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ABSTRACT 
A copious amount of rigid Aloe vera leaf rind (AVLR) has been produced from the aloe gel 

processing industries are majorly disposed as wastes since it has no commercial value. The 

cell wall compositional analysis revealed that significant quantity of cellulose (46% ± 0.76, 

w/w) and hemicellulose (18.5% ± 0.24, w/w) which justifies as potent source for bioethanol 

production. However, high lignin content (13.95% ± 0.45, w/w) hinders depolymerization of 

polysaccharides into fermentable sugars and subsequent fermentation for ethanol production. 

In the present study, microwave-assisted alkali (MAA) pretreatment of AVLR was performed 

by varying the power level (160 W, 320 W and 480 W) which showed a maximum 

delignification (66.38%) at 320 W. Scanning Electron Microscope (SEM), Fourier-transform 

infrared spectroscopy (FTIR) and X-ray powder diffraction (XRD) based characterization were 

performed to study the extent of delignification in AVLR biomass. The Gas Chromatography-

Mass Spectrometry (GC-MS) analysis was performed for the liquid hydrolysate obtained after 

MAA pretreatment at 320 W indicated that the hydrolysate contained more of oxidized 

phenolic hydrocarbons that can be potentially utilized for other value-added product 

synthesis. A comparison of saccharification efficiency was performed using two different 

cellulase producers namely Aspergillus niger and Aspergillus sp. A 2.8-fold increase in sugar 

yield was achieved by Aspergillus sp., with a maximum saccharification of 68.5% ± 0.34 on 

comparing with untreated AVLR biomass. This indicates the feasibility of MAA pretreatment 

for AVLR biomass in order to improve the accessibility of fermentable sugars available for 

ethanol production. 

 

  

 

 

 

 

 

 

 

 INTRODUCTION 

In recent years due to change in lifestyle patterns and increased awareness among 

consumers regarding their health lead to a paradigm shift in consumer preference 

towards natural alternatives and herbal based nutraceuticals. Aloe vera finds a notable 

position among the natural beverages, personal and healthcare medication due to its 

extensive superior pharmacological and nutritional properties [1]. For the bygone year, 

the market value for Aloe vera based drinks is found to be around $77.8 million and 

forecast to grow with 11.3% of compound annual growth rate by 2027 [2]. Many 

industrial units processing Aloe vera for gel/sap extraction has been already established 

on the basis of market demand, and it has been estimated that there are more than 300 

Aloe vera processing industries in the country [3]. The peripheral rind of the Aloe vera 

leaf has been stripped off and the inner leaf material (i.e., aloe gel) were processed for 

Aloe vera juice preceded by washing/ rinsing away the latex. Aloe vera leaf rind (AVLR) 

which is lignocellulosic biomass impedes its usage as a cattle feed due to the bitterness 

(aloin – quinone derivative) and thorns on the lateral surfaces. Currently, it is applied 

either as a biomanure or disposed as waste. However, analysis on AVLR indicated that 

it constitutes α-cellulose of about 57.72% ± 2.18 (w/w) that was used for nanofibre 

synthesis [4]. Hellen Sathya et al. has reported that AVLR can be utilized as raw 
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material for bioethanol by performing acid-based pretreatment and hydrolysis of 

cellulose to obtain reducing sugars for fermentation [5]. However, acid-based 

pretreatment of lignocellulosic biomass has certain operational and furfural problems 

[6, 7]. Therefore, recently to have a cost-effective and efficient pretreatment process, 

certain hybrid strategies such as thermo-chemical processes are being employed. 

Microwave pretreatment is one such process where several advantages that include 

high heating efficiency, ease of operation with instantaneous start and stop facility and 

uniform selective processing of biomass [7, 8]. There were successful demonstrations of 

employing microwave treatment to degrade lignin, modify cellulose for its increased 

accessibility for enzymatic treatment for hydrolysis [9]. Hence, microwave treatment 

could be assisted with mild chemical agents (acid/alkali) to increase the rate of 

pretreatment at the same time reducing the impact of inhibitors. In this present study, 

an attempt has been made to investigate the efficiency of the process by employing 

Microwave-Assisted Alkali (MAA) pretreatment of AVLR followed by enzymatic 

hydrolysis of cellulose using crude cellulase produced by two different strains viz., 

Aspergillus niger and Aspergillus sp. To the best of authors’ knowledge, this is the first 

study to inculcate such process strategy (MAA + cellulase hydrolysis) for AVLR to be 

used as raw material for second-generation bioethanol production. Through this study, 

the effect of different microwave radiation power and its consequence on the efficiency 

of cellulase-mediated hydrolysis was reported. Morphological (Scanning Electron 

Microscope (SEM)) and structural studies (Fourier-transform infrared spectroscopy 

(FTIR) and X-ray diffraction (XRD)) were done to analyze the delignification, and the 

intermediary degradation product released during MAA pretreatment was analysis by 

Gas Chromatography Mass Spectrometry (GC-MS).  

