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Abstract
A large volume of biomass residue is disposed daily, and the use of chemical and enzymatic treatments is an alternative to 
reuse it generating value-added products such as xylooligosaccharides (XOS). Banana peel, guava bagasse, orange bagasse, 
and restaurant pre-prepare waste were subjected to three treatments for xylan solubilization. Subsequently, xylan was enzy-
matically hydrolyzed to obtain xylooligosaccharides. The maximum polysaccharide solubilization using alkaline hydrogen 
peroxide was 90.70% from restaurant residue. Sodium hydroxide solubilized 88.01% of xylan from guava bagasse and 74.20% 
of xylan from the banana peel, using potassium hydroxide. After enzymatic hydrolysis, the maximum production of XOS 
was 54.14% with banana peel residue (peroxide solubilized), 59.86% with guava bagasse (sodium hydroxide solubilized), 
50.42% for orange bagasse (peroxide solubilized), and 50.80% with restaurant residue (potassium hydroxide solubilized). 
The results showed that each of the biomass had a different condition of treatment. The best conditions to obtain xylan from 
banana peel and guava bagasse were using NaOH treatment, and from orange bagasse and restaurant pre-prepare were using 
KOH. To produce XOS, banana peel and orange bagasse were treated with peroxide, and the guava bagasse and restaurant 
residue were treated with potassium hydroxide and subsequently submitted to enzymatic hydrolysis for 12 and 48 h.

Keywords Alkaline hydrogen peroxide · Biomass · Endoxylanase · Bioactive compounds · Hemicellulose · Aspergillus 
versicolor

Introduction

A wide variety of residues such as forest and agroindustrial 
can be a source of lignocellulosic materials. These mate-
rials are composed of three major biopolymers, namely, 
lignin, cellulose, and hemicellulose [1]. Hemicelluloses are 
smaller molecules (lower degree of polymerization) than 
celluloses, composed mainly of xylose, arabinose, rham-
nose, galactose, and mannose residues. The sugar units from 
hemicelluloses can be subdivided into components such as 
pentoses, hexoses, and uronic acids [2]. Among the hemi-
celluloses, xylan stands out as the most abundant polysac-
charide in grass hemicelluloses and, consequently, the one 
with a higher incidence in agricultural and agroindustrial 
residues [3]. The structure of isolated xylan present in plants 

is composed of xylose residues in the main chain, differing 
by pendant groups and branched residues [4, 5]. Therefore, 
hemicellulose can be used as feedstock to several industrial 
interest molecules, applying chemical and enzymatic treat-
ments. However, the hemicellulose solubilization is highly 
dependent on the chemical used, type of biomass, and its 
anatomical fraction due to recalcitrance and heterogeneity. 
Tropical countries produce fruit waste in high amounts, a 
substrate rich in polysaccharides that can be converted into 
XOS.

For the production of XOS, the extraction of hemicellu-
lose is necessary to obtain it in isolated form and subsequent 
hydrolysis for the production of oligomers. The extraction 
method depends on the final purpose and application of the 
xylan and may be based on the desired hemicellulose final 
characteristics. Some important characteristics to consider 
are the degree of polymerization, degree of branching/substi-
tution, solubility, reactivity, and impurities such as residual 
lignin [6]. Considering the recovery of hemicellulose based 
on the polysaccharide or monosaccharide form, the concepts 
of acid and alkaline treatments can be successfully applied 
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[7]. Acid extraction and its derived processes lead to end 
products based on monosaccharides and oligosaccharides 
[8]. Alkaline extraction and its derivative processes lead to 
end products based on high polymerization macromolecules 
[2]. Hemicellulose has great potential and applicability in 
the manufacture of bioplastic [9]. The use of hemicellulose 
has been highlighted in the health area, as the search for a 
healthy lifestyle and care with food is increasing. The use 
of components that stimulate the proper functioning of the 
body, such as XOS, has several beneficial health effects such 
as lowering serum cholesterol levels, stimulating bifidobac-
teria in the gastrointestinal tract, and preventing cavities [10, 
11].

XOS have great potential for improving human health and 
well-being by maintaining intestinal microflora. They can be 
incorporated into many food products, and their properties 
can offer a new dimension to the development of functional 
foods [12]. Because of their many influences on human 
health, as well as their potential to prevent gastrointestinal 
problems, XOS are gaining space in the prebiotic market. 
XOS stand out the advantages of being produced from the 
lignocellulosic residue, abundant and low-cost material, 
which are not suitable for human consumption and are avail-
able in large quantities. Besides, agricultural by-products are 
still underutilized and the fact that xylan of these materials 
can be converted into higher value-added products meets the 
need for use of this wide variety of residue.

