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Abstract

:

The present study was based on the production of bioethanol from alkali-pretreated seed pods of Bombax ceiba. Pretreatment is necessary to properly utilize seed pods for bioethanol production via fermentation. This process assures the accessibility of cellulase to the cellulose found in seedpods by removing lignin. Untreated, KOH-pretreated, and KOH-steam-pretreated substrates were characterized for morphological, thermal, and chemical changes by scanning electron microscopy (SEM), thermogravimetric analysis (TGA), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). Hydrolysis of biomass was performed using both commercial and indigenous cellulase. Two different fermentation approaches were used, i.e., separate hydrolysis and fermentation (SHF) and simultaneous saccharification and fermentation (SSF). Findings of the study show that the maximum saccharification (58.6% after 24 h) and highest ethanol titer (57.34 g/L after 96 h) were observed in the KOH-steam-treated substrate in SSF. This SSF using the KOH-steam-treated substrate was further optimized for physical and nutritional parameters by one factor at a time (OFAT) and central composite design (CCD). The optimum fermentation parameters for maximum ethanol production (72.0 g/L) were 0.25 g/L yeast extract, 0.1 g/L K2HPO4, 0.25 g/L (NH4)2SO4, 0.09 g/L MgSO4, 8% substrate, 40 IU/g commercial cellulase, 1% Saccharomyces cerevisiae inoculum, and pH 5.
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1. Introduction


High dependence on conventional nonrenewable fuels and global warming have urged humankind to search for alternative renewable fuels. Ethanol from lignocellulosic biomass could be an encouraging substitute for gasoline, as it has a higher octane number which causes less emission of air pollutants. For this purpose, lignocellulosic biomass including grasses, agricultural wastes, and forest residues has gained much attention due to its ubiquitous availability and nature of being eco-friendly [1,2,3,4]. Bioethanol is a type of biofuel obtained after the hydrolysis and fermentation of lignocellulosic resources. Basically, three steps are involved in bioethanol production, which are pretreatment, saccharification, and fermentation. Pretreatment is the first step, which is achieved by various methods such as physical, chemical, biological, or a combination. The major aim of pretreatment is to alter the structure of biomass exposing maximum cellulose content. Therefore, pretreatment is essential for enzymatic saccharification of lignocellulosic biomass. The pretreated lignocellulosic matter becomes more digestible as compared to the untreated biomass, although it may have nearly the same amount of lignin as raw biomass. Pretreatment has both chemical and physical effects. Physically it damages the structure of lignin and increases the surface area, hence causing physical or chemical perforation of the plant cell wall. Chemically it alters the solubility and depolymerization of the biomass and decomposes cross-linking between macromolecules. The alkali causes swelling of the biomass, which leads to disruption or disintegration of the lignin. Therefore, lignocellulosic biomass requires pretreatment to make the substrate digestible for commercial cellulase, or cellulase-producing microorganisms, to release sugars for fermentation [5,6,7]. The second step is saccharification, which is conversion of cellulose into sugars by cellulase enzymes. The third step is fermentation of saccharified material to ethanol yeast such as Saccharomyces cerevisiae [8,9]. Different technical approaches such as X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA) have been extensively used to study the structural and chemical changes generated by pretreatments of lignocellulosic biomass [10].



The most common processes of fermentation used in ethanol production are simultaneous saccharification and fermentation (SSF) and separated hydrolysis and fermentation (SHF) [11]. In SSF, sugars produced by the action of cellulase are immediately converted by S. cerevisiae into ethanol [12]. Thus, the inhibition effect caused by the sugars over the cellulases is neutralized [13]. This process has various studied advantages such as cost-effectiveness, requirements for fewer enzymes, high saccharification efficacy, high yield of ethanol, reduced operational time, and low chances of contamination or inhibition, as well as it not requiring reactors with large volumes [14,15,16].



In the case of SHF, saccharification and fermentation proceed in separate units at their optimal conditions. However, it has some issues regarding inhibition and risk of contamination as it is a prolonged process [12,15]. Several fermenting microorganisms have been studied to convert sugars but Saccharomyces is the most commonly used microorganisms for this purpose because it can produce ethanol from glucose with almost 90% of theoretical yield [11,17]. In this study, KOH-pretreated seed pods of Bombax ceiba were hydrolyzed by commercial as well as indigenous cellulase, then hydrolysate was fermented into ethanol by S. cerevisiae in SSF and SHF. Ethanol production was further optimized by one factor at a time (OFAT) and central composite design (CCD). There are some reasons for the selection of this substrate as it is easily and abundantly available. It is an inexpensive source. It has a good polysaccharide content. Use of this tree waste is nature-friendly because it is a second-generation feedstock; it would not compete with food sources and would also lead to waste management. There is no research reported on this feedstock for bioethanol production.