 

MATERIALS AND METHODS 

Substrate  

AVLR was procrued from the aloe gel processing unit located in Tiruchirappalli, Tamil 

Nadu, India (10.7905° N, 78.7047° E). The feedstock was sun-dried and pulverized to 

0.18 mm particle size, stored in an air-tight container under the moisture-free condition 

at room temperature for further use. 

 

Microorganism and inoculum preparation  

Cellulolytic fungus, Aspergillus niger was procured from culture collection center, 

National Chemical Laboratory (NCL), Pune. Another fungus that has been isolated 

from old decaying wood in a nearby locality is used for cellulase production and was 

identified through preliminary screening in the laboratory as Aspergillus sp. Further, the 

characterization of the organism to identify the species is in progress. These cultures 

were grown on Potato dextrose agar (PDA) and sub-cultured regularly. The purpose of 

using the standard cellulase producer is to compare the hydrolytic efficiency of the 

newly isolated strain. 

 

Structural composition of AVLR feedstock 

Proximate and biochemical analysis  

Analysis of moisture content, volatile solids, and ash content for AVLR were carried 

out using standard protocol [10]. 
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Estimation of lignin 

Estimation of AVLR lignin content by iodometric method was done as reported by 

Hussain et al.  where equal volume (7.5 mL) of 4 N sulphuric acid and standard 0.1 N 

potassium permanganate were mixed and further added to 0.05 g of AVLR biomass for 

oxidizing the AVLR lignin [11]. After incubation at 25 °C for about 10 minutes the 

reaction was subsequently stopped by the addition of 1.5 mL potassium iodide (1N), 

followed by titrating sodium thiosulphate (0.1 N) with the free iodine using a starch 

indicator. 

AVLR lignin content was calculated using Eq. 1. 

AVLR lignin content (%) = (Kappa number × 0.155)  × 100      (1) 

Where, the kappa number as provided in Eq. 2 signifies the Klason lignin. 
 

Kappa number =
(p×f)

w
                       (2) 

Where, the linear plot between Klason lignin and kappa number gives a slope value of 

0.155; 

p = mL of potassium permanganate consumed by AVLR; 

f = factor of correction (f=1) to 50% consumption of potassium permanganate solution; 

w = dry weight of the AVLR biomass in gram 

 

Estimation of hemicellulose and cellulose 

As reported by Marlett and Lee, the hemicellulose content in the AVLR biomass was 

estimated by treating the dried AVLR biomass with 1%, v/v of 1 N sulphuric acid and 

incubated at 100 °C. After 4 hours of incubation, the AVLR biomass was dried 

overnight and total soluble sugars difference between treated and untreated (control) 

AVLR biomass was used for determining the hemicellulose composition [12]. The 

cellulose content of AVLR biomass was determined as reported by Sun et al. where 5 g 

of AVLR biomass was treated with an acid mixture of 100 mL of acetic acid (80%, (v/v)) 

and 10 mL of nitric acid (70%, (v/v)) incubated at 100 °C for about 20 minutes. Until pH 

remains neutral, repeated washing was done using distilled water and ethanol (95%, 

(v/v)) in order to remove acid and the reaction breakdown products. Then, the residual 

biomass was subjected to overnight drying at 60 °C in a hot air oven [13]. 

The dry weight fraction of final treated and initial sample gives the cellulose percentage 

in AVLR biomass as provided in Eq. 3. 

Cellulose (%, w/w) =  
Final dry weight of the AVLR biomass (g)

Initial dry weight of the AVLR biomass (g)
× 100    (3) 

The Reducing sugar were determined by Dinitrosalicylic acid method [14]. 

 

Production of cellulase by solid state fermentation  

Sugarcane bagasse has been used as a substrate for solid state fermentation (SSF) was 

collected from the local markets of Chennai, Tamil Nadu, India (13.0827° N, 80.2707° E). 

Before use in SSF, the substrate was dried and chopped into different size. The biomass 

was sieved to determine the different particle size of the substrate. For placing the SSF 

set 5 g of sugarcane bagasse having particle size of ~0.5 mm was taken in a polybag and 

mixed with the mineral media at a ratio of 1:3 (solid to liquid). The composition of 

http://www.bsmiab.org/jabet


540 

 

www.bsmiab.org/jabet 

 

Gunasekaran and Jacob, J Adv Biotechnol Exp Ther. 2022 Sep; 5(3): 537-552 

mineral media is given as follows (g/L): Potassium dihydrogen phosphate (KH2PO4) - 2; 

Ferrous sulphate (FeSO4)- 0.005; Tryptone - 0.75; Calcium chloride (CaCl2) - 0.3; 

Manganese sulphate (MnSO4·H2O) - 0.0016; Ammonium sulphate ((NH4)2SO4) - 1.4; 

Magnesium sulphate (MgSO4)- 0.3; Zinc sulphate (ZnSO4)- 0.0014; Tween 80 – 2mL. The 

SSF sets were sterilized and inoculated with 5 mL (~2.4 x 105 cells/ mL) spore 

suspension of Aspergillus niger and Aspergillus sp., in respective bags for cellulase 

production. The SSF sets were incubated for 5 days at 32° C with relative humidity of 

80%. 