The use of enzymes for XOS production is considered a 
cleaner form of production as it does not require high tem-
peratures, pressure, or harmful chemicals. XOS recovery is 
still possible as it does not produce by-products in the pro-
cess [11]. This enzymatic production, through the action of 
endoxylanases, allows the low formation of sugar mono-
mers, the absence of by-products generated during hydroly-
sis, and does not require special equipment or high-tem-
perature conditions. At the same time, this process has the 
disadvantage of being easily inhibited by compounds present 
in lignocellulosic biomass, requiring hemicellulose solubi-
lization, in addition to the cost of enzymes [12, 13]. The 
production of XOS from enzymatic hydrolysis can be done 
through the action of endoxylanase in the xylan main chain. 
Hemicellulose extraction from lignocellulosic biomass is a 
strategy before the enzymatic hydrolysis and the enzyme 
extract should be free of β-xylosidase, the enzyme that 
hydrolyzes XOS into xylose, since its presence can reduce 
the yield of XOS production [10]. Thus, enzymatic hydroly-
sis of solubilized xylan should be performed by applying 
the endoxylanase, with little or no activity of the enzyme 
β-xylosidase, given that the objective is the production of 
oligomers rather than monosaccharides, such as xylose. In 
contrast, there is no possibility of controlling the degree of 
polymerization of the XOS produced, since xylanases with 
different substrate specificities generate different hydrolysis 

products [14]. From this, this study aimed to analyze the 
xylan solubilization from alkali treatments using different 
agroindustrial lignocellulosic biomasses, which are banana 
peel, guava, and orange bagasse, and restaurant residue. The 
solubilized xylan was studied for XOS production apply-
ing enzymatic hydrolysis using a purified endoxylanase of 
Aspergillus versicolor.

Materials and Methods

Agroindustrial and Food Residue

Biomasses used were banana peel, guava bagasse, orange 
bagasse, and restaurant residue. Residues of guava were gen-
tly provided by the company Predilecta (Matão, SP – Brazil) 
and the orange bagasse by Selial company (Rio Claro, SP 
– Brazil). The banana peel was collected in the local market. 
Restaurant residue was collected at the university restaurant 
and was composed of pre-prepare residues, such as onion 
and garlic peel, vegetable peels, and leaves in general. Resi-
dues were dried at 60 °C until moisture was lower than 10%, 
ground in a knife mill, and the material that passed through 
a 20 mesh (0.84 mm) sieve was selected [7].

Biomass Chemical Composition

The biomasses were chemically characterized to determine 
cellulose/glucan, lignin, and hemicellulose content. Approx-
imately 300 mg of dry biomass were hydrolyzed with 3 mL 
of 72% sulfuric acid at 30 °C for 1 h. To the reaction was 
added 84 mL of distilled water and it was autoclaved at 
121 °C for 1 h. The hydrolysate was filtered with a porous 
plate crucible. The liquid fraction was collected to deter-
mine soluble lignin by spectrophotometer at 215 and 280 nm 
and sugar quantification by HPLC (Waters – Massachusetts, 
EUA—Alliance system with Refractive index Waters IR 
2414). The solid residue (retained on the crucible) was dried 
at 105 °C to determine insoluble lignin content [15]. Mono-
saccharide concentration determined in HPLC was used to 
calculate the anhydrous sugars, converting glucose released 
in glucan/cellulose present in the biomass, with a hydration 
factor of 0.9. For xylose and arabinose, the factor was 0.88, 
and for acetic acid was 0.72. The hemicellulose content was 
reported as a sum of xylan, arabinan, and acetic acid. Experi-
ments were performed in triplicate.

