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Abstract
Lignocellulosic biomasses are extensively used by researchers to produce a variety of 
renewable bioproducts. This research described an environment-friendly technique of 
xylitol production by an adapted strain of Candida tropicalis from areca nut hemicellulosic 
hydrolysate, produced through enzymatic hydrolysis. To enhance the activity of xylanase 
enzymes, lime and acid pretreatment was conducted to make biomass more amenable for 
saccharification. To improve the efficiency of enzymatic hydrolysis, saccharification param-
eters like xylanase enzyme loading were varied. Results exposed that the highest yield 
(g/g) of reducing sugar, about 90%, 83%, and 15%, were achieved for acid-treated husk 
(ATH), lime-treated husk (LTH), and raw husk (RH) at an enzyme loading of 15.0 IU/g. 
Hydrolysis was conducted at a substrate loading of 2% (w/V) at 30 °C, 100 rpm agitation, 
for 12 h hydrolysis time at pH 4.5 to 5.0. Subsequently, fermentation of xylose-rich hemi-
cellulose hydrolysate was conducted with pentose utilizing the yeast Candida tropicalis 
to produce xylitol. The optimum concentration of xylitol was obtained at about 2.47 g/L, 
3.83 g/L, and 5.88 g/L, with yields of approximately 71.02%, 76.78%, and 79.68% for raw 
fermentative hydrolysate (RFH), acid-treated fermentative hydrolysate (ATFH), and lime-
treated fermentative gydrolysate (LTFH), respectively. Purification and crystallization were 
also conducted to separate xylitol crystals, followed by characterization like X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM) analysis. Results obtained from crys-
tallization were auspicious, and about 85% pure xylitol crystal was obtained.
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ATH	� Acid-treated husk
CMC	� Carboxy methyl cellulose
CrI	� Crystallinity index
DNS	� Di-nitrosalicylic acid
FESEM	� Field emission scanning electron microscopy
FXC	� Fermented xylitol crystal
HMF	� Hydroxymethylfurfural
LTEH	� Lime-treated enzymatic hydrolysate
LTFH	� Lime-treated fermentative hydrolysate
LTH	� Lime-treated husk
MB	� Methylene blue
MBS	� Methylene blue staining
MTCC​	� Microbial Type Culture Collection
OPEFB	� Oil palm empty fruit bunch
REH	� Raw enzymatic hydrolysate
RFH	� Raw fermentative hydrolysate
RH	� Raw husk
SSFH	� Synthetic solution fermentative hydrolysate
XCCX	� Xylitol crystal from commercial xylitol
XRD	� X-ray diffraction
YPD 	� Yeast extract, peptone, and dextrose

Introduction

The increasing sign demand for sugar substitutes throughout the world motivated research-
ers to quest for an alternative, sustainable, renewable way of sugar production. Xylitol is a 
renewal and eco-friendly bioproduct produced from lignocellulosic material [1, 2]. It is a 
poly-alcoholic sugar with the potential to replace the sugar needed for sweetening purposes 
partially. Because of its properties (such as insulin-dependent metabolism), this five-carbon 
sugar alcohol is mainly used in medicine, food, and other industries as a sugar substitute. 
Currently, xylitol is primarily produced through the chemical hydrogenation of xylose at 
high temperatures (150 °C) and pressure (5.5 MPa) in the presence of metal catalysts such 
as Pl, Ru, Pt, and Raney nickel. Separation and purification of xylitol are costly through 
this process. However, compared to this method, xylitol production through bioconversion 
of hemicellulosic hydrolysate by microorganisms is an environment-friendly, renewable, 
less energy-intensive, and overall cost-effective process. This process ensures high safety, 
low production cost, and high product selectivity [3].

Lignocellulosic biomass is one of the most abundantly available feedstocks for 
producing biochemical and bioenergy. Its unique property (such as renewal, economi-
cal and eco-friendly) makes these feedstocks different from others. The methodology 
involved in producing xylitol from these biomasses is very economical compared to 
technologies involved in chemical means. Arecanut husk is one of the lignocellulosic 
materials that have attracted scientists in India as potential sources for lignocellulosic 
xylose production for bioconversion into xylitol. India is one of the world’s largest 
producers of areca nut husk; according to the 2015–2016 statistical report, the total 
production of areca nut was about 735,860 tons in India, with a corresponding yield 
of 1558 kg/hectare. Between 2017 and 2018, India exported 5045.6 tons of betel nut, 
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worth 110.8 crores (about US $17.2 million), to other countries [4, 5]. However, accu-
mulating these husks can cause serious environmental problems for producers. The 
potential use of these residues to produce value-added products such as enzymes, alco-
hol, and xylitol can overcome these problems [3, 6]. The husk is mainly the outer part 
(fiber part) of the fruit (nuts) and accounts for about 60–80% volume of the nut and 
about 15 to 30% of the weight of the nut. The concentration of hemicellulose depends 
on the maturity of the fruit.