2. Materials and Methods


2.1. Substrate


Seed pods of B. ceiba were picked from native areas of district Sargodha, Punjab, Pakistan. The substrate was processed and pretreated with KOH as described in our earlier report [1].




2.2. Substrate Characterization


Raw and two other samples with maximum cellulose contents, each from different treatments (chemical and thermochemical), were selected for further characterization through X-ray diffraction (XRD) D8 Advance model [18], thermogravimetric analysis (TGA) SDT Q600 V8.0 Build 95 [10], Fourier transform infrared spectroscopy (FTIR) Align technologies Cary 630 and scanning electron microscopy (SEM) S-3700 (Hitachi, Tokyo, Japan) [9].




2.3. Saccharification and Fermentation


Untreated substrate (raw) and pretreated substrates from each pretreatment with maximum cellulose contents, i.e., KOH-pretreated and KOH-steam-treated, were employed for ethanol production through SHF and SSF [9,19].




2.4. Separate Hydrolysis and Fermentation (SHF)


For separate hydrolysis, three parameters including time (2, 4, 6, 8, 24, 26, 28, 30 h), substrate loading (1, 2, 3, 4, 5, 6, 7, 8, 9, 10% (w/v)), and enzyme concentration (FPU range of 20, 40, 60, 80, 100, and 120 IU/mL) were optimized by following OFAT. For SHF, substrate loading (2%) was hydrolyzed with 100 IU/mL of indigenous cellulase (produced by Bacillus aerius MG597041) in a 250 mL Erlenmeyer flask. In parallel, substrate (2%) was also saccharified with 40 IU/mL of commercial cellulase (obtained from the microbiology lab, PCSIR) in citrate buffer of pH 5. Hydrolysis was conducted at 50 °C for the total time period of 24 h. Material was centrifuged at 10,000 rpm for 10 min at the end of saccharification. The supernatant was collected for the analysis of sugar. Saccharification (%) was calculated using the following formula [9]. One unit (U) of enzyme activity was described as the total extent of the enzyme, which released 1 micromole of glucose under the standard assay conditions.


   Saccharification   ( % ) =     Reducing   sugars   released   ( mg / mL )     Substrate   used   ( mg / mL )       × 100   



(1)








2.5. Inoculum Preparation of Saccharomyces Cerevisiae


Locally isolated and identified strains of S. cerevisiae were revived on potato dextrose agar (PDA) slants. The inoculum medium used was composed of (%) 1 glucose, 0.25 (NH4)2SO4, 0.1 KH2PO4, 0.05 MgSO4, and 0.25 yeast extract. S. cerevisiae suspension (inoculum) was prepared by adding a loopful of S. cerevisiae culture from slant to S. cerevisiae growth media (inoculum media) at 30 °C for 24 h [9,20]. The vegetative cells obtained after 24 h were used as an inoculum source.




2.6. Bioethanol Production


The hydrolysates obtained from saccharification of untreated and pretreated substrates using indigenous and commercial cellulase were fermented in different flasks for bioethanol production. S. cerevisiae media components (%, 0.25 (NH4)2SO4, 0.1 KH2PO4, 0.05 MgSO4, and 0.25 yeast extract) were added to the hydrolysates and then autoclaved at 121 °C for 15 min. After sterilization, the media were allowed to cool at room temperature. Then, 1% (v/v) suspension of S. cerevisiae was inoculated in each hydrolysate media mixture and incubated anaerobically at 30 °C for a 96 h fermentation period. At the end of fermentation, ethanol produced was analyzed by HPLC [9].




2.7. Simultaneous Saccharification and Fermentation


SSF of untreated and pretreated substrate (with maximum cellulose content from both pretreatments) was performed in a 1 L fermenter (Eyla, Japan). About 8% of substrate was mixed in 1 L citrate buffer and then sterilized [21]. After autoclaving, indigenously produced cellulase (FPU 100 IU/mL) from Bacillus aerius, accession number MG597041, was added to the substrate to make a mixture of enzyme and substrate at 40 °C at 200 rpm. After 24 h, the mixture was aseptically incorporated with 1% culture of S. cerevisiae containing various nutrients, i.e., 10 g glucose, 2.5 g (NH4)2SO4, 1g KH2PO4, 0.5 g MgSO4, and 2.5 g yeast extract, and incubated at 30 °C at 200 rpm. In parallel, the same experiment was performed with commercial cellulase (FPU 40 IU/mL). The samples were withdrawn periodically at intervals of 24 h for estimation of sugars and ethanol.




2.8. Optimization of Physical Parameters for Ethanol Production in SSF


KOH-steam-pretreated seedpods offered maximum ethanol production in SSF when hydrolyzed with commercial cellulase. Ethanol production from this KOH-steam treated-substrate in SSF was further optimized through OFAT [22] by varying different physical parameters, i.e., concentration of substrate (2%, 4%, 6%, 8%, 10%), pH (4, 5, 6, 7, 8), cellulase concentration FPU (20, 40, 60, 80, 100, 120) and S. cerevisiae inoculum size (1%, 2%, 3%, 4%, 5% v/v) in media containing nutrients (g/L), i.e., glucose 10, (NH4)2SO4 2.5, KH2PO4 1, MgSO4 0.5, and yeast extract 2.5.




