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Abstract

The content of xylan in sugarcane straw (culm top and leaves) is interesting to produce xylooligosaccharides (XOS), oli-
gomers composed of xylose, which provide numerous health benefits. XOS were produced in this study by two types of
treatment using sugarcane leaves: liquid hot water (LHW) and dilute acid (sulfuric and acetic acids), aiming to minimize
sugar degradation production. A central composite design with axial points was performed to evaluate the effects of the
independent variables on the hydrolysis production of XOS. Hydrolysis with acetic acid resulted in the conversion of xylan
into XOS of 22.78% with 2% (%, m/v) of acid at 180 °C for 35 min. Hydrolysis with sulfuric acid resulted in XOS yield of
62.18% with 2% (%, m/v) of acid at 79.55 °C for 35 min. The LHW treatment using leaves resulted in XOS yield of 20.71%
at 130 °C for 35 min. The LHW and dilute acid resulted in 0.018% and 0.195% (m/m) of furfural, respectively. For each ton
of sugarcane leaves, an XOS production of 206.44 kg, 75.63 kg, and 68.69 kg can be estimated using sulfuric acid, acetic
acid, and LHW, successively. The most effective treatment for XOS production was hydrolysis with dilute sulfuric acid;

however, LHW generated lower degradation products.
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1 Introduction

The importance of sugarcane for the economy of tropi-
cal countries is due to the numerous products that can be
obtained such as sugar and ethanol. Byproducts such as
vinasse are formed during ethanol production and can be
used as fertilizer or as an animal feed ingredient, as well as
bagasse, generated after grinding the culm, which is also
reused for energy production, paper, second-generation
ethanol, among other products [1-3]. Another byproduct
obtained from sugarcane is straw [4], formed mainly by dry
leaves, green leaves, and a culm pointer. Straw is usually left
in the fields after harvesting, with a potential risk of combus-
tion, producing ashes that pollute the atmosphere, destroying
the soil microbiota, and causing environmental damage. The
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amount generated varies according to the productivity and
the type of sugarcane cultivated, corresponding to approxi-
mately 15 t/ha. Recent studies suggested that around 50% of
the straw could be recovered from the field without impair-
ing the soil properties [5].

Straw has a large amount of xylan in its composition,
which can be depolymerized into monomers and can be used
for xylitol and ethanol production through fermentation; and
into oligomers, called xylooligosaccharides (XOS) [6]. XOS
acts as prebiotics because of their ability to stimulate the
growth of beneficial bacteria in the gut, prevent infections
by pathogenic bacteria; have antioxidant properties, prevent
osteoporosis, improve intestinal functions, reduce blood glu-
cose and cholesterol levels, among other benefits [7]. XOS
are stable under various temperatures and pH conditions and
have a sweet taste, which are characteristics that facilitate
their incorporation in foods [8].

Treatments such as liquid hot water (autohydrolysis)
and dilute acid hydrolysis are widely studied for the bio-
mass conversion process. In autohydrolysis, only water at
high temperatures is used, able to break the bonds of acetyl
groups present in the xylan chain, acidifying the medium
and enhancing the hydrolysis of polysaccharides [9, 10]. In
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the acid hydrolysis/treatment, diluted acid is usually applied,
such as sulfuric acid, hydrochloric acid, nitric acid to pro-
mote breakdown of the glycosidic bond between the poly-
saccharides, resulting in the release of monomers. There is a
greater tendency for the generation of monosaccharide deg-
radation products. However, after adjusting the treatment
condition (optimization), LHW and dilute acid can produce
xylooligosaccharides minimizing monosaccharides and deg-
radation product content [6].

XOS can be produced by enzymatic hydrolysis of xylan,
requiring previous xylan isolation [11]. However, for XOS
production purified enzyme is required to reach a high con-
version yield [7]. Alternatively, this study aimed at using
sugarcane leaves for XOS production evaluating acid and
LHW treatment instead of xylan previous solubilization. The
objective of this study was to use sugarcane leaves for XOS
production, important components of food and pharmaceu-
tical applications due to the prebiotic effect. A comparison
was made between autohydrolysis and hydrolysis with sul-
furic and acetic acid, under milder conditions than those
frequently used to decrease the formation of xylose and other
undesirable products.

Mineral acids such as sulfuric acid are difficult to be recy-
cled and reused; therefore, acetic acid was chosen in the
present study because it is a hemicellulose component and
an important factor in autohydrolysis and has the potential to
hydrolyze biomass in an effective and environmentally safer
way. In addition, compared to sulfuric acid, it is expected to
generate a smaller amount of furfural and hydroxy-methyl-
furfural from sugar degradation. Sulfuric acid is widely stud-
ied in biomass conversion, usually at low concentrations,
as it is a strong acid. The same conditions were maintained
for acetic acid (weak acid) because there are few compara-
tive studies, and there is a need for statistical analysis to
determine the ideal conditions and the most advantageous
hydrolysis process. In this context, the present study aimed
to compare the sulfuric and acetic acid according to XOS
and degradation products, applying a central composite
design. Furthermore, several parameters were compared
to statistically analyze the most favorable conditions for an
efficient process for XOS production with minimum xylose
and degradation products.