Hemicellulose Solubilization

Previously to the solubilization, the biomass was washed 
with 0.2% (m/v) ethylenediaminetetraacetic acid (EDTA) 
for 1 h at 90 °C to remove metal cations such as iron and 
manganese ions. These ions promote the decomposition of 
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hydrogen peroxide reducing its performance [6, 16]. The 
xylan solubilization was evaluated with and without wash-
ing. The biomasses were subjected to xylan solubilization 
using three reaction solutions: alkaline hydrogen perox-
ide (pH 11.6), sodium hydroxide (NaOH), and potassium 
hydroxide (KOH). Samples containing 10 g of biomass 
were treated with alkaline peroxide (6%, m/v) in a reaction 
volume of 200 mL, with pH adjusted to 11.6 with 6 mol/L 
NaOH solution, and shaken at 120 rpm at room tempera-
ture. The solubilization with sodium hydroxide (NaOH) and 
potassium hydroxide (KOH) occurred in a thermostated bath 
at 70 °C and was shaken at 70 rpm [17]. After 4 h, the liquid 
was filtered and the insoluble fraction was discarded. The 
supernatant liquid was adjusted to pH 6 with 6 mol/L HCl 
and then concentrated to about one-third of its volume under 
air circulation at 45 °C. Hemicellulose was precipitated by 
adding 3 volumes of 95% ethanol. Subsequently, the process 
was repeated with 70% (v/v) ethanol until a clear liquid frac-
tion, and the material was dried at 45 °C. The yields were 
calculated based on the sum of the biomass anhydroarabinan 
and anhydroxylan contents, from their initial chemical char-
acterization [6, 16].

Enzymatic Hydrolysis of Xylan

Enzymatic hydrolysis was performed with the solubilized 
hemicellulose applying endoxylanase produced by Asper-
gillus versicolor grown in wheat bran and purified by ion-
exchange chromatography and gel filtration techniques. The 
purified enzyme showed 1689 UI/mL and presented 19 kDa 

by SDS-PAGE and gel filtration [18]. Enzymatic hydrolysis 
was performed by varying the parameter of reaction time to 
evaluate the best conditions for XOS production. The hydrol-
ysis was conducted in 50-mL centrifuge tubes containing 
5 mL of 50 mmol/L sodium phosphate buffer (pH 6) at 55 °C 
in a water bath with 120 rpm agitation. The reaction was 
conducted with A. versicolor purified endoxylanase applying 
30 IU/g [11]. The enzymatic hydrolysis analyzed parameters 
such as reaction time and xylan solubilization treatment (2, 
4, 6, 8, 12, 24, and 48 h, NaOH, KOH, and  H2O2). At time 
intervals the tubes were collected to monitor the XOS con-
tent, heated in boiling water for 5 min to stop the reaction. 
The hydrolysate was filtered with a 0.22-µm syringe filter 
before HPLC injection for XOS quantification.

Xylooligosaccharides, Monosaccharides, and Acetic 
Acid Quantification

XOS production was determined by high-performance liquid 
chromatography (HPLC—WATERS equipment) under the 
following conditions: Aminex HPX-87C Bio-Rad column 
(300 × 7.8 mm) at the temperature of 80 °C; eluent: ultrapure 
water with flow 0.6 mL/min; injection volume of 20 μL. 
The XOS concentration was determined in a detector of 
refractive index (Waters 2414). Solutions of xylose (Sigma), 
xylobiose (X2), xylotriose (X3), xylotetraose (X4), xylopen-
taose (X5), and xylohexaose (X6) were used as standards. 
Total XOS and xylose content was calculated relative to the 
amount of xylan in the material.

(1)XOS yield (%) =
(X2 + X3 + X4 + X5 + X6) in hydrolysate (g) × 100

hemicellulose in the material (g)

Pentoses, hexoses, and acid acetic resulting from the 
liquid fraction of chemical characterization were quanti-
fied by HPLC. An Aminex column Bio-Rad HPX-87 H 
(300 × 7.8 mm) was used with mobile phase 0.05 mol/L 
H2SO4, in a flow of 0.4 mL/min, oven temperature of 65 °C 
and RID detector.

Statistical Analysis

Statistical treatment was carried out for some of the results 
obtained through the analysis of variance (ANOVA) with a 
single criterion using the BioEstat software (version 5.3).

(2)Xylose yield (%) =
xylose in hydrolysate (g) × 100

hemicellulose in the material (g)

Results and Discussion

Characterization of Biomasses

The moisture content was 88.37% for banana peel, 39.06% 
for guava bagasse, 79.43% for orange bagasse, and 99.67% 
for restaurant residue (Table 1). The ash content, inor-
ganic material, was 13.22% (dry basis) for banana peel, 
1.14% for guava bagasse, 4.50% for orange bagasse, and 
12.89% for restaurant residue. The total extractives con-
tent (in ethanol and water) was 62.97% for banana peel, 
27.39% for guava bagasse, 48.69% for orange bagasse, 
and 48.49% for restaurant residue. The result of lignin 
content was 30.28% (dry basis) for banana peel, 31.94% 
for guava bagasse, 21.45% for orange bagasse, and 12.10% 
for restaurant residue.
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The amount of total hemicellulose in the biomass was cal-
culated with the sum of xylan contents, arabinan, and acetyl 
groups. The sum of the components resulted in the aver-
age of hemicellulose, which was 38.42, 28.33, 31.04, and 
20.58% (dry basis) for banana peel, guava bagasse, orange 
bagasse, and restaurant residue, successively. The glucan/
cellulose (anhydroglucose) content was 29.28, 29.93, 24.42, 
and 50.20% for banana peel, guava bagasse, orange bagasse, 
and restaurant residue (Table 1).