 

Cellulase extraction and assay 

The fermented biomass was soaked in 15 mL of glycerol solution (5% (v/v)) followed by 

incubation for 2 h at room temperature. The extracellular enzyme was extracted by 

squeezing, filtering through cheesecloth and subjected to centrifugation (5000 rpm for 

about 10 minutes at 4 °C) to remove the suspending particles. The supernatant was 

analyzed for the total cellulase (endoglucanase and exoglucanase) and endoglucanase 

activities using FPA (filter paper assay) and CMC (Carboxy Methyl Cellulose) assay 

respectively [15]. An enzyme activity (IU/mL) was calculated as the one micromole of 

glucose released from the substrate during the hydrolysis reaction per milliliter of 

enzyme per min by using the formula as given in Eq. 4.     

Enzyme activity (
IU

mL
) =  

[Optimal density ×Slope−1 (mg/mL)×Dilution factor]

[Molecular weight of glucose (
g

mol
)×Time(min)×Volume (mL)]

  (4) 

 

Microwave-assisted alkali delignification of AVLR 

Laboratory microwave oven (LG, model MC2149BPB, India) was used to carry out 

pretreatment which provided the microwave radiation at a different power level. 

Sodium hydroxide solution of about 10 mL ((NaOH- 2%, w/v) was added to 1 g of 

dried AVLR biomass and exposed to different power levels of microwave radiation 

(160W, 320W and 480W) for 10 minutes. The reaction time and the power were set 

based on the previous studies as reported by author itself [16]. The residual AVLR 

biomass obtained after MAA pretreatment was neutralized by washing with 200 mL of 

distilled water followed by centrifugation at 5000 rpm for about 10-15 minutes to 

separate the solid biomass and liquid hydrolysate. Then, the solid biomass was sun 

dried until it attains the constant biomass weight and further storing it at room 

temperature for later studies. Further, the liquid hydrolysate obtained after MAA 

pretreatment was subjected to reducing sugar estimation and the volatile fraction of 

depolymerized lignin was analyzed by GC-MS [17, 18]. 

 

Cellulase hydrolysis of delignified AVLR 

Enzymatic hydrolysis by crude cellulase was carried out as reported by 

Mukhopadhyay et al.  with the reaction parameters like solid to liquid ratio 1:18 (w/v) 

at 50 °C for 6 h [19].  In our study, MAA pretreated AVLR biomass was mixed with 

crude enzyme at the ratio of 1:18 (w/v) with the obtained optimal maximum activity 

((6.57 IU/mL CMC-ase and (0.89- Filter paper units/mL for - Aspergillus sp.), (3.19 

IU/mL CMC-ase and 0.42 Filter paper units/mL for Aspergillus niger)) at the end of SSF. 

After incubation, the supernatant was analyzed for reducing sugar and Eq. 5 is 

employed for calculating the percentage of saccharification [20].  
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Saccharification (%) =  
[Reducing sugar content (mg/mL ) ×0.9]

Cellulose content (mg/mL)
 × 100   (5) 

 

Structural characterization of treated and untreated AVLR 

SEM characterization 

SEM images were used to analyze the morphology of AVLR before and after MAA 

pretreatment. Dried samples were spray coated with gold particle and observed under 

SEM (FEI QUANTA 200, USA) [21]. 

 

FTIR characterization 

To analyze the various functional groups of AVLR structural components, FTIR 

(Agilent Technologies, Cary 600 Series, USA) was employed where KBr pellet 

technique was performed using FTIR spectrometer. A spectrum range of 400 cm−1 to 

4000 cm−1 and 0.5 cm−1 of spectral resolution was analyzed [22]. 

 

XRD characterization 

XRD diffraction pattern for untreated and MAA pretreated AVLR was obtained using 

X’pert XRD system (Malvern Panalytical, AERIS- High resolution bench-top XRD, UK). 

The changes in crystallinity of cellulose were determined using the CuKα radiation at a 

wavelength of 1.54 Å and scanned with a speed of 3°min-1 from 10 to 75° (2θ) at 40 kV. 

Crystallinity index of the cellulose before and after pretreatment was calculated by 

using the following formula (Eq. 6) provided by the Segal method for native cellulose 

[23]. 

Crystallinity index % =  [
(I002– Iam)

I002
] × 100                                                                                (6) 

I002- Maximum crystalline cellulose intensity peak at 2θ ranges between 22 and 23°; Iam- 

Minimum crystalline cellulose intensity peak at 2θ ranges between 18 and 19°. 