2 Materials and methods

2.1 Sample preparation

Sugarcane leaves were supplied by Usina Sdo Jodo, located
in the city of Araras-SP, Brazil. Green leaves were dried
in an oven at 60 °C for 48 h and ground in a knife mill,

and the material was selected and sieved through a 20 mesh
(825 pm) sieve [12].
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2.2 Chemical characterization of biomass

The extractives were removed in Soxhlet with ethanol for a
period of 8 h, followed by another extraction with distilled
water for the same period. The filter paper bag was oven-
dried at 105 °C for one night and cooled in a desiccator
before mass determination. This procedure was repeated
until constant mass. The extractive content was determined
by the difference between the initial and final mass of filter
paper bags and shown as a percentage.

Total ash content was determined with 1 g of sugar-
cane leaves burned in a muffle furnace at 575 °C for 4 h
[13]. The crucible was then desiccated to room tempera-
ture (approximately 1 h) and weighed. The ash content
was calculated based on the determined mass related to
the leaf mass used.

Glucose, xylose, arabinose, acetic acid, and lignin con-
tents were determined by the method reported elsewhere
[14]. About 300 mg of extractive-free sugarcane leaves
was hydrolyzed by adding 1.5 mL of 72% (m/m) sulfuric
acid at 45 °C for 7 min.. After the reaction period, 45 mL
of distilled water was added, and the flasks were auto-
claved at 121 °C for 30 min.. After cooling, the hydro-
lysate was filtered through a previously tared crucible
porous plate. The liquid fraction obtained was analyzed
by high-performance liquid chromatography (HPLC)
according to item 2.3. To determine the acid-soluble
lignin content, the liquid fraction was diluted with 4%
(m/m) sulfuric acid until the absorbance was between
0.2 and 1.0 and quantified by UV—-Vis spectrophotom-
etry at 215 and 280 nm (Eq. (1)). The solid residue was
washed with distilled water and oven-dried at 105 °C to
determine insoluble lignin (Eq. (2)):

Soluble lignin (%) = [(4.53 X Ayjsnm — Azsonm>/300] 1

X Vol (L)/mass of material M
where A, 5 is the absorbance at 215 nm; A,g is the absorb-
ance at 280 nm.

Insoluble lignin (%) = [100 (m2 — m1)]/m3 )

where m2 =mass of crucible with lignin; m1 =mass of cru-
cible; m3 =extractive-free sugarcane leaf mass.

2.3 Acid hydrolysis for XOS production

About 5 g of sugarcane leaves at 20 mesh was hydrolyzed
with 50 mL of acetic or sulfuric acid in a stainless steel
reactor of 0.08 L with 6.1-cm height and 4-cm diameter.
The tests were performed with a variation of temperature
(°C), time (min), and acid concentration (% m/v, mass acid/
volume solution) according to a central composite design 2°,
star rotational, and triplicate at the central point (Table 1).
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Table 1 Central composite design 2* to evaluate the acid hydrolysis
process (sulfuric and acetic) of sugarcane leaves for XOS production

Table 2 Central composite design 22 to evaluate the process of liquid
hot water treatment of sugarcane leaves for XOS production

Assay Temperature (°C) Reaction time H,SO, or CH;COOH
(min) (%, m/v)

1 100 15 1

2 160 15 1

3 100 55 1

4 160 55 1

5 100 15 3

6 160 15 3

7 100 55 3

8 160 55 3

9 79.55 35 2

10 180.45 35 2

11 130 1.36 2

12 130 68.64 2

13 130 35 0.32

14 130 35 3.68

15% 130 35 2

“Experiments performed in triplicate, corresponding to the central
point

The independent variables were divided into three levels:
maximum, with a temperature of 160 °C, time of 55 min,
and acid concentration of 3%; minimum, 100 °C, 15 min,
and 1% (%, m/v) acid and the center point, 130 °C, 35 min,
and 2% (%, m/v) acid. The heating process was performed
in a thermostated bath. The acid hydrolysis experimental
condition was selected based on literature reports [15—17].

After the reaction was completed, the reactor was cooled
to room temperature using an ice bath. The liquid fraction
containing XOS and xylose was separated from the solid
fraction by vacuum filtration using filter paper, filtered with
a syringe filter of 0.22 um, and quantified by HPLC. XOS
and xylose contents were calculated relative to the amount of
xylan in the material. The results were analyzed by Statistica
software, version 7.0.

2.4 Liquid hot water treatment for XOS production

In the LHW treatment, the assays were performed according
to a central composite design 22, star rotational, and tripli-
cate at the central point, varying temperature (°C) and reac-
tion time (min). These independent variables were divided
into three levels: maximum, with a temperature of 160 °C
and time of 55 min; minimum, 100 °C and 15 min and the
center point, 130 °C and 35 min (Table 2) [16].

About 5 g of sugarcane leaves at 20 mesh and 50 mL of
distilled water were added to the reactor. After completion
of the reaction time in a thermostated bath, the reactor was
cooled in an ice bath, and the material was vacuum filtered
using filter paper. The liquid fraction was filtered using a
syringe filter with a 0.22-pm pore size and quantified by

Assay Temperature (°C) Reaction time (min)
1 100 15

2 160 15

3 100 55

4 160 55

5 87.57 35

6 172.43 35

7 130 6.72

8 130 63.28

O* 130 35

“Experiments performed in triplicate, corresponding to the central
point

HPLC to determine the XOS and xylose contents according
to Egs. (3) and (4), respectively. XOS and xylose content was
calculated relative to the amount of xylan in the material.

