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Vegetation biomass production in North-East India within Indo-Burma biodiversity hotspot is luxuriant and available from April to October to consider their potential for bioethanol production. Potential of six lignocellulosic biomass (LCB) sources; namely, sugarcane bagasse (BG), cassava aerial parts (CS), ficus fruits (Ficus cunia) (FF), “phumdi” (floating biomass), rice straw (RS), and sawdust were investigated for bioethanol production using standard techniques. Morphological and chemical changes were evaluated by Scanning electron microscopy and Fourier transform infrared spectroscopy and quantity of sugars and inhibitors in LCB were determined by High performance liquid chromatography. Hydrothermally treated BG, CS, and FF released 954.54, 1,354.33, and 1,347.94 mg/L glucose and 779.31, 612.27, and 1,570.11 mg/L of xylose, respectively. Inhibitors produced due to effect of hydrothermal pretreatment ranged from 42.8 to 145.78 mg/L acetic acid, below detection level (BDL) to 17.7 µg/L 5-hydroxymethylfurfural, and BDL to 56.78 µg/L furfural. The saccharification efficiency of hydrothermally treated LCB (1.35–28.64%) was significantly higher compared with their native counterparts (0.81–17.97%). Consolidated bioprocessing of the LCB using MTCC 1755 (Fusarium oxysporum) resulted in maximum ethanol concentration of 0.85 g/L and corresponded to 42 mg ethanol per gram of hydrothermally treated BG in 120 h followed by 0.83 g/L corresponding to 41.5 mg/g of untreated CS in 144 h. These ethanol concentrations corresponded to 23.43 and 21.54% of theoretical ethanol yield, respectively. LCB of CS and FF emerged as a suitable material to be subjected to test for enhanced ethanol production in future experiments through efficient fermentative microbial strains, appropriate enzyme loadings, and standardization of other fermentation parameters.
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INTRODUCTION

Over the last few decades, lignocellulosic biomass (LCB) owing to its abundance in the terrestrial biosphere, has emerged as the most significant and attractive source for production of next-generation cellulosic bioethanol in sustainable and eco-friendly manner. In fact, the cellulose and hemicellulose constituents of LCB are converted to bioethanol through microbial fermentation (Chen et al., 2011; Sigurbjornsdottir and Orlygsson, 2012; Zuber and Dwivedi, 2013). However, the quality and structural complexity of LCB vary with plant-type and agronomic conditions (Liu et al., 2009; Zhang et al., 2012) and consequently determine the processing strategies such as thermochemical pretreatments with dilute acid, ammonia, or hot water (Laser et al., 2002; Kim and Lee, 2006; Lau et al., 2010; Da Cruz et al., 2012; Guo et al., 2013) required to yield sugars upon enzymatic hydrolysis and subsequently ethanol production by fermentation process (Larsen et al., 2012). Assessment of the chemical compositions and structural characterization of LCB is, therefore, a prerequisite for the optimization of approaches in cellulosic bioethanol production (Liu et al., 2009). In other words, such assessment provides data for judging the suitability of a particular plant biomass either in its native or pretreated form as feedstock and also standardizing the bioethanol production process.

In view of the urgent need for reduction in CO2 emission and concerns over hike in fossil fuel prices, demand for biobased bioethanol is increasing and global targets are set to reach 43 billion liters by 2025 (La Rovere et al., 2011). To meet this target, it is imperative to explore all available diversity and quantum of plant biomass spread across different regions of the world. A large quantity of LCB of certain vegetation are produced under the favorable tropical humid climate of North-East region of India (NERI) within the Indo-Burma biodiversity hotspot and available almost throughout the year ensuring continuous biomass supply for operating bioethanol production factory. LCB such as rice straw (RS), wheat bran, wheat straw, sawdust (SD), rice husk, corn straw, sugarcane bagasse (BG), cassava, and water hyacinth have been reported as suitable sources for bioethanol production (Martín et al., 2007; Binod et al., 2010). Sugarcane BG has been reported to be one of the most extensively studied biomass for bioethanol production (Lima et al., 2014). However, in NERI, sugarcane is not grown extensively but rather the aerial biomass of cassava (Manihot esculenta), fruits of non-edible fig (Ficus cunia) trees (bear four to five times within a year producing a large quantity of fruit biomass), RS (available in two seasons July–December and April–June), SD (from the forest timbers), and floating biomass [phumdi (PH)] of Loktak lake (2,00,000 tonnes DM from the 100 km2 freshwater area per year) provide a huge prospect for biomass-based biofuel production. There is no information available on chemical compositions and suitable processing strategy for efficient conversion of these locally available LCB to bioethanol. Generally, methods of pretreatments of LCB and bioethanol yield vary depending upon the type of LCB and saccharification conditions employed (Liyakathali, 2014) and therefore, it was required to evaluate the six potential feedstocks to yield sugar for fermentation through hydrothermal and sodium hydroxide pretreatments. Lima et al. (2014) recently reported suitability of sodium hydroxide for pretreatment of lignocellulosic feedstocks. Overall, the objective of this research was to determine (i) compositions, inhibitors concentration, and the modifications in the structure of biomass after pretreatments using different analytical tools: scanning electron microscopy (SEM), Fourier transform infrared (FTIR), high performance liquid chromatography (HPLC), and Principal component analysis (PCA) and (ii) suitability of these six biomasses for bioethanol production in preliminary screening through consolidated bioprocessing (CBP) without supplementation of extraneous enzymes.