 

GC-MS analysis of AVLR lignin degradatory compounds  

GC-MS analysis of volatile fractions of lignin degraded by-products after different 

polar and non-polar solvents recovery was performed (Agilent Technologies, 7890B GC 

system combined with 5977A MSD system, USA). A column (30 m×250 μm×0.25 μm) 

made of HP 5MS 5% phenyl-methyl-siloxane was used for separating the AVLR lignin 

degradatory compounds of the liquid hydrolysate obtained after MAA pretreatment. 

The carrier gas (helium) in a split ratio of 1:10 with 1.2mL/min as flow rate. The analysis 

was done at 45 °C for 1 min, followed by ramp (45 to 300 °C) at an interval of 10 °C/min 

withhold time of 1 min at 300 °C. The resulting spectra from the GC-MS analysis were 

compared with the reference spectra from the NIST library [18]. 

 

Statistical analysis 

The values obtained in this study are average of triplicate experiments and the standard 

deviation is represented as (±) calculated from mean and three independent trials. The 

significance between the treated and untreated AVLR group has been analysed by 

student t-test using GraphPad prism v.8.0. p<0.05 is considered statistically significant.  
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RESULTS  

Analysis of AVLR structural composition 

The biochemical constituents such as lignin, hemicellulose and cellulose of AVLR 

biomass was found to be 13.95% ± 0.450, w/w, 18.5% ± 0.24, w/w and 46% ± 0.76, w/w 

respectively.  

Table 1 represents the proximate parameters of AVLR where the total volatile solid 

constituted about 84.31% (w/w) that provide high scope for AVLR to be subjected for 

biological processing.  

 

Table 1. Proximate and structural component analysis of AVLR biomass. 

Characterization Values (%, w/w) 

Proximate parameters  

Moisturea 94.53 ± 0.001 

Ashb 15.69 ± 0.016 

Volatile solidb 84.31 ± 0.016 

Biochemical parameters  

Celluloseb 46.00 ± 0.760 

Hemicelluloseb 18.50 ± 0.240 

Ligninb 13.95 ± 0.450 
The values are average of triplicate experiments and the standard deviation is represented as (±) calculated from mean and 

three independent trials; a – wet weight basis; b – dry weight basis 

 

Delignification efficiency of MAA pretreatment for AVLR biomass 

In the present study, a microwave power of 160, 320 and 480 W were employed for the 

delignification process. After MAA pretreatment, the solid AVLR biomass and liquid 

hydrolysate were subjected to estimation of lignin and reducing sugar yield 

respectively to determine the non-targeted hydrolysis during pretreatment as given in 

Table 2. The MAA pretreatment showed a maximum delignification of about 66.38% 

(w/w) when 1 g of AVLR feedstock was mixed with 10 mL of 2%, (w/v) NaOH and 

exposed to the microwave irradiation at 320 W for 10 minutes. As the power is 

increased to 480 W, a pronounced effect in the degradation of cellulose was observed 

that is reflected from increased reducing sugar (0.98 mg/mL) in the liquid hydrolysate 

obtained from the MAA pretreatment.  

 

Table 2. Percentage of delignification in MAA pre-treated biomass and reducing sugar yield 

from the liquid wash obtained after pre-treatment. 

Power (W) Lignin (%, W/W) 

Delignification 

percentage 

Reducing sugar in the wash 

liquid from MAA (mg/mL) 

 

Untreated 

AVLR biomass 

Treated 

AVLR biomass   
160  13.95 ± 0.45  8.06 ± 0.28***  44.14 ± 5.08  0.22 ± 0.05  

320  13.95 ± 0.45 4.68 ± 0.06****  66.38 ± 0.31  0.33 ± 0.02  

480 13.95 ± 0.45 8.51 ± 0.03*** 38.92 ± 1.32 0.98 ± 0.11 

The values are average of triplicate experiments and the standard deviation is represented as (±) calculated from mean and 

three independent trials. ****p < 0.0001 and ***p < 0.001. 
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Surface morphology analysis of AVLR biomass 

The surface characteristic of the untreated AVLR and MAA pretreatment AVLR 

biomass was analyzed by SEM. From Figure 1 (a-d), it is evident that an increase in the 

roughness and formation of cracks in the treated sample compared with untreated 

biomass, which might be due to the distortion of a highly organized cell wall surface.  

 

Figure 1. SEM image representing the surface morphology of (a) Untreated AVLR, and MAA pretreatment 

AVLR (b) 160 W (c) 320 W (d) 480 W. (Magnification- 2,500 X under high vacuum and 20 µm). 

