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a b s t r a c t

Chitin is high in crystallinity in its natural form and does not dissolve into high temperature water (HTW),
which often leads to decomposition reactions such as hydrolysis, deacetylation and dehydration when
hydrothermally processed. In this work, we investigated the reactions of mechanically milled chitin
in HTW. Mechanical milling pretreatment combined with HTW treatment improved the liquefaction
of chitin giving a maximum water soluble fraction of 80%, where the untreated chitin was 55%. The
eywords:
hitin
igh temperature water
echanical milling

eaction mechanism

reaction mechanism of the milled and raw chitin in HTW was shown to be different. For milled chitin, the
dissolution of chitin occurred during the heating period to supercritical water conditions (400 ◦C) at short
reaction times (1 min). Extended reaction time (10 min) led to decomposition products and aromatic char
formation. For raw chitin, the dissolution of chitin in HTW did not occur, due to its high crystallinity, so
that liquefaction proceeded via decomposition reactions.

© 2014 Elsevier Ltd. All rights reserved.
. Introduction

Chitin, the (1–4)-2-acetamido-2-deoxy-�-d-glucan, is industri-
lly produced from marine resources (Muzzarelli, 2012; Muzzarelli
t al., 2012). High crystallinity of chitin is often observed
ue to extensive intra- and inter-molecular hydrogen bonding
Draget, Smidsrod, & Skjak-Braek, 2002; Pearson, Marchessault,

Liang, 1960). Chitin and chitosan activate the macrophages,
nd are mucoadhesive, antimicrobial, biodegradable and non-
oxic; therefore they are widely used for the repair of wounded
uman tissues (Muzzarelli, 2009), drug delivery and cancer
iagnosis (Jayakumar, Menon, Manzoor, Nair, & Tamura, 2010;

ayakumar, Prabaharan, Kumar, Nair, & Tamura, 2011). Future
pplications are suggested; however, processing chitin is diffi-
ult, due to its high crystallinity and low solubility to solvents
Pearson et al., 1960; Takai et al., 1992). Solvents such as
imethylacetamide with LiCl (Brine & Austin, 1975; Tsioptsias

Panayiotou, 2008; Weng & Wang, 2001), methanol satu-
ated calcium chloride dehydrate (Tamura, Nagahama, & Tokura,

006), methanesulfonic acid (Nishi, Noguchi, Tokura, & Shiota,
979), hexafluoroisopropanol and hexafluoroacetone sesquihy-
rate (Capozza RC. Solution of poly-(N-acetyl-d-glucosamine), US

∗ Corresponding author. Tel.: +81 022 795 5864; fax: +81 022 795 5864.
E-mail address: aida@scf.che.tohoku.ac.jp (T.M. Aida).

ttp://dx.doi.org/10.1016/j.carbpol.2014.02.009
144-8617/© 2014 Elsevier Ltd. All rights reserved.
Patent 3; Carpozza RC. Spinning and shaping poly-(N-acetyl-d-
glucosamine), US Patent 3; Louvier-Hernandez, Luna-Barcenas,
Thakur, & Gupta, 2005; Salinas-Hernandez et al., 2009) have been
reported to dissolve chitin. However these solvents are toxic and
the utilization is not preferable for medical applications.

High temperature water (HTW) is an environmental friendly
solvent. Solvent properties such as dielectric constant, viscosity,
and dissociation constant can be varied by changing the tempera-
ture and pressure of the HTW (Akiya & Savage, 2002; Savage, 1999).
Therefore, HTW can take place of organic solvents and acid–base
catalysts. Natural polymers such as cellulose and hemicellulose
depolymerize and dissolve into HTW due to the high concen-
tration of hydronium and hydroxyl ions compared to water at
room temperature (Sasaki, Fang, Fukushima, Adschiri, & Arai, 2000).
Reports of treating chitin with HTW have been reported (Quitain,
Sato, Daimon, & Fujie, 2001; Sakanishi, Ikeyama, Sakaki, Shibata, &
Miki, 1999; Sato, 2004). In HTW, the liquefaction of chitin is sup-
pressed due to its high crystallinity and high temperatures over
300 ◦C are required (Sakanishi et al., 1999; Yoshida, Ehara, & Saka,
2004). Amorphous chitin, prepared by a concentrated base and acid,
showed that the hydrolysis reaction occurred in a much higher rate
compared to the original chitin in HTW at 180 ◦C (Sato, 2004). These

results suggest that the reaction mechanism of chitin in HTW is
dependent to the degree of crystallinity of the chitin.