As it is well known, the production of xylitol from lignocellulosic consists of four 
steps: biomass pretreatment, enzymatic hydrolysis (saccharification), fermentation, and 
product purification [7]. Bio-waste, such as areca nut husk, is a lignocellulosic mate-
rial composed of three main components: cellulose, hemicellulose, and lignin. These 
constituents are arranged in a complex way and have a compact structure, which resists 
digestion and decomposition by cellulolytic and hemicellulose-degrading enzymes. 
Therefore, pretreatment is the prerequisite step before the enzymatic hydrolysis to pro-
duce sugars that can be used for xylitol fermentation [7]. In any biological conversion of 
lignocellulosic material, pretreatment is one of the most vital and challenging steps. An 
ideal pretreatment technique results in minimum loss of fermentable sugar with higher 
elimination of lignin content [8].

Enzymatic hydrolysis is the second step in producing xylitol from lignocellulosic 
feedstocks (biomass). Enzymatic hydrolysis mainly de-polymerizes hemicellulose and 
cellulose into pentose and hexose sugars [9]. Generally, enzymatic hydrolysis is carried 
out in a temperature range of 30 to 50 °C at low pressure and a long retention time in 
connection with hemicellulose hydrolysis. The saccharification efficiency of lignocellu-
losic biomass can be improved by operating the hydrolysis at optimized conditions [10]. 
Operation of enzymatic hydrolysis at optimized conditions results from the minimal for-
mation of fermentation inhibitors such as furfural and hydroxymethyl furfural.

Various fungal, bacterial, and yeast strains are commonly used for xylitol production, 
most of which come from the Candida genus. These include Candida boidinii, Candida 
tropicalis, Candida guilliermondii, Debaryomyces hansenii, and Pachysolen tannophi-
lus, which have the efficient capability to produce xylitol by fermentation. Among all the 
strains of yeast strains, C. tropicalis is considered inhibitor tolerant. Pentose sugar can be 
utilized by yeast strains (C. tropicalis) to produce xylitol from hemicellulosic hydrolysate 
of agricultural wastes [11, 12]. It has been observed that C. tropicalis is a widely accept-
able microorganism for the production of xylitol with good volumetric productivity and 
high yield from xylose-containing hydrolysate [13]. Xylitol production through natural 
pentose-fermenting microorganisms, primarily yeast (biotechnological routes), is mainly 
based on xylose metabolism. Firstly, the reduction of xylose into xylitol takes place by 
NAD (P) H-dependent XR and xylitol oxidation to xylulose catalyzed by NADþ (nicoti-
namide_adenine-dinucleotide)-depending XDH [14]. Separation and product purification 
are the final steps in xylitol production. Xylitol recovery techniques such as membrane 
separation, chromatographic methods, and crystallization were mainly applied to xylitol 
solutions obtained from fermented media or chemical means.

In the present research work, agricultural residue such as Arecanut husk was used 
as a lignocellulosic biomass source and was pretreated using lime and dilute acid. The 
fate of the husk after two different modes of pretreatment was then used for enzymatic 
hydrolysis for the production of xylose. Finally, xylitol production was conducted 
through a biotechnological route by the yeast strain Candida tropicalis, followed by 
product purification.
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Materials and Method

Materials

Areca nuts were procured from the local market of Guwahati city, India. Analytical grade 
chemicals were procured from Sigma Aldrich for the analysis in the present study. Accuracy 
was maintained in the present study by performing the experiments in duplicate.

Pretreatment Method

Areca nuts were initially washed with running water to remove extraneous matter, fol-
lowed by sun drying. The straw was oven dried at 60 °C overnight, and the dried husk 
was crushed using a grinder and sieved (mesh size-BSS 30) to obtain husk powder 
with a maximal size of 1 − 5 mm. Lime and dilute acid (H2SO4) pretreatment was con-
ducted per the previously discussed protocol [15]. The processed raw husk (RH), lime-
treated husk (LTH), and acid-treated husk (ATH) were stored at room temperature in 
an air-tight plastic bag for further use. The cellulose, hemicellulose, and lignin con-
tents of RH, LTH, and ATH feedstock were determined per the methodology (standard 
laboratory protocols) described previously [9].

Enzymes and Enzyme Activity Assays

Commercial xylanase enzyme (Trichoderma viride) was used for the present study 
and procured from Sigma Aldrich, India. Commercially available xylanase enzyme 
activity was measured using CMC (carboxy methyl cellulose) or birch-wood xylan as 
substrates for xylanase and cellulase activity, respectively. The di-nitro salicylic acid 
(DNS) method was used to monitor the rate of polymer hydrolysis, which was meas-
ured by estimating the reducing sugars produced by enzymatic activity at 540 nm [11].

Enzymatic Hydrolysis.

Hydrolysis was conducted as per the diagram depicted in Fig. 1 by mixing 2% (w/v) 
raw (RH) and treated (LTH and ATH) solid biomass sample with sodium citrate 
buffer (pH about 4.8) solution. Varying concentration of xylanase enzyme was loaded 
(2.5 IU/g, 5.0 IU/g, 10.0 IU/g, and 15.0 IU/g). All reactions were performed between 
pH 4.5 and 5.0 at 30 °C for 12 h at 150 rpm. At every desired period, the sample solu-
tion was taken and kept at 80 °C for 10 min before use for further analysis. REH (raw 
enzymatic hydrolysate), LTEH (lime-treated enzymatic hydrolysate), and ATEH (acid-
treated enzymatic hydrolysate) were obtained after saccharification. This hydrolysis 
analysis was performed in duplicate. The xylose yield was calculated with the help of 
Eq. (1) as follows:

(1)Yield(%) =
Xylose amount af ter enzymatic hydrolysis

Theoretical xylose amount in the feedstock
× 100
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Microorganism and Inoculum Preparation

Candida tropicalis (MTCC 6192) culture was procured from Microbial Type Cul-
ture Collection and GeneBank (MTCC), India, and maintained at 4 °C on YPD (yeast 
extract, peptone, and dextrose) agar medium. Microorganisms were subcultured every 
15 days. The composition of the media used in this study was as follows: yeast extract 
10.0 (g/L), peptone 20.0 (g/L), and dextrose anhydrous (glucose) 20.0 (g/L); 1N HCL 
solution was used to maintain the pH of the medium at about 5.0. The cell culture pro-
cess was conducted in a 250 mL Erlenmeyer flask (50 mL of medium) on a rotary plat-
form shaker for 48 h at 30 °C with 150 rpm.

Cell Dry Weight Measurements

Dry weight measurements were made by pipetting 5 mL of a well-mixed broth sample 
into a dry centrifuge tube. Cells from the broth were separated by performing centrifu-
gation for 5 min at 10,000 g. Separate the cell paste from the broth by carefully scrap-
ping the clear broth. Subsequently, separate the cell pastes from the centrifuge tube and 
keep them in a weighing pan. Dry the cell paste overnight in an oven at 60 °C. Calcula-
tion of dry cell weight was performed by using the following Eq. (2).

where CW3 is the weight of the sample including the blank tube, CW2 is the weight of the 
blank tube, and V1 is the volume of the culture sample.

(2)Dry cell weight(g∕mL) =
CW

3
− CW

2

V
1

Fig. 1   Complete methodology used for saccharification to obtain xylose and to convert it to xylitol



7303Applied Biochemistry and Biotechnology (2023) 195:7298–7321	

1 3

Microbial Fermentation

Xylitol production was carried out by preparing fermentative media (as shown in Fig. 1) 
from REH, LTEH, ATEH, and SSFH (synthetic solution fermentative hydrolysate) having 
an initial xylose concentration (g/L) of about 2.5, 5.9, 3.8, and 7.0, respectively. Xylose 
concentration acted as the main sugar substrate in the hydrolysate and was supplemented 
with yeast extract, 10 g/L; (NH4)2SO4, 5 g/L; KH2PO4, 15 g/L; and MgSO4·7H2O, 1 g/L. 
The pH of the fermentative medium was kept between 4.5 to 5.0. About 4.0% (v/v) yeast 
strain cultures were transferred (inoculated) into the fermentation medium prepared from 
different enzymatic hydrolysates [15]. Fermentation was carried out at 30 ± 1 °C for 90 h at 
200 rpm. Samples were withdrawn every 6 h of time and stored in a cold place after cen-
trifugation for 15 min, 10,000 rpm.

Fermented Broth Processing and Crystallization

After completion of the fermentation process, the xylitol-rich-fermented solution was cen-
trifuged at 2000 X g for 15 min using a centrifuge (model number: 216P, manufacturer: 
Sigma, Germany). The fermented broth was collected, treated with 3N NaOH to pH 7.00, 
and filtered through a 0.5 µm filter (Whatman no. 41). The xylitol-rich solution was further 
processed with AmberLite™ IRC120 cationic exchange resin and AmberLite™ IRA410 
anionic exchange resins and followed by a concentration of xylitol level of about 150 g/L at 
65 °C by using Rotavapor (Model No.: R 300, Make: Buchi, Switzerland).

Crystallization of Xylitol Syrup

The xylitol crystallization experiment was conducted, as shown in Fig. 18 and Fig. 19. Initially, 
the temperature of the xylitol-rich solution was increased above the saturation temperature by 
10 °C and kept at this temperature for 5 min to allow the crystals to dissolve completely. The ali-
quot of the concentrated solution was then transferred to a glass petri dish (Fig. 18a and Fig. 19a), 
followed by the addition of cotton thread to favor the nucleation of crystals. Petri dishes were 
kept at room temperature for 3 days for crystal formation. Once crystallization was completed 
(Fig. 18b and Fig. 19b), the precipitated crystals were separated from the solution (mother liquor) 
by filtration using a 0.5 μm filter (Whatman No. 41) and washed with 100 mL of distilled water, 
followed by vacuum drying at room temperature for 24 h (Fig. 18c and Fig. 19c). Pre-weighed 
crystals were dissolved in water for measuring xylitol purity by using HPLC.

Fluorescence Microscopy

Candida cells were visualized under an Inverted Microscope with Fluorescence (Nikon, 
Ti-S with a camera, model: DS-Fi2-U3). The stock solution of methylene blue (MB) was 
prepared for fluorescent labeling. The prepared solution was diluted twofold, followed by 
filtration by passing through a 0.22  µm membrane filter (MILLEX GP 0.22  µm; Merck 
Millipore Ltd., India). A 2.5 µL sample volume was pipetted onto a glass slide (VWR, 
India) and mixed with a 2.5 µL filtered MB solution to a final concentration of 25  µg/
mL. Imaging was performed for RFH (raw fermentative hydrolysate), LTFH (lime-treated 
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fermentative hydrolysate), ATFH (acid-treated fermentative hydrolysate), and SSFH (syn-
thetic solution fermentative hydrolysate) samples under constant laser irradiation.

