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Chitin [partially deacetylated 3-(1—4)-linked 2-acetamide-2-deoxy-3-D-glucopyranose, (GlcNAc),] was
hydrolyzed by hydrochloric acid under the ultrasound irradiation. The first seven members of (GlcNAc) in
the degradation fluid were analyzed with high performance liquid chromatography (HPLC). The produced
amounts of (GlcNAc);—7 obtained by the degradation in concd HCI increased almost in proportion to the
degradation time up to 120 min when sonolysis was used concomitantly. The yield of saccharides in the
degradation fluid by concd HCl with sonolysis was about 2—4 times as much as that in the hydrolysis
without sonolysis. The yield(%) increased with increasing of the concentration of HCl (6—12 moldm™3) but
decreased with increase of the concentration of chitin, showing a solvent volume effect. For the production
of higher oligosaccharides, such as (GlcNAc)s—~, degradation with sonolysis for not longer than two hours is
desirable. Deacetylated products were negligible. The effect of sonolysis is discussed from the aspect of the

interactions of water with saccharide chains.

Great attention has recently been given to chitin
as a valuable biomass. Research has progressively re-
vealed that chitin oligosaccharides have characteristic
functions which depend on the degrees of polymeriza-
tion, although all the mechanisms of these functions
are not clarified yet. However, it is thought that wa-
ter molecules play a crucial role in the interaction of
" the poly or oligosaccharide chain with binary aqueous
solvents or guest substances at the equilibrium state
between hydrophilicity and hydrophobicity or hydra-
tion and dehydration in the system.!® We have re-
cently been interested in the investigation of the effect of
ultrasound on the degradation of polysaccharide chain
during acid hydrolysis to get higher yields of oligosac-
charides and also to find a more effective fractionation
method of oligosaccharides.

The degradation of molecules by ultrasound is of
interest because the effect of ultrasound on chemi-
cal reactions is not clarified yet. Many papers have
been published on the subject. For example, the
formation of ‘OH and -H radicals near the cavita-
tion bubbles produced by ultrasound in aqueous solu-
tions was reported.® Under pulsed sonolytic conditions
(frequency, 20 kHz; power, 50 W, 10 h), the sonolytic
decompositions of monochlorinated phenols to dechlori-
nated ones were reported and the mechanism of sonoly-
sis was discussed in detail.¥) Sarvazyan et al. reported
on precise ultrasonic investigations of solute—solvent
and solute—solute interactions in aqueous solutions of
bases, nucleosides, and nucleotides. This paper indi-
cated that the most significant changes in hydration

only involve a hydration layer 1-—1.5 water molecules
thick. The effect of pH was interpreted in terms of the
changes in hydration which occur during the reaction.

The degradation of polymers in aqueous solutions has
been studied. During the sonolysis of aqueous solutions
of polymers, polymer chains are ruptured by the ac-
tion of shock waves during the pulsation and collapse
of cavitation bubbles.®” Polymers are attacked by ac-
tive chemical species and are also thermally decomposed
in the interfacial region of cavitation bubbles”® in the
sonolysis of polymers in aqueous solutions. Takiguchi
and Shimahara obtained N,N’-diacetylchitobiose from
colloidal chitin by use of a thermophilic bacterium. The
colloidal chitin was prepared by concd HCl hydrolysis
from chitin. In this process, they used ultrasound irradi-
ation (27 kHz) for 30—40 min, but no quantitative anal-
ysis of chitin oligosaccharides was made.” To the best
of our knowledge, no one has heretofore investigated the
quantitative effect of ultrasound on the degradation of
polysaccharide chain during acid hydrolysis.