MATERIALS AND METHODS

Production, Collection, and Preparation of the Five Feedstocks

Plant biomass used in this study was either grown in the Institute of Bioresources and Sustainable Development (IBSD) campus park or collected from Imphal valley. The fruits of 11- year old F. cunia plant were harvested five times in 2012 during which the yield per fruiting ranged from 97 to 256 kg/plant. The fruits were dried in a greenhouse until the moisture content reached 8–10% and used for their composition analysis. The aboveground biomass was harvested from 65 days old cassava grown at Hararou Bioresources Park of IBSD, Imphal. Four to five kilograms biomass was obtained per hectare. The RS was collected from the Imphal valley, whose cumulative annual yield has been estimated at 2.5 tonnes per hectare (total rice cultivated area: 19,500 ha) calculated at 6–12% moisture content. PH were collected from the premises of Loktak Lake. PH, the floating biomass, is a heterogeneous aggregate of soil, vegetation, and organic matters at various phases of decomposition that has transformed into a solid form used in the present investigation. Sugarcane BG was collected from a local vendor while SD was obtained from a saw mill factory. All the collected biomass samples were air dried in a greenhouse maintained at 50°C and subsequently chopped into 1–2 cm small pieces and ground in a mixer. The grounded substrates were passed through a sieve (1 mm pore size) and stored in airtight containers at room temperature until further treatments.

Estimation of Soluble Extractives, Cellulose, Hemicelluloses, and Lignin Content in the Native LCB

The biomasses were analyzed for soluble extractives, cellulose, hemicelluloses, and lignin contents. Soluble extractives were determined using the protocol as described by Lima et al. (2014). Cellulose was determined using the protocol with slight modifications (Updegraff, 1969). A gram of biomass sample was mixed with 50 mL of acetic/nitric reagent. The samples were transferred to a water bath maintained at 100°C for 1 h; then followed by centrifugation at 4,000 rpm for 10 min. The supernatant was discarded and the residue left was washed with sterile distilled water (SDW) and then dissolved in 100 mL of sulfuric acid (0.75: 0.25 volume fraction of SDW). The solution obtained was diluted with SDW to 100× and then, the glucose content was estimated using o-Toluidine reagent (Goodwin, 1970).

For determination of lignin and hemicelluloses content, 0.5 g of biomass was mixed with 30 mL of 0.5 mol/L NaOH and autoclaved at 121°C for 60 min. The mixture obtained was incubated at room temperature for 60 h with intermittent shaking followed by centrifugation at 4,000 g for 10 min. The neutralization of the supernatant to pH 7 was made using concentrated H2SO4. Ten times diluted sample was prepared from the supernatant with SDW to estimate the total xylose using o-Toluidine reagent, as described by Goodwin (1970). For lignin estimation, five times diluted from the supernatant with SDW was estimated in terms of total phenol content using Folin Ciocalteu reagent following the protocol described by Singleton and Rossi (1965).

Pretreatment of the Lignocellulosic Substrates

The selected feedstocks were hydrothermally pretreated with some modifications (Da Cruz et al., 2012). Suspension of 10 g biomass in 100 mL of distilled water was autoclaved at 121°C for 30 min. The solid fractions were separated by vacuum filtration employing 0.45 µm pore size glass fiber filter. The solid residues were washed with distilled water of volume equal to 20 times the mass of solids and dried at room temperature. Simultaneously, all the types of biomasses were pretreated with 0.25 M sodium hydroxide at 130°C for 40 min for a comparative study as described by Lima et al. (2014).

SEM Analysis

Surface images of raw and pretreated biomasses were obtained by SEM (ΣIGMA-VP, Carl Zeiss, Germany) at IASST, Paschim Boragoan, Guwahati. Samples were prepared by mounting them on specimen aluminum stubs using double-coated tape prior to coating with gold–palladium on SC7640 Suto/Manual High-resolution Sputter Coater (Quorum Technologies, Newhaven, UK). Images were taken at a voltage of 5.00 kV and magnifications between ×350 and ×3.00 k.

FTIR Spectroscopy

Spectra of all the samples were obtained in duplicates using the potassium bromide (KBr) disk method. The pellets were prepared by mixing a 2 mg of sample in 100 mg of spectroscopic grade KBr in an agate mortar. The spectra were collected in the range from 4,000 to 400 cm–1 over 32 scans on NICOLET 6700 FT-IR (Thermo Scientific) at IASST, Paschim Boragoan, Guwahati. A comparative study in the change of spectrum for each biomass prior and after subjecting to pretreatments was analyzed by using Origin 6.1 software. The spectrum wavenumbers in the range of 800–1,800 cm–1 were selected for the PCA variables. The pretreatments: hydrothermally treated, NaOH-treated along with the native substrates were the variables applied for the grouping. The PCA used 18 samples, 521 variables, and the covariance matrix. Function prcomp of inbuilt package “stats” in “R” software was used to calculate the PCA.

