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Kodchakon Kun-asa,™®

Osamu Sato,” and Aritomo Yamaguchi*®”

Although chitin, an N-acetyl-D-glucosamine polysaccharide, can
be converted to valuable products by means of homogeneous
catalysis, most of the chitin generated by food processing is
treated as industrial waste. Thus, a method for converting this
abundant source of biomass to useful chemicals, such as lactic
acid, would be beneficial. In this study, we determined the
catalytic activities of various metal oxides for chitin conversion
at 533 K and found that MgO showed the highest activity for

1. Introduction

Chitin, the second most abundant biopolymer after cellulose, is
the main component of the shells of crustaceans, such as crabs
and shrimp."? The conversion of cellulose, which is a poly-
saccharide of D-glucose, into valuable products such as fuels,*™”
has been extensively studied. In contrast, there have been not
many reports of the conversion chitin, a polysaccharide of N-
acetyl-D-glucosamine, into useful chemicals. Recently the
concept of “shell biorefinery” has been proposed in contrast
with biorefinery. The biorefinery concept aims to convert
lignocellulosic biomass into chemicals. In the shell biorefinery
concept, chitin is a potential resource to produce value-added
compounds.®® For example, several research groups have
developed methods for the production of nitrogen-containing
chemicals from chitin."®"'? In addition, valuable chemicals that
do not contain nitrogen, including 5-hydroxymethylfurfural (5-
HMF) and levulinic acid, have been produced both from
cellulose and from chitin and chitin-derived materials. Specifi-
cally, Omari et al. reported that chitosan can be converted to 5-
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lactic acid production. X-ray diffraction analysis and thermog-
ravimetry-differential thermal analysis showed that the MgO
was transformed to Mg(OH), during chitin conversion. The
highest yield of lactic acid (10.8%) was obtained when the
reaction was carried out for 6 h with 0.5 g of the MgO catalyst.
The catalyst could be recovered as a solid residue after the
reaction and reused twice with no decrease in the lactic acid
yield.

HMF and levulinic acid by microwaving it in aqueous solution.™

Conversion of chitin-derived materials to 5-HMF is reported to
be enhanced by iron chloride™ and by an ionic liquid," and
conversion to levulinic acid is enhanced by zirconium
oxychloride," sulfuric acid,"” and an ionic liquid."®'?" All these
processes require homogeneous catalysts; however, use of
homogeneous catalysts is compromised by difficulties associ-
ated with product separation from the catalysts and the
recyclability of the catalysts. Thus, the development of hetero-
geneous catalysts for chitin conversion would be desirable.

We speculated that chitin could be converted to lactic acid,
which is widely used in the food, cosmetic, pharmaceutical, and
chemical industries, particularly for polylactic acid
production.”*?" Moreover, lactic acid can be converted into a
broad range of other chemicals, including propylene glycol and
acrylic acid.?? Commercially, lactic acid is produced by saccha-
rification-fermentation of biomass-derived polysaccharides such
as starch and cellulose.”®?'?¥ We previously reported that ZrO,-
based solid catalysts show activity for lactic acid production
from cellulose,***' but conversion of chitin to lactic acid has
never been reported. In this study, we investigated the
conversion of chitin into lactic acid with catalysis by simple
metal oxides and found that MgO showed the best perform-
ance; MgO afforded lactic acid in 10.8% yield and could be
reused twice without loss of activity.

Experimental Section

Materials

The chitin used for most of the experiments in this study was
purchased from FUJIFILM Wako Pure Chemical Corporation (1st
grade), but chitin was also purchased from Toronto Research
Chemicals (practical grade) and MP Biomedicals (unbleached
grade). Chitosan was purchased from Sigma-Aldrich Co. Prior to
use, chitin and chitosan were ball-milled by means of a Nitto Ball
Mill ANZ-51S with alumina balls (diameter 10 mm, total 500 g);
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samples (10 g) were loaded into a ceramic bottle (inner diameter
200 mm), which was spun on the ball mill at 100 rpm for 48 h.

N-Acetyl-D-glucosamine and D-glucosamine hydrochloride were
purchased from FUJIFILM Wako Pure Chemical Corporation. D-
Glucose was purchased from Kanto Chemical Co. Magnesium oxide
(MgO) was obtained from Ube Industries via the Catalysis Society of
Japan (CSJ) (JRC-MGO-3 1000 A, designated as MgO-1) and from
Ube Material Industries via the CSJ (JRC-MGO-4 500 A and JRC-
MGO-4 2000 A, designated as MgO-5 and MgO-2, respectively).
Aluminum oxide (Al,O;) was obtained from Sumitomo Chemical Co.
(AKP—GO015). Zirconium oxide (ZrO,) and cerium oxide (CeO,) were
obtained from Daiichi Kigenso Kagaku Kogyo Co. via the CSJ (JRC-
ZRO-7 and JRC-CEO-5, respectively). Titanium oxide (TiO,) was
obtained from Ishihara Sangyo Kaisha via the CSJ (JRC-TIO-14).
Silicon oxide (SiO,), zinc oxide (ZnO), calcium hydroxide (Ca(OH),),
and magnesium hydroxide (Mg(OH),) were obtained from FUJIFILM
Wako Pure Chemical Corporation.