The crystallinity of biopolymers can be reduced by mechani-
cally milling (Takeda et al., 2009; Craeyveld, Delcour, & Courtin,

dx.doi.org/10.1016/j.carbpol.2014.02.009
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.02.009&domain=pdf
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008; Van Craeyveld et al., 2009; Venkataraman & Narayanan,
998). This technique does not require any organic nor inorganic
hemical. Mechanically milling has been shown to reduce the crys-
allinity of polymers such as cellulose (Sasaki et al., 2000) and chitin
Nakagawa et al., 2011). Osada et al. (2012) and Osada, Miura, et al.,
2013) reported that a combination of milling and HTW pretreat-

ent enhanced the enzymic decomposition from 5% (untreated
hitin) up to 93%. In that work, it was reported that the increased
nzymic degradation rate was due to the increased hydrophilicity
f the pretreated chitin. However, to our knowledge, the dissolu-
ion of milled chitin in high temperature water has not yet been
eported. The objective of this work is to investigate the reactions
f raw and milled chitin in high temperature water and elucidate
he reactions mechanisms.

. Experimental

.1. Materials

Chitin was obtained from Sigma–Aldrich and was used as
eceived. Water was purified with a water distillation apparatus
Yamato Co., model WG-220) having a conductivity of 5.5 �s m−1.
ormic acid (>99%, Wako chemicals), 5-hydroxymethylfurfural (5-
MF) (99%>, Sigma–Aldrich), acetic acid (99.7%>, Wako chemicals),
lycolic acid (>98%, Tokyo Chemical Industry Co., Ltd., Saitama,
apan), and dihydroxyacetone dimer (96%, Tokyo Chemical Indus-
ry Co., Ltd., Saitama, Japan) were used as standards for the HPLC
nalysis.

Milling of chitin was conducted in the interest of understanding
he effect of polymer structure especially crystallinity on the dis-
olution phenomena of chitin. Chitin samples were grinded using a
lanetary ball mill (Pulverisette-7, Fritsch). A brief procedure is as
ollows. First, chitin (1.0 g) samples and 24 grinding balls (10 mm
iameter) were loaded into a pair of grinding bowls (45 cm3) and
ealed. Both the grinding balls and grinding bowls were made of
irconium oxide. A pair of the loaded and sealed grinding bowls
as attached to a revolution disk that was rotated at 700 rpm for

5 min followed by a 15 min rest period and this was repeated for
intervals. After the grinding, the milled chitin was removed from

he pots for characterization and hydrothermal treatment experi-
ents. The proximate and ultimate analysis of the raw chitin and
illed chitin is shown in Table S1.

.2. Characterization of the raw chitin and milled chitin

Characterization of the raw and the milled chitin samples were
onducted. A simplified scheme of the mechanical pretreatment
nd the characterization preformed on the samples are shown in
ig. S1. Morphologies of the samples were observed by a scan-
ing electron microscope (SEM) (JOEL JSM-6390, JOEL, Japan). Prior
o the observation by the SEM, samples were pretreated by car-
on deposition to eliminate charging and improve contrast of the
EM images. X-ray diffraction analysis (RU-200A, RIGAKU, Japan)
as conducted on the samples to evaluate the crystallinity using a
ethod reported in previous literature (Minke & Blackwell, 1978;