 

Functional group characterization of AVLR biomass 

From the FTIR spectra of raw and delignified AVLR biomass Figure 2 (a-d), the core 

structure of lignin was inferred as syringyl group (S type) by the presence of its typical 

IR absorption spectra around the region of 1375 cm-1 [24]. The appearance of the peak 

between 1610 – 1635 cm-1 in AVLR biomass is due to the structural vibration of aromatic 

phenyl propane groups and the decrease in the intensity in MAA-treated sample as 

given in Figure 2 (b-d) suggest that the doublet phenolic lignin is reduced after 

pretreatment [25]. Further, the C-O and C-H stretching vibration of methyl, methylene 

of syringyl ring of lignin were attributed by the peak that appeared around 1316 cm-1 

and 2938-2921 cm-1. 

One of the major important considerations for lignin removal is the syringyl (S)/ 

guaiacyl (G) ratio, higher the S/G ratio lower the affinity of enzyme to bind over the 

lignin layer [26]. The characteristic peak of guaiacyl ring is obtained around the region 

of 1270-1260 cm-1, 1516 cm-1 and 1161cm-1. Nearly absence of these G type lignin peaks 

is observed in the AVLR sample.  

From the Figure 2 (b and d), the appearance of peak around 874 cm-1 region was 

attributed to the C-O-C stretching of monomeric units of cellulose at the β-(1, 4) 

glycosidic linkage [27] and the increase in peak intensity at 1103 cm-1 which could be 
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observed only after pretreatment suggest that the MAA pretreatment of AVLR resulted 

in delignification of biomass and exposed the cellulose layer. One of the significant 

functional groups of polymeric lignin i.e. methyl- CH3 that links the poly aromatic 

structure whose transmittance at 1427 cm-1 is relatively reduced after the pretreatment 

suggest that the deformation of lignin to some extent and distortion of the crystalline 

structure of cellulose at 320 W which could add justification to the above discussion as 

the peak also contributes to the symmetric bending of CH2 in cellulose crystallinity [28]. 

The transmittance at 2930–2910 cm-1 were assigned to the stretching vibration of –CH, 

as well as 3450–3300 cm-1 for –OH groups present in lignin and the broadening of this 

band indicates the loosening of cellulose after the pretreatment [29]. Peaks between 

1600 and 1635 cm-1 (aromatic skeletal vibrations) imply the splitting of aliphatic side 

chains of lignin during microwave irradiation.  

 

Figure 2. FTIR spectra of functional groups in the dried AVLR biomass obtained by KBr pelleting technique 

with a spectrum range of 400 cm−1 to 4000 cm−1 (a) Untreated and MAA pretreated (b) 160 W (c) 320 W (d) 

480 W and X-ray diffraction patterns of (e) Untreated AVLR and MAA pretreatment AVLR (f) 160W (g) 320 

W (h) 480 W. 
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Table 3. Crystallinity index percentage of AVLR biomass after MAA pretreatment. 
Sample Crystallinity Index % 

Untreated AVLR 13.93 

Treated sample (160 W) 28.53 

Treated sample (320 W) 21.57 

Treated sample (480 W) 16.74 

 

Crystallinity analysis of raw and MAA pretreated AVLR 

The XRD spectra of untreated and treated biomass at different power levels have been 

illustrated in Figure 2 (e-h). As shown in Table 3, the crystallinity index (CrI) of the 

AVLR feedstock before and after MAA treatment was calculated from XRD spectra. 

The CrI value (21.57%) at 320 W was slightly less compared to 160 W (28.53%) which 

might be due to the disruption of some of the crystalline structure of cellulose which 

can be further justified by a peak disappearance (around 1427cm-1) which corresponds 

to the symmetric bending of CH2 in cellulose crystallinity. Therefore, it has been 

observed that pretreated biomass is highly amorphous which enables the enhanced 

cellulase accessibility for saccharification. Further, an increase in the microwave power 

(480 W) did not lead to a significant increase in CrI value (16.74) after MAA 

pretreatment when compared to other microwave power as shown in Table 3. As 

expected, the CrI value of the biomass was increased after the pretreatment than the 

untreated sample that supports the slight reduction in the transmittance of the peak in 

the vicinity of 1320 cm-1 corresponding to the distortion of lignin in the pretreated 

biomass as discussed earlier in the FTIR analysis Figure 2 (b-d). 

 

Intermediary degradation products of MAA pre-treated AVLR  

The GC-MS spectra that reflect the intermediary degradation product obtain after MAA 

treatment and solvent extraction have been shown in Figure 3 (a-d). The purpose of 

using solvent extraction with different polar solvents (acetonitrile, methanol) and non-

polar solvents (hexane, chloroform) is to fractionate the lignin-depolymerized by-

products/intermediates based on the chemical nature. From the chromatograph, it was 

clear that depolymerized lignin products that range from aromatic and aliphatic 

hydrocarbons along with some low molecular weight compounds such as alcohol, acid, 

ester, etc. The relative proportion of these components obtained from different solvents 

has been represented in a heatmap Figure 3 (e). The major compounds obtained using 

polar solvents were represented in Table 4 that includes aromatic hydrocarbons 

(pyridine, Benzene, 1,3-bis(1,1-dimethylethyl)-, Benzaldehyde, 4-propyl) and 

comparatively less phenolic compounds (phenol, 2,4-bis(1,1-dimethylethyl)-, phenol, 