Estimation of Monosaccharide and Disaccharide in LCB by HPLC

Monosaccharide and disaccharide analysis were performed by HPLC (Agilent HPLC 1200 Series) using Aminex HPX-87H anion-exchange column (300 × 7.8 mm, Bio-Rad) equipped with cation-H guard cartridge (Bio-Rad). The filtered (0.45 µm pore size, Millipore) and degassed mobile phase (5 mM H2SO4) was used at a constant flow rate of 0.6 mL/min with the column and refractive index detector temperatures maintained at 40 and 50°C, respectively. Standards of the monosaccharides and disaccharides (Absolute Standards, USA) at 0.2–1 g/L were separated individually and were quantified using external calibration with an equimolar mixture (cellobiose, glucose, xylose, and arabinose) and areas obtained were used to calculate the concentration of monosaccharides and disaccharide in the test samples (both untreated and pretreated).

Analysis of Inhibitors in LCB by HPLC

Liquor fractions obtained from each pretreatment with the native substrates were filtered through 0.45 µm pore size membrane filter, prior subjection to HPLC analysis equipped with Aminex HPX-87H column, and RID. HPLC was operated at 50°C using 0.45 µm filtered 5 mM H2SO4 as mobile phase at a constant flow rate of 0.6 mL/min. Standard curves were generated using furfural, acetic acid, and hydroxymethylfurfural (HMF) (Absolute Standards, USA) in the concentration ranges from 0.2 to 1 g/L.

Enzymatic Hydrolysis

Both pretreated and the native (untreated) substrates were enzymatically hydrolyzed using commercial cellulase enzyme (ONOZUKAR-10, Hi-Media, India) and cellobiase from Aspergillus niger (Novozyme 188, Bagsvaerd, Denmark). The solid loading for enzymatic hydrolysis was 8 mg. The saccharification was performed for the substrates in a total volume of 1,200 µL (0.05 M citrate buffer) in a 2 mL centrifuge tube for 8 h, with an enzyme loading of 20 FPU/g and 1 U/g of the biomass of ONOZUKAR-10 and Novozymes 188, respectively. The enzymatic hydrolysis was performed at 50°C maintaining the pH 4.8 in a shaker incubator operated at 250 rpm (Thermomixer comfort, Eppendorf). Streptomycin sulfate (2.5 mg/6 g of substrate) was also added to avoid microbial contamination during enzymatic hydrolysis. The reducing sugars released during the enzymatic hydrolysis was monitored and estimated by the DNS method (Miller, 1959).

Fermentation

For fermentation experiments, MTCC 1755 (Fusarium oxysporum) was grown on PDA plates at 28°C for 7 days. Four disks of 0.3 cm2 of mycelial mat from the periphery were harvested and transferred aseptically to a 100 mL Erlenmeyer flask individually for each substrate in their native and hydrothermally treated form viz. sugarcane BG, ficus fruits (FF), cassava aerial parts (CS), and RS as sole carbon sources containing 30 mL T1 medium (20 g/L carbon source, 1 g/L yeast extract, 10 g/L KH2PO4, 2 g/L (NH4)SO4, and 0.5 g/L MgSO4.7H2O, pH 5.2) for fermentation at 28°C for 7 days at static conditions. Analysis of ethanol was conducted using Trace GC Ultra, Thermo Fisher, equipped with a TR-V1wax 30 m column (Thermo Fisher, ID 0.25 mm × 1.40 µm film), on column injector, and FID conditions; 250°C; H2, 25 PSI, equivalent to 25 mL/min; air, 2 PSI, equivalent to 100 mL/min; gain set to “medium” in a split ratio of 1:18. Each injection was repeated thrice, ethanol routinely came out at retention time equivalent to 65°C.

RESULTS

Biomass Composition

Soluble extractives, cellulose, hemicellulose, and lignin contents of the six feedstocks are presented in Table 1. The content of solubles in BG and RS is low. The cellulose content of CS, FF, RS, and Loktak PH was more than that of sugarcane BG. Hemicellulose content was highest in sugarcane BG followed by SD, FF, RS, and CS. Cellulose and hemicellulose content was lowest in Loktak PH. Cellulose content of FF, RS, and cassava was similar and comparable with sugarcane BG, which is a major LCB feedstock for bioethanol industry. In this study, lignin content of the FF was lowest (17.17 ± 0.73%) and highest in SD (24.97 ± 0.30%).

TABLE 1 | Composition of selected lignocellulosic biomass (LCB) available in Indo-Burma biodiversity Hotspots.
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Study on Morphological Changes Produced by Pretreatment

The morphological changes brought about by hydrothermal pretreatment on biomass substrates in comparison with NaOH pretreatment at 130°C was investigated employing SEM. The effects of both pretreatments on sugarcane BG in comparison with the raw material are depicted in Figure 1. The surface of native sugarcane BG (A), and their counterpart hydrothermally pretreated BG (B) did not show any marked difference except with an appearance of few droplets like structures. However, after alkali pretreatment (C), changes in terms of the disappearance of smooth covering accompanied by fragmentation and fibrillation more than native was evident with higher numbers of droplets like structures.
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FIGURE 1 | Scanning electron microscopy images of six types of lignocellulosic biomass. First row: sugarcane bagasse; second row: cassava aerial parts; third row: ficus fruits; fourth row: Loktak phumdi; fifth row: rice straw; and sixth row: sawdust. Untreated: (A,D,G,J,M,P); hydrothermally pretreated: (B,F,H,K,N,Q); sodium hydroxide pretreated: (C,E,I,L,O,R).