chiffman, Stulga, & Schauer, 2009). The mean particle diameter of
he raw and milled chitin samples was measured by laser diffrac-
ion analysis (MT3300EX, NIKKISO, Japan). Chemical structures of
he samples were investigated by Fourier transform FT-IR analysis
FT/IR-230, JASCO, Japan). Specific surface area of the samples was
nalyzed by volumetric gas adsorption (BELSORP-mini, BEL Japan),

here the data reported are a result of the averages and standard
eviations of two separate measurements. The solubility of the raw
nd milled chitin in water at room temperature was evaluated by
he following procedure. First, raw or milled samples (0.1 g) were
ymers 106 (2014) 172–178 173

mixed in distilled water (3.0 g) in a flask at 25 ◦C for 2 h. After this
treatment, the mixture was filtered to obtain a solid and solution.
The obtained solid was dried at 60 ◦C for 24 h under vacuum. The
solubility of the samples was evaluated by the net weight between
the initial sample and solid obtained after the drying. The obtained
solution was analyzed by MALDI-TOFMS to understand the molec-
ular weight of the dissolved compounds. Also, to understand the
chemical structure of the dissolved compounds in the solution, this
solution was freeze-dried and the obtained solid was analyzed by
FTIR.

2.3. Procedure

2.3.1. Hydrothermal treatment of chitin
The hydrothermal treatment of chitin was conducted on both

raw and milled chitin samples. The simplified scheme of the exper-
imental procedure and analysis is shown in Fig. S2. First, chitin
samples (0.1 g) and distilled water (3.0 g) were loaded into a stain-
less steel (SUS316) tube bomb reactor with an inner volume of
6.0 cm3. Then the contents of the reactor were purged with Argon
atmosphere for removal of oxygen and then sealed. The reaction
was initiated by immersion of the reactor into a fluidized sand bath
controlled at the reaction temperature. The reaction temperatures
examined were 220 and 400 ◦C. After the required reaction time,
the reactor was quickly quenched by transferring the reactor from
the sand bath into a water bath at room temperature. The reac-
tion time was defined as the time when the reactor was first placed
into the fluidized sand bath until the reactor was quenched in the
water bath. The time required for the reactor to reach the reac-
tion temperature (400 ◦C) was 4 min, while the time for cooling to
below 100 ◦C was 30 s. The reaction times examined in this work
were 1, 10 and 20 min. After the reactor was cooled, the contents
of the reactor was washed out with distilled water (60 g) and fil-
tered with a 10 �m membrane filter. The obtained solid was dried
in a vacuum oven at 60 ◦C for 24 h and weighed in a weighing vial
after cooling to room temperature in a dry desiccator under N2
atmosphere. This solid was defined as the product solid. The solid
recovery (SR) of chitin after hydrothermal treatment was evaluated
by the following equation:

Solid recovery (%) =
[

1 − Wproduct solid (g)
Wchitin (g)

]
× 100 (1)

where Wproduct solid and Wchitin are the weight of the product solid
and the weight of the loaded chitin sample of the experiment.

The total carbon concentration of the liquid product was ana-
lyzed by a TOC (Shimadzu, model TOC-5000A) and the water
soluble fraction (WS) of chitin was evaluated by the following equa-
tion.

Water soluble fraction of chitin (%) = WC liquid (g)
WC chitin (g)

(2)

where WC liquid and WC chitin are the amount of carbon in the liq-
uid evaluated from the TOC analysis and the amount of carbon
calculated from the elemental analysis respectively.

The liquid product was stored at room temperature for 24 h.
After storing the liquid product for 24 h, solid precipitation was
observed. The solid precipitate was collected by decantation and
dried at 60 ◦C under vacuum. This solid was defined as the solid
precipitate. SEM observation and FTIR analysis were done on the
obtained solid precipitate.

Identification and quantification of the compounds obtained
in the liquid product were evaluated by high performance liq-

uid chromatography (HPLC). The HPLC system was equipped with
a RI detector (RI SE-61, SHODEX), two RSpak KC-811 columns
(Showa Denko) and H3PO4 aqueous solution (5 mM) was used as
mobile phase at a flow rate of 1.0 mL/min at 80 ◦C. The products
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Table 1
Comparison between (a) raw chitin and (b) milled chitin as a function of crystallinity, specific surface area, mean volume diameter and solubility in water at 25 ◦C.

