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A glucose-based solid acid catalyst (GSA) was synthesized by hydrothermal carbonization and its
physicochemical properties were explored by various characterization techniques including IR, TG and
SEM. In addition, its catalytic performance towards p-glucosamine formation from the hydrolysis of
chitosan was extensively investigated to determine the effects of reaction parameters, such as reaction
temperature, time and mass ratio of catalyst and reactants. The experimental results revealed that the
yield of targeted product p-glucosamine could reach as high as 98.1% under optimal conditions
(temperature: 110 °C; time: 6 h). After six catalytic cycles, no evident deactivation was observed,
suggesting the satisfactory stability of the investigated solid acid catalyst. This might provide insight on
the development of suitable catalyst systems for p-glucosamine formation to replace homogeneous

rsc.li/rsc-advances catalysts.

Introduction

Chitosan is a partial deacetylation product of chitin which
consists of B-(1-4)-2-amino-b-glucose and B-(1-4)-2-acetamido-o-
glucose linked via 1,4-B-glucosidic bonds. It is the second most
abundant biopolymer on earth coming from marine inverte-
brates, insects, fungi* and bacteria etc.; obtained after treatment
with 40% concentrated sodium hydroxide solution” and
produced on a scale of billions of tons annually.® To date, chi-
tosan has received more and more attention as a functional
biopolymer for various applications from pharmaceuticals to
commodity chemicals because of its non-toxicity, biodegrad-
ability, biocompatibility,* non-antigenicity, antibacterial prop-
erties™® and pilot-scale production. Its physicochemical
properties greatly rely on the structure and the molecular
weight. Therefore, chitosan generally presents special physio-
logical properties, such as anti-tumor, anti-thrombotic and anti-
cancer, if its molecular weight is reduced to a certain extent.”
Therefore, many methods including acid hydrolysis,*® formic
acid,’ nitrous acid hydrolysis,"* phosphoric acid,"” thermal
degradation,™ oxidative-reductive degradation™ and enzymatic
degradation™® have been developed to degrade chitosan. In
order to achieve the promising degradable effect,"”
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a combination of methods, such as the combination of acetic
acid and sonication,'® H,0, and gamma irradiation,' H,0, and
microwave,* acetic acid and microwave,*® mechanical-force-
assisted with H,SO, (ref. 22) and solid-state mechano-
chemical method* have been employed. Ning Yan had inves-
tigated the degradation performance of acid to chitosan in
different solvents, such as the system of aprotic polar solvents
with water using an acid catalyst* and ethylene glycol (EG)
under the catalysis of sulfuric acid.*® After the degradation of
chitosan by different hydrolysis methods, chitosan with low
molecular weight, chitosan oligermers or p-glucosamine can be
obtained, and they are widely used in food, medicine, cosmetics
and material science fields.

Among these hydrolysis products, p-glucosamine is consid-
ered as one of the useful medicaments because of its biological,
pharmaceutical and nutrimental effects.”® p-Glucosamine can
also be used in wound healing, bone regeneration and as an
antibacterial agent in dentistry.>® Apart from that, many mate-
rials in pharmaceutical, food and special materials processing
industries” might be synthesized from bp-glucosamine,
because it contains active amino groups. Based on these various
applications, many hydrolysis methods, such as enzymatic
degradation by Penicillium decumbens CFRNT15 (ref. 30) or
cocktail,** oxidative degradation in concentrated nitrous acid?®?
or hydrogen peroxide* hydrolysis with concentrated HCI or
HCI-H;PO, and acid hydrolysis in ionic liquids®** have been
designed to produce p-glucosamine from chitosan. The degra-
dation process of chitosan by expensive enzymes occurred
under mild conditions, but possessed several drawbacks, such
as the slow reaction rate, difficulty to handle,**" quick
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deactivation of the enzymes®® and the formation of other
byproducts.®* At present, degradation of chitosan to synthesize
p-glucosamine by a strong liquid acid, is the most common and
effective method, but the degradation process normally
requires excess acid loading, complex reactors and produce
effluent disposal problems.*® In the presence of the excess acid,
further degradation of p-glucosamine had taken place, leading
to less yield.****