The surface of the untreated cassava (D) was intact with an uneven covering layer. Upon hydrothermally treated, the surface became swollen and fibrillated causing the surface partially fragmented. However, NaOH pretreatment led to more swollen and deformed and it seems to affect the surface with a smoother visual aspect. The hydrothermally and NaOH-treated FF surface appeared to be fragmented like network structures when compared with the surface of the untreated raw material. The FF surface of NaOH-treated became more swollen when compared with hydrothermally pretreated FF substrate.

There is no conspicuous difference observed in the case of untreated and hydrothermally pretreated PH, however, the surface of the NaOH-treated substrate appeared smooth and swollen. The morphology of the RS that was subjected to hydrothermal and NaOH pretreatment presented subtle differences with the development of disrupting pores which tend to appear swollen in NaOH pretreated in comparison with the untreated RS. The morphologies of untreated and hydrothermally pretreated SD were more or less similar with distinguished cracked pores and disorganized attributes in the latter. In the case of NaOH pretreated SD, the dismantled structure appeared more polished and swollen.

FTIR Analysis

The chemical structural changes in treated biomass compared with their respective raw biomass (untreated) were investigated through application of FT-IR. The fingerprint region of the FT-IR spectra depicting the structural changes of the hydrothermally, NaOH pretreated and, the untreated substrates of the six substrates are shown in Figure 2. In both pretreatments with respect to native substrates, there is incremental of the curves in asymmetry and line width within the range of 3,800–3,000 cm–1. There is marginally diminished in relative absorbance in all the pretreated samples around 2,900 cm–1. An interesting change was that the distinct absorption peak at 1,738 cm–1 associated with hemicellulose disappeared in all the alkali-treated samples. Two apparent bands were detected in the case of untreated substrates around 1,735 and 1,241 cm–1 related to hemicelluloses. Several intense bands were clearly evident in the spectra at 1,603, 1,509, 1,430, and 1,460 cm–1 for lignin moieties in the controls and hydrothermally pretreated samples.
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FIGURE 2 | Fourier transform infrared spectra of six types of lignocellulosic biomass. The red, green, and black lines indicate sodium hydroxide treated, hydrothermally treated, and untreated, respectively. (A) Sugarcane bagasse, (B) cassava aerial parts, (C) ficus fruits, (D) Phumdi, (E) rice straw, and (F) sawdust.



Principal Component Analysis of the FT-IR Spectrum

The variance explained by the PCA using the two initial principal components PC1 and PC2 were 90.95% with a PC1 contribution of 79.66% and PC2 of 11.29%. PC1 and PC2 loading plots (Figure 3A) distinguished the most significant wavenumbers in terms of variability explained by each principal component. PC1 did not exhibit negative loadings for any of the wavenumbers; meanwhile, PC2 has exhibited both the negative and positive loadings. In both cases, different minimum and maximum points were possible to identify both the principal components. The signals perceived between 800 and 1,200 cm–1 was the lowest point in PC1; meanwhile, in PC2, it was the highest point from 800 to 980 cm–1 and lowest range from 1,000 to 1,200 cm–1. This wavenumber range has been connected with different types of cellulose, essentially an indication of the fact that the treatments had brought changes on the various biomass samples. The other significant signal was 864 cm–1; this was a minimum signal exhibited lowest in PC1 and this corresponded with the NaOH signals found in the FTIR spectrum. The PC2 loadings which captured 11.29% of the variance show prominent peaks at spectral regions 1,515 and 1,733 cm–1 positively, whereas 1,247, 1,325, 1,425, 1,580, and 1,603 cm–1 were negatively perceived in association with functional groups related to lignin moieties. The scores plot generated through PCA shows that the pretreatments broadly resulted in three clusters (Figure 3B).
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FIGURE 3 | (A) Loading plots of PC1 and PC2 of Fourier transform infrared (FTIR) spectra for the different biomasses. (B) Scores scatter plot of principal components PC1 and PC2 for the FTIR spectra of different biomasses under study. The acronyms provided are abbreviated for sugarcane bagasse (BG), cassava aerial parts (CS), ficus fruits (FF), rice straw (RS), and sawdust (SD). The suffix denotes U, untreated; T, hydrothermally treated; and N, sodium hydroxide treated corresponding to the symbols representing ([image: image1]), untreated; ([image: image1]), hydrothermally treated; and ([image: image1]), sodium hydroxide treated, respectively.



Soluble Fraction Analysis: Monosaccharides and Inhibitors

A number of desirable products (monosaccharides and disaccharides) and the potential inhibitors such as furfural, HMF, and acetic acid formed as a result of pretreatments, both by hydrothermal and sodium hydroxide of all the six feedstocks in liquor fractions are presented (Figure 4; Table 2). Among the monosaccharides, glucose was the most common and in higher concentration in soluble fractions obtained from most of the biomasses, followed by xylose and arabinose (Figure 4). The concentration of these monosaccharides in the soluble fractions of sugarcane BG, CS, and FF was much higher than those in the other three biomasses. Hydrothermal treatment increased the concentration of glucose in the soluble fractions of three biomasses conspicuously and cellobiose concentration (Figure 4) was increased conspicuously only of sugarcane BG. In contrast, NaOH pretreatment reduced the concentrations drastically except that of glucose in FF. The content of three major inhibitors in liquor fraction of untreated and pretreated LCB is presented in Table 2. Content of acetic acid in differently treated LCB varied from 7.17 to 143.28 mg/L, HMF from below detection level (BDL) to 28.33 µg/L, and furfural BDL to 111.06 µg/L (Table 2).
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FIGURE 4 | Monosaccharide and disaccharide composition (expressed in milligram per liter) in the liquor fraction before and after pretreatments of six lignocellulosic biomass and respective native biomass (control).