Crystallinity (%) Specific surface area (m2/g) Mean volume diameter (�m) Solubilitya (%)

(a) Raw chitin 95 3.8 ± 0.8 628 3
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(b) Milled chitin 0 0.96 ± 0.01

a Solubility in water at 25 ◦C.

etected were quantified according to the calibration curve con-
tructed previously by the respective standards. A representative
PLC chromatograph is shown in supplementary material (Fig. S3).
he detected liquid products were acetic acid, 5-HMF, formic acid,
ihydroxyacetone and glycolic acid. Product yields were calculated
n a carbon yield basis.

. Results

.1. The effect of mechanical milling treatment on the chemical
nd physical structure of chitin

Fig. S4 gives the SEM observation of raw chitin and milled chitin.
s shown in Fig. S4a, raw chitin has a fiber like morphology, where
illed chitin (Fig. S4b) has flake-like structures. There was no sig-

ificant difference between raw chitin and milled chitin in CHNO
omposition (Table S1). Fig. S5a and S5b show the FTIR spectra of
he raw chitin and the milled chitin respectively. Typical peaks of
-chitin have been reported in the literature (Gow, Gooday, Russell,
Wilson, 1987) as 894, 951, 1028, 1072, 1113, 1156, 1202, 1259,

310, 1377, 1415, 1556, 1625, 1658 cm−1. Fig. S5a and S5b show
hat both raw chitin and milled chitin had the same peaks as �-
hitin. The FTIR results and the elemental analysis results show
hat the milling treatment did not change the chemical functional
roups of the chitin.

Table 1 shows a comparison between the raw chitin and the
illed chitin as a function of crystallinity, specific surface area,
ean volume diameter and solubility in water at 25 ◦C. The spe-

ific surface area of the raw chitin and the milled chitin was
.8 ± 0.8 m2/g and 0.96 ± 0.01 m2/g respectively. The crystallinity
ecreased from 95% to 0% due to the milling of raw chitin. The mean
olume diameter of the raw chitin and the milled chitin was 628 �m
nd 98 �m respectively. The lower specific surface area and smaller
ean volume diameter, for the milled chitin compared to the raw

hitin sample, may be due to the decrease of the porous structures
uring the mechanical pulverization.

Milling the chitin increased the solubility in water at 25 ◦C where
t was 3% for raw chitin and 35% for the milled chitin. To understand
he chemical structure of the dissolved compounds in the aqueous
olution of the milled chitin, this solution was freeze-dried and the
olids obtained were analyzed by FT-IR as shown in Fig. S5(c). As
hown in Fig. S5(c) the FT-IR spectrums of the freeze-dried solu-
ion of the milled chitin gave identical peaks to both raw chitin
nd milled chitin. This indicates that the milled chitin dissolved
nto water retaining its chitin chemical structure. Fig. S6 shows the

ALDI of the solution obtained from dissolving milled chitin in
ater at 25 ◦C. Fig. S6 shows that characteristic peaks appear one
onomer (N-acetylglucosamine) distance apart from each other.

his indicates the presence of chitin oligomers in the solution. These
eaks were not detected by dissolving raw chitin into water at
oom temperature. Raw chitin was depolymerized into oligomer
ize chitin particles during the milling treatment. The reduction
f the polymer chain length and the decrease in crystallinity are
robably the reasons for the high solubility obtained for the milled

hitin in water compared with the raw chitin. The results are evi-
ence that milled chitin can be dissolved into an aqueous solution
t room temperature. The SEM images of the solid obtained from
he freeze-dried milled chitin aqueous solution gave a needle like
98 35

structure very different from the fibrous structure of the raw chitin
and the flake like structure of milled chitin (Fig. S4(c)). This indi-
cates that chitin solutions can be processed into materials for the
desired applications using only water.