2.9. Optimization of Nutritional Parameters for Ethanol Production in SSF


Central composite design was used to optimize the different components of the medium for ethanol production in SSF [23]. Each variable was designated and used with a high (+) and a low (−) concentration. The nutrient factors tested included concentrations of yeast extract, K2HPO4, (NH4)2SO4, and MgSO4 (Table 1). CCD was conducted by the experiment of 31 runs and ethanol was measured by HPLC.




2.10. Ethanol Estimation


Samples were taken aseptically after every 24 h during the fermentation process. Consumed glucose and ethanol produced were determined by HPLC (PerkinElmer, Waltham, MA, USA) using a BioRad Aminex HPX 87H (250 mm × 4.6 mm) column with a mobile phase of 5 mM H2SO4, flow rate of 0.7 mL/min, and column temperature of 60 °C. All samples were passed through a 0.2 µm sterile membrane filter and an injection volume of 20 µL was used for estimation. Concentrations of ethanol and glucose were determined by a calibration curve [9].




2.11. Ethanol Fermentation Kinetics


Kinetic parameters for biomass and bioethanol were measured as described by Pirt [24] and Okpokwasili and Nweke [25]. Different kinetic parameters such as μ (h−1), Yp/x, Yp/s, Yx/s, qs, and qp were examined in the fermentation process.





3. Results and Discussion


3.1. SEM of KOH-Pretreated B. ceiba


Scanning electron microscopy was used to observe the structural modifications in B. ceiba biomass after KOH and KOH steam pretreatment. SEM micrographs revealed that the surface texture and morphology after both pretreatments were significantly different from those of untreated B. ceiba (Figure 1). The SEM micrograph of the untreated specimen exhibits a non-porous, smooth, and more compact surface, while a greater degree of porosity is seen on both the pretreated samples. The size and number of pores are greater in the thermochemically treated substrate, showing more lignin breakdown. This indicates that a large portion of lignin and hemicellulose can be eliminated by pretreatment. Relative to untreated substrate, remarkable changes were observed in the morphology of treated samples. A possible reason may be the breaking of the lignin xylan bond caused by acid/base pretreatment [26,27]. Tsegaye et al. [10] examined NaOH-pretreated rice straw by FE-SEM, showing that a significant amount of lignin was removed, which helps in releasing cellulose tangled in lignin. Jabasingh and Nachiyar [28] also observed such changes in bagasse. Irfan et al. [9] and Kusmiyati et al. [29] noticed a rough surface with holes in pretreated wheat straw and palm tree trunk waste, respectively, through SEM.




3.2. FTIR of KOH-Pretreated B. ceiba


FTIR of B. ceiba substrate (seed pods) pretreated with KOH and KOH steam was carried out to observe the alterations in the structural composition. The FTIR spectra of untreated and pretreated substrate were in the range 4000–400 cm−1. FTIR analysis revealed differences in untreated and pretreated B. ceiba (Figure 2). Many high- and low-intensity peaks were examined for all sample spectra. The highest peak seen in the untreated specimen was 1023.2 cm−1, which increased up to 1028.7 cm−1 and 1026.9 cm−1 in KOH and KOH steam treated substrates, respectively. This peak shift represents changes in C-O stretching in cellulose. The peak at 3352.7 cm−1 in untreated B. ceiba was seen at 3341.6 cm−1 after chemical treatment, whereas in thermochemical treatment this band was stretched to 3334.1 cm−1. The peak at 1593.4 cm−1 in untreated B. ceiba shifted to 1591.6 cm−1 in both treated samples, representing breakdown of lignin due to pretreatment. In the result of the alkalization process, OH bond distortion in the absorption region around 1518 cm−1 occurred, which illustrated the water immersion by cellulose and may also represent the occurrence of bands of the lignin and guasil ring.



The ester and acetyl groups in the hemicellulose, the COOH in the ferulic, and p coumeric bands in lignin shown in the spectra should be around 1740 cm−1, specified by C=O groups, where the 1236 cm−1 peak may specify the existence of lignin siringil groups [30]. Carbon hydrogen bond vibrations in cellulose and carbon oxygen bond vibrations in syringyl derivatives were illuminated by the peak observed at 1317.6 cm−1, where syringyl derivatives are salient constituents of lignin. When poplar substrate was pretreated with acid followed by steam, the C–O–C vibrations in cellulose and hemicellulose were demonstrated by the peak at 1157.3 cm−1. C–O vibrations in cellulose and hemicellulose were denoted by the band at 1028 cm−1 [20].