TABLE 2 | Content of three major inhibitors in liquor fraction of six lignocellulosic biomass (LCB) before (control) and after hydrothermal and sodium hydroxide (NaOH) pretreatments.
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Enzymatic Saccharification of the Pretreated Biomasses

Enzymatic hydrolysis released varying quantity of sugars from the solid fractions (after removal of the liquid fraction) of the six untreated biomasses. Reducing sugar released from sugarcane BG, CS, and FF were more than those from the other biomasses (Figure 5). Pretreatments of the biomass enhanced release of sugar and saccharification efficacy. The saccharification efficiency of hydrothermally treated substrates and the sodium hydroxide-treated substrates significantly increased, ranging from 1.35 to 28.64% and from 3.24 to 30.27%, respectively, against a range of 0.81–17.97% (Figure 5) of the native substrates.
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FIGURE 5 | Reducing sugar yield (microgram per milliliter) and saccharification efficiency (%) of six different types of lignocellulosic biomass. U, untreated; T, hydrothermally treated; N, NaOH-treated are indicated. Data represented are the averages of the results from duplicated experiments (bar indicates ± SD).



Ethanol Production

The fermentation performance of MTCC 1755 (F. oxysporum) was preliminarily investigated on the four selected substrates both in their native as well as hydrothermally pretreated state as the sole carbon source without the addition of any extraneous enzymes. The CBP of the selected substrates demonstrated highest ethanol titer of 0.85 g/L in hydrothermally treated sugarcane BG which corresponded to ethanol yield of 0.042 g/g of substrate obtained 23.43% of maximum theoretical ethanol yield. Similarly, maximum ethanol concentrations of 0.66, 0.76, and 0.62 g/L, corresponding to ethanol yields of 0.033, 0.038, and 0.031 g ethanol per gram of substrate utilized, respectively, were attained in hydrothermally treated CS, FF, and RS (Figure 6). Among the untreated biomass, CS attained highest ethanol titer of 0.83 g/L followed by RS, FF, and sugarcane BG within 96–144 h of fermentation (Figure 6).
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FIGURE 6 | Fermentation of selected lignocellulosic substrates for bioethanol production and estimated at three intervals (A) 96 h, (B) 120 h, and (C) 144 h. BGU, untreated sugarcane bagasse; BGT, hydrothermally treated sugarcane bagasse; CSU, untreated cassava aerial parts; CST, hydrothermally treated cassava aerial parts; FFU, untreated ficus fruits; FFT, hydrothermally treated ficus fruits; RSU, untreated rice straw; RST, hydrothermally treated rice straw. Bar indicates ± SD.



DISCUSSION

Exploitation of second-generation biofuels depends on the production of LCB from non-agricultural lands in a sustainable manner and also their availability round the year. Availability of the five feedstocks viz. CS, FF, RS, Loktak PH (floating biomass), and SD is such that they can support biomass-based bioethanol production in NERI round the year. Analysis of the composition of this biomass and change in morphology, chemical composition, and saccharification as a result of their pretreatments with hydrothermal and sodium hydroxide has generated interesting results which are discussed below.

Biomass Composition

As expected yield of the soluble content in BG procured for our experiment was low (3.5 ± 0.29%) due to their excessive washing during commercial extraction. Soluble content in RS of our study was low. Soluble content in RS and in many other grass varieties is generally low and it is attributed to richness of silica content (Eika, 2014). PH, the floating biomass, is a heterogeneous aggregate of soil, vegetation, and organic matters at various phases of decomposition that has transformed into a dense solid form which might have attributed to its soluble content of 12.21 ± 0.20% (Table 1). Lignin content in feedstocks is an important barrier in cellulose accessibility. Lignin is a complex polymer of phenylpropane units (sinapyl, p-coumaryl, and coniferyl alcohol) that acts as a cementing and waterproofing agent in plant cell wall. It is generally considered to be a physical barrier in achieving efficient saccharification of biomass (Gunjkar et al., 2001; Berlin et al., 2005; Nlewem and Thrash, 2010). Despite high cellulose content in SD, its high lignin content appears to make it less suitable feedstock.

Study on Morphological Changes Produced by Pretreatment

The effect of alkali pretreatment of sugarcane BG is evident with the disappearance of smooth covering accompanied by fragmentation and fibrillation compared with untreated BG with the appearance of a higher number of droplets like structures. This may be associated with high level of hemicellulose removal by sodium hydroxide, thereby enabling more accessibility of the enzyme to the cellulose fiber. Furthermore, droplets observed on the surface of the NaOH-treated sugarcane BG could be due to the generation of some residues associated with lignin modifications and precipitation which was specific to only sugarcane BG. Similar observation was reported previously (Lima et al., 2014). These results reflect the effect of the different pretreatments on the morphology of different biomass samples as a result of solubilization of lignin and hemicelluloses. Thus, pretreatments seem to increase the surface area and comparative changes for enhanced enzyme accessibility. It is also evident that a more disorganized structure develops as a result of the pretreatments application upon the biomass substrates compared with the raw material (untreated). The droplets visualized in our study exhibited similar physical features as described in earlier studies (Selig et al., 2007; Donohoe et al., 2008; Li et al., 2014) and they are presumed to be pseudo-lignin derived from carbohydrate like xylan during the course of severe hydrothermal pretreatment (Kumar et al., 2013; Pu et al., 2013).