High‑performance Liquid Chromatography Analysis

Identification and quantitative measurement of various components such as glucose, xylose, 
and xylitol were performed by high-performance liquid chromatography (HPLC) using an 
AMINEX ion exchange column (BioRad, HPX87C, Richmond) and a refractometer (BioRad, 
1770, Richmond). A 5 mM sulfuric acid (H2SO4) aqueous solution was used for the analysis 
as a mobile phase media. The analysis was performed on 0.6 mL min−1 flow rate at 60 °C.

FTIR Analysis

FTIR spectrum of REH, LTE, and ATEH was examined using an FTIR analyzer (model: 
Perkin Elmer Spectrum). Samples were sonicated before the analysis by a 2 mm probe cou-
pled to a VC 505 ultrasonic Sonicator (model no.: 3.5 L/00H/DTC, Make: PCi, Mumbai) 
for 10 min. Sonicated samples containing 10 μL of the sample suspension were placed on 
IR-light transparent silicon plates of the FTIR instrument. All the samples were analyzed in 
the scanning range of 4000 to 500 cm−1.

X‑ray Diffraction Analysis

X-ray diffraction (XRD) studies of xylitol crystal were performed in broad angle X-ray 
diffractometer (9KW Powder X-Ray Diffraction System, Make: Rigaku Technologies, 
JAPAN, Model: Smartlab). Samples FXC and XCCX were examined under plateau 
conditions by placing samples in a sample holder. X-ray radiation was generated by 
passing 40 mA current and 40 kV voltage through the instrument. The scanning spectrum 
was fixed in the range of 7–40° with a residence time of 1 s/0.02° and step size of 0.02°. 
Figure 20 shows the XRD analysis of FXC and XCCX, and the crystallinity index (CrI) 
of the crystals was determined by using the following Eq. (3).

where Iam is the area of all amorphous peaks and Icr is the area of all crystalline peaks.

Field Emission Scanning Electron Microscopy Analysis

The shape and surface topography of raw, pretreated, and saccharified biomass were 
analyzed by field emission scanning electron microscope (Gemini 500 FESEM). The 
device was equipped with a LaB6 field emission electron gun and three types of detec-
tors: InLens, SE2, and ESB. Analysis was conducted by fixing the sample on an alu-
minum stub (G301, Agar Scientific, UK) through two-way carbon tape (G3347N, 
Agar Scientific, UK). The electrical conductivity of the sample surface was increased 
by spraying the chromium under an argon vacuum with the help of a sputter coater 
(Edwards S 150B sputter coater, layer thickness 12 nm). This analysis was conducted 
with a probe current of 10 mA and an acceleration voltage of 5 kV. Different magnifica-
tions were used for taking the photographs under the utmost conditions.

(3)Crystallinity Index =
Icr

Icr + Iam

× 100
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Results and Discussion

Biomass Pretreatment and Compositional Analysis

The structure of lignocellulosic biomass is very compact and dense, which is difficult to hydro-
lyze. Hemicellulose molecules are covalently bonded with lignin-cellulose [12]. The hydrolysis 
process gets intervened due to the formation of a mesh-like structure. Pretreatment of lignocel-
lulosic biomass greatly affects the efficiency of saccharification, and the efficiency of the sac-
charification process indirectly depends on the constituents of areca nut husk such as cellulose, 
hemicellulose, and lignin content. Therefore, compositional analysis of raw and pretreated feed-
stock husk was performed, and the respective composition was reported in Table 1. The initial 
composition of raw husk is about 43.28% of cellulose, 29.17% of hemicellulose, and 12.64% 
of lignin. But, pretreatment causes to change in the concentration of cellulose, hemicellulose, 
and lignin. A common pattern in compositional changes was observed that there is a decrease 
in hemicellulose content while an increase in the concentration of cellulose and lignin. Alkaline 
(lime) pretreatment causes about 4.5% and 12.82% increase in the concentration of cellulose 
and lignin while a 19.43% decrease in the concentration of hemicellulose as compared to the 
raw husk. Whereas, in the case of acid pretreatment, about a 16.28% and 36.16% increase in the 
concentration of cellulose and lignin was observed, while a 61.6% decrease in the concentra-
tion of hemicellulose was observed as compared to the raw husk. The change in the compo-
sition of feedstock during pretreatment is most probably due to the removal of nonstructural 
aromatic compounds such as chlorophyll, volatile oils, fatty acids, and their esters (tannins, 
terpenes, waxes, and resins) [16]. The occurrence of about 29.17% and 23.50% hemicellulose 
fraction (calculated on the dry weight basis of the substrate) in RH and LTH makes this bio-
mass a renewable and potential substrate for xylose production which was further used for the 
production of xylitol and other value-added chemicals. But, in the present study, the content 
of hemicellulose is less (about 11.2%) in ATH as compared to RH and LTH. Although, it was 
used as a substrate for enzymatic hydrolysis because of to investigate the change of structural 
properties of the areca nut husk in order to clarify how any enhancement in the xylose yield 
after enzymatic hydrolysis is affected by the various pretreatment techniques. A compositional 
analysis reported in the present study agrees with other researcher investigation reports [17]. 
However, the contents of cellulose, hemicellulose, and lignin were different in the present study. 
The compositional discrepancy of feedstock may be due to variations in geographic location, 
season, and processing methodology used for biomass [2].