In addition to the above mentioned method, chitosan
hydrolysis by a carbon-based solid acid may be a promising
method to produce bp-glucosamine. On the contrary to the
homogeneous liquid acid, the heterogeneous solid acid catalyst
could be easily separated from the reaction system, thereby
reusable for the next catalytic cycle. Hence, hydrolysis of other
polysaccharides by carbon-based solid acid catalyst had already
been deeply investigated regarding its satisfactory performance.
Ayumu Onda et al.*> had reported the selective hydrolysis of
cellulose into glucose using sulfonated active carbon. Nata
et al.® had prepared a highly sulfonated solid acid catalyst for
the cornstarch hydrolysis. It had been demonstrated that the
carbon-based solid acid catalyst can adsorb oligosaccharides as
well as enzymes, resulting in the efficient catalytic hydro-
lysis.**** Daizo Yamaguchi** had reported that an amorphous
carbon material with -SO;H, -COOH and -OH groups present
the high activity and selectivity for the hydrolysis of cellulose,
and the functions of different groups had been discussed.

In the present study, a carbon-based solid acid catalyst
bearing -SO3;H, -COOH and -OH groups was synthesized by
a hydrothermal method using renewable glucose as the
precursor and used as an environment-friendly and recyclable
catalyst for p-glucosamine production from chitosan hydrolysis.
The influences of experimental parameters were studied to
identify the optimal reaction conditions. Additionally, several
characterization techniques, such as IR, TG and SEM were
carried out to determine the physicochemical features of the as-
prepared catalyst in order to establish the structure-activity
relationship.

Experimental
Materials

p-Glucose, sulfuric acid, citric acid, acrylic acid, sodium
hydroxide and other chemical regents were purchased from
Sigma (St. Louis, USA) and used without further purification.
Chitosan (800-2000 cP) with a DD value 45-97% was purchased
from Sigma (St. Louis, USA), and used directly with no
pretreatment.

Catalyst preparation

Glucose-derived solid acid catalyst was prepared by one-pot
hydrothermal carbonization, as described in previous litera-
ture.? Briefly, a mixture of glucose (5.0 g), citric acid (2.5 g),
hydroxyethylsulfonic acid (1.5 g) and deionized water (40.0 mL)
was placed in a Teflon-lined stainless steel autoclave (100 mL),
and maintained at 180 °C for 4 h. After cooling down to room
temperature, the precipitate was thoroughly washed with hot
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deionized water and dried at 80 °C for 8 h in a vacuum oven. The
achieved catalyst is labelled as GSA in the following section.

The acid density (mmol g™ ') of the investigated catalyst was
determined by the neutralization titration method.*® Typically,
catalyst (0.2 g) was added to an aqueous solution of NaCl
(0.1 mol L™, 20.0 mL). The mixture was sonicated for 1 h and
then magnetically stirred for 24 h at room temperature. After
centrifugal separation, the obtained filtrate (5.0 mL) was
titrated with aqueous NaOH (0.05 mol L") with phenolphtha-
lein as the indicator.

Catalyst characterization

FT-IR spectra of the GSA catalyst were recorded and qualitatively
analyzed using (FT/IR-430, JASCO, Japan). Samples were
prepared by grinding into fine powders with KBr. The spectrum
was recorded in the range of 400-4000 cm ™.

Thermo-gravimetric analysis (TGA) measurement was con-
ducted on a thermal analyzer TGA/SDTA 851 (Perkin-Elmer,
USA). Samples (20 mg) were placed in corundum crucibles
non-hermetically closed with lids, and heated under argon from
room temperature to 400 °C at a heating rate of 5 °C min™".

Field emission scanning electron microscopy (FE-SEM)
images of the samples were obtained by scanning electron
microscope (JEOL, JSM-6500 LV).