3.2. Effect of mechanical milling of chitin on the reaction
chemistry in HTW

In this section, data for the HTW treatment of both raw chitin and
milled chitin will be presented. Data on water soluble fraction (WS),
solid recovery (SR), liquid product yields, solid SEM observation
and solid FTIR analysis will be introduced briefly for discussion of
reaction mechanisms for milled and raw chitin.

3.2.1. Water soluble fraction (WS) and solid recovery (SR) of raw
and milled chitin after HTW treatment

The water soluble fraction (WS) and solid recovery (SR) obtained
from the HTW treatment of chitin and milled chitin are given in
Table 2. At constant temperatures, the WS and SR between raw and
milled chitin showed different dependence toward reaction time.

For raw chitin, the WS was 3% and the SR was 94% at 220 ◦C and
20 min (run #1). This indicates that the liquefaction of raw chitin
was not significant at 220 ◦C, whereas for milled chitin, at 220 ◦C
constant temperature, the WS increased with increasing reaction
time giving a maximum of 41% at reaction time 20 min and the SR
gradually decreased from 71% to 56% when increasing the reaction
time from 1 to 20 min (run #5, 6, 7). This result indicates that the
milled chitin has a higher reactivity toward HTW at 220 ◦C com-
pared with the raw chitin.

At constant temperature 400 ◦C, for raw chitin, the WS increased
with increasing reaction time up to 55% at 10 min and then
decreased to 49% at 20 min reaction time, where the SR decreased
as reaction times increased giving a minimum of 16% at reaction
time 20 min (run #2, 3, 4). This indicates that higher reaction tem-
peratures increase the liquefaction reactions of raw chitin in HTW.
Also, at 400 ◦C, both WS and SR decreased when increasing the reac-
tion time from 10 to 20 min (run #3, 4). This suggests that at 400 ◦C
HTW conditions, gasification reactions took place. For milled chitin,
at constant temperature 400 ◦C, the WS gave the maximum of yield
of 73% at the shortest reaction time (1 min) and then decreased
to a constant yield around 51% as the reaction time increased to
20 min, where the SR gave a sharp decrease to 27% at 1 min reac-
tion time and gradually became constant (18%) when increasing
reaction time to 20 min (run #8, 9, 10). In this experiment, 4 min
is required for the contents of the reactor to achieve 400 ◦C reac-
tion temperature and at 1 min reaction time, the temperature in the
reactor is about 320 ◦C. This indicates that most of the liquefaction
of the milled chitin is complete within the heating period of the
experiment. The decrease in both WS and SR yields observed from
1 to 10 min reaction time indicates that gasification reactions took
place during the HTW treatment of milled chitin at 400 ◦C.

Different trends of WS and SR toward reaction time at constant
temperature conditions between the raw and milled chitin indicate

that the liquefaction of these samples in HTW occurs by differ-
ent mechanisms especially at high temperature conditions (400 ◦C).
For this reason, further discussion will be focused on experiments
conducted at 400 ◦C.
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Table 2
Water soluble fraction and solid recovery yields obtained from hydrothermal treatment of (a) raw chitin and (b) milled chitin.

Starting material Reaction conditions Water soluble fraction (%) Solid recovery (%)

Run # Temperature (◦C) Time (min)

(a) Raw chitin 1 220a 20 3.1 93.5

2
400b

1 5.8 98.6
3 10 55.4 21.0
4 20 49.3 15.8

(b) Milled chitin 5
220a

1 30.1 70.9
6 10 39.0 61.3
7 20 41.2 55.6

8
400b

1 73.4 26.7
9 10 48.4 17.0

10 20 51.0 18.4
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a Reactions conducted at 220 ◦C were at vapor pressure.
b Reactions conducted at 400 ◦C were at water density 0.5 g/cm3.