Procedure for chitin conversion reaction

Chitin conversion reactions were carried out in a stainless-steel
batch reactor (OM Lab-Tech, MMJ-100, inner volume 100 cm®)
equipped with a screw mixer. In a typical experiment, chitin
(FUJIFILM Wako Pure Chemical Corporation, 0.5 g), water (50 g),
and MgO-1 (0.5g) were loaded into the reactor, which was
subsequently purged with nitrogen gas. The reactor was then
heated to 533 K and maintained at that temperature for 6 h with
stirring. Upon completion of the reaction, the mixture of liquid and
solid was removed from the reactor, and the solid was filtered off
and dried overnight at 333 K prior to reuse.

The amounts of lactic acid, acetic acid, levulinic acid, 5-HMF, D-
glucosamine, and N-acetyl-D-glucosamine in the liquid fraction
were determined by high-performance liquid chromatography
(Shimadzu) equipped with a refractive index detector (Shimadzu,
RID-10 A), a UV-vis detector (Shimadzu, SPD-20AV), and an ICSep
COREGEL-107H column. Total organic carbon (TOC) in the liquid
fraction was determined with a TOC analyzer (Shimadzu, TOC-Vg),
and product yields were calculated by means of equation (1):

Product yield (%) =

moles of C in product
moles of C in initial reactant

) x 100 M

The TOC (%) in the liquid fraction was based on the number of
moles of carbon in the initial reactant.

Characterization of catalysts and reactants

The amount of carbon in the chitin reactant was determined with
an elemental analyzer (PerkinElmer 2400 II).

The X-ray diffraction (XRD) patterns of the catalysts and the
reactants were measured on a Rigaku SmartLab XRD system with
Cu Ka radiation in the 26 range of 5-90°.

Thermogravimetry-differential thermal analysis (TG-DTA) of the
catalysts after the reaction was carried out on a Thermo plus EVO2
TG-DTA8122 (Rigaku) instrument at a heating rate of 10 Kmin™" in
flowing dry air. During TG analysis, real-time images of the samples
were recorded with the optional direct monitoring system of the
TG-DTA instrument.

The concentration of magnesium species in the liquid fraction was
determined by means of inductively coupled plasma atomic
emission spectrometry (SPS4000, SIl NanoTechnology).

2. Results and Discussion
2.1. Catalyst screening

We began by carrying out conversion of chitin (FUJIFILM Wako
Pure Chemical Corporation) in water at 473 K for 16 h in the
absence of a catalyst (Table 1). Under these conditions, the TOC
in the liquid fraction accounted for only 10.4% of the carbon in
the initial chitin, indicating that in the absence of pretreatment
by ball milling most of the chitin remained untransformed. In
contrast, when milled chitin was heated at 473 K, the TOC yield
in the liquid fraction increased to 37.0%. The XRD pattern of
the unmilled chitin exhibited strong peaks at 20 values of 9.4,
19.4, and 23.3 degrees (Figure 1), which were ascribed to the
crystalline structure of a-chitin® In contrast, the XRD pattern
of chitin that had been milled for 48 h showed broad peaks,
indicating that the crystallinity of the chitin had been reduced
by the physical pulverization. Thus, the higher TOC yield
obtained from the milled chitin was attributed to a decrease in
the chitin crystallinity. This result is consistent with reports
indicating that decreasing cellulose crystallinity by ball milling
can enhance cellulose conversion in water.”’?® The products
obtained by heating the milled chitin at 473 K were acetic acid
(8.7%), lactic acid (1.3%), and 5-HMF (1.6 %); neither D-glucos-
amine nor N-acetyl-D-glucosamine was observed in the liquid
fraction after heat treatment. When a strongly acidic catalyst
such as sulfuric or hydrochloric acid is used for chitin
conversion, chitin is hydrolyzed to N-acetyl-D-glucosamine,
which is then deacetylated to generate D-glucosamine and
acetic acid.'>*® When we increased the reaction temperature to
533 K and decreased the reaction time to 6 h (Table 1), the TOC
yield from unmilled chitin was 43.7 %, whereas that from milled
chitin was 49.5%. The TOC and acetic acid yield increased with
increasing reaction temperature, whereas the yield of lactic acid
was not markedly affected. This result indicates that production
of lactic acid from chitin requires a catalyst.