XOS yield (%) = (X, + X5 + X, + X5 + X,) in hydrolysate (g) X 100
xylan in the material (g)
3)
Xylose yield (%) = xylose in hydrolysate (g) X 100
xylan in the material (g)

“

2.5 Determination of XOS, sugars, acetic acid,
and degradation products

XOS contents were determined by HPLC in equipment (Shi-
madzu, model Nexera XR) under the following conditions:
BIO-RAD Aminex HPX-87C (300 x 7.8 mm) column; tem-
perature: 80 °C; eluent: ultrapure water with flow 0.6 mL/
min; sample volume: 20 pL; detector: refractive index at
60 °C (Shimadzu, RID model) with an analysis time of
15 min. The pH of the samples was adjusted between 5.0
and 9.0 with 1 mol/L sodium hydroxide (NaOH). Xylose
(Sigma), xylobiose (X,), xylotriose (X3), xylotetraose (X,),
and xylopentaose/xylohexaose (Xs/;) (Megazyme-Ireland)
solutions were used as standards. Samples were pre-filtered
on a syringe filter with a 0.22-pm pore size [18].

Glucose, xylose, arabinose, and acetic acid contents were
determined by HPLC, using the Bio-Rad Aminex HPX-87H
(300 7.8 mm) column maintained at 45 °C, Waters 2414
refractive index detector, a mobile phase of sulfuric acid
0.005 mol/L, a flow rate of 0.6 mL/min, the volume of the
injected sample of 20 pL. Samples were pre-filtered on a
syringe filter with a 0.22-pm pore size. The percentage of
glucose, xylose, arabinose, and acetic acid were multiplied
by the hydrolysis factor, 0.9, 0.88, 0.88, and 0.72, respec-
tively, to determine the percentage of glucan/cellulose,
xylan, arabinan, and acetyl groups.
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Three samples from each treatment (acid hydrolysis and
LHW) were analyzed: one with the highest yield of XOS,
the second with the lowest yield, and one sample from
the central point (intermediate experimental conditions).
Hydroxymethyl-furfural (HMF) and furfural contents were
determined by HPLC under the following conditions: C18
(150 4.6 mm) column maintained at 25 °C, a mobile phase
of acetonitrile, water, and acetic acid, a flow rate of 0.8 mL/
min, the volume of the injected sample of 10 pL, with an
analysis time of 20 min. Samples were pre-filtered on a
syringe filter with a 0.22-pm pore size.

3 Results and discussion
3.1 Leaf chemical composition

The leaf chemical composition was 37.9% of cellulose,
33.2% of hemicellulose, 25.2% of lignin, 3.5% of ashes,
and 17.6% of extractives (Table 3). For the straw (top part
of the culm plus leaves), data from the literature were in
the range of 31.7-39.4% of cellulose, 27-29.9% of hemi-
cellulose, 21.3-31.1% of lignin, and 1.5-6.2% of ash.
This study used the leaves, excluding the top part of the
culm. The chemical composition determined for the leaves
showed to be in the range reported in the literature for
straw (Table 3). The extractive content found in the leaves
was 17.6%, higher than the content reported for straw [19,
20]. The advantage of performing a study with a mate-
rial such as leaves is the lower heterogeneity compared to
straw, which is a mix of materials (dry leaves, green leaves,
and a culm pointer). Fractionation or isolation of biomass
may be advantageous to evaluate the process or material
influence on recalcitrance [11, 21].

Table 3 Chemical composition of sugarcane leaves and straw from
different studies

Chemical composition of sugarcane leaves and straw* (%, dry mass)

Cellulose Hemicel- Lignin Ashes Extractives® References

lulose
379 332 252 35 17.6 Present study
38.1 29.2 247 34 4.7 [41]
333 27.4 26.1 2.6 10.6 [20]
337 27.4 213 6.2 - [19]
394 29.9 21.8 4.1 4.6 [42]
31.7 27 31.1 1.5 - [43]
36.1 28.3 262 2.1 53 [44]

*Study performed with straw: the top part of the culm plus leaves
-not determined

3Chemical characterization determined with extractive-free material
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3.2 Diluted acetic acid treatment for XOS
production

The maximum XOS yield obtained from the treatment of
the leaves with acetic acid was in assay 10, resulting in
6.20 g/L, with an acid concentration of 2%, 180 °C, for
35 min (Table 4). This condition resulted in higher xylo-
triose formation. The conversion of xylan into XOS was
22.78% (%, m/m), and into xylose it was only 4.28% (%,
m/v). Oligomers larger than 6 units may have been formed
during the reaction with acetic acid but could not be quanti-
fied by the chromatography method used.