Chitin is a polysaccharide consisting of partially
deacetylated (-(1—4)-linked N-acetyl-D-glucosamine
(GlcNAc) residues. Chitin and cellulose are proba-
bly similar in their chemical structures and crystalline
structures. However, there are great differences in their
reactive properties and solubilities. Chitin has three
kinds of functional groups with various reactive prop-
erties, that is, an acetamide group at the C-2 position,
a secondary hydroxyl group at the C-3 position, and
a primary hydroxyl group at the C-6 position on the
constitutive unit, in GlcNAc residues (Fig. 1). A hy-
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Fig. 1. Structure of chitin and cellulose.

drogen bond is formed between the hydroxyl group at
the C-3 position and the acetamide group at the C-
2 position. Furthermore, an additional hydrogen bond
is formed between the above hydrogen bond and the
hydroxyl group at the C-6 position on other residues,
where water molecules act as intermediary roles. There-
fore, chitin forms an extremely firm crystalline struc-
ture.

Various preparation methods have been reported®—!2
for the chitin oligosaccharides [(GlcNAc),, where n
is the degree of polymerization, n=2—10]. A series
of chitin oligosaccharides up to the heptasaccharide is
now commercially available. They are usually prepared
by partial hydrolysis of chitin with concentrated hy-
drochloric acid, followed by column chromatographic
fractionation.!® The conventional precise procedure for
the isolation is as follows: Acid degradation—Neutral-
ization-Demineralization—Charcoal-celite column frac-
tionation—-HPLC fractionation—Lyophilization. How-
ever, the fractionation process requires too much time
and much labor. Moreover, the manufacture of chitin
oligosaccharides, especially hexa- and heptasaccharides,
is difficult because of their poor yields. In case of the
degradation of chitin, it is necessary to be careful to
avoid deacetylation because chitin has an acetylamino
group. Therefore, the combination method of the con-
ventional acid degradation and sonolysis, which is able
to degrade polymers without dependence on the tem-
perature of the bulk solution, is considered to be effec-
tive. Composition ratios and absolute amounts of the
chitin oligosaccharides in the degradation fluid analyzed
by HPLC will make clear whether the acid-sonolysis
method is adequate to prepare the target oligosaccha-
rides, especially higher components of them. In the
present paper, we report the effect of ultrasound on
degradation of chitin to chitin oligomers during acid hy-
drolysis. The investigation will give fundamental knowl-
edge on the subject and we hope to find a more effective
fractionation method of oligosaccharides. Some charac-
teristics of the saccharides produced here will also be
discussed.

Experimental

Materials. Chitin flakes, GlcNAc, (GlcN)7, GleN, and
a mixture of standard substances of (GlcNAc)n, n ranging
from 1 to 6, were kindly donated by Yaizu Suisan Kagaku
Industry Co., Ltd. A series of (GlcNAc)n (n=2—6) and a
series of (GIcN)y, (n=2—6) of the purest grade commercially
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available were purchased from the same company. All of
these substances were obtained from crab shells.

Apparatus.  Ultrasonic apparatus: Branson B-220H,
frequency of ultrasound, 45 kHz; acoustic power output, 60
W; inner size of ultrasonic washing bath, 230x135x100 H
(mm); tank volume, 3 1. Water was poured into the tank for
sonication.

Hydrolysis with Sonication. Experiment 1.
Chitin (flakes, 3 g) was dispersed in 100 ml of chilled concd
HCI at 5 °C or lower in a 500 ml flask, equipped with a
cooling device. This mixture was placed into the ultrasonic
washing bath filled with water; ultrasonic irradiation for
0 to 3 h at the constant temperature of 37 to 40 °C fol-
lowed. Then the resultant degradation fluid was neutralized
with the addition of sodium hydroxide solution (10 and 1
moldm™3) drop by drop under adequate stirring, followed
by separation of precipitates, and the filtrate volumes were
made to be 250 ml. A portion (10 ml) of the filtrate, at first,
and then the remained filtrate were demineralized with an
electric dialyzer (Micro Acilyzer G 1, Asahi Kasei Kogyo
Co., Ltd.). The former dialyzed solution was analyzed with
HPLC. In Experiment 1, the series of degradation—neutral-
ization—demineralization— HPLC analyses were carried out
consecutively. White powdery precipitates which formed in
the degradation fluid before or after demineralization were
collected and dried in vacuo in a desiccator.