Table 1. Product yields and TOC in the liquid fraction after heating of chitin (0.5 g in 50 g of water) in the absence of a catalyst.
Reaction time/h Temperature/K Chitin pretreatment TOC/% Yield/%
Acetic acid Lactic acid 5-HMF
16 473 None 10.4 2.1 0.8 0.9
16 473 Ball milling 37.0 8.7 13 1.6
6 533 None 43.7 10.1 1.8 0.5
6 533 Ball milling 495 14.6 15 0.0
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Figure 1. XRD patterns of chitin (a) before and (b) after ball milling for 48 h.

Next, we carried out chitin conversion reactions at 533 K for
6 h in the presence of various metal oxides as solid catalysts, as
well as in the absence of catalyst as a control (Table 2). These
experiments showed that although the yield of acetic acid was
unaffected by the addition of a catalyst, the yields of lactic acid
were higher in the presence of MgO, Al,O;, ZrO,, and ZnO than
in the absence of a catalyst. To our knowledge, catalytic
conversion of chitin to lactic acid has not previously been
reported. Of the tested catalysts, MgO-1 (specific surface area
13-19 m%g) showed the highest yield of lactic acid (10.8%),
although the yields were almost the same with MgO-5 (specific
surface area 28-38 m*/g) and MgO-2 (specific surface area 7-
8 m%g), indicating that the yield was not affected by the

Table 2. Product yields and TOC in the liquid fraction obtained after
heating aqueous chitin (0.5 g in 50 g of water) in the presence of various
metal oxide catalysts (0.5 g) at 533 K for 6 h.

Catalyst TOC/% Yield/%
Acetic acid Lactic acid 5-HMF

MgO-1 57.4 135 10.8 0.0
ALO, 51.9 145 6.2 0.0
ZrO, 53.1 143 3.9 0.0
Zn0O 50.5 13.9 34 0.0
CeO, 53.2 14.1 0.7 0.0
TiO, 46.4 131 0.4 0.4
Sio, 47.6 13.1 1.4 0.0
MgO-5 56.0 12.8 9.3 0.0
MgO-2 52.8 14.1 9.4 0.0
None @ 495 14.6 1.5 0.0

[a] This result is also shown in Table 1.

ChemistryOpen 2021, 10, 308-315 www.chemistryopen.org

physical properties of MgO, such as specific surface area. MgO
is a basic catalyst, whereas the other tested catalysts have acidic
and basic sites. Thus, one possible reason for the activity of
MgO may have been its basicity. To explore this possibility, we
also tested Ca(OH),, which is partially soluble in water and is
strongly basic. When this catalyst was evaluated under the
conditions used for the other catalysts (chitin 0.5 g, Ca(OH),
0.5 g, water 50 g, 533 K, 6 h), the yields of lactic acid and acetic
acid were 18.0 and 13.2%, respectively, which clearly shows
that the basicity of the catalyst was its most important property.
Although Ca(OH), provided the highest yield of lactic acid, this
catalyst was difficult to recover and recycle, so we focused on
the use of MgO as the catalyst for subsequent chitin conversion
experiments.

2.2. Characterization of MgO

We measured the XRD patterns of MgO-1 before and after
chitin conversion at 533 K for 6 h (Figure 2). Before the reaction,
the catalyst exhibited strong peaks at 20 values of 43.1 and 62.4
degrees, which were ascribed to the (002) and (022) crystal
planes, respectively.®” The XRD pattern of the solid that was
recovered from the reaction and dried was consistent with
Mg(OH),, as indicated by comparison of the pattern with that of
a reference Mg(OH), sample. Thus, XRD analysis clearly showed
that MgO was converted to Mg(OH), during the chitin
conversion reaction at 533 K.

310 © 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 2. XRD patterns of (a) MgO-1 before the chitin conversion reaction, (b) solid residue recovered after the chitin conversion reaction under the conditions

shown in Table 2, and (c) Mg(OH), as a reference.