Conversion of xylan into XOS equivalent to 55.8% was
reported on the hydrolysis with two steps of acetic acid of
poplar. The conditions used were 30 min of reaction time,
170 °C, and 5% (%, m/v) acid concentration [22]. For poplar
hydrolysis, an acid concentration above that is used in the
present study was necessary, showing the recalcitrance dif-
ference between poplar and sugarcane leaves. The hydrolysis
of corncob with acetic acid resulted in a 45.91% conversion
of xylan into XOS; however, it produced 24.53% (%, m/m)
of xylose [23]. The authors used an acid solution with a
pH adjusted to 2.7, a temperature of 150 °C, and a time of
30 min of reaction. High xylose production together with
XOS is a disadvantage due to a requirement of the purifica-
tion process. The present study showed the advantage of
optimization to decrease the xylose production, avoiding,
or minimizing purification needed.

Sugarcane bagasse was hydrolyzed with 10% acetic acid
at 150 °C for 45 min resulting in an XOS yield of 39.1%,
and a xylose yield of 8.95%, with degradation products
of 0.09% of HMF and 0.46% of furfural [24]. In the pre-
sent study, the highest yield of degradation products was
obtained with 2% of acid concentration. A literature com-
parison suggested that processes with low severity (low
acid concentration, temperature, or reaction time) tend to
result in higher XOS formation and a lower concentration
of xylose. On the other hand, high acid concentration tends
to xylose production [25].

Table 5 shows the values of furfural and HMF formed
in the hydrolysis with acetic acid of sugarcane leaves.
The samples selected were those with higher and lower
XOS yield and a center point sample. These samples
were selected because they represent the best experimen-
tal condition for XOS production contrary to the lower
yield. The central point sample represents the inter-
mediate experimental condition. Analysis of variance
(ANOVA) with 99% confidence (p <0.01) showed that
acid concentration and the temperature had a significant
effect on the acetic acid hydrolysis for XOS production
(Table 6). The polynomial model was significant as 72%
of the experimental data adjusted to the acid hydrolysis
model for sugarcane leaves.. The statistical model that
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Table 4 Xylooligosz.iccharides Assay Temperature Reaction time CH;COOH Conversion of xylan into xylose and XOS (%, XOS

(XOS) and x.ylos.e yield .fron} °C) (min) 9 (i’I]/V) m/m) (g/L)

the hydrolysis with acetic acid

of sugarcane leaves, using a X X X X, X5  XOS

central composite design 2°

with a variation of reaction 1 100 15 1 272 0 1.04 1.53 4.20 6.76 1.84

time, temperature, and acid 2 160 15 1 0 0 0.32 1.12 340 484 132

concentration 3 100 55 1 0 0 00l 060 0 061  0.17
4 160 55 1 235 037 1.78 148 1631 1993 542
5 100 15 3 0 0 1.16 183 0 3.00 0.82
6 160 15 3 0 0 0.07 1.50 3.98 555 151
7 100 55 3 0 0 1.48 1.55 474 777 211
8 160 55 3 091 045 0.08 0 5.74 6.27 1.71
9 79.55 35 2 0 0 0.11 082 0 093 025
10 180.45 35 2 428 1.69 18.89 220 0 2278  6.20
11 130 1.36 2 0 0 0.02 170 0 1.71 047
12 130 68.64 2 0 0 0.07 1.67 092 2.66 0.72
13 130 35 0.32 317 0 1.92 092 14.67 17.50 4.76
14 130 35 3.68 253 0 0.14 062 0 0.76 021
15 130 35 2 073 0 0.91 1.90 432 713 1.21
16 130 35 2 0 0 1.02 201 579 8.82 240
17 130 35 2 0 0 0.80 211 441 7.32  1.69

X, xylose, X, xylobiose, X; xylotriose, X, xylotetraose, Xs/X, xylopentaose/xylohexaose, XOS xylooligo-
saccharides =X, + X5 + X, + Xs/X

Table 5 Degradation products

. N Assay*  Temperature (°C) Reaction CH;COOH XOS yield Degradation products (%,
generated in the hydrolysis with time (min) (%, miv) (%, m/m) m/m)
acetic acid of sugarcane leaves
Furfural HMF
3 100 55 0.61 0.010 0.002
10 180.45 35 2 22.78 0.195 0.021
16 130 35 2 8.82 0.047 0.005

* Assay related to Table 1

describes xylan conversion into XOS with acetic acid was

represented by Eq. (5).

XOS (%) = 8.905 — 0.216x + 0.001x”
+0.015y — 0.005y* + 5.6907
+0.2902% + 0.004xy — 0.068xz
—0.022yz

&)

where: X =temperature (°C); Y =reaction time (min);
Z=CH;COOH concentration (m/v).

After the equation/model was obtained, it was pos-
sible to build the response surface. It was observed that
the highest conversion of xylan into XOS occurred in the
region with acid concentrations up to 2% and temperatures
above 160 °C (Fig. 1). The increase in an acid concen-
tration above 2% caused a decrease in XOS production
according to the model (Fig. 1); therefore, this param-
eter had a significant negative effect. The temperature,

however, had the opposite effect, as its increase potentiated
the formation of XOS.