The values found for the chemical composition of banana 
peel and guava bagasse were similar to those found in the lit-
erature. For banana peel, ash was reported as 11.47%, mois-
ture as 89.47% [19]. For guava, bagasse ash was reported 
as 1.36%, hemicellulose as 37.20%, and moisture content 
as 53% of the biomass [20]. The results of orange bagasse 
chemical characterization found in the literature were 
obtained from bagasse with pectin or oil extraction, which 
may explain the difference from the results obtained in this 
study. It was found in the literature that orange bagasse con-
tains 2.90% of lignin, 26.45% of hemicellulose [21], other 
study reported 12.40% cellulose, 8.90% lignin, and 7.50% 
of hemicellulose [22]. For restaurant residue, it was reported 
10.78, 23.26, 33.62, 4.86, 56.58, and 91.78% of ash, lignin, 
cellulose, hemicellulose, extractives, and moisture, succes-
sively [15]. The restaurant residue has its heterogeneity as 
a characteristic, which may explain the difference in the 
results found in the literature to those obtained in this study.

Hemicellulose Solubilization

The biomass hemicellulose was solubilized using different 
chemical agents and submitted to the enzymatic hydrolysis 
for XOS production, using Aspergillus versicolor endoxy-
lanase purified [11]. The hemicellulose solubilization was 
evaluated by washing with EDTA and without washing. The 
EDTA can remove ions that could interfere in the hydrogen 
peroxide action. Alkaline hydrogen peroxide is an effective 
oxidizing agent for breaking/removing lignin and hemicel-
lulose, capable of increasing cellulose accessibility, iso-
lating, and bleaching fibers. In addition, a combination of 
alkaline reagents and oxidants such as peroxide is effective 
for pretreatment and may result in the high conversion of 

lignocellulosic biomass into sugars, by the further enzymatic 
depolymerization of cell wall polysaccharides [23–25]. The 
washing step with EDTA is used to avoid hydrogen perox-
ide degradation [6, 16, 26]. In the present study, the wash-
ing step influenced orange bagasse and restaurant residue 
increasing hemicellulose solubilization. Biomasses can have 
other components such as pectin in banana peel [27], and 
extractives and oil in guava bagasse [28], which can influ-
ence the final hemicellulose solubilization. Moreover, the 
washing step can contribute to remove components such as 
extractives, reducing ethanol washing in the hemicellulose 
clarification step.

The alkaline hydrogen peroxide treatment highest yields 
of solubilization were using orange bagasse and restaurant 
residue, while using sodium hydroxide treatment, guava 
bagasse and restaurant residue washed with EDTA were the 

Table 1  Chemical composition 
(%, dry mass base) of 
agroindustrial and food waste

*: pre-prepare residue. Results with different lowercase letters (a, b, c) in the same line indicate statistical 
difference

Composition (%, dry 
mass)

Banana peels Guava bagasse Orange bagasse Restaurant residue*

Ashes 13.22 ± 0.01a 1.14 ± 0.00b 4.50 ± 0.01c 12.89 ± 0.08d
Lignin 30.77 ± 2.62a 33.75 ± 2.52a 22.74 ± 0.12b 12.77 ± 0.94c
Cellulose/glucan 29.28 ± 0.39a 29.93 ± 0.34a 24.42 ± 1.96b 50.52 ± 0.75c
Hemicellulose 38.42 ± 2.21a 28.33 ± 0.53b 31.04 ± 0.98c 20.58 ± 0.32d

Table 2  Hemicellulose solubilization yield obtained after alkaline 
hydrogen peroxide, sodium hydroxide, and potassium hydroxide 
treatments

*Washed: biomass previously washed with EDTA 0.2% (m/v); 3: pre-
prepare residue. Results with different lowercase letters (a, b, c) in the 
same line indicate a statistical difference considering the washing. 
Results with different capital letters (A, B, C) in the same column 
indicate a statistical difference among treatments and biomass

Treatment Biomass Hemicellulose yield (%, dry mass)

*Washed (%) Not Washed (%)