3.3. TGA of KOH-Pretreated B. ceiba


Thermal degradation behavior of raw and treated (KOH and KOH steam pretreatment) B. ceiba was studied by performing thermogravimetric analysis. Figure 3a reveals decomposition of raw substrate with time and temperature; 9.194% degradation was observed at 100–200 °C (first stage), 50.02% at 300–400 °C (second stage), and 33.39% at 500–600 °C (third stage). During the first stage the KOH-treated substrate showed 10.61% conversion, and it showed 63.06% during the third stage, as shown in Figure 3b, whereas the KOH-steam-treated substrate exhibited degradation of 10.99% during the first stage, 63.38% during the second stage, and 32.22% at 500–600 °C (Figure 3c). The KOH-steam-treated substrate exhibited a maximum degradation of 63.38% during the second stage. In an earlier investigation, TGA revealed the highest (74.48%) decomposition of Pinus ponderosa (sawdust) followed by Shorea robusta (sawdust) (70.03%) and Areca catechu (nut husk) (69.09%) in the temperature range 200–500 °C (second stage). Hemicellulose degraded at temperatures in the range 180–340 °C, cellulose conversion occurred at 230–450 °C, and lignin decomposed at temperatures greater than 500 °C [31]. A recent study by Tsegaye et al. [10] reported that the rate of loss of weight was very high (nearly 80%) in the temperature range 200–500 °C for all treatments considered.




3.4. XRD of KOH-Pretreated B. ceiba


Figure 4 reveals the XRD spectra of controlled and treated (both KOH and KOH steam) samples. The crystallinity index presents the crystalline features of cellulose. Two peaks obtained at 2θ = 22° and 2θ = 18° represent the crystalline part (cellulose only) and amorphous part (cellulose, hemicellulose, and lignin) of B. ceiba biomass, respectively. The crystallinity index of raw B. ceiba substrate was 34.5%, which increased in KOH-treated (44.6%) and KOH steam pretreatment (50.5%). Removal of the amorphous portion, such as hemicellulose and lignin, from biomass caused an increase in the crystallinity index. Irfan et al. [9] performed XRD of biomass and concluded that the crystallinity index of pretreated biomass was increased relative to the control, which specified the elimination of lignin and hemicellulose. Our findings were in accordance with a previous study by Barman et al. [32]. They reported that the crystallinity index (53.3%) of raw wheat straw increased up to 60.3% after 1.5% NaOH pretreatment. A recent study performed XRD of the NaOH-pretreated pith of coconut husk and determined that the removal of the aromatic layer increased the crystallinity index from 65% to 81.7% [33].




3.5. Optimization of Saccharification


The process of saccharification was optimized for both commercial and indigenous cellulase. Optimization was investigated with three parameters, i.e., time, substrate concentration, and cellulase concentration. The study found maximum saccharification (25.5%) with commercial cellulase and maximum saccharification (16.8%) with indigenous cellulase after 24 h. A gradual increase in hydrolysis (%) was observed until 24 h and after this optimum time, a decline in hydrolysis was observed in both cases (Figure 5).



For optimization of substrate concentration, maximum saccharification (28% with commercial cellulase and 14.4% with indigenous cellulase) was found at 2% substrate concentration in both hydrolysis with commercial cellulase as well as with indigenous enzymes. A decline in saccharification percentage was observed by increasing substrate concentration from 2–4%. Hydrolysis (%) remained constant on further increases in substrate concentration (Figure 6).



In the case of optimization of enzyme concentration, maximum saccharifications of 43% and 25.8% were found at FPU 40 IU/mL of commercial cellulase and 100 IU/mL of indigenous cellulase, respectively. Beyond these optimal conditions a distinct decline in saccharification (%) was noticed (Figure 7). In other research, the optimized conditions observed for maximum saccharification (40.15%) of wheat straw were 2% wheat straw, 0.5% cellulase loading, and a time period of 6 h [9]. Sindhu et al. [34] used BBD for optimizing hydrolysis and obtained maximum RS (0.651 g/g) at 11.25% (w/w) of substrate concentration, 50 FPU of commercial cellulase, and an incubation period of 42 h. Asghar et al. [35] obtained maximum hydrolysis (52.93%) with 2.5% biomass loading, 0.5% enzyme loading, and an incubation period of 8 h at 50 °C.




3.6. Separate Hydrolysis and Fermentation (SHF)


Saccharification was carried out in the optimized conditions by using both indigenous cellulase and commercial cellulase. Using indigenous cellulase, maximum saccharification (38%) was obtained in substrate B (KOH-pretreated followed by steam). Maximum saccharifications with indigenous cellulase in raw and KOH-treated samples were 10% and 28.4%, respectively (Figure 8a). Hydrolysates of this saccharification were fermented using S. cerevisiae. Fermentation resulted in production of ethanol; maximum ethanol production of 29.8 g/L was seen on the fermentation of hydrolysate of KOH-treated substrate after 4 days of incubation. Ethanol yields in the hydrolysate of untreated and KOH-treated substrates were 8.73 g/L and 18.04 g/L, respectively (Figure 8b). As compared to indigenous enzymes, maximum fermentable sugars were obtained with saccharification performed by commercial enzymes.