Experiment 2. Chitin (flakes, 3 g) was dispersed in 20
ml of chilled concd HCI in a 100 ml flask (a 200 ml flask for
Experiments 3 and 4) and placed into the ultrasonic wash-
ing bath, followed by sonolysis for 0 to 3 h at the constant
temperature of 37—40 °C. After the sonolysis, the resultant
fluid was dispersed in 80 ml of chilled water at 5 °C or lower,
mixed for more than 30 min with stirring. This mixture was
allowed to stand in a refrigerator overnight, then it was cen-
trifugated. The filtrate was neutralized with the addition of
2.4 mol dm™2 sodium hydroxide solution and made up to be
250 ml, followed by centrifugal separation. In Experiment
2 the neutralized filtrate was left at room temperature for
more than 2 d before demineralization.

Experiment 3. To compare the acid hydrolysis under
ultrasound irradiation (acid-sonolysis) with the acid hydrol-
ysis (acidlysis), a slightly modified version of Experiment 2
was carried out under the same conditions with or without
sonication as a function of degradation time for 0—3 h. In
this Experiment 3, the degradation was carried out in a 200
ml flask. Neutralization (with 10 moldm ™2 NaOH) was car-
ried out after dispersion in chilled water and before being
left in a refrigerator overnight. The precipitates were then
separated by filtration. The filtrate volume was made to be
150 ml. Then, 10 ml of the filtrate was demineralized and
analyzed by HPLC.

Experiment 4.  Effects of (i) solvent volume of H2O
and (ii) solvent volume of concd HCI, (iii) concentration of
HCI, and (iv) concentration of chitin were examined under
ultrasound irradiation for 2 h. The procedures are as follows:
Chitin (3 g, partially 1—7 g) was sonicated in 50—200 ml
of H20 or 100 ml (partially 20—100 ml) of (concd, partially
1—12 moldm™3) HCl in a 200 ml flask at 37—40 °C.

(i): The resultant degradation fluid was filtrated and the
filtrate was dried with a freeze dryer. The produced powder
granules were dissolved in 1 ml of water.

(ii) and (iii): The resultant degradation fluid was neu-
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tralized with 10 or 1-—10 moldm ™2 NaOH under sufficient
stirring in an ice bath and allowed to stand in a refrigera-
tor overnight. The precipitates were separated by filtration.
The filtrate volume was made to be 200 ml.

(iv): Neutralization was carried out in the same manner
as described in Experiment 2, but the volume before dem-
ineralization (125 ml). Ten ml of the neutralized fluid was
demineralized and sample injection volume of the condensed
demineralized solution (10 ml—1 ml) was 10 pl.

HPLC Analysis. An aliquot of demineralized liquid
was used for analysis by HPLC. Sample solution was passed
through a 0.22 um membrane filter (Millex-GS) and 25 upl
of the filtrate were injected. The HPLC system consisted of
a Hitachi 683-30 chromatograph, an LSI RI-980 RI detector
(Labosystem Co., Ltd.), and a D-2500 chromato-integrator
(Hitachi Ltd.).

Sugars were separated on an Asahipak NH2p-50 column
(Asahipak NH2p-50 4.6¢x 250 mm, guard column; Asahipak
NH2p-50G 4.6¢x 10 mm, Asahi Kasei) using acetonitrile and
water mixture (65:35) as the mobil phase, at a flow rate of
0.8 mlmin~!. The peaks eluted in the first 20 min were
analyzed on the basis of the retention time of each stan-
dard substance of (GlcNAc), or (GlcN), and the mixture
of standard substances of (GlcNAc);—s¢. The concentration
of each saccharide was estimated from the peak area on the
chromatogram. The peak area was presented as the values
of 10™* times the data values obtained by the integrator.

Analysis of the Degradation Products. Deminer-
alized liquid was condensed and dried using a freeze dryer
(Yamato Model DC-31) and then in vacuo until its weight
became constant in a desiccator. The yield(%) of the hy-
drolysis products was calculated against the initial amount
of chitin flakes. The products (5% aq solution) were an-
alyzed again by HPLC. All products obtained in Experi-
ments 1, 2, 3, and 4 were analyzed by infrared spectra mea-
sured with a Fourier transform infrared spectrometer (FT-
300 Horiba) as their KBr sample pellets. Degrees of deacet-
ylation (DAc) for all products were examined with a colloid
titration method.'® Chloride ion was detected by AgNOs3
reaction.