H2O2 Banana peels 41.98 ± 5.51 aA 20.68 ± 6.73 bA
Guava bagasse 44.89 ± 6.18 aA 46.41 ± 2.20 aB
Orange bagasse 30.67 ± 3.77 aB 58.66 ± 0.91 bC
Restaurant 

 residue#
40.97 ± 6.86 aA 91.74 ± 12.18 bD

NaOH Banana peels 74.20 ± 11.63 aC 63.68 ± 6.52 aC
Guava bagasse 33.97 ± 0.83 aB 88.01 ± 4.33 bD
Orange bagasse 42.10 ± 3.51 aA 50.01 ± 2.71 bE
Restaurant 

 residue#
84.13 ± 10.42 aC 81.79 ± 4.48 aF

KOH Banana peels 73.67 ± 4.61 aC 50.77 ± 1.12 bE
Guava bagasse 25.31 ± 2.75 aD 43.35 ± 3.12 bB
Orange bagasse 80.81 ± 9.82 aCE 31.12 ± 3.46 bG
Restaurant 

 residue#
90.70 ± 6.88 aE 82.13 ± 5.77 aFD
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biomasses with higher solubilization yield. For the potas-
sium hydroxide treatment, the highest yields obtained were 
using the restaurant residue, in both washed and not washed 
forms (Table 2). The maximum hemicellulose solubilization 
yields were 74.20% (dry basis) for the banana peel (washed 
with EDTA and treated with NaOH), 88.01% for the guava 
bagasse (not washed and treated with NaOH), 80.81% for 
the orange bagasse (washed with EDTA and treated with 
KOH), and 91.74% for the restaurant residue (not washed 
and treated with  H2O2).

The hemicellulose solubilization with NaOH and KOH 
resulted in a high yield for all the biomass in a general 
comparison with alkaline hydrogen peroxide. However, the 
clarification of the liquid fraction after hemicellulose pre-
cipitation required 8 to 10 washes with 70% (v/v) ethanol 
for NaOH and KOH treatments. Alkaline hydrogen peroxide 
treatment required 4 ethanol washes to obtain a clear liquid 
fraction. In this ethanol wash, occurs salts and lignin-derived 
compounds removal, collaborate to a better quality of the 
hemicellulose [17, 29].

The hemicellulose solubilization yields obtained in the 
present study were higher than those found in the literature 
for different biomass. A yield of 33.3% was reported using 
12% NaOH at 80 °C for 4 h of reaction, and 21.4% yield 
using 2% KOH at 75 °C for 3 h of reaction applied to sweet 
sorghum bagasse [30]. Sorghum biomass separated in the 
stalk, leaf, and bagasse resulted in different yields for hemi-
cellulose solubilization, requiring 10% of alkaline hydrogen 
peroxide to achieve a high solubilization yield. Treatment 
with KOH resulted in 96% of hemicellulose solubilization 
from sorghum stalk, indicating heterogeneity among bio-
mass fractions [17]. For pigeon pea stalk, the recovery of 
xylan for treatment with 12% NaOH, at room temperature 
and overnight incubation was 12.63% and with 12% KOH, 
at room temperature and overnight incubation it was 12.35% 
[31]. For sugarcane bagasse, using  H2O2 in alkaline medium 
(6%, m/v, 60 °C, 16 h), the solubilization yield was 60.8%, 
and with 1 mol/L NaOH at 40 °C and 18 h, it was 62.10% 
[16, 32]. The characteristics of each biomass, especially 
chemical composition, influence the optimal hemicellulose 
solubilization conditions and the final purpose of the solubi-
lization process. For hemicellulose to be converted into new 
products, after their separation from the other components, it 
must be in specific and desirable quality conditions, regard-
less of the extraction method.

Enzymatic Hydrolysis for XOS Production Using 
Washed Biomass

Xylanases are the most important enzymes to perform 
xylan hydrolysis and are responsible to reduce the degree of 
polymerization of the xylan chain by hydrolyzing the β-1,4 
glycosidic bonds [33] The main enzymes responsible for 

the hydrolysis of xylan chains are endo-1,4-β-xylanases and 
β-xylosidases [34]. Endo-β-1,4-D-xylanases (EC 3.2.1.8) 
act on the xylan main chain, forming xylooligosaccharides, 
while β-xylosidases hydrolyze xylobiose and short-chain 
xylooligomers, releasing xylose units [33]. To maximize 
XOS production, it is necessary to apply purified endoxyla-
nase in order to avoid xylose production.