2,6-bis(1,1-dimethylethyl)-4-ethyl-) and small number of esters, acids and compounds 

with methoxy group were detected. It is notable that the relative area% of the aromatic 

hydrocarbon from liquid hydrolysate was relatively high in non-polar solvents (20.51%) 

than polar solvents (14.21%).  
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Figure 3. Chromatogram profile of aromatic and aliphatic hydrocarbons obtained in liquid hydrolysate after MAA pretreatment of AVLR using 

different polar and non-polar solvents (a) acetonitrile (b) methanol (c) hexane (d) chloroform and (e) heatmap representation of relative area 

proportion of intermediary degradation products. 

 

 

Enzymatic hydrolysis of cellulose in AVLR biomass 

In the current study, AVLR biomass that resulted in maximum delignification through 

MAA pretreatment (320 W) was subjected to the enzymatic hydrolysis by adding 

cellulase produced from the Aspergillus niger and Aspergillus sp., under SSF. The crude 

enzymes obtained with maximum cellulase activity were directly subjected to the 

saccharification process of MAA delignified AVLR biomass. After subjecting hydrolysis 

for 6 h with the pre-fixed conditions 1:18 (w/v) solid to liquid ratio, 50 °C, Aspergillus 

niger with 3.19 IU/mL (CMC-ase) and 0.42 (FPU/mL) activity has resulted in the 

reducing sugar yield of about 281.11 ± 1.43 mg/g, whereas, Aspergillus sp., resulted in 

350.00 ± 2.32 mg/g of reducing sugar with 6.57 IU/mL CMC-ase and 0.89 FPU/mL 

activity as shown in Figure 4. Among the strains used, Aspergillus sp. resulted in a 

maximum saccharification percentage of about 68.5% ± 0.34 for treated biomass when 

compared to untreated biomass (24.26% ± 0.51) with a 2.8% of fold increase. Similarly, 

for Aspergillus niger it was observed that the saccharification percentage for treated 

AVLR sample was found to be 55% ± 2.50 than untreated sample (7.56% ± 0.02).  
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Table 4. Profile of intermediary degradatory products obtained through solvent extraction after MAA pretreatment. 

 

No  

Retention 

Time (min) 

Compound Name Relative composition by area% 

Aromatic hydrocarbons Acetonitrile Methanol Chloroform Hexane 

1 3.341 Pyridine 4.47 2.94 - - 

2 11.317 Benzene, 1,3-bis(1,1-dimethylethyl)- 0.43 0.69 7.16 7.99 

3 11.621 Benzaldehyde, 4-propyl- 2.07 - - - 

  Phenolic compounds     
4 15.067 Phenol, 2,4-bis(1,1-dimethylethyl)- 0.21 2.61 2.85 - 