NH;-TPD technique was used to estimate the acidity of the
GSA catalyst. Prior to NH; adsorption, the catalyst was out-
gassed at 300 °C for 1 h. After cooling down to room tempera-
ture, NH; adsorption was carried out under a flow of NH;/He
(10 vol%, 50 mL min~") and the temperature was maintained
for 30 min. Then, the flow was switched to He (50 mL min ") so
as to remove the weakly adsorbed NH;. NH;-TPD was conducted
in the He flow (50 mL min ") by increasing the temperature to
800 °C with a heating rate of 5 °C min~', while the desorbed
NH; molecules were detected using online mass spectrometry
(Inficon quadrupole).

Hydrolysis of chitosan

Performance of the catalyst was investigated by chitosan
hydrolysis reaction as illustrated in Scheme 1. Chitosan was
completely dissolved in a hydrochloric acid solution under
magnetic stirring and then transferred to a Teflon-lined stain-
less steel autoclave, as well as the appropriate GSA sample. The
role of hydrochloride was to protonate the amine groups of
chitosan, avoiding the combination of amine groups with solid
acid sites. After the reaction, the solution was cooled down to
room temperature and was filtered. Formed p-glucosamine was
quantitatively determined using HPLC (Watese2695) equipped
with UV and refractive index (RI) detectors and a Shodex SUGAR
SC1011 column (8 x 300 mm). The column was operated at

OH

OH OH OH OH @®-S0;H
o) « -coon
o _u: o HO' O
—— -
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Scheme 1 The hydrolysis of chitosan over GSA catalyst.
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70 °C and the operating temperature of detectors was set at
35 °C. The mixture solution of NaOAc and HAc was used as the
mobile phase at a flow rate of 0.6 mL min~". The injection
volume was 10 pL of filtrate (25 mm). The yield of p-glucosamine
was calculated according to:

D-Glucosamine yield (%) = 100B[161DD + 203(1 — DD)}/mq (1)

where, m, refers to the amount of chitosan (g) and B refers to the
amount of p-glucosamine produced by acid-catalyzed hydrolysis
(mol).

Catalyst recyclability

The recyclability of GSA catalyst for the hydrolysis of chitosan
was investigated to estimate its catalytic stability. The reactions
were repeated under identical experimental conditions as
mentioned above. After each test, the aged catalyst was filtered,
washed with hot deionized water and dried at 80 °C overnight
for the next run.

Results and discussion
Physicochemical properties of GSA catalyst

The FT-IR spectrum of the solid acid is shown in Fig. 1(a). An
obvious band due to the O-H stretching mode of the -COOH
groups was noticed at 3420 cm ™. The bands at 1614 cm ™" and
1385 ¢cm ' were assigned to aromatic-like C=C stretching
mode in polyaromatic compound. The band at 1709 cm™*
corresponds to the C=O stretching mode of the -COOH
group.” The band at 1210 ecm ™" was attributed to the sulfonate
absorption of C,~SO3;H.***® The vibration bands at 1035 cm ™t
(-SO,- symmetric stretching) evidenced the presence of -SO;H
group.*

TGA curve of GSA sample is also presented in Fig. 1(b). The
observed weight loss (ca. 5%) below 100 °C is normally caused
by the evaporation of adsorbed water on the catalyst surface.* It
can be seen from Fig. 2(b) that only a 5% weight loss occurred
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Fig.1 FT-IR spectrum (a), TGA curve (b), NHz-TPD (c) and SEM images
(d) of the as-prepared GSA catalyst.
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Fig.2 Effect of the molar ratio of hydrochloric acid to chitosan on the
yield of glucosamine (chitosan: 1.0 g, mass of GSA: 0.2 g, reaction
time: 4 h, reaction temperature: 100 °C).

with further increase in the temperature up to 250 °C, sug-
gesting a good thermal stability of the GSA catalyst. It could be
effectively used below 250 °C. In this work, reactions for the
chitosan hydrolysis were conducted below 120 °C. Therefore,
the as-prepared GSA material was suitable for this reaction.

