1

	
10

	
5

	
800

	
25.5 ± 5.8

	
32.7 ± 2.8

	
32.9 ± 1.5

	
24.5 ± 0.0

	
16.0 ± 2.0

	
17.9 ± 1.5




	
2

	
10

	
15

	
800

	
20.8 ± 1.4

	
33.6 ± 5.8

	
35.8 ± 7.9

	
25.5 ± 0.2

	
19.6 ± 1.8

	
18.9 ± 0.3




	
3

	
10

	
15

	
80

	
27.1 ± 0.7

	
32.1 ± 7.6

	
32.5 ± 4.7

	
22.4 ± 1.4

	
18.8 ± 2.0

	
14.6 ± 2.3




	
4

	
5

	
10

	
800

	
24.4 ± 3.3

	
37.5 ± 5.7

	
44.3 ± 4.8

	
24.6 ± 0.7

	
20.1 ± 1.5

	
17.2 ± 2.4




	
5

	
5

	
15

	
440

	
37.5 ± 5.7

	
30.6 ± 3.2

	
40.9 ±3.4

	
24.7 ± 0.0

	
20.6 ± 0.3

	
14.7 ± 0.1




	
6

	
5

	
5

	
440

	
23.6 ± 0.8

	
31.4 ± 3.3

	
37.0 ± 1.0

	
15.8 ± 3.8

	
13.6 ± 1.9

	
16.8 ± 2.4




	
7

	
15

	
10

	
800

	
20.4 ± 2.1

	
43.1 ± 4.2

	
39.3 ± 1.0

	
22.9 ± 1.4

	
16.6 ± 1.0

	
17.2 ± 1.3




	
8

	
10

	
10

	
440

	
28.3 ± 2.4

	
33.8 ± 0.4

	
32.2 ± 1.4

	
19.6 ± 1.0

	
17.1 ± 2.0

	
21.2 ± 3.4




	
9

	
10

	
10

	
440

	
27.6 ± 2.2

	
37.1 ± 5.5

	
33.2 ± 1.7

	
18.3 ± 1.7

	
16.2 ± 1.3

	
19.9 ± 0.3




	
10

	
15

	
10

	
80

	
22.4 ± 2.3

	
34.5 ± 4.9

	
30.9 ± 5.3

	
17.7 ± 0.3

	
13.0 ± 2.6

	
16.3 ± 0.8




	
11

	
10

	
10

	
440

	
27.6 ± 0.8

	
31.1 ± 0.6

	
30.2 ± 1.4

	
18.2 ± 1.4

	
16.2 ± 1.3

	
19.0 ± 0.2




	
12

	
15

	
5

	
440

	
29.3 ± 3.9

	
33.0 ± 1.3

	
28.0 ± 1.4

	
14.7 ± 1.5

	
14.4 ± 0.7

	
16.5 ± 0.8




	
13

	
5

	
10

	
80

	
29.3 ± 1.5

	
38.9 ± 7.5

	
35.9 ± 3.8

	
19.7 ± 1.6

	
16.5 ± 0.3

	
19.8 ± 0.2




	
14

	
10

	
10

	
440

	
27.7 ± 3.7

	
35.5 ± 2.0

	
31.2 ± 2.6

	
19.6 ± 1.0

	
16.5 ± 0.3

	
19.8 ± 0.6




	
15

	
10

	
10

	
440

	
28.3 ± 3.0

	
32.0 ± 2.9

	
32.2 ± 1.3

	
18.8 ± 1.4

	
16.6 ± 1.8

	
18.9 ± 0.6




	
16

	
15

	
15

	
440

	
27.7 ± 3.9

	
35.5 ± 2.0

	
28.9 ± 0.9

	
17.3 ± 0.9

	
17.1 ± 1.0

	
13.9 ± 0.3




	
17

	
10

	
5

	
80

	
23.1 ± 1.2

	
30.1 ± 0.6

	
29.7 ± 1.0

	
14.9 ± 1.0

	
11.5 ± 2.4

	
17.4 ± 1.9
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Table 4. ANOVA for glucose of MSA, MSH, and MSB pretreatments.
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Pretreatment.