5 15.603 Phenol, 2,6-bis(1,1-dimethylethyl)-4 ethyl- 0.18 - - - 

  Esters     
6 2.805 L-Serine, ethyl ester 0.83 - - - 

7 5.362 Benzylsulfanylacetic acid, (benzothiazol-2-yl) methyl ester - 1.36 - - 

  Aliphatic hydrocarbons     
8 3.244 2,2-Dimethoxybutane - 26.03 - - 

9 4.376 Heptane, 2,4-dimethyl- - - 1.09 2.23 

10 4.997 Octane, 4-methyl- - - 0.60 0.85 

11 7.274 Decane - - - 1.17 

12 7.542 Nonane, 2,5-dimethyl- - - 0.48 - 

13 7.664 Nonane, 2,6-dimethyl - - 1.21 1.42 

14 8.26 Undecane - - 2.60 3.11 

15 8.966 Undecane, 4,7-dimethyl- - - 1.32 - 

16 10.464 Dodecane - - 3.94 4.16 

17 10.671 Undecane, 2,6-dimethyl- - - 1.04 1.15 

18 11.195 Undecane, 4,7-dimethyl- - - - 0.66 

19 11.402 2,4-Dimethyldodecane - - 1.50 - 

20 11.755 Dodecane, 2,6,11-trimethyl- - - - 0.67 

21 11.767 Pentadecane - - 0.63 0.64 

22 11.84 Dodecane, 4,6-dimethyl- - - 0.62 0.67 

23 13.265 Tetradecane - - 6.25 6.38 

24 13.423 Dodecanal - - 1.18 - 

25 14.251 Tetradecane, 2,6,10-trimethyl- - - 0.50 - 

26 15.42 Pentadecane, 3-methyl- - - 0.56 - 

27 15.761 Hexadecane - - 3.86 4.85 

28 16.504 Hexadecane, 2-methyl- - - - 0.83 

29 16.918 Heptadecane - - 2.02 2.14 

30 17.441 Pentadecane, 2,6,10-trimethyl- - - 0.50 0.63 

31 17.539 Hexadecane, 2,6,11,15-tetramethyl- - - 1.90 - 

32 18.014 Octadecane - - 1.89 2.79 

33 19.049 / 20.997 Heneicosane - - 0.77 1.17 

34 19.256 5-Butyl-5-ethylpentadecane - - - 0.78 

35 20.047 Eicosane - - 0.77 1.17 

36 20.656 Eicosane, 2-methyl- - - 0.67 0.87 

37 23.603 Tetracosane - - 2.11 1.23 

  Others     
38 2.562 Z,Z,Z-4,6,9-Nonadecatriene - 40.02 - - 

39 3.061 N-Chloroacetyl-dl-erythro-O-methylthreonine 0.65 - - - 

40 4.364 Guanidine 76.66 - - - 

41 5.971 Oxime-, methoxy-phenyl-_ 0.39 - - - 

42 6.275 Edulan II 0.20 - - - 

43 6.568 Acetic acid, N'-[3-(1-hydroxy-1-phenylethyl) phenyl] hydrazide 0.33 - - - 

44 7.03 Oxime-, methoxy-phenyl- - 0.52 - - 

45 8.37 d-Glycero-d-ido-heptose - 2.17 - - 

46 10.038 2,7-Diphenyl-1,6-dioxopyridazino [4,5:2',3'] pyrrolo[4',5'-d] pyridazine  - 1.63 - - 

47 10.318 

4-(cis-2,3,4, trans-6-Tetramethyl-3-cyclohexenyl)-2-butanone  

semicarbazone 0.50 - - - 

48 11.804 (6-Hydroxymethyl-2,3-dimethylphenyl) methanol  - 1.95 - - 

49 16.479 Benzophenone - 0.61 - - 

50 19.511 Octadecanoic acid, 3-hydroxy-2-tetradecyl-, methyl ester - 1.16 - - 
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Figure 4. Comparison of reducing sugar yield and saccharification percentage between MAA treated and 

untreated AVLR after 6 h of enzymatic hydrolysis. ****p < 0.0001. The values are average of triplicate 

experiments and the standard deviation is represented as (±) calculated from mean and three independent 

trials. 

 

DISCUSSION  

The main purpose of the study is to establish an efficient hybrid pretreatment strategy 

where MAA pretreatment for AVLR was performed to enhance the accessibility of 

cellulose for subsequent fermentation perhaps serve as a promising alternative strategy 

to the conventional acid pretreatment. AVLR, an industrial processing waste generated 

in copious amount from Aloe vera during gel extraction has no commercial application. 

The presence of a high fraction of holocellulosic components (cellulose and 

hemicellulose- 64.5%, w/w) affirmed that the AVLR biomass as a potent lignocellulose 

candidate for bioethanol production. However, the presence of significant quantity of 

lignin (13.95%, w/w) is a prime bottleneck in accessing of holocellulosic component for 

bioethanol production. Therefore, there is a requirement for an efficient pretreatment 

step to carry over saccharification and fermentation. The cell wall composition of AVLR 

utilized in this study was nearly equal to the previous studies [4] with slight variations. 

Seasonal, geographical differences and methods used for the structural component 

analysis might be the reason for the slight difference.   

During MAA pretreatment, optimum microwave power (up to 480 W) has been 

utilized to avoid the wastage of energy [30] and achieve effective removal of AVLR 

lignin (66.38%, w/w) with a residual lignin of 4.68%, w/w by rapid oscillation of polar 

substance due to microwave irradiation. Likewise, Keshwani and Cheng found the 

lignin reduction of about 70% in switch grass and coastal Bermuda grass using MAA 

pretreatment [31]. This study showed the feasibility of utilizing NaOH (2%, w/v) for 

microwave pretreatment of AVLR biomass that could be capable of achieving almost 

similar depolymerization percentage (66%, (w/w)) while comparing with the acid 

microwave pretreatment of AVLR biomass [16]. A study by Nomanbhay et al. resulted 

in 74% of lignin removal when oil palm empty fruit bunch fiber was pretreated with 3% 

NaOH solution at 180 W for about 12 minutes [32]. Similarly, various studies on NaOH 

pretreatment assisted with microwave irradiation for rice straw has been carried out in 

order to increase the enzymatic hydrolysis and subsequent fermentation [21, 33]. Thus, 

the alkali (NaOH) assisted microwave pretreatment rather than using acid could 

circumvent the pre-requisite for the acid corrosion resistant reactor. The possible reason 

behind the solubilization of lignin in aqueous NaOH solution is that it could act as a 
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microwave absorber and transfers the energy to the organic molecules thereby 

enhancing the efficiency of the delignification process.  