Hydrolysis with commercial cellulase offered maximum saccharification in the KOH-steam-treated substrate (53.7%) followed by the KOH-pretreated (37.3%) and raw (16.4%) substrates, as shown in Figure 8a. Fermentation (with S. cerevisiae) of sugars obtained from this saccharification gave a significant ethanol yield. Maximum ethanol production (49.2 g/L) was seen in the KOH-pretreated substrate, followed by the KOH-treated (40.06 g/L) and raw (15.6 g/L) substrates, as illustrated in Figure 8b. Our results corroborated the findings of Irfan et al. [36] that the commercial cellulase offered better saccharification as compared to the indigenous cellulase. They noticed 63.3% and 33.6% saccharifications in pretreated sugarcane bagasse and wheat straw, respectively, with commercial enzymes. The saccharification recorded with indigenously produced cellulase was in the range 6–14%.




3.7. Simultaneous Saccharification and Fermentation (SSF)


SSF of untreated and treated B. ceiba biomass was conducted in a 1 L fermenter with both indigenous cellulase and commercial cellulase separately. Samples were taken every 24 h aseptically for estimation of glucose and ethanol. Estimation of glucose and ethanol was performed by HPLC. With indigenous cellulase, untreated biomass offered maximum saccharification (17.3%) after 48 h of hydrolysis. Among pretreated substrates, maximum saccharification of 42.9% was seen in KOH-steam-pretreated substrate followed by KOH treated (32.7%) after 24 h of hydrolysis. After 24 h, sugar contents started to decline due to the consumption of sugars by S. cerevisiae, as the fermentation process proceeded. KOH-steam-treated B. ceiba offered the highest ethanol production of 41.5 g/L after 96 h of fermentation. Maximum ethanol production (g/L) in raw (11.2) and KOH-treated (23.1) biomass was also observed after 96 h of fermentation at 40 °C (Figure 9).



In SSF with commercial cellulase enzymes, results showed maximum saccharification in KOH-steam-treated (58.6%), KOH-treated (37.9%), and untreated seedpods (20.2%) after 24 h of hydrolysis. Maximum ethanol yield (57.34 g/L) was observed in KOH-steam-pretreated substrate followed by KOH-treated (29.67 g/L) and raw (19.87 g/L) after 96 h of fermentation at 40 °C (Figure 9). The findings of Sukhang et al. [37] and Vintila et al. [38] corroborate our results that the SSF offered a higher yield of ethanol from lignocellulosic material than that of SHF. The findings show that SSF is more effective than SHF in terms of energy consumption, time, cost, and greater bioethanol yield. Kusmiyati and coworkers [29] reported 2.648% bioethanol production from pretreated palm tree trunk waste through SSF using S. cerevisiae and cellulase enzymes at 37 °C temperature, 4.8 pH, 10% substrate, and 100 rpm for 120 h. Another study noticed a remarkable ethanol titer from the SHF of an oil palm empty fruit bunch. Hydrolysis at 50 °C, pH 4.8, and 150 rpm of agitation for 96 h yielded 75.48% glucose, which subsequently produced 78.95% ethanol [39].




3.8. Optimization of Physical and Nutritional Parameters for Ethanol Production in SSF


KOH-steam-pretreated seedpods offered maximum ethanol production in SSF when hydrolyzed with commercial cellulase. Physical parameters of SSF for this substrate were further optimized by OFAT for improved yield of ethanol. HPLC was used to check ethanol production. The ethanol titer increased gradually with an increase in the concentration of the substrate. Maximum yield (57.53 g/L) was observed with 8% substrate. A further increase in the substrate caused a sudden drop in activity (Figure 10). Error bars in the graphs indicate variation among triplicates.



For cellulase optimization, the best ethanol titer of 59.07 g/L was attained when 40 FPU of commercial cellulase was used in SSF. A gradual decline in ethanol production was recorded with an increase in the FPU of enzymes until 120 (Figure 10). Maximum ethanol (59.96 g/L) in the case of pH optimization was observed at pH 5; a decline in activity was seen as the pH increased towards neutrality. A sharp decline in ethanol production was observed at pH 7 and 8 (Figure 10). Optimization of the inoculum size of S. cerevisiae resulted in the maximum ethanol yield of 61.74 g/L at 1% inoculum. Ethanol production decreased from inoculum size 2% to 3% and then it remained almost constant from 3% to 4% and 5% as inoculum size increased as shown in Figure 10.