The solid residue obtained after the MgO-1-catalyzed
reaction was also subjected to TG-DTA in flowing dry air, and
real-time images of the samples were recorded simultaneously
during the analysis (Figure 3). At ambient temperature, the solid
was brown. When it was heated, a rapid reduction in sample
weight was observed from 600 to 680 K, which corresponded to
dehydration of Mg(OH), to form MgO.B%*" This result, which
confirms that MgO-1 was transformed to Mg(OH), during chitin
conversion, is consistent with the XRD results. The TG curve
indicated that most of the sample had been converted to MgO
by the time the temperature reached 680K (Figure 3d);
however, the sample was still brown. As the temperature was
increased further, the sample became white, indicating that a
carbonaceous substance such as coke on the catalyst surface
could be removed by calcination at temperatures exceeding
680 K. On the basis of these results, we concluded that the solid
residue recovered from the chitin conversion reaction was
Mg(OH), coated with a carbonaceous substance.

Next, we checked the chitin conversion activity of Mg(OH),
(chitin 0.5 g, Mg(OH), 0.5 g, water 50 g, 533 K, 6 h) and found
that this catalyst afforded lactic and acetic acid in yields of 8.2
and 13.8%, respectively. Although the yield of lactic acid was a
little lower than that obtained with MgO (Table 1), Mg(OH),
nevertheless showed activity for the production of lactic acid.
This result suggests that the basicity of Mg(OH),, which was
formed from MgO, was responsible for the high yield of lactic
acid.

ChemistryOpen 2021, 10, 308-315 www.chemistryopen.org

2.3. Optimization of conditions for MgO-1-catalyzed chitin
conversion

The reaction time, reaction temperature, and amount of catalyst
were varied to optimize the yield of lactic acid. When the MgO-
1-catalyzed reaction at 533 K was carried out for 1-10h
(Figure 4), the lactic acid yield increased from 8.6 to 10.8%
when the reaction time was increased from 1 to 6 h; however,
at longer reaction times, the yield dropped (to 8.4% at 10 h),
presumably because the prolonged reaction time led to
decomposition of the lactic acid. Variation of the reaction
temperature in the 473-553 K range showed 533K to be
optimal (Table 3), probably because of lactic acid decomposi-
tion at the higher reaction temperature. Varying the amount of

Table 3. Product yields and TOC in the liquid fraction obtained after
heating aqueous chitin (0.5 g in 50 g water) for 6 h in the presence of
MgO-1.

Reaction Weight of TOC/  Yield/%
temperature/K catalyst/g % Acetic Lactic
acid acid
473 0.5 24.5 59 2.7
513 0.5 53.1 11.4 10.4
533 @ 0.5 57.4 135 10.8
553 0.5 68.3 14.4 6.7
533 0.25 571 129 9.1
533 1.0 57.8 129 10.5
[a] This result is also shown in Table 2.
311 © 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 3. (Upper panel) TG-DTA curves of the solid residue obtained after MgO-1-catalyzed chitin conversion reaction under the conditions shown in Table 2
and (lower panels) images of samples during TG analysis. The images in panels (a) to (f) were recorded at the points indicated on the TG curve.

MgO in the 0.25-1 g range showed 0.5 g of MgO to be optimal  2.4. Mechanism of chitin conversion to lactic acid

for lactic acid production (Table 3), although the effect of

changing the catalyst amount was small. We propose that chitin conversion to lactic acid proceeds by
the mechanism outlined in Figure 5. First, chitin is hydrolyzed
to N-acetyl-D-glucosamine, which is subsequently deacetylated
to D-glucosamine. (Alternatively, chitin could first be deacety-
lated to chitosan, which could then be hydrolyzed to D-

ChemistryOpen 2021, 10, 308-315 www.chemistryopen.org 312 © 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Reaction-time dependence of yield of (circles) lactic acid and (triangles) acetic acid from conversion of chitin (0.5 g in 50 g of water) catalyzed by

MgO-1 (0.5 g) at 533 K.
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Figure 5. Proposed mechanism for chitin conversion into lactic acid.
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Figure 6. Photographs of tubes used to detect (a) NH; and (b) NO, before (upper tube) and after (lower tube) injection of gas in the reactor. The NH; detecting
tube was pink before use and changed to yellow when NH; was detected. The NO, detecting tube was white before use and would have changed to orange-

yellow if NO, had been detected.

glucosamine.) D-Glucosamine undergoes deamination to afford
D-glucose (which can isomerize to fructose) and NH;. Note that
we used gas detecting tubes to check for nitrogen species in
the gas phase after the reaction, and we detected NH; but not
NO, (Figure 6). This result is consistent with the deamination
step in the proposed reaction mechanism. Omari et al. reported
that D-glucosamine isomerizes to afford imine,"® which can
then undergo deamination; however, the formation of an imine
intermediate may not feasible in our system, owing to
thermodynamic considerations. When we separately subjected
N-acetyl-D-glucosamine, D-glucosamine, and D-glucose to the
conditions used for chitin conversion (Table 4), we found that
the yield of lactic acid obtained from the MgO-catalyzed
reaction of N-acetyl-D-glucosamine was the same as that
obtained from the chitin conversion reaction. In contrast, the
yield of lactic acid obtained from the reaction of D-glucosamine
or D-glucose in the presence of MgO was higher than that from
the chitin conversion reaction, indicating that the steps needed
to produce D-glucosamine or D-glucose from chitin decreased
the yield.