The solubilized xylan was used as a substrate for enzymatic 
hydrolysis with endoxylanase produced by A. versicolor in 
order to produce XOS. As expected, no xylose content was 
detected in any of the samples, which proves the effective-
ness of xylan extraction by alkaline treatment, the absence 
of β-xylosidases, and the efficient purification of xylanase. 
The predominant oligomers generated were xylobiose (X2), 
xylotriose (X3), and xylotetraose (X4) (Tables 3 and 4).

Xylooligosaccharides were produced by enzymatic 
hydrolysis with a degree of polymerization from X2 to X4. 
X2 was produced in a low amount with all the biomass, even 
with a long reaction time (Table 3 and 4). The X3 was pro-
duced mainly after 6–8 h of reaction, increasing constantly 
after this period of time. The highest XOS concentration was 
obtained after 12–24 h of an enzymatic reaction, producing 
up to 10.45 g/L. Hemicellulose from banana pseudostem 
required 24 h to produce 11 g/L of XOS, with a predomi-
nance of X4, X5, and X6, via enzymatic hydrolysis using 
endoxylanase of A versicolor [11]. A strategy to increase 
the concentration of XOS is to perform enzymatic hydrolysis 
with high substrate loading (hemicellulose concentration). 
Using 10% of hemicellulose as a substrate for enzymatic 
hydrolysis it was possible to reach 22.5 g/L of XOS [11]. In 
this study, with a highly concentrated substrate, the produc-
tion of X4, X5, and X6 was also predominant.

The biomass with the highest generation of total XOS 
was guava bagasse, showing potassium hydroxide as the best 
treatment and presenting maximum result with NaOH treat-
ment (60.82% and 48 h). Enzymatic hydrolysis presented 
a better performance after xylan solubilization with KOH 
treatment for banana peel and restaurant residue, reaching 
an average of 50% conversion after 48 h. The orange bagasse 
also showed an average of 50% conversion, although after 
the alkaline hydrogen peroxide treatment (Fig. 1).

The conversion of xylan into XOS using all of the bio-
masses presented in the present study were similar to higher 
than those reported in the literature. A yield of 14.7% of 
XOS was reported for sugarcane bagasse hemicellulose 
(treated for 3 h at 35 °C using 24% KOH including 1% (m/v) 
NaBH4) after 48–72-h reaction using 60 UI/g of xylanase 
from Aspergillus fumigatus M51 (35.6 U/mL). The enzy-
matic hydrolysis performed with 500 UI/g of xylanase 
allowed to reduce the reaction time to 3 h [35]. A yield 
of 42.96% using residual hemicelluloses of the dissolving 
pulp was obtained, with 120 IU/g enzyme loading after 8 h 
of reaction [36]. A study using xylanase from Aspergillus 
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Table 3  Xylooligosaccharides 
produced by enzymatic 
hydrolysis of banana peels and 
guava bagasse hemicellulose

X2: xylobiose; X3: xylotriose; X4: xylotetraose; XOS: xylooligosaccharides

Treatment Reaction 
time (h)

Banana peels Guava bagasse

X2 (%) X3 (%) X4 (%) XOS (g/L) X2 (%) X3 (%) X4 (%) XOS (g/L)

H2O2 2 0.00 0.06 9.36 1.87 ± 0.49 0.00 0.02 12.57 2.50 ± 0.05
4 0.00 0.00 4.98 0.98 ± 0.12 0.00 0.03 12.74 2.52 ± 0.13
6 0.00 0.03 6.11 1.21 ± 0.46 0.00 7.35 8.98 3.25 ± 0.11
8 0.07 15.46 17.89 6.68 ± 0.32 0.00 16.82 19.12 7.16 ± 0.30
12 0.24 16.64 17.77 6.92 ± 0.94 0.02 20.09 22.06 8.42 ± 1.23
24 0.18 24.21 27.86 10.45 ± 0.96 0.10 22.20 23.13 9.74 ± 0.89
48 0.91 26.21 27.01 10.83 ± 0.81 0.00 25.76 24.83 9.85 ± 0.90

NaOH 2 0.01 0.00 12.46 2.48 ± 0.48 0.00 0.01 5.80 1.15 ± 0.35
4 0.00 3.46 12.03 3.08 ± 0.91 0.02 0.00 9.15 1.82 ± 0.01
6 0.23 0.00 23.00 4.62 ± 0.51 0.00 18.37 20.43 5.53 ± 0.53
8 0.00 18.37 20.43 7.73 ± 1.04 0.40 16.81 22.36 7.91 ± 0.48
12 0.08 20.03 22.04 8.42 ± 1.65 0.43 22.30 33.42 10.06 ± 0.75
24 0.65 22.11 24.70 8.49 ± 0.76 0.21 20.36 36.81 11.42 ± 0.42
48 0.68 22.56 22.93 9.23 ± 1.02 0.20 21.03 38.83 11.96 ± 0.83