Enzymatic Hydrolysis of Husk

After completion of the deliinification process, the pretreated husk was further used for 
enzymatic hydrolysis, which is intended to release monosugars after the completion of the 
saccharification process. Reducing sugars obtained during enzymatic hydrolysis of RH, 
LTH, and ATH feedstocks exposed to various doses of xylanase enzyme load were exposed 

Table 1   Compositional analysis 
of Arecanut husk feedstock

Sample\composition Cellulose Hemicellulose Lignin

Raw 43.28 ± 0.4% 29.17 ± 0.3% 12.64 ± 0.1%
Lime treated 45.30 ± 0.2% 23.50 ± 2% 14.50 ± 0.5%
Acid treated 51.7 ± 0.6% 11.2 ± 0.1% 19.8 ± 0.3%
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in Fig. 2, Fig. 3, Fig. 4, and Fig. 5. LTH and ATH were more efficient to enzymatic hydroly-
sis as compared to RH when exposed to various doses of enzyme loading. From Fig. 2, it 
was observed that the concentrations of xylose (g/g) for RH, LTH, and ATH were 0.034, 
0.089, and 0.049, respectively, for 2.0  IU/g of biomass loading. Xylose concentration is 
directly proportional to xylanase enzyme loading; therefore, an increase in xylose concentra-
tion was observed with enzyme loading from 2.0 to 15.0 IU/g. The maximum xylose (g/g) 
release was found to be 0.052, 0.212, and 0.110 for RH, LTH, and ATH, respectively, for 
15.0 IU/g of biomass loading at 30 °C, 12 h. However, corresponding yields of RH, LTH, 
and ATH were shown in Fig. 6, Fig. 7, Fig. 8, and Fig. 9 for enzyme loading of 2.0 IU/g, 
5.0 IU/g, 10.0 IU/g, and 15.0 IU/g, respectively. From Fig. 6, it was observed that yields of 
reducing sugar for RW, LTH, and ATH were 10.11%, 35.31%, and 39.87%, respectively, for 
2 IU/g of biomass loading. But, with the increase in enzyme loading from 2.0 to 15.0 IU/g, it 
was observed that yield of corresponding feedstocks also increases, which is about 15.43%, 
83.16%, and 90.08%, respectively, for RW, LTH, and ATH. This analysis revealed that yield 
was significantly increased by increasing the concentration of enzyme during saccharifica-
tion and it also highlights the role of pretreatment before enzymatic hydrolysis.

Fig. 2   Comparison of enzymatic 
hydrolyzability of different pre-
treated arecanut husk substrates 
with an enzyme loading of 2 IU 
xylanase

Fig. 3   Comparison of enzymatic 
hydrolyzability of different pre-
treated arecanut husk substrates 
with an enzyme loading of 5 IU 
xylanase



7307Applied Biochemistry and Biotechnology (2023) 195:7298–7321	

1 3

Fig. 4   Comparison of enzymatic 
hydrolyzability of different pre-
treated arecanut husk substrates 
with an enzyme loading of 10 IU 
xylanase

Fig. 5   Comparison of enzymatic 
hydrolyzability of different pre-
treated arecanut husk substrates 
with an enzyme loading of 15 IU 
xylanase

Fig. 6   Effect on xylose yield of 
different pretreated arecanut husk 
substrates with an enzyme load-
ing of 2 IU xylanase
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Fig. 7   Effect on xylose yield of 
different pretreated arecanut husk 
substrates with an enzyme load-
ing of 5 IU xylanase

Fig. 8   Effect on xylose yield of 
different pretreated arecanut husk 
substrates with an enzyme load-
ing of 10 IU xylanase

Fig. 9   Effect on xylose yield of 
different pretreated arecanut husk 
substrates with an enzyme load-
ing of 15 IU xylanase
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Enzymatic hydrolysis was positively affected by the acidic and alkaline pretreatment of 
biomass. This may be as a result of structural modification in the lignocellulosic polymer 
lattice due to huge energy irradiation. In this analysis, saccharification results revealed that 
pretreated biomass showed a high xylose yield for ATH as compared to LTH and RH. This 
concludes that ATH has higher xylose production efficiency compared to LTH and RH. 
This might be because, during diluted H2SO4 pretreatment, structural changes of the areca 
nut husk occurred due to complete disruption of the crystalline hemicellulose. This causes 
enzymes to easily hydrolyzed the feedstocks [5]. Similar results have been previously 
reported by other researchers for other cellulosic materials [18]. Chosdu et  al. reported 
that enzymatic hydrolysis of corn stalk biomass treated with alkaline solution yields 20% 
higher xylose in comparison with the untreated, after hydrolysis 48 h [19]. However, Bak 
et al. performed a similar type of work and reported that about a 30% increase in xylose 
yield was absorbed when alkaline pretreated rice straw feedstocks were hydrolyzed enzy-
matically after 132 h of hydrolysis [20].