Isomerization of D-glucose to fructose can be catalyzed by
bases,?>¥% and Gu et al. reported that Mg(OH), enhances the
isomerization.?™ MgO is strongly basic, and thus in our system,
isomerization of D-glucose to fructose may have been
enhanced either by MgO or by Mg(OH), generated from MgO.

Table 4. Reactions of aqueous N-acetyl-D-glucosamine, D-glucosamine,
and D-glucose (0.5 g in 50 g of water) in the presence and absence of
MgO-1 (0.5 g) at 533 K for 6 h.
Reactant Catalyst Yield/%

Acetic acid Lactic acid
N-Acetyl-D-glucosamine None 14.6 0.5
N-Acetyl-D-glucosamine MgO 14.8 77
D-Glucosamine None - 2.0
D-Glucosamine MgO - 233
D-Glucose No - 7.0
D-Glucose MgO - 356

Fructose is converted to glyceraldehyde and dihydroxyacetone
by a retro-aldol reaction, which involves C—C bond cleavage
and is reported to be enhanced by base catalysts.***® We
previously reported that both dihydroxyacetone and glyceralde-
hyde can be converted to lactic acid in water in the absence of
a catalyst even at 473 K**¥

2.5. Reusability of the MgO-1 catalyst

We also investigated the reusability of the MgO-1 catalyst. After
each chitin conversion reaction, the solid residue (catalyst) was
separated from the liquid fraction by filtration, dried at 373 K
overnight, and then used for another chitin conversion reaction
without being washed (Table 5). The lactic acid yields for the
first reaction and the second and third reactions did not differ
substantially. Unfortunately, inductively coupled plasma analy-
sis of the liquid phase after the first reaction indicated that 15%
of the Mg had leached from the MgO-1 into water during the
reaction. We checked the leaching of Mg from the MgO-1
without chitin (MgO-1 0.5 g and water 50 g at 533 K for 6 h).
Only 4.8% of the Mg leached from the MgO-1 into water during
the treatment of MgO in water without chitin, indicating that
acid products such as acetic acid and lactic acid accelerated the
leaching of Mg. Despite the leaching, the lactic acid yield did
not decrease when the catalyst was reused, because, as

Table 5. Reuse of the MgO-1 catalyst (0.5 g) for conversion of aqueous
chitin (0.5 g in 50 g of water) to lactic acid at 533 K for 6 h.

TOC/% Yield/%
Acetic acid Lactic acid
1st use @ 57.4 13.5 10.8
2nd use 59.3 13.7 104
3rd use 62.9 14.1 10.1

[a] This result is also shown in Table 2.
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Table 6. Product yields and TOC in the liquid fraction obtained by heating

various grades of chitin and chitosan (0.5 g in 50 g of water) with MgO-1

(0.5 g) at 533 K for 6 h.

Reactant TOC/ Yield/%

% Acetic Lactic 5-
acid acid HMF

1st grade 57.4 13.5 10.8 0.0

(FUJIFILM

Wako Pure Chemical) &

Practical grade 56.0 12.7 8.4 0.0

(Toronto Research Chemi-

cals)

Unbleached grade 56.1 13.2 10.5 0.0

(MP Biomedicals)

Chitosan 51.1 55 9.5 0.0

(Sigma-Aldrich)

[a] This result is also shown in Table 2.

mentioned above (Table 3), the amount of catalyst had little
effect on the yield.

Finally, we tested several grades of chitin, which were
obtained from different companies, as well as chitosan as a
reference, at 533 K for 6 h (Table 6). The lactic acid yield from
practical-grade chitin from Toronto Research Chemicals was a
little lower than the yields from the other grades of chitin, but
the difference was not large.

3. Conclusions

We investigated chitin conversion to lactic acid with catalysis by
metal oxides such as MgO, Al,O;, ZrO,, ZnO, CeO,, TiO,, and
SiO,. MgO showed the highest activity (lactic acid yield 10.8 %)
at 533 K for 6 h. This is the first report of catalytic conversion of
chitin to lactic acid. XRD analysis and TG-DTA showed that MgO
was converted to Mg(OH), during the reaction at 533 K. The
MgO catalyst could be recovered as a solid residue after the
reaction, and it could be reused twice with no loss in yield.
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