KOH 2 0.00 0.00 12.21 2.42 ± 0.35 0.03 0.00 10.13 2.03 ± 0.31
4 0.00 6.33 9.72 3.20 ± 0.50 0.22 3.30 9.65 2.63 ± 0.56
6 0.00 15.32 18.46 6.73 ± 0.22 0.42 15.04 21.08 7.31 ± 0.01
8 0.19 17.97 21.24 7.88 ± 0.94 0.51 18.88 21.50 8.18 ± 0.04
12 2.16 23.65 27.21 10.61 ± 0.80 0.46 21.17 21.72 8.67 ± 0.63
24 1.50 24.85 27.03 10.68 ± 0.50 0.62 22.03 22.82 9.10 ± 0.71
48 1.46 25.46 26.67 10.72 ± 1.38 0.04 22.91 23.79 9.33 ± 0.70

Table 4  Xylooligosaccharides 
produced by enzymatic 
hydrolysis of hemicelluose from 
orange bagasse and restaurant 
pre-prepare residue 

X2: xylobiose; X3: xylotriose; X4: xylotetraose; XOS: xylooligosaccharides; *: pre-prepare residue

Treatment Reaction 
time (h)

Orange bagasse Restaurant residue*

X2 (%) X3 (%) X4 (%) XOS (g/L) X2 (%) X3 (%) X4 (%) XOS (g/L)

H2O2 2 0.00 0.05 7.95 1.59 ± 0.12 0.00 0.03 9.77 1.94 ± 0.28
4 0.00 0.11 9.10 1.83 ± 0,08 0.00 3.88 14.40 3.64 ± 0.27
6 0.00 0.06 7.24 1.12 ± 0.46 0.00 13.56 21.54 6.99 ± 0.00
8 0.00 18.68 18.75 7.47 ± 0.41 0.00 17.88 21.28 7.81 ± 0.52
12 0.00 24.75 25.67 10.06 ± 0.37 0.00 0.57 21.18 4.32 ± 0.73
24 0.00 26.40 22.84 9.82 ± 0.56 1.74 22.79 22.23 9.35 ± 0.77
48 0.00 25.59 22.56 9.60 ± 0.78 0.00 0.87 18.33 3.81 ± 0.43

NaOH 2 0.06 0.00 8.15 2.17 ± 0.03 0.00 0.00 7.84 1.55 ± 0.61
4 0.00 0.00 8.04 2.05 ± 0.11 0.05 0.00 10.35 2.06 ± 0.17
6 0.00 0.02 8.81 1.74 ± 0.05 0.00 15.09 17.40 7.68 ± 0.45
8 0.00 18.78 21.05 7.94 ± 0.27 0.24 17.70 18.50 6.77 ± 0.73
12 0.07 19.52 20.62 8.03 ± 0.42 0.44 22.63 26.77 9.97 ± 0.77
24 0.21 21.46 20.55 8.45 ± 0.18 0.64 22.36 22.52 9.10 ± 1.71
48 0.00 22.07 19.22 8.23 ± 0.23 0.57 22.46 20.60 8.73 ± 0.33

KOH 2 0.00 0.00 10.43 2.07 ± 0.16 0.00 0.00 9.39 1.86 ± 0.06
4 0.00 0.00 8.12 1.60 ± 0.17 0.06 0.00 9.69 1.93 ± 0.75
6 0.14 18.55 21.79 8.10 ± 0.32 0.12 16.68 21.40 8.17 ± 0.63
8 0.11 19.10 23.25 8.49 ± 0.15 0.17 18.98 21.84 8.20 ± 0.02
12 1.46 22.18 22.74 9.29 ± 1.44 0.83 23.68 26.30 10.15 ± 0.44
24 1.80 21.22 21.33 8.87 ± 0.36 0.51 22.07 24.67 9.45 ± 0.33
48 1.48 25.05 21.93 9.69 ± 0.84 0.96 24.19 23.32 9.69 ± 0.27
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niger (22.7 U total enzyme activity) and powdered corn as 
biomass at 55 °C for 24 h, showed the highest yield of 62% 
XOS [37], similar to those obtained in the present study.