Sodium hydroxide causes cleavages of the alpha-aryl ester bonds mechanistically with the weakening of hydrogen bonds from its polyphenolic monomers, which in turn promotes swelling of cellulose (Rocha et al., 2012). This was also evident in the case of all the biomass samples of this study, pretreated with sodium hydroxide. The sodium hydroxide solution causes swelling of plant cell wall and disrupts the lignin structure, reduces the degree of crystallinity, and polymerization of cellulose, accompanied by the increase in surface area of cellulose (Taherzadeh and Karimi, 2008). The similar morphological change was evident in the alkaline post-treated sweet sorghum stem when compared with the corresponding hydrothermally pretreated substrates (Sun et al., 2015). Both the hydrothermal and NaOH pretreatments resulted in evident damage to the cell structure in the six biomasses, which would result in enhanced enzymatic digestibility of the pretreated samples owing to a more available surface area for easy enzyme accessibility and efficient saccharification.

FT-IR Analysis

The incremental of the curves in asymmetry and line width within the range of 3,800–3,000 cm–1 from both treatments with respect to native substrate suggest dislocations imparted from the treatments in the crystalline structure of cellulose. The band absorption around 3,430 cm–1 is assigned to the stretching of O–H groups of H-bonds of cellulose (Buranov and Mazza, 2010). The reduction in intensity exhibited by the peak upon subjection to hydrothermal and NaOH pretreatment might be due to disruption of hydrogen bonds in cellulose. The band position around 2,900 cm–1 is ascribed to C–H stretching within the methylene portions of the cellulose (Kumar et al., 2009). The marginal diminished in relative absorbance in all the pretreated samples was indicative of slight rupture of the methyl and methylene portions of cellulose. The region extending between 1,100 and 1,200 cm–1 contributes to large portions related to cellulose and hemicellulose with a maximal value around 1,164 and 1,035 cm–1 owing to asymmetrical stretching of C–O–C and C–O, respectively (Pandey, 1999, 2005; Colom et al., 2003). The vicinity about 1,247 cm–1, a characteristic of hemicellulose and lignin component in the FTIR spectra of the biomass was ascribable to the stretching of C–O (Pandey and Pitman, 2003). The band around 1,515 cm–1 is observed which is ascribed to C = C stretching of the aromatic ring in lignin (Colom et al., 2003; Pandey, 2005). A characteristic of C = O stretching of the unconjugated hemicellulose band is reported around 1,733 cm–1. The disappearance of the band at 1,738 cm–1 revealed that alkaline treatment cleaved the ester bonds of hemicelluloses, such as acetyl and uronic-ester groups in all of the alkali-treated samples (Sun and Tomkinson, 2002). Two apparent bands were detected in the case of untreated substrates around 1,735 and 1,241 cm–1 attributable to C = O and C–O stretching vibrations at the acetyl ester unit of hemicelluloses (Owen and Thomas, 1989; Chen et al., 1997; Gastaldi et al., 1998; Kumar and Wyman, 2009). However, a gradual diminishing of intensities in the two bands in both the hydrothermally and NaOH pretreated substrates was ascribed to the deacetylation with the removal of hemicelluloses. Several intense bands were clearly evident in the spectra at 1,603, 1,509, 1,430, and 1,460 cm–1 for lignin of the controls and hydrothermally pretreated substrates, revealing incomplete removal of lignin on the subjection of the substrates to hydrothermal pretreatment. Similar observations were also seen in sweet sorghum stems after hydrothermal pretreatment (Sun et al., 2014). The intensities of the lignin bands in NaOH pretreated substrates show an acute reduction in the spectra in comparison with the untreated and the hydrothermally pretreated substrates, an indication in the effective removal of lignin through alkaline delignification.

Principal Component Analysis of the FT-IR Spectrum

The loadings plots (Figure 3A) obtained are complicated, suggesting that the alterations concerning different groups of bands emerged on subjection to pretreatments from the scores result. It affirms, however, that the main loadings observed are located at 1,030 and 1,050 cm–1 (C–O stretching in different groups of carbohydrates); 1,164 and 1,375 cm–1 (C–O–C and C–H vibrations or deformation in cellulose and hemicellulose); 1,458 and 1,515 cm–1 (C–H deformation in carbohydrates and lignin and C = C vibrations in lignin). Thus, it is apparent that PC1 mostly pertains with portions of the spectra related with carbohydrates. The PC2 loadings which captured 11.29% of the variance show prominent peaks at spectral regions 1,515 and 1,733 cm–1 positively, whereas 1,247, 1,325, 1,425, 1,580, and 1,603 cm–1 were negatively perceived in association with functional groups related to lignin moieties suggestive of higher amounts of lignin in biomasses. The scores plot (Figure 3B) generated through PCA shows that the pretreatments broadly created three clusters viz., (a) untreated cassava, sugarcane BG, and SD; (b) hydrothermally treated cassava, sugarcane BG, and SD; (c) RS along with alkali-treated FF, and sugarcane BG. Assuming uniform composition of all biomass, it was expected that each of native, NaOH- and hydrothermal-treated form of biomass will separate in three clusters. But rather PCA created cluster based on FT-IR spectra irrespective of the type of biomass or their pretreatments. As a result due to effect of pretreatments, some type of comparable FT-IR spectral pattern between untreated substrates emerged and this may be attributed to the heterogeneous nature of the six types of biomasses. This result has been useful in the selection of a combination of pretreatment type and substrate for subsequent enzymatic saccharification.