However, compared to conventional methods, acid hydrolysis is mainly useful for the 
conversion of xylan to xylose which can be further used for xylitol production by fermen-
tation methodology. Moreover, xylose production through this technique causes the for-
mation of many fermentation inhibitors such as furfural, phenolic compounds acetic acid, 
and hydroxymethylfurfural (HMF), which creates serious fermentation problems [21]. In 
comparison to this technique, saccharification of lignocellulosic biomass causes the lesser 
formation of fermentation inhibitors, chemical hazards, and lower environmental impact. 
Therefore, enzymatic hydrolysis could be a cost-effective and environment-friendly substi-
tute for xylose-rich hemicellulosic hydrolysate production.

FTIR Analysis

FTIR spectroscopy was performed in the region of 500–4000 cm−1 to compare the molecu-
lar conformational changes in the enzymatically hydrolyzed RH, LTH, and ATH hemicel-
lulosic hydrolysate. FTIR spectra were demonstrated in Fig. 10, and the respective peak 
of spectra was reported in Table 2. The absorbance at 3356 cm−1 was due to the hydroxyl 
group. This usually results due to the hydroxyl group of the cellulose forming intermolecu-
lar hydrogen bonds in the solution [17]. Moreover, a band was detected at 2338 cm−1, indi-
cating CH expansion and contraction vibrations because of the presence of CH3 and CH2 
functional groups. In contrast, the extracted hemicellulose signal appeared at 1757 cm−1. 
This was due to the hemicellulose fraction dissolved during the water treatment and con-
taining a small amount of acetyl and ester bonds of the carboxyl groups [19]. An absorb-
ance signal around 1630 cm−1 was observed due to water absorbed by xylan-type polysac-
charides [20]. A reduction at the 1554 cm–1 due to vibrations and stretching of the lignin 
aromatic ring, this attributed to lignin removal [22]. In addition, the lower absorbance at 
1529  cm−1 appeared due to aromatic skeletal oscillations of the associated lignin [17]. 
In contrast, the band at 1358  cm−1 was due to the presence of CH bending vibration in 
hemicelluloses and cellulose chemical structures [19]. The sharp absorption peak around 
1143 cm−1 shows the COC stretching in the cellulose and hemicellulose content. The sharp 
absorption peak around at 1051 cm−1 is depicted typically for xylan which mainly arises 
due to the CO and CC stretching oscillations having glycosidic bonds. FTIR spectral analy-
sis confirmed that RH, LTH, and ATH hemicellulosic hydrolysate contain almost similar 
molecular compounds which have similar chemical compositions and properties.
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Cell Growth Analysis of C. tropicalis

The growth curve of C. tropicalis in YPD media was shown in Fig. 11. This analysis 
observed that the maximum growth of C. tropicalis in YPD is about 10.16 g/L after 
36 h of incubation. Further extending the time of growth, it became stationary. How-
ever, the rate of growth was not the same for the obtained hydrolysate after sacchari-
fication. Maximum growths of C. tropicalis in RFH, ATFH, LTFH, and SSFH were 
3.28  g/L, 3.9  g/L, 4.3  g/L, and 5.1  g/L, respectively. This analysis revealed that the 
growth of C. tropicalis mainly depends on the concentration of carbon source (xylose). 
As the concentration of xylose increases from 2.5 to 7.0 g/L for RFH to SSFH, the con-
centration of dry cells increases from 3.28 g/L to 5.1 g/L, respectively. However, the 
erratic growth of C. tropicalis in the case of LTFH and ATFH was most probably due 
to the presence of a small amount of impurities (such as enzymes and traces of chemi-
cals used for pretreatment) in the LTFH and ATFH [23]. These impurities hindered 
the growth of microbes which results in a reduction in dry cell biomass. However, in 

Fig. 10   FTIR analysis of enzy-
matic hydrolysate

Table 2   The band assignments for the FTIR spectrum [1, 39, 41]

Wavenum-
ber [cm−1]

Assignment Components

3356 O–H stretching Cellulose, hemicellulose, lignin
2921 C-H stretching Cellulose, hemicellulose, lignin
2338 C-H stretching Cellulose, hemicellulose, lignin
1732 C = O stretching Hemicellulose, lignin
1640 Aromatic skeletal vibration, C = O stretching, adsorbed O–H Hemicellulose, lignin
1554 C = C–C aromatic ring stretching and vibration Lignin
1529 Symmetric CH2 bending vibration, symmetric stretching 

band of carboxyl group, C-H deformation
Cellulose, hemicellulose, lignin

1358 C-H bending, C-H stretching in CH3 Cellulose, hemicellulose, lignin
1143 C–O–C stretching Cellulose, hemicellulose, lignin
1051 C-O stretching, aromatic C-H in plane deformation Cellulose, lignin
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the case of RFH, LTFH, and ATFH, the concencentation of the cell was about 35.68%, 
23.52%, and 15.68% lower than the concentration of SSFH. In spite of that, the station-
ary phase was reached by all the samples at the same time.