The acid density of the synthesized carbon-based solid acid
was 1.9 mmol g, which was determined by the neutralization
titration method. Fig. 1(c) shows the NH;-TPD profile of solid
acid catalysts. The peaks of NH;-desorption indicate the exis-
tence of acid sites with various strengths, and it was associated
with the acidity strength. Normally, the higher desorption
temperature corresponds to the stronger acid sites. The first
peak, which was in the range of 100-200 °C maximized at
110 °C, had been assigned for the hydrogen-bound ammonia
(weak).*” The acid site on the GSA catalyst surface was denoted
as a medium strong acid site, based on the peak at 340 °C. The
third peak at 650 °C corresponds to very strong acid sites.
Considering the acid sites of the prepared GSA catalyst, the very
strong acid sites were assigned to the -SO;H groups,****
whereas the weak and medium strong acid sites were assigned
to the -OH groups and the -COOH groups on the catalyst
surface.

As observed from SEM image (Fig. 1(d)), the solid acid particles
produced by hydrothermal carbonization possessed spherical
shapes with diameters in the range of 200-500 nm. This result is
consistent with the reports of Nata et al.** The presence of acrylic
acid may promote glucose dehydration and polymerization,
leading to more particle formation. Furthermore, acrylic acid
might stabilize the newly formed carbonaceous particles and
prevent their further aggregation in hydrothermal carbonization
process, in order to obtain small particle sizes.

Influence of hydrochloric acid concentration on the hydrolysis
reaction

Hydrochloric acid providing H" ions to protonate the amine
groups of chitosan mainly possessed two merits. On one hand,
chitosan could be completely dissolved in water if the amine
groups were balanced by the adequate hydrogen ions.*® On the
other hand, the sufficient protonation of the amine groups

This journal is © The Royal Society of Chemistry 2018
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might avoid the neutralization reaction between the amine
groups and the solid acid. However, excess hydrochloric acid
may lead to the degradation of the targeted p-glucosamine.

Based on the above concern, the influence of the molar ratio
of hydrochloric acid and chitosan on the hydrolysis reaction
was studied and the results are shown in Fig. 2. When the ratio
was less than 1.1, the yield of p-glucosamine was less than 5.0%.
This might be because the H' ions provided by HCI mainly
protonated the amine groups and the hydrolysis of chitosan was
hindered. Moreover, the unprotonated amine groups of chito-
san may have combined with acid sites in GSA sample, which
might be partially related to the less catalytic behaviour.
However, further increase of the amount of hydrochloric acid
resulted in the increase of p-glucosamine yield. It was assumed
that when an excess of H' ions are supplied by HCI, the amount
of solid acid consumed by the amino groups will be less. As
a result, the yield of p-glucosamine increased gradually, with the
same amount of solid acid. When the proportion of hydro-
chloric acid and chitosan exceeded 1.1, the amine groups were
sufficiently protonated by an adequate number of hydrogen
ions. The H" ions produced by HCI could lead to the hydrolysis
of chitosan and eliminate the drawbacks that were mentioned
in the introduction. Thus, 1.10 is the most appropriate molar
ratio of hydrochloric acid to chitosan.

Influence of time, temperature and catalyst mass on the yield
of p-glucosamine

The effect of hydrolysis time on the p-glucosamine yield was
studied (chitosan: 1.0 g, mass of GSA: 0.2 g, reaction tempera-
ture: 100 °C, Nyci : Mehitosan: 1.1) and the results are shown in
Fig. 3. The yield of p-glucosamine increased from 68.7% to
91.2% with time up to 6 h, and slightly decreased to 88.6% with
further increase of time to 8 h. It is generally accepted that
a suitable extension of the reaction time is favourable for a solid
acid to be in contact with the chitosan molecules and subse-
quently break the glycosidic bonds. However, further increase

Yield(%)

7 8 85 90 95 100 105 110 115
Temperature(‘C)

3 4 5 6
Time(h)

o

00 ol 02 03 04 05 06
M)

Fig.3 Effect of time, temperature and catalyst mass (mc4) on the yield
of p-glucosamine.
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of time may lead to further degradation of the targeted
product®™ and form other undesirable species such as 5-
hydroxymethyl furfural.®

The reaction temperature effect on the hydrolysis of chitosan
was also studied (chitosan: 1.0 g, solid acid amount: 0.2 g,
reaction time: 6.0 h, 7y : Achitosan: 1.1). It was observed that the
p-glucosamine yield progressively increased with temperature
and the maximum value (92.3%) was achieved at 110 °C. A slight
decline was observed upon heating to 115 °C. It revealed that
the reaction temperature greatly affects the yield of p-glucos-
amine.’® Based on the above results, the optimum reaction
temperature might have to be maintained at 110 °C.