.2.2. Liquid product yields
Fig. S7 and Table 3 show the liquid product yields obtained from

he hydrothermal treatment of raw chitin and milled chitin. The
ajor product obtained from the hydrothermal treatment of chitin
as acetic acid, 5-HMF and minor products were glycolic acid and

ormic acid. The production of these compounds from chitin treat-
ent in HTW has also been reported previously in the literature

Yoshida et al., 2004). The existence of these compounds show
hat the decomposition of chitin occurred during the hydrothermal
reatment.

Acetic acid is obtained from the deacetylation reaction of chitin
r its component glycosamine (Draget et al., 2002). High tempera-
ures and long reaction times gave higher acetic acid yields for both
aw and milled chitin. This indicates that the deacetylation reaction
f chitin proceeds with increasing temperature and reaction time.
he acetic acid yields obtained at 400 ◦C and 20 min were similar
etween raw and milled chitin (run #4, 10). It is probable that the
egree of the deacetylation for both raw chitin and milled chitin
ere similar under these conditions.

The substance 5-HMF is obtained from the hydrolysis of chitin
o glycosamine followed by deacetylation and dehydration reac-
ions (Jun, Shao, Ho, Koetter, & Lech, 2003). At 400 ◦C, 5-HMF yields
ecreased when increasing the reaction time from 1 to 10 min
or both milled and raw chitin. This is evidence that 5-HMF was

onsumed during the HTW treatment. The presence of 5-HMF pro-
otes the formation of carbonaceous solids or humins which has

een reported in a number of reports treating 5-HMF or carbohy-
rates in hydrothermal systems (Falco, Baccile, & Titirici, 2011;

able 3
iquid product yields obtained from hydrothermal treatment of (a) raw chitin and (b) mi

Starting material Reaction conditions

Run # Temperature (◦C) Time (min)

(a) Raw chitin 1 220a 20

2
400b

1
3 10
4 20

(b) Milled chitin 5
220a

1
6 10
7 20

8
400b

1
9 10

10 20

a Reactions conducted at 220 ◦C were at vapor pressure.
b Reactions conducted at 400 ◦C were at water density 0.5 g/cm3.
Sevilla & Fuertes, 2009). The decrease in 5-HMF yield and the
decrease in WS yield are probably due to polymerization reactions
associated with 5-HMF.

The total yield of the products detected in the HPLC was higher
for the milled chitin compared to the raw chitin at identical HTW
conditions especially at 220 ◦C conditions (Fig. S7). This indicates
that the milled chitin is more reactive than the raw chitin in HTW. At
400 ◦C and long reaction times (10 and 20 min) both raw chitin and
milled chitin gave acetic acid as the only product, within measur-
able peaks in the present HPLC system, with a similar yield 19–25%.
At 400 ◦C and short reaction time (1 min), the WS of raw chitin was
5.8% (5-HMF 2%), where milled chitin gave a higher WS of 73.4%
and a variety of products such as 5-HMF (5.1%), acetic acid (6.2%),
formic acid (0.5%) and glycolic acid (0.5%). These results indicate
that the reaction of raw and milled chitin proceeds under different
mechanisms in HTW. To understand the reaction mechanisms of
raw and milled chitin in HTW, solids obtained before and after the
HTW treatment will be analyzed by FT-IR and observed by SEM.

3.2.3. FT-IR and SEM observation of solid products and solid
precipitate

FT-IR and SEM observation was conducted on solid products
and solid precipitate obtained from the HTW treatment of raw

and milled chitin at 400 ◦C and different reaction times. The
solid product and precipitate product were obtained for all HTW
conditions conducted at 400 ◦C, except for the experiment that
was conducted from raw chitin at short reaction time (1 min),

lled chitin.