Soluble Fraction Analysis: Monosaccharides and Inhibitors

In the present study, the fall in monosaccharides and disaccharides in soluble fractions is clearly evident in the case of all NaOH pretreated biomasses, which can be explained by the enhanced formation of inhibitors, particularly acetic acid. However, it is worth mentioning that o-Toluidine reagent was used to estimate total cellulose (glucose equivalents) and hemicellulose (xylose equivalents) content of the untreated biomasses at the initial stage of the experiment, whereas due to availability of HPLC at later stage, the monosaccharides (arabinose, glucose, and xylose), disaccharide (cellobiose), and inhibitors (acetic acid, furfural, and HMF) in untreated and pretreated biomasses determination was more precise. Therefore, interpretations of our result reflect an assumption that estimates of cellulose and hemicellulose by the two methods are similar. Type and concentration of sugar degradation products are determined by the severities of pretreatments. For example, furfural and HMF are formed as a result of pentose and hexose degradation; acetyl content in hemicellulose is hydrolyzed into acetic acid as a consequence of deacetylation (Pu et al., 2013). These degradation products are likely to inhibit the growth of fermenting microorganisms or enzymes involved in bioethanol formation. For example, several workers (Navarro, 1994; Pu et al., 2013) found that acetic acid, furfural, and HMF within the limit of >10 g/L, >3 g/L, and >1.3 g/L, respectively, were not inhibitors to Saccharomyces cerevisiae. The concentrations of these inhibitors formed due to pretreatments of the five biomasses of our study were within the permissible limit. On the other hand, several sugar degradation products, weak organic acids, and phenolic compounds released from lignin degradation have been shown to inhibit both yeast (Sanchez and Bautista, 1988; Larsson et al., 1998) and enzymes (Taherzadeh et al., 2000). In other instances, furfural at low concentrations (Tengborg et al., 2001) was found to increase ethanol yield. Similarly, the maximum theoretical yield of 99% ethanol was obtained at an acetic concentration of 1.0 g/L from the fermentation of pretreated wheat meal and this yield was higher compared with those obtained from fermentation carried out in the absence of acetic acid (Palmqvist et al., 1996). However, at higher concentrations of acetic acid >10 g/L and similarly, furfural at concentrations of >3 g/L reduced the ethanol productivity to a great extent (Navarro, 1994). Thus, standardization of pretreatments of biomasses of this study in terms of quantity of fermentable sugars and inhibitors in the soluble fraction shows that hydrothermally pretreated sugarcane BG, CS, and FF are potential feedstocks for bioethanol production.

This result suggests that both the pretreatments significantly enhanced the saccharification efficiency of the substrates and NaOH pretreatment was relatively better than hydrothermal method. This differential effect could be associated with the different composition of hemicellulose and lignin in the biomass samples. Hemicellulose and lignin have been demonstrated to block enzymatic hydrolysis of cellulose. The lower in the proportions of hemicellulose and lignin in the biomass, the higher the value of enzymatic hydrolysis efficiency of cellulose (Mussatto et al., 2008; Erdei et al., 2010). Although there was no conspicuous difference in hemicellulose and lignin content of the native substrates (Table 1), pretreatments resulted in substantial degradation and removal of hemicellulose and lignin as evidenced by the HPLC and FTIR analyses (Figures 2 and 4). Sodium hydroxide pretreatment generates acetic acid from the hydrolysis of the acetyl groups in the hemicelluloses. Therefore, the higher release of acetic acid may be attributed to the hemicellulose content as evident from its highest content in sugarcane BG followed by SD, FF, RS, and cassava (Table 1). It is noteworthy that NaOH pretreatment caused a very high level of sugar release and saccharification efficiency of RS which are abundantly produced in the region and can be an ideal source to support the production of bioethanol round the year.

Enzymatic Saccharification of the Pretreated Biomasses

In previous studies, maximum hydrolytic efficiency of cellulose conversion (72%) was achieved from consecutive acid–base pretreatment of sugarcane BG (Rezende et al., 2011), employing a combination of 25 FPU of Accelerase 150 (DuPont, Wilmington, DE, USA) and 50 IU of β-glucanase from Novozyme 188 (Sigma Aldrich, USA). Similarly, cellulose conversion range between 27.5 and 47.7% and 15.9 and 48.8% was obtained by employing two enzyme preparations cellulase I and cellulase II, respectively, during 24 h hydrolysis (Santos et al., 2011). Although the hydrolytic efficiency of the biomasses of our study appears to be lower than those reported earlier, it is difficult to make direct comparisons as appropriate enzyme loading and hydrolytic conditions also affect sugars recovery from the substrates (Zhu et al., 2008; Rezende et al., 2011). It will be worthwhile to work out most appropriate enzyme loading and hydrolytic conditions for the superior biomass, i.e., sugarcane BG, CS, FF, and RS of this study to achieve maximum sugar recovery.