To obtain the maximum ethanol titer, four nutritional parameters (yeast extract, K2HPO4, (NH4)2SO4, and MgSO4) were optimized by CCD. The optimum medium composition for maximum ethanol production (72.0 g/L) was 0.25 g/L yeast extract, 0.1 g/L K2HPO4, 0.25 g/L (NH4)2SO4, and 0.09 g/L MgSO4 (Table 2). ANOVA was performed, which depicts the F-value 26.26 and p-value 0.00 (Table 3). The regression equation indicates the significance of the results (Equation 2). Contour plots for interactions of yeast extract, K2HPO4, (NH4)2SO4, and MgSO4 for ethanol production are displayed in Figure 11. Tan and Lee [40] reported a higher bioethanol yield in SSF (90.9%) than in SHF (55.9%). They suggested that the SSF of seaweed biomass using S. cerevisiae had various merits over SHF, as the former technique is a simple single-step process that can save energy, time, and cost while attaining a high production of bioethanol. A study obtained the maximum ethanol titer of 85.71% at 30 °C with 2% wheat straw and 30 FPU of enzyme loading in SSF [41]. The results of a study on the production of bioethanol from rice husk also supports our findings that SSF was better than SHF in yielding ethanol titer [42]. Berłowska and coworkers [43] employed S. cerevisiae in SSF and achieved the highest ethanol concentration reaching 26.9 ± 1.2 g/L and 86.5 ± 2.1% fermentation efficiency relative to the theoretical yield. Ballesteros et al. [44] reported maximum production of ethanol at 72 h of fermentation period. They also described that the reason for a good yield of enzymes in SSF may be due to the immediate conversion of formed sugars into ethanol, thus avoiding any feedback inhibition. Wang et al. [45] obtained 5.16 g/L of ethanol using commercial cellulase after 24 h in SSF from biologically delignified poplar chips and the yield was 75%. Kusmiyati and coworkers [29] reported 2.648% bioethanol production from HNO3-pretreated palm tree trunk waste through SSF using S. cerevisiae and cellulase enzymes at 37 °C temperature, 4.8 pH, 10% substrate, and 100 rpm for 120 h.


Ethanol (g/L) = 109.6 − 346.9A − 171.2B + 48.5C − 292D + 768.0A*A + 464.0B*B − 15.0C*C + 5853D*D + 172.5A*B − 87.5A*C − 334A*D + 137.0B*C + 298B*D − 675C*D



(2)








3.9. Fermentation Kinetics


The results presented in Table 4 and Table 5 show that ethanol yield was increased and the substrate (glucose) concentration decreased with the increase in fermentation time. It was observed that the specific growth rate also increased with the passage of fermentation time. However, after 96 h of fermentation, a noticeable decline in specific growth rate was observed. Maximum ethanol yield (0.451) per substrate utilization was observed after 96 h of simultaneous saccharification and fermentation using commercial cellulase, while using indigenous cellulase the maximum ethanol yield (0.434) was also observed at 96 h of fermentation in SSF (Table 4). Maximum ethanol yields of 0.443 and 0.413 were observed after 96 h in SHF using commercial and indigenous enzymes, respectively (Table 5).



Our findings are in accordance with a study by Irfan et al. [9], which reported that production of ethanol increased with an increase in fermentation time, whereas glucose concentration declined with time. Specific growth rate also improved with the passage of fermentation time. Maximum ethanol titer (0.497) per substrate consumption was recorded after 96 h of fermentation. Sathendra et al. [46] achieved a maximum biomass and ethanol yield at pH 4.5 and 40 °C with biomass yield (Yx/s) 14.7 g/L−1, specific growth rate (μ) 0.021 h, and bioethanol yield (Yp/s) 21.89 g/L−1. Hadiyanto et al. [47] found a maximum specific growth rate of 0.186 h−1, Yx/s 0.32 g g−1, and Yp/s 0.21 g g−1 at 30 °C.





4. Conclusions


Alkali-pretreated substrate B. ceiba (64% cellulose) was explored in the present research for the production of bioethanol. A set of optimum parameters offered the highest ethanol yield of 72.0 g/L using commercial cellulase and S. cerevisiae during SSF. The findings of the research highly recommend this cheap and novel biomass as a promising feedstock for pilot-scale production of second-generation bioethanol.
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Figure 1. SEM images of B. ceiba biomass. (a) KOH-treated biomass, (b) KOH-steam-treated biomass, (c) untreated biomass. 
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Figure 2. FTIR spectroscopy images of (a) untreated, (b) KOH-pretreated, and (c) KOH-steam-pretreated B. ceiba. 
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Figure 3. TGA of B. ceiba: (a) untreated, (b) KOH-treated, (c) KOH-steam-treated. 
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Figure 4. XRD analysis of B. ceiba substrate pretreated with KOH and KOH followed by steam. 
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Figure 5. Optimization of time (h) for saccharification. 
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Figure 6. Optimization of substrate concentration (%) for saccharification. 
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Figure 7. Optimization of enzyme concentration (IU/mL) for saccharification. 
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Figure 8. Separate hydrolysis and fermentation. (a) Saccharification after 24 h, (b) ethanol produced after 96 h. 
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Figure 9. Saccharification (%) and ethanol production (g/L) in SSF (KOH T = KOH-treated substrate, KOH ST = KOH-steam-treated substrate). 
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Figure 10. Optimization of physical parameters for ethanol production in SSF after 96 h. 
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Figure 11. Contour plots of interactions of yeast extract, K2HPO4, (NH4)2SO4, and MgSO4 for ethanol production. 
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Table 1. Range of parameters used for central composite design.
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Sr. No.