Product yield (%)

Acetic acid 5-HMF Formic acid Glycolic acid

0.4 0.6 0 0

0.2 0.5 0 0
19 0 0 0
24 0 0 0

0.4 0 0.1 0
2.0 4.4 0.3 0
5.0 5.2 0.5 0.1

6.2 5.1 0.5 0.5
23 0 0 0
25 0 0 0
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F from the hydrothermal treatment of raw chitin conducted at 400 ◦C and reaction time
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(a)  Raw Chitin

(a-2)   Solid Product
(400 oC, 10 min)
(a-3)   Solid Precipitate
(400 oC, 10 min)

(a-1)   Solid Product
(400 oC, 1 min)

Fig. 2. FT-IR spectrum of (a) raw chitin and the (a-1 and a-2) solid product and (a-3)

F
r

ig. 1. SEM images of the (a-2) solid product and (a-3) solid precipitate obtained
0 min.

here the precipitate solid could not be obtained probably due to
ow WS (5.8%) at this condition.

The SEM images of the solids obtained from the HTW treatment
f raw chitin conducted at 400 ◦C and 10 min showed a smooth
tructure for solid product (Fig. 1a-2) and a structure of small par-
icles aggregated together for the solid precipitate (Fig. 1a-3). These
olids had different morphologies compared to the fibrous struc-
ure of the raw chitin (Fig. S4a). This indicates that the destruction
f the chitin morphology occurred with the HTW treatment. Fig. 2
hows the FT-IR spectrum of raw chitin and the solids obtained
fter HTW treatment at 400 ◦C. The FT-IR spectrum of the raw
hitin (Fig. 2a) and solid product (Fig. 2a-1) are similar. This indi-
ates that the HTW treatment at 400 ◦C and 1 min reaction time did
ot change the chemical structure of the raw chitin. On the other
and, the solid product (Fig. 2a-2) and solid precipitate (Fig. 2a-3)

ave very different FT-IR spectra from raw chitin (Fig. 2a) such as
romatic carbon carbon bond stretching absorbance at 1600 cm−1

Marue, 1994) and peaks related to aromatic C H out-of-plane

ig. 3. SEM images of the (b-1 and b-3) solid product and (b-2 and b-4) solid precipitat
eaction times 1 and 10 min.
solid precipitate obtained from the hydrothermal treatment of raw chitin conducted
at 400 ◦C, reaction time 1 and 10 min.

e obtained from the hydrothermal treatment of milled chitin conducted at 400 ◦C,
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(b)  Milled Chitin

(b-1)   Solid Product
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(b-3)   Solid Product
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(b-4)   Solid Precipitate
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Fig. 4. FT-IR spectra of (b) milled chitin (b-1 and b-3) solid product and (b-2 and
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secondary reactions such as gasification and char formation reac-
-4) solid precipitate obtained from the hydrothermal treatment of milled chitin
onducted at 400 ◦C, reaction time 1 and 10 min.

ending vibrations at 750–875 cm−1 (Lua & Yang, 2004). Based on
his result and the results obtained from the liquid product analysis,
t is probable that decomposition reactions (deacetylation, hydrol-
sis, dehydration) of chitin were promoted in HTW and then the
arbonization reaction of 5-HMF occurred forming solids with aro-
atic structures (Falco et al., 2011; Sevilla & Fuertes, 2009).
Solids obtained from the HTW treatment of milled chitin dif-

ered between short (1 min) and long (10 min) reaction times.
igs. 3 and 4 show the SEM images and FT-IR spectrums of solid
roduct (b-1 and b-3) and solid precipitate (b-2 and b-4) obtained
rom the HTW treatment of milled chitin at 400 ◦C and reaction
imes 1 and 10 min. At short HTW treatment times (1 min), solid
roduct (Fig. 3b-1) and solid precipitate (Fig. 3b-2) had a fine pow-
er like morphology. This was different compared to the flake

ike morphology observed for milled chitin in Fig. S4b. The FT-IR
pectrums between the milled chitin (Fig. 4b) and solid product
Fig. 4b-1) and solid precipitate (Fig. 4b-2) did not show any signif-
cant difference. These results indicate for milled chitin, dissolution
eactions mainly occurred in HTW at short reaction times (1 min).