Further, to elucidate the efficiency of MAA pretreatment of AVLR biomass, the 

structural and functional characterization of untreated and pretreated AVLR has been 

analyzed by SEM, FTIR and XRD analysis. In SEM analysis, the disintegration of cell 

wall matrix of AVLR biomass observed after MAA pretreatment might be due to the 

lignin solubilization [33]. Thus, it could enhance the surface area of the AVLR biomass, 

which ultimately increases the cellulase accessibility for the biomass degradation. 

According to Singh et al. the similar kind of morphological changes where distortion of 

cell wall was observed in the microwave- NaOH treated rice straw [21]. Based on the 

FTIR analysis, AVLR biomass with higher S type lignin, rich S/G lignin ratio and low 

guaiacyl units might be unsuitable for enzymatic hydrolysis due to its less affinity 

towards laccase (ligninolytic enzyme) [26].  Therefore, a hybrid pretreatment strategy 

like microwave assisted alkali delignification was adapted in this study and the result 

indicates that the MAA pretreatment was effective for the delignification of 

lignocellulosic biomass that can be used for subsequent saccharification.  

Whereas the effectiveness of MAA pretreatment on inducing the changes in the 

cellulose crystallinity of AVLR biomass for enhanced enzymatic saccharification was 

studied using XRD diffraction patterns. The crI value of the MAA treated AVLR was 

observed to be increased with a microwave irradiation of 160 W and 320 W, further 

increase in irradiation power decreased the crI value. This might be due to the unique 

feature of the microwave heating which creates hotspots in heterogeneous complex of 

AVLR biomass that perhaps resulted in the disintegration of some useful components 

caused by explosion effect between particles at higher microwave power [34]. As 

observed from the GC-MS chromatogram, the alkyl substituted derivative compounds 

of monomeric phenols are present in the liquid hydrolysate of pretreated AVLR 

biomass which is mainly because of the aromatic nature of lignin that corroborated 

with the results obtained using ethanol reported by Cheng et al. during the study with 

alkali lignin [35]. In case of non-polar solvents, the liquid hydrolysate is rich in light 

organic fractions of aliphatic hydrocarbons (n-alkanes) and significantly fewer arenes 

[36, 37]. 

These degradatory compounds tapped through distillation and fractionation that could 

be further utilized for value-added products which provide an economic edge over the 

process. For example, benzaldehyde is used as a denaturant in cosmetics; pyridine and 

benzene were applied in the manufacture of dyes and rubber [38-40]. Additionally, 

MAA pretreatment of AVLR biomass resulted in no traces of toxic compounds such as 

furfural, 5-hydroxymethylfurfural and furan derivatives that were produced during 

acid microwave pretreatment [16] that could inhibit the subsequent saccharification 

and fermentation. 

In order to compare the efficiency of cellulase producers, a standard cellulase producer 

i.e. Aspergillus niger was utilized in this study and the newly isolated species Aspergillus 

sp., is found to be potential candidate for saccharification. An enhanced saccharification 

(68.5%) observed in the MAA treated AVLR sample under un-optimized condition 

justifies the efficient lignin removal and providing a suitable exposed cellulose layer for 

saccharification without the formation of any toxic inhibitory compounds unlike in acid 

assisted microwave pretreatment resulted in 63% of saccharification [16]. Nomanbhay 

et al. reported that the reducing sugar yield of 411 mg/g when oil palm empty fruit 

bunch was subjected to one stage microwave pretreatment with 3% NaOH at 180 W for 

about 12 minutes [32]. Further optimization experiments are to be executed for 

saccharification to increase the fermentable sugar yield available for bioethanol 
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production. Nevertheless, reducing sugar yield (350.00 ± 2.32 mg/g) obtained after 

MAA pretreatment is comparable to the reported studies on different lignocelluloses 

[41-43]. 

This study postulates that, MAA pretreatment of AVLR proceeded by the subsequent 

saccharification (MAA+ cellulase hydrolysis) was carried out for the first time. The 

presence of oxidized phenolic hydrocarbons in liquid hydrolysate after MAA 

pretreatment seem to be utilized in other high value-added product synthesis. With the 

global efforts of maintaining sustainable development, the utilization of natural 

products as well as industrial processing waste could be a good alternative and thereby 

AVLR finds a notable position as it could ensure a zero-waste policy. Thus, the 

adaptation of sustainable biorefinery based strategy for AVLR could balance both 

bioeconomy and ecology at the same time.  

 

CONCLUSIONS 

In this study, MAA pretreatment of AVLR biomass at 320 W has showed a significant 

removal of AVLR lignin by 66.38% and the subsequent cellulose hydrolysis by 

Aspergillus sp., increased the fermentable sugar release by 2.8-fold as compared to the 

untreated AVLR biomass. In addition, the intermediary degradation products obtained 

after MAA pretreatment could be used as value-added chemicals through its 

commercial utilization. Therefore, AVLR could serve as a suitable substrate for biofuel 

and value-added chemicals production thereby paving ways for sustainable zero waste 

utilization strategy.  
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