XOS was produced by hydrolysis of poplar with acetic
acid, without xylan isolation. The experiment was carried
out with the concentration of acetic acid up to 10% at 170 °C
and time between 10 and 50 min. The optimized condition
was with 5% acetic acid at 170 °C for 30 min, with xylan to
XOS conversion of 31.6% [25]. The temperature and reac-
tion time variables were similar to those of the present study.
In the present study, 22.78% of XOS was obtained with 2%
of acid at 180 °C/35 min. Considering the 2.5 times less
acid used, 2/3 of XOS was obtained in relation to the poplar
treatment. The acid is important as a catalyst and for ace-
tic acid, a low concentration is suggested to work better at
increasing temperature. The increase in the temperature is a
limiting process for equipment; however, reaction time, on
the other hand, is a parameter that can be altered for this pro-
cess considering the constant temperature. The acetic acid

@ Springer
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Table 6 Analysis of variance (ANOVA) for the independent variables
in xylooligosaccharides (XOS) production using sugarcane leaves

Factor SS

DF MS F p-value
Temperature (°C) (L) 223.08 1 223.08  260.30 0.0038
Temperature (°C) (Q) 1771 1 17.71 20.66  0.0451
Time (min) (L) 1881 1 18.81 21.95 0.0427
Time (min) (Q) 52.88 1 52.88 61.71 0.0158
CH;COOH (% m/v) (L) 104.02 1 104.02  121.37 0.0081
CH;COOH (% m/v) (Q) 094 1 0.94 1.10  0.4039
Temperature by time (L) 3694 1 36.94 43.10  0.0224
Temperature by CH;COOH (L) 3342 1 33.42 38.99 0.0247
Time by CH;COOH (L) 149 1 1.49 1.74  0.3183
Lack of fit 19577 5 39.15 45.69 0.0216
Pure error 171 2 0.86
Total 715.58 16
R*=0.72

SS sum of squares, DF degree of freedom, MS mean of squares

treatment of sugarcane bagasse for XOS production [6] was
in the same range of variables (acid concentration, reaction
time) for the XOS production from sugarcane leaves in the
present study. Acetic acid concentration should be used at
a low level to improve XOS production with a temperature
above 200 °C. Furoic acid applied to XOS production was
identified as in the same region of the present study, in terms
of acid concentration, reaction time, and temperature [26].
The need for the high temperature (> 160 °C) for acetic
and furoic acidis possibly related to the acid dissociation to
hydrolyze the xylan into XOS. For an improvement in the
acetic acid treatment, a two-step hydrolysis was proposed
at 140 °C and 190 °C [27]. A higher acid concentration
in relation to the present study, the acid concentration of
5% (v/v) was applied in two-step wheat straw hydrolysis
reaching 61.44% of XOS. The yield, chemicals used, and

> 10
B < 10
<5
<o
<5

Time (min)

Xyloo|igosaccharides (% mim)

experimental conditions can influence the feasibility of
the process [28]. Moreover, this process will be analyzed
together with sulfuric acid and LHW treatment for XOS
production.

3.3 Diluted sulfuric acid hydrolysis for XOS
production

The maximum conversion of xylan into XOS was 62.18%, in
a concentration of 16.91 g/L, and this occurred in the assay
9 conditions: a temperature of 79.55 °C, a reaction time of
35 min, and 2% sulfuric acid (m/v). There was a greater for-
mation of xylotriose and conversion of xylan into xylose of
1.30% (Table 7). Under the conditions of the present study,
there was a greater tendency for oligomer formation with 2
or 3 xylose units. The size of the xylan chain after hydroly-
sis depends on the method used and its severity [29]. XOS
with a lower degree of polymerization probably act better
as prebiotics because they are consumed faster by intesti-
nal bacteria [30]. In hydrolysis with sulfuric acid of kraft
liquor pulping process, XOS concentration was 11.63 g/L
achieved with 0.3% acid at 120 °C for 2 h [31]. Acid con-
centrations and high temperatures are responsible for the
formation of unwanted products such as furfural [32]. The
acid hydrolysis success also depends on the material used,
which is related to the recalcitrance of the material. Hemi-
cellulose was solubilized from viscose and submitted to acid
hydrolysis for XOS production. Using 0.70 mol/L sulfuric
acid, for 30 min at 80 °C, the solubilized hemicellulose was
hydrolyzed producing 67.9% of XOS and 29.2% of xylose
[33]. Comparatively, in the present study only 1.30% of
xylose was produced, probably due to the low acid applied.
A 1% (m/m) sulfuric acid hydrolysis of hemicellulose for
60 min at 120 °C resulted in 45% of XOS, predominantly
X,, and 20% of xylose [34]. The present study showed that

10
<10
<5
<o
<5

0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
CH3COOH concentration (% m/v)

Fig. 1 (a) Response surface and (b) contour plot for conversion of xylan into xylooligosaccharides (XOS) produced in the hydrolysis with acetic
acid using sugarcane leaves (with the temperature at central point condition)
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Table 7 Xylooligosaccharides (XOS) and xylose produced in the hydrolysis with sulfuric acid of sugarcane leaves, using a central composite
design 23 with a variation of time (min), temperature (°C), and acid concentration (%, m/v)