Xylitol Production from Enzymatic Hydrolysate

Arecanut husk hemicellulosic hydrolysate obtained after enzymatic saccharification may be 
potentially used for xylitol production by C. tropicalis. As shown in Fig. 12, the fermentation 
process was carried out for RFH, LTFH, ATFH, and SSFH. The optimum xylitol concentra-
tion obtained was about 1.80 g/L, 2.97 g/L, 4.60 g/L, and 6.08 g/L for RFH, ATFH, LTFH, 
and SSFH, respectively, after 90 h of fermentation. The yield of xylitol was about 71.02%, 

Fig. 11   Growth curve of C. 
tropicalis in different fermenta-
tions and YPD medium

Fig. 12   Xylose consumption and 
corresponding xylitol production 
profiles
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76.78%, 79.68%, and 85.67% for RFH, ATFH, LTFH, and SSFH, respectively. In addition to 
that, the initial concentration of xylose in the fermentative medium is about 2.47 g/L, 3.83 g/L, 
5.88 g/L, and 7.09 g/L, respectively, for RFH, ATFH, LTFH, and SSFH. From this analysis, it 
can be noted that a low concentration of xylose in the hydrolysate could affect xylitol produc-
tion and cause a lower yield of xylitol [24]. According to the present results, the xylitol yield 
was increased by 9% from RFH to LTFH when there was an increase in xylose concentration 
from 2.47 to 5.88 g/L. But, the yield of xylitol is about 17.10%, 10.37%, and 6.98% lower for 
RFH, ATFH, and LTHF as compared to the yield of SSFH. The most probable reason for the 
lower yield of xylitol was the concentration of xylose in the fermentative medium and also 
might be the chance of the presence of some toxic components in the fermentative medium.

Some literature reported the production of xylitol by fermentation process from lignocel-
lulosic hydrolysate obtained from various biomass sources, as shown in Table 3. From the 
literature, it was observed that mainly dilute sulfuric acid hydrolysis was used to get xylose-
rich hydrolysate, followed by detoxification and fermentation for the production of xylitol 
[25–30]. However, very less studies are available on the production of xylitol from enzymatic 
hydrolysate by biotechnological route [31, 32]. The maximum xylitol yield reported was in the 
range of 0.3–0.8 g/g xylose [25, 26, 33]. But, this study was able to obtain the optimum yield 
of xylitol 0.79 g/g by the fermentation of hydrolysate from enzymatic hydrolysis instead of the 
sulfuric acid process. However, obtained yield can be further improved. It was noted from the 
literature that D.hansenii can catabolize glucose to ethanol under the anaerobic condition with 
a glucose/xylose ratio above 30%. Higher glucose concentration in the hydrolysate diverts the 
process to ethanol production instead of xylitol [34]. In order to avoid byproduct formation 
(such as ethanol), higher xylanase specificity and lower cellulase activity enzyme would be 
needed for maximum production of xylose-rich hydrolysate, followed by xylitol production by 
the fermentation process.

Presently, the production of xylitol in the industry is mainly based on the chemical hydro-
genation process in the presence of a nickel-supported catalyst [4]. The major drawback of 
this process is that xylitol yield is relatively low due to the chemical reduction of produced 
by-products. Therefore, xylitol production by fermentation of xylose-rich hydrolysate obtained 
after saccharification of lignocellulosic biomass appears to be a promising alternative. In this 
research, yeast strain C.tropicalis was used for xylitol production from enzymatic hydrolysate, 
and the optimum yield achieved was 79.68% which was near about the same as reported by 
other researchers. Moreover, the process used in this study was simpler than other methodolo-
gies because of the dispensable use of the detoxification process. Therefore, the production of 
xylitol by this methodology makes the process more economical and environmentally friendly.

Viability analysis of C. tropicalis in fermentation media

The proposed analysis can provide an effective tool for research and development in 
the food, brewery, and pharmaceutical industries. This analysis may be incorporated 
into product manufacturing to monitor the microorganism growth (yeast cell) and via-
bility analysis during the fermentation process. Monitoring C. tropicalis during fer-
mentation and propagation in an industry is a very important and crucial task [35]. By 
using the fluorescence microscopy analysis of fermented broth, the number of viable 
cells in the culture (fermentation) medium can be easily estimated. In Fig. 13, 14, 15, 
16, and 17, the dotted point shows the intensity of living and viable cells. Cell viabil-
ity analysis was conducted by using methylene blue staining (MBS). However, Fig. 17 
shows the growth of C. tropicalis in the YPD medium, and almost all cells are living 
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in this analysis. Cell viability test by MBS revealed that the different concentrations 
of xylose in REH, LTEH, ATEH, and SSEH show different viabilities. Moreover, one 
can clearly observe a decrease in the number of viable cells with a decrease in the con-
centration of xylose in the fermentation medium. But, as the concentration of xylose 
increases, the proportion of living cells get increased which causes to enhancement in 
xylitol production during fermentation [24, 36].

Downstream Process of Fermented Broth

Fermented xylitol crystal (FXC) from fermentation broth contained yeast and fragments 
of yeast along with some other contaminants (such as culture medium components, fer-
mentation by-products, and residual substrates) were shown in Fig. 18. Whereas, Fig. 19 

Fig. 13   Live cell analysis of 
REH-fermented hydrolysate

Fig. 14   Live cell analysis of 
LTEH-fermented hydrolysate
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Fig. 15   Live cell analysis of 
ATEH-fermented hydrolysate