However at long reaction times (10 min), the particle mor-
hology of the solid product (Fig. 3b-3) show a bigger particle
ize compared to the powdery morphology observed in solid
roduct (Fig. 3b-1). This indicates that solid forming reactions
ccurred when increasing the reaction time from 1 to 10 min. FT-IR
pectrums of solid product (Fig. 4b-3) and solid precipitate (Fig. 4b-
) showed different compared to milled chitin (Fig. 4b), and very
imilar to the solid product (Fig. 2a-2) and solid precipitate (Fig. 2a-
). At long reaction times (10 min), it is probable that secondary
eactions seen during the hydrothermal treatment of raw chitin
lso occurred for the milled chitin.

.3. Reaction mechanism of chitin and milled chitin in HTW

Based on the findings, the reaction mechanism of chitin and
illed chitin in high temperature water is different. A reaction

chematic of raw chitin and milled chitin in HTW is given in Fig. 5.
aw chitin has a high crystallinity (95%) so that the bonds between
he chitin chain are very strong and water can only access the sur-
ace. Therefore, at short reaction times of 1 min, dissolution of chitin
nd reactions such as hydrolysis are slow, and the product is unre-
cted chitin. However, at long reaction times of 10 and 20 min,
he following occur in HTW: (1) hydrolysis reactions of chitin at
he surface to form water soluble compounds, (2) decomposition
f the chitin within the chitin polymer structure, (3) decomposi-

ion and polymerization of water soluble compounds. The resulting
roducts are gas, acetic acid and a solid product with an aromatic
hemical structure.
Fig. 5. Schematic of (a) raw chitin and (b) milled chitin reactions in high temperature
water.

Milled chitin has a lower crystallinity compared to raw chitin.
Therefore, in milled chitin, the number of physical cross-links is
fewer than in raw chitin. At high temperatures, the mobility of the
polymer with fewer cross-links would be greater. At high temper-
ature conditions, water is able to diffuse within the chitin polymer
and reactions between water and chitin such as hydrolysis and dis-
solution are fast compared to raw chitin. At short reaction times
(1 min) hydrolysis reactions depolymerizing chitin occur readily
within the chitin polymer, and dissolve low molecular weight chitin
oligomers into solution. Secondary reactions of the water solu-
ble chitin oligomers occur readily, and compounds such as acetic
acid and 5-HMF are formed. The decomposition reactions of the
unit monomer of chitin (N-acetyl-d-glucosamine) may have also
occurred in high temperature water (Osada, Kikuta, et al., 2013). At
long reaction times (10 and 20 min), secondary reactions of water
soluble proceed such as gasification and polymerization of 5-HMF.
Osada, Miura, et al., (2013) reported that the crystal size as well as
the crystallinity of the chitin increased during the HTW treatment
at 400 ◦C. This increase in crystallinity would suppress the disso-
lution of the chitin and may explain the similarity of the products
obtained between the raw chitin and milled chitin at 400 ◦C and
long reaction times (10 and 20 min). Increasing the reaction tem-
perature will increase the dissolution of chitin only at short reaction
times for milled chitin. Extending the reaction time will increase the
secondary reactions of the dissolved chitin such as polymerization
and gasification reactions.

4. Conclusions

Mechanical pretreatment combined with HTW treatment at
high temperatures (400 ◦C) improves the liquefaction of chitin giv-
ing a maximum water soluble fraction of 73%, where the untreated
chitin was 55% both at 400 ◦C conditions. For milled chitin, the dis-
solution occurs in high temperature water at short reaction times
(1 min) and at long reaction times (10 and 20 min) decomposition
products and aromatic chars form. For raw chitin, dissolution of
chitin in high temperature water does not occur, due to high crys-
tallinity, and mainly the liquefaction is via decomposition reactions.

Mechanical milling combined with high temperature water
treatment is a promising method in processing chitin for future
applications. Higher reaction temperatures, higher heating rates
and shorter reaction times conducted in this study may enhance
the liquefaction of milled chitin in HTW due to the suppression of
tions. An investigation using a flow reactor that can achieve high
temperatures (above 400 ◦C) and short reaction times (below 1 s)
is in progress to check this assumption.
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