Assay Temperature (°C) Reaction time  H,SO,% (m/v) Conversion of xylan into xylose and XOS (%, m/m) XOS (g/L)
(min) X, X, X, X, Xys  XOS
1 100 15 1 0.60 0 0.01 15.15 0 15.16 4.11
2 160 15 1 37.02 0 27.07 0 0 27.07 7.36
3 100 55 1 5.38 1.32 32.17 0 3.68 37.17 10.11
4 160 55 1 15.74 0 21.95 0 0 21.95 5.97
5 100 15 3 0.23 0.13 57.40 0 0 57.53 15.65
6 160 15 3 40.26 46.95 0 0 0 46.95 12.77
7 100 55 3 3.51 2.15 20.58 0 0 22.74 6.18
8 160 55 3 14.18 51.44 0 0 0 51.44 13.99
9 79.55 35 2 1.30 0 62.18 0 0 62.18 16.91
10 180.45 35 2 3.70 0 58.75 0 0 58.75 15.98
11 130 1.36 2 0 49.78 0 0 0 49.78 13.54
12 130 68.64 2 43.11 50.32 0 0 0 50.32 13.69
13 130 35 0.32 1.12 1.07 0.90 4.54 0 6.50 1.77
14 130 35 3.68 3.55 0.09 0 28.58 0 28.67 7.82
15 130 35 2 43.10 55.21 0 0 0 55.21 15.01
16 130 35 2 3541 54.04 0 0 0 54.04 14.70
17 130 35 2 3348 56.87 0 0 0 56.87 15.47

X, xylose, X, xylobiose, X5 xylotriose, X, xylotetraose, Xs/Xy Xylopentaose/xylohexaose, XOS xylooligosaccharides =X, + X3+ X, + Xs/X¢

an optimized condition (acid concentration, reaction time,
and temperature) direct applied to the lignocellulosic mate-
rial (sugarcane leaves) is better for a medium reach in XOS
with a minimal content of xylose (Table 7).

Table 8 shows the values of furfural and HMF formed
in the hydrolysis with sulfuric acid of sugarcane leaves.
The samples selected for furfural and HMF determina-
tion were those with higher and lower XOS yield, and
a center point sample (intermediate experimental condi-
tions). Analysis of variance (ANOVA) with 99% confi-
dence (p <0.01) showed that the acid concentration and
the interaction between acid and time presented a signifi-
cant effect on XOS production (Table 9). The polynomial
model showed significance as 84% of the experimental
data adjusted to the hydrolysis model with sulfuric acid.
The statistical model that describes xylan conversion into
XOS using leaves was represented by Eq. (6).

XOS (%) = —12.776 — 0.329x + 0.0003x> + 0.809y — 0.009y>

+66.731z — 14.905z% 4 0.003xy + 0.089xz — 0.295yz ©)
where X =temperature (°C); Y =reaction time (min);
Z=H,SO, concentration (m/v).

By analyzing the response surface, it observed that the
highest conversion of xylan into XOS was in the region
where the acid concentration was between 1.5 and 3.5%,
and the temperature was higher than 160 °C (Fig. 2).

An optimization study produced 42% of XOS in the best
conditions of the reaction time of 5.5 min, sulfuric acid con-
centration up to 0.9%, and temperature between 160 °C and
190 °C [35]. The acid concentration and reaction time had
little significance in the yield, except when associated with
the temperature variable, which had more impact on the pro-
cess. Probably, the low acid concentration and short reaction
time required for high temperature justify the influence of
this variable. In the present study, 1.5 times more XOS was

Table 8 Degradation products

. S Temperature (°C)
generated in the hydrolysis with

Reaction time H,SO, (%, m/v)

XOS yield (%, Degradation prod-

. . (min) m/m) ucts (%, m/m)
sulfuric acid of sugarcane leaves
Assay* Furfural HMF
9 79,55 35 2 62,18 0.120 0.015
13 130 35 0.32 6.50 0.149 0.012
16 130 35 2 54.04 0.146 0.020

*Assay related to Table 4
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Table 9 Analysis of variance (ANOVA) for the independent variables
in the xylooligosaccharides (XOS) production using sugarcane leaves

Factor SS DF MS F p-value
Temperature (°C) (L) 599 1 5.99 345 02044
Temperature (°C) (Q) 095 1 0.95 0.55 0.5370
Time (min) (L) 1144 1 11.44 6.59 0.1241

Time (min) (Q) 129.72 1 129.72 7472 0.0131

H,SO, (% m/v) (L) 961.76 1 961.76 553.93  0.0018
H,SO, (% m/v) (Q) 2496.18 1 2496.18 1437.70  0.0007
Temperature by time (L) 18.45 1 18.45 10.63  0.0826
Temperature by H,SO, (L) 5741 1 57.41 33.06  0.0289
Time by H,SO, (L) 27836 1 278.36 160.33  0.0062
Lack of fit 77278 5 154.56 89.02 0.0111

Pure error 347 2 1.74

Total 4876.24 16

R*=0.84

SS sum of squares, DF degree of freedom, MS mean of squares

produced with 2% of sulfuric acid, at 79.55 °C/35 min. The
decreasing temperature required a higher acid concentration
(2 times), and higher reaction time (6 times). Furthermore, it
is important to understand the contribution of each variable
to the XOS production cost.