Bioethanol Production

The ethanol yield achieved using MTCC 1755 on hydrothermal and untreated biomass substrates are much lower than those found by other workers under varying conditions (Hossain et al., 2011). For instance, inoculation of Neurospora crassa on 1 g alkali pretreated brewer’s spent grain yielded 0.074 g and inoculation of F. oxysporum yielded 0.109 g ethanol (Xiros et al., 2008; Xiros and Christakopoulos, 2009). On the other hand, inoculation of Trametes versicolor yielded 0.239 g ethanol from 1 g non-treated RS (Okamoto et al., 2014). Similarly, Lee et al. (2012) reported an ethanol production of 46.7 g/L from 150 g/L of liquefied cassava starch by co-immobilization of S. cerevisiae with A. oryzae after 72 h incubation while immobilized cells of yeast S. diastaticus produced 37.5 g/L ethanol corresponding to ethanol yield conversion of 0.311 and 0.25 g/g of cassava, respectively. There may be several reasons for low yield of ethanol in our study. The culture could be inefficient and sugar content in the substrate could be low or inoculation conditions were not optimum. As such, there is no consistency in the reports on different studies in organism, pretreatment methods, and inoculation conditions. In the current study, it was not possible to execute elaborate experiments taking into considerations on different variables for the five substrates. However, in our study, untreated CS yielded 0.83 g/L ethanol. In recent time, there has been lot of emphasis given on use of CBP for production of bioethanol from treated and untreated agricultural wastes employing filamentous fungi through CBP (Okamoto et al., 2011; Shahin et al., 2012). In our future experiments, ethanol production will be attempted using the six substrates through variations in conditions between fermentation parameters, fungal cultures, and pretreatments.

CONCLUSION

The six LCB viz. sugarcane BG, CS, FF, PH, RS, and SD contained varied amount of lignin, cellulose, hemicellulose, monosaccharides, disaccharides, and inhibitors of fermentation. SEM, FT-IR, and HPLC analysis could indicate structural and compositional changes brought about by hydrothermal and NaOH pretreatments of these LCB. Hydrothermal pretreatment was found to be an efficient method to release desirable amounts of fermentable sugars and inhibitors and enhance the enzymatic saccharification. Preliminary screening on four selected substrates (untreated and hydrothermally treated) for bioethanol production through saccharification and fermentative action of MTCC 1755 showed that ethanol production from untreated CS was comparable with that from hydrothermally treated BG. Based on these results, optimization of different process and enzyme loading parameters should be the goal of future research to enhance ethanol yield from this potential substrate.
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LcB

Components of the biomass (%)

Solubles
Sugarcane bagasse 356029
Cassava 390063
Loktak Phumai 12.21+£0.20
Sawdust 445016
Ricestraw 338051

Ficus fruits 4.67 057

Cellulose

32,06 +0.22
3428 £0.79
2541043
35.28 +£0.43
33.81+0.58
34.09 +0.41

Hemicellulose

29.20+0.73
24.38+0.28
20.59 +0.39
2857 £0.68
2512+ 0.65
25.25+0.62

Lignin

23.30£0.18
2065 +0.61
21204058
24.97 +0.30
19.54 + 048
17.17£0.73

Others

11.85+1.05
16.77 £ 0.98
20.56 + 1.39
6.71+0.36
18.13 + 0.82
18.74 £ 0.98

Data represented are the averages of the results from duplicated experiments and each LCB had three replications (bar indicates + SD).
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Treatment  Aceticacid  HMF (ug/l)  Furfural
(mg/L) (ng/L)
Sugarcane  Untreated 747£025  02£001 35x041
bagasse (control)
Sugarcane  Hydrothermal 8854 + 2.05 BOL 584+0.13
bagasse
Sugarcane  NaOH 128.09 .49 BDL 462030
bagasse
Cassava aerial  Untreated 27.19£073 2833094 BOL
parts (control)
Cassavaaerial Hydrothermal 5035 +0.87  9.96+0.04 BOL
parts
Cassava aerial NaOH 5204£051 0220008 111.06+09
parts
Fiousfuits  Untreated 8612+053 123:0004  BOL
(control)
Ficusfruts  Hydrothermal 14328 £0.61 623004 16.53+024
Ficus fruts  NaOH 31.84£054 0212001 BDL
Loktak Phumdi Untreated 1206+026 0130008 036001
(control)
Loktak Phumdii Hydrothermal ~ 42.8£0.61  8.93+0.04 BOL
Loktak Phumdi - NaOH 33+054 084001 BOL
Ricestraw Untreated 5334£043 036+0021  BDL
(control)
Ricestraw Hydrothermal  145.78 £053 16,53 1.1 BOL
Ricestraw NaOH 65864022 736016 BOL
Sawdust Untreated 21.03£063 1.03+0.12 BOL
(control)
Sawdust Hydrothermal ~ 43.24£028  17.7£0.16  56.78 1.49
Sawdust NaOH 100.51£049 0054£0003  BOL

HIMF; hyaroxymethyifurfural: BDL, below detection level.

Data represented are the averages of the results of three replicate samples (bar

indicates + SD).
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