	
Source of Variations

	
Sum of Squares

	
Degree of Freedom

	
Mean Square

	
F-Value

	
p-Value

	
R2






	
MSA

	
Model

	
232.76

	
9

	
25.86

	
6.30

	
0.0120

	
0.8901




	
X1 (SL)

	
28.16

	
1

	
28.16

	
6.86

	
0.0345

	




	
X2 (ET)

	
16.67

	
1

	
16.67

	
4.06

	
0.0837




	
X3 (MP)

	
14.95

	
1

	
14.95

	
3.64

	
0.0980




	
X1X2

	
60.31

	
1

	
60.31

	
14.69

	
0.0064




	
X1X3

	
2.02

	
1

	
2.02

	
0.49

	
0.5058




	
X2X3

	
18.91

	
1

	
18.91

	
4.61

	
0.0690




	
X1^2

	
2.80

	
1

	
2.80

	
0.68

	
0.4365




	
X2^2

	
2.85

	
1

	
2.85

	
0.70

	
0.4319




	
X3^2

	
88.77

	
1

	
88.77

	
21.63

	
0.0023




	
MSH

	
Model

	
286.65

	
9

	
31.85

	
6.59

	
0.0106

	
0.8944




	
X1 (SL)

	
120.08

	
1

	
120.08

	
24.85

	
0.0016

	




	
X2 (ET)

	
13.82

	
1

	
13.82

	
2.86

	
0.1347




	
X3 (MP)

	
68.05

	
1

	
68.05

	
14.08

	
0.0071




	
X1X2

	
2.10

	
1

	
2.10

	
0.43

	
0.5308




	
X1X3

	
0.02073

	
1

	
0.02073

	
0.004289

	
0.9841




	
X2X3

	
0.02621

	
1

	
0.02621

	
0.05422

	
0.9821




	
X1^2

	
48.20

	
1

	
48.20

	
9.97

	
0.0160




	
X2^2

	
9.60

	
1

	
9.60

	
1.99

	
0.2016




	
X3^2

	
24.58

	
1

	
24.58

	
5.09

	
0.0587




	
MSB

	
Model

	
90.99

	
6

	
15.17

	
30.11

	
<0.0001

	
0.9476




	
X1 (SL)

	
20.39

	
1

	
20.39

	
40.49

	
<0.0001

	




	
X2 (ET)

	
43.28

	
1

	
43.28

	
85.93

	
<0.0001




	
X3 (MP)

	
22.46

	
1

	
22.46

	
44.61

	
<0.0001




	
X1X2

	
1.22

	
1

	
1.22

	
2.41

	
0.1514




	
X1X3

	
0.21

	
1

	
0.21

	
0.42

	
0.5305




	
X2X3

	
3.43

	
1

	
3.43

	
6.82

	
0.0260
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Table 5. ANOVA for xylose models of MSA, MSH, and MSB pretreatments.
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Pretreatment

	
Source

	
Sum of Squares

	
Degree of Freedom

	
Mean Square

	
F-Value

	
p-Value

	
R2






	
MSA Pretreatment

	
Model

	
155.51

	
9

	
17.28

	
4.18

	
0.0363

	
0.8431




	
X1 (SL)

	
7.68

	
1

	
7.68

	
1.86

	
0.2152

	




	
X2 (ET)

	
2.59

	
1

	
2.59

	
0.63

	
0.4545




	
X3 (MP)

	
15.88

	
1

	
15.88

	
3.84

	
0.0909




	
X1X2

	
2.77

	
1

	
2.77

	
0.67

	
0.4402




	
X1X3

	
24.76

	
1

	
24.76

	
5.99

	
0.0443




	
X2X3

	
0.30

	
1

	
0.30

	
0.072

	
0.7956




	
X1^2

	
27.43

	
1

	
27.43

	
6.63

	
0.0367




	
X2^2

	
61.72

	
1

	
61.72

	
14.93

	
0.0062




	
X3^2

	
17.58

	
1

	
17.58

	
4.25

	
0.0782




	
MSH Pretreatment

	
Model

	
201.90

	
9

	
22.43

	
17.89

	
0.0005

	
0.9583




	
X1 (SL)

	
22.13

	
1

	
22.13

	
17.65

	
0.0040

	




	
X2 (ET)

	
56.07

	
1

	
56.07

	
44.72

	
0.0003




	
X3 (MP)

	
64.22

	
1

	
64.22

	
51.22

	
0.0002




	
X1X2

	
13.33

	
1

	
13.33

	
10.63

	
0.0138




	
X1X3

	
0.024

	
1

	
0.024

	
0.019
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