Results and Discussion

Effect of Sonolysis Time. HPLC Analysis
of Components of the First Seven Members of
(GlcNAc),. The results of Experiment 1 are shown
in Figs. 2 and 3. Seven discrete peaks are observed for
the degradation fluids at 0 and 140 min, respectively.
The pattern indicates that relatively large amounts of
chitin oligosaccharides were formed at 0 min and the
degraded forms were stable during sonication for 140
min. The retention time in HPLC was rather pro-
longed in comparison with that of an aqueous solu-
tion of standard oligosaccharide, for a short time af-
ter degradation, although sufficient reproducibility was
obtained for each oligosaccharide with every degree of
polymerization. As shown in Fig. 3, the total peak ar-
eas of the monosaccharide to heptaoligosaccharides in-
creased almost in proportion to the sonolysis time until
120 min. At 140 and 160 min, marked reductions of
peak area were observed. This phenomenon was con-
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Fig. 2. HPLC of first seven members of (GlcNAc)n
in the degradation fluid obtained from the sonication

for 0 and 140 min. Degradation fluid was obtained
from 3 g of chitin in 100 ml of concd HCL

firmed in repeated tests. The ratio of the monosac-
charide increased with the sonolysis time being pro-
longed. However, the ratios and absolute amounts of
higher oligosaccharides such as the penta and hexachitin
oligosaccharides did not increase in the sonolysis time
longer than 80 min.

When the solution was left after demineralization, it
yielded extremely large amounts (such as 290% yield
at 90 min and 150% yield at 180 min) of white pow-
derly materials. Kurita et al. reported that in the ex-
periments where SnCly or TiCl, were used as a cat-
alyst, grafting percentages were as high as 800% un-
der appropriate conditions on cationic and radical graft
copolymerization of styrene onto iodochitin.'¥ How-
ever, larger amounts of solvent or catalyst again caused
a decrease in grafting percentage and the grafting per-
centages were not high in the radical graft copolymer.
The graft copolymers were white to pale yellow pow-
derly materials. A strong degassing effect during elec-
trolysis of aqueous solutions of NaCl or HCI increased
dramatically the yields of chlorine gas produced under
sonication.!® Extremely high condensation of the resul-
tant degradation fluid during the demineralization was
observed. Taking these reports into consideration and
also our data (including data of degradation of sodium
alginate by the same method), in the case of our Exper-
iment 1, we can explain the production of white pow-
derly materials as follows: Due to the use of a cooling
device for concentrated solutions of HCI, cooled chlo-
rine gas was included in the saccharide chain networks
in the degradation fluid and a sort of solvent induced
reaction'® took place after neutralization or deminer-
alization. Therefore, we had changed the method of
Experiment 1 to the conditions of Experiment 2 in or-
der to reduce the effect of NaCl or HCL



1854 Bull. Chem. Soc. Jpn., 68, No.7 (1995)

Effect of Sonolysis on Acid Degradation of Chitin

600

Peak area
N N
(@] o
o o

0 60 80

Fig. 3.
ml of concd HCI as a function of sonolysis time.

Figure 4 shows the results of Experiment 2 carried out
with 20 ml of concd HCI under sonication and with de-
cantation into chilled water before neutralization. The
same phenomenon and the same trend as described
in the results of Experiment 1 were observed. The
amounts of produced chitin oligosaccharides reached the
peaks at 2 h. The higher oligomers were produced at
100 min efficiently. The ratio of the monosaccharide
which is regarded as an index of degradation was lower
than that of Experiment 1. The quantity of precipi-
tates were reduced in the process of Experiment 2 as
compared with that of Experiment 1. In comparison
with Experiment 1, the total peak areas are very small,
as shown in the scale of the ordinate of Fig. 4. In Ex-
periment 2, 10 ml of the sample solution was condensed
to 8 ml during the demineralization. In Experiment
1, the degree of condensation was much higher. Even
when we take such facts into consideration, however,
the produced amount of oligosaccharides is still great

100 120 140 160 180
Sonolysis time ./ min

Components of first seven members of (GlcNAc)y, in the degradation fluid obtained from 3 g of chitin in 100

in Experiment 1. The ratio of the monosaccharide to
the total amounts of degraded chitin, which is regarded
as an index of degradation, was higher in Experiment
1, indicating advanced degradation.