3.4 Liquid hot water for XOS production

The highest values were obtained under the experimental
conditions of the central point, with a temperature of 130 °C
for 35 min, corresponding to 1.63% xylobiose, 6.68% xylo-
triose, 12.40% xylopentaose/xylohexaose. The total XOS
concentration was 5.59 g/L. Xylan conversion into XOS
was 20.71% and into xylose was 0.60% (Table 10). LHW of
various lignocellulosic materials resulted in the maximum
yield of XOS at the temperature and time in the range of
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220 °C and 35 min. Conversion based on the material (mass
XOS/mass raw material) was 27.1% for barley husks, 24.8%
for corncobs, 18% for rice husks, and 15.4% for Eucalyptus
globulus wood [34]. In the literature, yields are reported in
the same range obtained in the present study and probably
influenced the type of raw material used. Wheat straw was
LHW treated in a microwave reactor for 30 min at 180 °C,
producing 24% of XOS with DP 2-6 [36]. LHW treatment
of hazelnut shells at a temperature of 190 °C and a reaction
time of 5 min, resulted in 10 g/L of XOS [37]. The XOS
concentration in the present study was 5.59 g/L. with the
central point conditions (130 °C/35 min). At 160 °C/15 min,
the concentration was 5.22 g/L and at 172.43 °C/35 min, the
concentration decreased to 3.93 g/L. (Table 10). The XOS
concentration in a hydrothermal process can be related to
the raw material charge, producing a hydrolysate with a high
concentration.

Table 11 shows the values of furfural and HMF formed in
the LHW treatment of sugarcane leaves. The samples used
were from those conditions that produced higher and lower
XOS yields and a sample from the center point. The high
severity of the reaction, which is defined by the influence
of temperature and reaction time, the better the hydrolysis
of the acetyl groups of the xylan, causing an increase in
the acidity of the medium, and consequently improving the
breakdown of the xylan chain into XOS. However, the high
severity can result in sugar degradation products such as
furfural and HMF [32]. LHW with low severity can generate
XOS containing more than 6 xylose units. For the produc-
tion of a smaller chain of XOS, additional treatment with
enzymes or chemicals may be required.

Analysis of variance (ANOVA) was performed showing
the effect of the independent variables (temperature and
time) on the conversion of xylan into XOS (dependent vari-
able), with a confidence level of 99% (p <0.01) (Table 12).

0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
H2S04 concentration (% m/v)

Fig.2 (a) Response surface and (b) contour plot for conversion of xylan into xylooligosaccharides (XOS) produced in the hydrolysis with sulfu-
ric acid using sugarcane leaves (with reaction time at central point condition)
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Table 10 Xylooligosacchmi@es Assay  Reactiontime Temperature (°C)  Conversion into xylose and XOS (% m/m) XOS (g/L)
(XQS) z.md xylose produced in (min)
the liquid hot water treatment of X, X, X; X, Xs6 X0S
sugarcane leaves, using a central
composite design 22 with 1 15 100 099 0 454 450 3.06 12.10 3.27
reaction time and temperature 2 15 160 045 136 620 O 11.76  19.31 522

3 55 100 058 045 495 0 7.66 13.06 3.53

4 55 160 129 093 4.19 450 494 1456 3.93

5 35 87.57 133 0 427  3.09 554 1290 348

6 35 172.43 0 1.06 491 357 501 1455 393

7 6.72 130 0 0 424 176 4.68 10.68 2.89

8 63.28 130 005 0 354 0 6.32 9.86 2.66

9 35 130 003 159 665 0 12.38  20.67 5.58

10 35 130 0.60 163 6.68 0 1240 20.71 5.59

11 35 130 063 161 673 0 12.35  20.69 5.58

X, xylose, X, xylobiose, X5 xylotriose, X, xylotetraose, Xs/X, xylopentaose/xylohexaose, XOS xylooligo-

saccharides =X, + X3 + X, + X5/X

Table 11 Yield of degradation products generated in the liquid hot
water treatment of sugarcane leaves

Table 12 Analysis of variance (ANOVA) for the independent vari-
ables in XOS production using sugarcane leaves

Assay*  Tempera- Reaction XOS yield Degradation prod-
ture (°C)  time (min) (%, m/m) ucts (%, m/m)

Furfural HMF

8 130 63.28 9.86 0.018 0.003

130 35 20.67 0.003 0.006

10 130 35 20.71 0.002 0.005

* Assay related to Table 4

For the sugarcane leaves, LHW treatment reaction time
and temperature presented a significant effect. The model
proved to be significant, as 95% of the experimental data was
adjusted to the polynomial model. The statistical model that
describes the conversion of xylan into XOS using the leaves
was represented by Eq. (7).

XOS (%) = —17.841 + 0.561x — 0.007x

s (7
+0.285y — 0.001y* — 0.0003xy

where X =reaction time (min); ¥Y=temperature (°C).

Figure 3 shows the response surface and the contour plot
for the variable XOS obtained in the LHW treatment of the
sugarcane leaves. The best yield can be obtained with a tem-
perature above 160 °C and a reaction time interval between
25 and 50 min.