	
Parameters (g/L)

	
Label

	
Codes




	
+1

	
−1






	
1

	
Yeast extract

	
A

	
0.2

	
0.3




	
2

	
K2HPO4

	
B

	
0.05

	
0.15




	
3

	
(NH4)2SO4

	
C

	
0.2

	
0.3




	
4

	
MgSO4

	
D

	
0.03

	
0.07
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Table 2. CCD for optimizing nutritional parameters (g/L) for production of ethanol in SSF.
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Run No.

	
A

	
B

	
C

	
D

	
Ethanol (g/L)




	
Observed

	
Predicted

	
Residual






	
1

	
0.25

	
0.1

	
0.25

	
0.05

	
61.01

	
60.75

	
0.252




	
2

	
0.3

	
0.05

	
0.2

	
0.07

	
68.72

	
67.87

	
0.845




	
3

	
0.25

	
0

	
0.25

	
0.05

	
63.58

	
64.01

	
−0.432




	
4

	
0.35

	
0.1

	
0.25

	
0.05

	
69.66

	
70.01

	
−0.357




	
5

	
0.25

	
0.1

	
0.25

	
0.05

	
60.71

	
60.75

	
−0.047




	
6

	
0.2

	
0.05

	
0.3

	
0.03

	
64.18

	
64.14

	
0.037




	
7

	
0.25

	
0.1

	
0.25

	
0.05

	
60

	
60.75

	
−0.757




	
8

	
0.25

	
0.1

	
0.25

	
0.05

	
60

	
60.75

	
−0.757




	
9

	
0.3

	
0.05

	
0.3

	
0.07

	
65.48

	
65.31

	
0.165




	
10

	
0.25

	
0.1

	
0.25

	
0.09

	
72

	
72.95

	
−0.959




	
11

	
0.25

	
0.1

	
0.25

	
0.05

	
60

	
60.75

	
−0.757




	
12

	
0.2

	
0.15

	
0.2

	
0.03

	
62.33

	
62.37

	
−0.04




	
13

	
0.3

	
0.15

	
0.2

	
0.03

	
67.17

	
65.91

	
1.251




	
14

	
0.2

	
0.15

	
0.2

	
0.07

	
68

	
67.82

	
0.18




	
15

	
0.2

	
0.15

	
0.3

	
0.03

	
65

	
64.75

	
0.245




	
16

	
0.3

	
0.15

	
0.3

	
0.03

	
67.01

	
67.42

	
−0.417




	
17

	
0.25

	
0.1

	
0.25

	
0.05

	
61.23

	
60.75

	
0.472




	
18

	
0.2

	
0.05

	
0.3

	
0.07

	
65.54

	
65.7

	
−0.161




	
19

	
0.25

	
0.1

	
0.25

	
0.05

	
62.35

	
60.75

	
1.592




	
20

	
0.25

	
0.1

	
0.25

	
0.01

	
67.03

	
67.28

	
−0.255




	
21

	
0.25

	
0.1

	
0.35

	
0.05

	
60

	
60.51

	
−0.519




	
22

	
0.3

	
0.05

	
0.2

	
0.03

	
63.82

	
64.95

	
−1.13




	
23

	
0.3

	
0.05

	
0.3

	
0.03

	
66

	
65.09

	
0.91




	
24

	
0.3

	
0.15

	
0.2

	
0.07

	
70.12

	
70.03

	
0.087




	
25

	
0.3

	
0.15

	
0.3

	
0.07

	
69.06

	
68.84

	
0.218




	
26

	
0.25

	
0.2

	
0.25

	
0.05

	
66

	
66.78

	
−0.782




	
27

	
0.2

	
0.05

	
0.2

	
0.03

	
64

	
63.12

	
0.871




	
28

	
0.2

	
0.05

	
0.2

	
0.07

	
67.93

	
67.38

	
0.542




	
29

	
0.25

	
0.1

	
0.15

	
0.05

	
60

	
60.69

	
−0.695




	
30

	
0.15

	
0.1

	
0.25

	
0.05

	
66

	
66.85

	
−0.857




	
31

	
0.2

	
0.15

	
0.3

	
0.07

	
68.76

	
67.5

	
1.255








A = yeast extract, B = K2HPO4, C = (NH4)2SO4, D = MgSO4.