The results of Experiments 1 and 2 indicated that
the 2 h sonication is adequate for the manufacturing of
chitin oligosaccharides.

Effect of Sonolysis on the Production of Hy-
drates and Oligosaccharides. In Fig. 5, the to-
tal yield(%) of saccharides in the supernatant of the
degradation fluid (Experiment 3) is shown in compari-
son with the result of the acid hydrolysis. About two to
four times higher yield was obtained by acid-sonolysis in
comparison with that obtained by acid hydration with-
out sonication. It also shows that ultrasound irradia-
tion accelerates degradation. As to the results of HPLC
analysis on their oligosaccharide components, the ratio
of the monosaccharide to the produced amount of the
first seven members of (GIcNAc),, observed in the acid-
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Fig. 4.
ml of concd HCI as a function of sonolysis time.

Components of first seven members of (GIcNAc), in the degradation fluid obtained from 3 g of chitin in 20
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Fig. 5. Comparison of acid-sonolysis with acidlysis on

the percent yield of saccharides in degradation fluid
as a function of degradation time. The product was
obtained from 3 g of chitin in 20 ml of concd HClL.

sonolysis was relatively higher than that in the acidly-
sis. The peak area obtained in the acid-sonolysis was
relatively larger than that of Experiment 2, showing the
effect of time dependent characteristics of the saccharide
chain in the aqueous solutions during the procedure.

Effect of Solvent Volume. Among the factors
affecting the degradation with sonolysis, the solvent or
the solvent volume effect is considered to be important.
The effect of solvent was investigated under 2 h sonica-
tion for 3 g of chitin flakes, by changing the volume (50,
100, and 200 ml for water and 20, 50, and 100 m] for
concd HCl). At 200 ml of water, the amounts of prod-
uct of chitin hydrolysates increased from 0.05 to 0.14
g. However, the absolute amounts were very small. For
concd HCI, the yields of 1.2 g at 20 ml, 1.4 g at 50
ml, and 1.9 g at 100 ml obtained in this series clearly
showed the solvent effect.

Concentration of HCl. Figure 6 shows the effect
of concentration of HC] on the degradation of chitin, as
a function of concentration of HCI of 1—12 moldm—3.
Degradation occurred at more than 6 moldm~=3 HCI
and the chitin oligomers ranging from mono to hep-
tasaccharide increased with increasing of concentration
of HCL. This result is in accordance with the experi-
mental result of Sarvazyan et al.®

Concentration of Chitin. Figure 7 shows the
effect of the concentration of chitin on the peak areas
of the first seven members of (GIcNAc), and the yield
(%) of saccharides in the supernatant of the resultant
degradation fluid against the initial amount of chitin.
The yield(%) decreased with increasing of chitin con-
tent. This is in good agreement with the result of effect
of solvent mentioned above. However, the best condi-
tion for producing higher chitin oligosaccharides is the
degradation of 5 g of chitin in 100 ml of concd HCI
under 2 h sonolysis.

Characterization of the Products.  Degrada-
tion products obtained in Experiments 2, 3, and 4 were
granular somewhat tinted with whitish-yellow. Degrees
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of deacetylation of products were 2.8% at 120 min and
0.8% at 140 min. The result shows that the contents
of deacetylated oligomers are very low (Table 1). The
solubility of deacetylated chitin oligomers may change
under sonication and those oligomers would be removed
from the supernatant of the degradation fluids. The IR
characteristic absorption bands of chitin around 3400
(OH), 1660 (amide I), 1560 (amide II), 1460 (COCHj),
and 1060 cm~! (pyranose rings) were observed for all
samples, although each intensity changed markedly, de-
pending on the degradation method and also on the
degradation time. Some of the data are listed in Ta-
ble 1 for two strong regions of their intensities in order.
As shown in the data of the sample products left in
the aqueous solution for a long time, a strong absorp-
tion around 3400 cm~3 was clearly observed, showing
recovery of hydrogen bond.