An optimization LHW study for XOS production using
sugarcane straw obtained a conversion of xylan into XOS of
41.13% at a temperature between 170 and 180° C and a reac-
tion time of 60 min to 80 min [38]. This conversion is higher
than that obtained in the present study (20.71%) but with
the greater formation of unwanted products, such as xylose
(14.6%) and furfural (7%). The present study determined
conditions where unwanted products, such as furfural and

Factor SS DF MS F p-value
Time (min) (L) 11.62 1 11.62  32.85 0.0291
Time (min) (Q) 3833 1 38.33  108.37 0.0091
Temperature (°C) (L) 9445 1 94.45 266.99 0.0037
Temperature (°C) (Q) 1.71 1 1.71 4.83 0.1590
Time by temperature (L) 0.17 1 0.17 048 0.5618
Lack of fit 7.04 3 2.35 6.63 0.1339
Pure error 071 2 0.35

Total 152.60 10

R*=0.95

SS sum of squares, DF degree of freedom, MS mean of squares

HMF were lower than 0.02% (Table 11). Furfural production
could be related to biomass used, perhaps influenced by the
recalcitrance of each material. LHW treatment of sugarcane
bagasse resulted in 1.6% of furfural. This amount of furfural
is 4 times lower compared to LHW treatment of sugarcane
straw [38].

3.5 XOS production from sugarcane leaves
on a large scale

XOS with a degree of polymerization between 2 and 9 are
used as prebiotics. Xylobiose and xylotriose are sweeter;
they have no calories and can be used in weight loss diets.
A degree of polymerization between 2 and 4 offers greater
thermal stability, which is desirable for the food industry.
Xylobiose is not hydrolyzed in our body, and is used by
intestinal bacteria, such as Lactobacilli and various types of
Bifidobacteria. Harmful bacteria such as Escherichia coli
and Clostridium spp. are not able to consume XOS [39].
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Fig.3 (a) Response surface and (b) contour plot for conversion of xylan into XOS produced in the liquid hot water using sugarcane leaves (with

acid concentration at central point condition)

The chemical reaction to produce XOS occurs when the hydro-
nium cation from the acid binds to oxygen between the xylose
monomers, breaking the ether bond, and producing xylooligosac-
charides of varying sizes and xylose (Supplemental Fig. 1). In the
case of autohydrolysis, the hydronium cation comes from acetic
acid formed by the cleavage of the acetyl groups of hemicellulose,
under high temperature and pressure [40].

The industrial production of XOS from sugarcane leaves
using acetic acid, sulfuric acid hydrolysis, and LHW treat-
ment can be predicted based on the results from the present
study. A sustainable process is desirable for XOS produc-
tion using biomass as raw material, an advantage of using
sugarcane leaves. The industrial XOS production depends
on the availability of the raw material and the process used.
Sugarcane leaves are produced in high amounts in tropi-
cal countries, such as Brazil. Considering hydrothermal

Fig.4 Mass balance for XOS
production applying acetic, sul-
furic acid hydrolysis, and LHW
treatment of sugarcane leaves

treatment (with or without acid as a catalyst), the produc-
tion of monosaccharides and degradation products need to
be considered. These factors need to be investigated and
considered as they could require a purification step.
For each ton of sugarcane leaves hydrolyzed with
acetic acid (2%, 180 °C for 35 min), 75.63 kg of XOS,
14.21 kg of xylose, and 0.35 kg of furfural can be pro-
duced. Using sulfuric acid hydrolysis (79.55 °C, 35 min,
and 2% acid), 206.44 kg of XOS, 4.32 kg of xylose, and
0.40 kg of furfural can be produced. With sulfuric acid
hydrolysis (79.55 °C, 35 min, and 2% acid) can be pro-
duced 206.44 kg of XOS, 4.32 kg of xylose, and 0.40 kg
of furfural. LHW treatment can produce 68.69 kg of XOS,
5.41 kg of xylose, and 0.07 kg of furfural (Fig. 4). The
important question here is how much xylose and furfural
could be presented in a prebiotic medium with no negative

Sugarcane leaves

(1000 kg, hemicellulose
content 33.2%)

Acetic acid hydrolysis
(2% m/v; 180 °C; 35 min)

Sulfuricacid hydrolysis
(2% m/v; 79.55 °C; 35 min)

Liquid hot water treatment
(130 °C; 35 min)

XOS: 22.78%
75.63 kg XOS
14.21 kg xylose
0.65 kg furfural

XOS: 62.18%
206.44 kg XOS
4.32 kg xylose

0.40 kg furfural

XO0S: 20.69%

68.69 kg XOS
5.41 kg xylose
0.07 kg furfural
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effect on the growth of the probiotic microorganisms. Cer-
tainly, xylose stimulates probiotic microorganism growth
[7]. On the other hand, degradation products are known to
inhibit microorganism growth [30], and this effect needs
to be determined for probiotic microorganisms.

4 Conclusion

Sulfuric acid hydrolysis was more efficient than acetic acid
hydrolysis and LHW treatment for XOS production, with a
conversion of 62.18% of xylan into XOS and formation of
short-chain oligomers, with up to 3 xylose units. There was
a formation of xylose, furfural, and HMF making the XOS
purification process probably more difficult and expensive.
In LHW treatment, the highest XOS yield was 20.71% and
hydrolysis with acetic acid produced 22.78% of XOS. In
both cases, the lower XOS yield could be explained by mild
process conditions that break xylan into long-chain oligom-
ers. The temperature increase has the potential to increase
the concentration of short-chain XOS, between 2 and 6
xylose units. LHW treatment resulted in lower XOS pro-
duction compared to acid hydrolysis but it was the treatment
that generated the lower amount of degradation products.
Perhaps, these low degradation products do not require a
purification step depending on the final application.
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