After probing the effects of reaction time and temperature,
further studies were conducted to evaluate the role of the cata-
lyst's mass (chitosan: 1.0 g, reaction time: 6.0 h, temperature:
110 °C fyq © Nenitosan: 1-1). The yield of p-glucosamine signifi-
cantly increased with the increase of the catalyst's mass from 0.1
to 0.3 g. When the weight of the catalyst was 0.3 g, p-glucosamine
yield could reach as high as 91.3% at 110 °C, after a 6 h reaction.
With the addition of more sample, a slight decline of p-glucos-
amine yield took place. The hydrolysis of chitosan with the GSA
catalyst is a heterogeneous system. It was assumed that the
hydrogen bonds among -OH groups in the GSA catalyst caused
the adsorption of oligosaccharides, and the -SO;H groups effi-
ciently attacked the adsorbed oligosaccharides.** If the amount of
the GSA catalyst is less, the few number of hydroxyl groups can
not completely adsorb the chitosan molecules on the surface of
the catalyst. Consequently, the -SO;H or the -COOH groups can
not efficiently attack the 1,4-B-glucosidic bonds of chitosan. Thus,
the optimum amount of solid acid was set at 0.3 g.

Effect of DD of chitosan on p-glucosamine production

Chitosan is a partially deacetylated product of chitin, and the -
glucosamine unit rely on the degree of deacetylation (DD). The
yield of p-glucosamine with different DD of chitosan was
investigated and the results are shown in Fig. 4. It was apparent
that the p-glucosamine yield was closely related with the DD of
chitosan. Under optimal reaction conditions, the yield of b-
glucosamine increased from 40.0% to 98.1% with the increase
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Fig. 4 Effect of DD on the yield of p-glucosamine (chitosan: 1.0 g,
solid acid: 0.3 g, reaction time: 6.0 h, reaction temperature: 110 °C,
NHct - Nenitosan: 1.1).
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Fig. 5 Recyclability of the GSA sample (chitosan: 1.0 g, mass of GSA:
0.3 g, reaction time: 6.0 h, reaction temperature: 110 °C, N : chitosan: 1.1).

of the DD of chitosan from 0.45 to 0.97. The result indicates that
the GSA catalyst can cause the fracture of the chitosan, but the
deacetylation of the chitosan is very weak.

Besides, the p-glucosamine yield with DD of 0.45 was only ca.
40%, which was much less than the theoretical concentration of
p-glucosamine. The extent of the crystallinity of chitosan was
inversely associated with its DD.>** It was concluded that the
chitosan chains with low DD could result in a more compact
structure that might enhance the radical-radical combinations
of the chains.* In addition, acetyl groups in the chitosan chains
with low DD can aggregate in solution, because of their hydro-
phobic interactions.>® This might have prevented the contact
between the solid acid catalyst and chitosan molecules, which
led to the unsatisfactory catalytic performance.

Recyclability of the GSA catalyst

Recyclability is considered as one of the important character-
istics of a promising solid acid catalyst, to reduce the cost.
Hence, the stability of the catalyst was investigated. As shown in
Fig. 5, the yield of p-glucosamine maintained a constant value,
even after the catalyst was repeatedly being used for 6 times. It
can be concluded that the GSA catalyst could easily be reused
without any remarkable deactivation.

Conclusions

Spherical, glucose-derived solid acid (GSA) catalyst bearing
-SO;H, -OH and -COOH groups, was demonstrated to be an
efficient catalyst system for the hydrolysis of chitosan to
produce p-glucosamine. A maximum yield of p-glucosamine
(98.1%) could be achieved. The GSA sample was easily synthe-
sized, and no obvious deactivation was observed even after six
consecutive runs. This might open a relatively green route for
chitosan hydrolysis over heterogeneous catalysts, instead of
conventional liquid acid catalysts.
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