Pectin can be previously removed from biomass such as 
orange bagasse and banana peel. A sequence of acid, alka-
line, and enzymatic treatment was applied to banana peel for 
xylose and XOS production. In this process, 65% of hemi-
cellulose was depolymerized, of which 33% was into XOS 
with a degree of polymerization from 2 to 6 [27]. Besides 
scarce publications about xylooligosaccharides production 
from orange bagasse and restaurant residue, it is possible to 
predict that the chemical composition can influence hemicel-
lulose solubilization. In this scenery, a biorefinery process 
with the objective of recovering oil, antioxidants, and pectin 
could be appropriately related to hemicellulose valorization. 
Fermentable sugar production such as glucose could contrib-
ute in this biorefinery associated to hemicellulose and XOS 
production [38, 39].

Mass balance for Hemicellulose and XOS Production

Food and agroindustrial waste are inexpensive and abundant 
raw materials rich in hemicellulose, which can be converted 
into XOS. Among several lignocellulosic materials, a specific 
condition needs to be determined for each material as its recal-
citrance and heterogeneity can respond differently to each type 
of treatment and conversion process available. A scale-up pro-
cess should consider which chemical to use and the parameters 
associated: one or two-stage, heating, shaking, washing, precip-
itation/filtration/centrifugation, concentration, purification, and 
reaction time, among others. For hemicellulose solubilization, 

alkaline and alkaline oxidant chemicals are effective. Moreover, 
each type of biomass/waste can respond differently in terms of 
hemicellulose solubilization yield and quality.

The present study showed that each of the food and agro-
industrial waste could result in better hemicellulose solubi-
lization following a specific treatment, e.g., alkaline or alka-
line hydrogen peroxide (Fig. 2). From banana peel 285.08 kg 
of hemicellulose can be solubilized using NaOH; from guava 
bagasse, 127.17 kg of hemicellulose can be solubilized using 
 H2O2; from orange bagasse 250.83 kg of hemicellulose can 
be solubilized using KOH; from restaurant pre-prepare 
waste 186.66 kg of hemicellulose can be solubilized using 
KOH. The study was performed with endoxylanase purified 
from A. versicolor, applying 30 UI/g of the substrate dur-
ing 12 h to 48 h, depending on the previous treatment. For 
each ton of biomass (dry basis) submitted to hemicellulose 
solubilization and further enzymatic hydrolysis can be pro-
duced: 150.01 kg of XOS in the hydrolysis of hemicellulose 
solubilized with KOH from banana peel; 66.13 kg of XOS 
in the hydrolysis of hemicellulose solubilized with  H2O2 
from guava bagasse; 125.42 kg of XOS in the hydrolysis of 
hemicellulose solubilized with KOH from orange bagasse; 
93.33 kg of XOS in the hydrolysis of hemicellulose solubi-
lized with KOH from restaurant pre-prepare waste.

The choice about the chemical used for hemicellulose 
solubilization takes into consideration the effectiveness in 
the hemicellulose solubilization and the further enzymatic 
hydrolysis yield. The use of NaOH, KOH, or  H2O2 also 
needs to consider the chemical cost, technology cost to the 
recovery of the chemicals, and environmentally friendly 
process [17, 39].

Fig. 1  Total xylooligosaccha-
rides yield obtained from xylan 
by enzymatic hydrolysis using 
purified endoxylanase from A. 
versicolor. *A Banana peel resi-
due, B guava bagasse, C orange 
bagasse, and D restaurant pre-
prepare residue
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Conclusion

Biomass waste study is important to generate knowledge about 
the biomass and the technologies that can be employed in order 
to reuse, rather than dispose of them. In the present study, as 
the goal was XOS production, different alkali pretreatments 
and alkaline hydrogen peroxide were evaluated for hemicel-
lulose solubilization. For each of the biomass, a specific treat-
ment was identified as with the best result, e.g., the banana 
peel with KOH or NaOH, guava bagasse with  H2O2, orange 
bagasse with KOH, and restaurant pre-prepare waste with 
KOH or NaOH. Mass balance is an important tool to evaluate 
the overall process for XOS production, taking into account the 
hemicellulose content in the raw material, hemicellulose solu-
bilization, and the XOS production by enzymatic hydrolysis. 
This indicates that treatments need to be studied to optimize 
the reuse, depending on the compound that is intended to be 
produced and the source of biomass. The important aspect 
of the fruit waste is that the bioactive molecules solubilized/
obtained from them can be added to the final processed-fruit 
industrial product (like juice, sweet). This XOS incorporation 
into the fruit derivatives will bring special nutraceutical prop-
erty, and probably higher consumer acceptance.
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