[image: Table] 





Table 3. Analysis of variance for ethanol production by S. cerevisiae.
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	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Model
	14
	352.618
	25.187
	26.26
	0.000



	Linear
	4
	74.815
	18.704
	19.50
	0.000



	A
	1
	14.978
	14.978
	15.62
	0.001



	B
	1
	11.509
	11.509
	12.00
	0.003



	C
	1
	0.047
	0.047
	0.05
	0.828



	D
	1
	48.280
	48.280
	50.34
	0.000



	Square
	4
	261.697
	65.424
	68.21
	0.000



	A×A
	1
	105.425
	105.425
	109.92
	0.000



	B×B
	1
	38.484
	38.484
	40.12
	0.000



	C×C
	1
	0.040
	0.040
	0.04
	0.841



	D×D
	1
	156.758
	156.758
	163.44
	0.000



	2-Way Interaction
	6
	16.106
	2.684
	2.80
	0.047



	A×B
	1
	2.976
	2.976
	3.10
	0.097



	A×C
	1
	0.766
	0.766
	0.80
	0.385



	A×D
	1
	1.782
	1.782
	1.86
	0.192



	B×C
	1
	1.877
	1.877
	1.96
	0.181



	B×D
	1
	1.416
	1.416
	1.48
	0.242



	C×D
	1
	7.290
	7.290
	7.60
	0.014



	Error
	16
	15.346
	0.959
	
	



	Lack-of-Fit
	10
	10.799
	1.080
	1.43
	0.345



	Pure Error
	6
	4.547
	0.758
	
	



	Total
	30
	367.964
	
	
	







A = yeast extract, B = K2HPO4, C = (NH4)2SO4, D = MgSO4.
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Table 4. Kinetic parameter estimation for ethanol fermentation in simultaneous saccharification and fermentation (SSF).
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Fermentation Time (h)

	
Kinetic Parameters




	

	

	
µ

	
Yx/s

	
qs

	
Yp/s

	
Yp/x

	
qp






	
KOH + Steam (commercial cellulase)

	
24

	
0.0079

	
0.178

	
0.031

	
0.403

	
0.279

	
0.014




	
48

	
0.0131

	
0.199

	
0.152

	
0.424

	
3.41

	
0.071




	
72

	
0.0177

	
0.207

	
0.123

	
0.436

	
4.22

	
0.063




	
96

	
0.0186

	
0.219

	
0.117

	
0.451

	
5.37

	
0.059




	
120

	
0.0100

	
0.119

	
0.128

	
0.431

	
6.86

	
0.061




	
KOH + Steam (indigenous cellulase)

	
24

	
0.0067

	
0.173

	
0.024

	
0.397

	
0.272

	
0.012




	
48

	
0.0099

	
0.191

	
0.141

	
0.402

	
3.01

	
0.062




	
72

	
0.0111

	
0.198

	
0.112

	
0.418

	
3.93

	
0.053




	
96

	
0.0120

	
0.206

	
0.107

	
0.434

	
4.71

	
0.052




	
120

	
0.0064

	
0.201

	
0.119

	
0.417

	
5.78

	
0.053








µ (h − 1), specific growth rate; Yx/s, g of cell biomass/g of glucose consumed; qs, g of glucose consumed/g of cell biomass per h; Yp/x, ethanol produced/g of cells formed; Yp/s, ethanol produced/g of glucose consumed; qp, ethanol produced/g of cells per h.
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Table 5. Kinetic parameter estimation for ethanol fermentation in separate hydrolysis and fermentation (SHF).
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Fermentation Time (h)

	
Kinetic Parameters




	

	
µ

	
Yx/s

	
qs

	
Yp/s

	
Yp/x

	
qp






	
KOH + Steam (commercial cellulase)

	
24

	
0.0075

	
0.173

	
0.025

	
0.395

	
0.261

	
0.009




	
48

	
0.0112

	
0.194

	
0.147

	
0.417

	
3.21

	
0.054




	
72

	
0.0160

	
0.203

	
0.115

	
0.434

	
4.01

	
0.049




	
96

	
0.0182

	
0.219

	
0.109

	
0.443

	
4.92

	
0.045




	
120

	
0.096

	
0.118

	
0.123

	
0.415

	
5.76

	
0.050




	
KOH + Steam (indigenous cellulase)

	
24

	
0.0065

	
0.169

	
0.021

	
0.387

	
0.268

	
0.010




	
48

	
0.0097

	
0.187

	
0.139

	
0.396

	
2.98

	
0.058




	
72

	
0.0108

	
0.193

	
0.108

	
0.406

	
3.91

	
0.049




	
96

	
0.0115

	
0.209

	
0.105

	
0.413

	
4.65

	
0.054




	
120

	
0.0061

	
0.195

	
0.117

	
0.389

	
5.81

	
0.051
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