Fig. 16   Live cell analysis of 
SSEH-fermented hydrolysate

Fig. 17   Growth of C. tropicalis 
in YPD medium
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shows the separation of xylitol crystal from commercial xylitol (XCCX) solution. To dis-
card precipitating impurities, the fermentation solution was centrifuged, followed by the 
addition of 3N NaOH to maintain a pH of 7.00. Centrifugation was performed after the 
neutralization of the fermented solution. This results in a 3% removal of the cell biomass 
from the fermented broth. The further fermented broth was treated with Amber Lite ™ 
IRC120 cation exchange resin and Amber Lite™ IRA410 anion exchange resin to purify 
the fermented product. This resulted in about a 20% reduction in arabinose, a decrease 

Fig. 18   Separation of xylitol crystal from fermented broh

Fig. 19   Separation of xylitol crystal from pure xylose-dissolved solution

Fig. 20   XRD analysis of XCCX 
and FXC
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in the color of fermented broth solution (visual), and liquid xylitol content of 9.23% was 
observed. Mart´ınez et al. reported a huge loss of xylitol (about 15.23%) during the treat-
ment of fermented hydrolysates with ion exchange resins [37]. To obtain suitable concen-
tration conditions for xylitol crystallization, the liquid was concentrated under a vacuum 
to give a syrup containing about 150  g/L. After the crystallization process, the xylitol 
crystals were thus obtained (Fig.  18C), collected, and stored in a dry place. The crystal 
thus obtained was pale yellow in color, whereas commercially available xylitol crystals 
(Fig. 19D) are colorless.

XRD Analysis

An X-ray diffraction pattern of FXC and XCCX was shown in Fig. 20. This analysis 
determines the crystallinity of the xylitol crystal. Peaks of the crystals obtained after 
analysis of XCCX were used as a reference, and the analysis report of FXC showed 
the characteristic of produced xylitol peaks. Analysis revealed that FXC peaks were 
very similar to the peaks of CXXC at 21.60°, 26.41°, 28.76°, 36.6°, 41.40°, and 44.78° 
[38]. The XRD analysis demonstrated the crystalline behavior of FXC and XCCX, 
which shows the processes that occurred with complete crystallization under the pre-
sent experimental conditions. The xylitol obtained from FXC in the present study had 
a crystallinity index (CI) of about 76.85% which is more similar to the crystallinity 
index of CXXC, having a CI of about 81.44%. Moreover, this process results from 
the good recovery of xylitol crystal from fermented broth with a level of purity of 
around 85%. In contrast with other methodologies for the purification of xylitol from 
fermented media, this process has the advantage of being carried out in a single step 
with lower production costs [39–41]. The present study also reported the use of non-
toxic anti-solvents, unlike the methodology reported by other researchers, who used an 
anti-solvent like methanol [21].

SEM Analysis

SEM analysis revealed that the crystallization process greatly affected the surface 
morphology and shape of the xylitol crystal (particles). Micrographs of FXC and 
XCCX were shown in Fig. 21d–f and Fig. 21a–c, respectively, and were obtained after 
the second crystallization step of the fermentation pathway. From these micrographs, 
it can be observed that xylitol crystals mainly form in aggregates, and the shape of 
the crystal was hexagonal in nature. These agglomerates mainly formed due to the 
random grouping of xylitol crystals, which, after growing together, interpenetrated 
and adhered to each other, creating irregular forms. Another researcher also reported 
similar results [37, 42, 43].

Conclusions

In this research work, areca nut husk was used as a potential biomass source for xylose 
and xylitol production. To increase the biomass digestibility, areca nut husk was exposed 
to pretreatment (such as dilute acid (H2SO4) and alkali (lime)), which, on subsequent 
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enzymatic saccharification, results in the production of xylose-rich hemicellulosic 
hydrolysate. Furthermore, enzymatic saccharification of RH, LTH, and ATH resulted 
in the production of xylose sugar having concentrations of about 0.034 g/g, 0.089 g/g, 
and 0.049  g/g of feedstocks, respectively. Xylose-rich hemicellulosic hydrolysate was 
subjected to fermentation with C. tropicalis, which results in a yield of xylitol about 
0.71  g/g, 0.76  g/g, and 0.79  g/g for RFH, ATFH, and LTFH, respectively. Moreover, 
crystallization was performed for FXC and XCCX, and the results obtained were very 
promising. When using a fairly concentrated solution (150 g/L) at a relatively high tem-
perature, it results in good recovery of xylitol with a level of purity of around 85%. From 
this study, it can be concluded that the crystallization rate is a function of total solute 
concentration and supersaturation. The present study confirmed that areca nut husk is a 
potential and renewable hemicellulosic substrate, which could be an ideal biomass source 
for lignocellulosic bio-refinery for the production of value-added biochemicals and bio-
products such as xylitol.

Author Contribution  All authors contributed to the study’s conception and design. Material preparation, 
data collection, and analysis were performed by Harsha Vardhan, Soumya Sasmal, and Kaustubha Mohanty. 
The first draft of the manuscript was written by Harsha Vardhan, and all authors commented on previous 
versions of the manuscript. All authors read and approved the final manuscript.

Funding  Present research work vides grant no. (BT/PR16747/NER/95/271/2015) was financially supported 
by the Department of Biotechnology (DBT), Government of India.

Data Availability  The data that support the findings of this study are available from the  corresponding 
authors, upon reasonable request.

Declarations 

Ethics Approval  Not applicable.

Conflict of Interest  The authors declare no competing interests.

Fig. 21   SEM analysis of FXC (a, b, c) and XCCX (d, e, f)
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