Discussions about Ultrasonic Irradiation. Ac-
cording to Riesz et al.,'® reactions may occur at
three possible locations during sonolysis: They are the
gaseous interior of the cavity, the liquid shell immedi-
ately surrounding the cavity, and the bulk of the so-
lution. Around the collapsing cavitation bubbles, hy-
drophobic molecules would accumulate preferentially.'®)
For chitin saccharide chain, scavenging of hydrogen
atoms and hydroxyl radicals would take place. The
process will enhance the degradation of the chitin, and
also enhance the yield of chitin oligosaccharides and the
monomer. The presence of Cl atoms and Cls molecules
probably accelerate exclusion of water layers around the
chitin saccharide chain. Without dehydration around
the chitin saccharide chain, degradation of the chain
seems to be difficult. From the study of sonolysis of
carboxymethylcellulose in aqueous solution, Rassokhin
et al.®) pointed out the possibility of both mechanical

Table 1. Characteristics of Degradation Products

Sample  Degree of DAc/% IR (KBr) intensity
degradation (AgNOg reaction) wavenumber/cm™!
time/min Acid Acid-sono Acid Acid-sono
7.6 7.2 3460>>1641*

60 +) (+) 348131066 1065> 1558

8.8 2.8 3433:>1643*
120 (<) (=) 3419> 1036 1061> 1649
7.6 0.8 3435>>1643*
140 (<) (=) 3462> 1065 1034> 1653
6.0 2.5 3417>>1643*
180 (+) (+)  1065> 1558 1059> 1647

Sample products were prepared in the Experiments 3 and
2 (*: IR data of sample products prepared under the con-
dition of being left in the aqueous solution before or after
demineralization in Experiment 2). Acid: acid hydroly-
sis, Acid-sono: acid hydrolysis under sonication, Degree
of DAc: degree of deacetylation was measured by colloid
titration method.
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Fig. 6. Effect of concentration of HCI on degradation of chitin by acid-sonolysis on components of first seven members
of (GlcNAc)y, and the percent yield of chitin saccharides in the supernatant of the degradation fluid. Acid-sonolysis:
The degradation fluid was obtained from 3 g of chitin in 100 ml of 1—12 mol dm =2 HCI under ultrasound irradiation

for 2 h.
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Fig. 7. Effect of amount of chitin on acid-sonolysis.

Acid-sonolysis: 1—7 g of chitin were degraded in 20
ml of HCI under 2 h sonolysis. Components of first
seven members of (GlcNAc),, and the percent yield of
saccharides produced from the degradation of chitin.

rupture of the polymer chains and the rupture caused
by active chemical species. According to them, chain
scission occurs close to the center of the polymer chain
in the former case. As shown in Fig. 2, however, the
monosaccharide peak of HPLC is very high compared
to other peaks under ultrasound irradiation, in contrast
to the monosaccharide peak without irradiation, in the
present study. Therefore, under our experimental con-
dition, chain scission due to mechanical rupture seems
less important than that due to active chemical species,
although we cannot exclude the effect of pyrolysis of
the polysaccharide chain around the cavitation bubbles
where high temperatures prevail.”

Comment on the Manufacturing of Oligosac-
charide. For the manufacturing of chitin oligosaccha-
rides, the combination of acid degradation with sonol-

ysis does not require longer than two hours. As to
the chitin concentration, 5 g in 100 ml of concd HCl
is preferable. For the preparation of higher chitin
oligomers such as pentamer and hexamer, the degrada-
tion of chitin is desirable at the concentration of around
3—5% with sonolysis for 80—100 min in concd HCL
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