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Fragmentation of chitosan in aqueous solution by hydrochloric acid was investigated. The kinetics of fragmentation, the number of
chain scissions, and polydispersity of the fragments were followed by viscometry and size exclusion chromatography. The chemical
structure and the degree of N-acetylation (DA) of the original chitosan and its fragments were examined by 'H NMR spectroscopy
and elemental analysis. The kinetic data indicates that the reaction was of first order. The results of polydispersity and the DA suggest
that the selected experimental conditions (temperature and concentration of acid) were appropriate to obtain the fragments having
the polydispersity and the DA similar to or slightly different from those of the original one. A procedure to estimate molecular weight
of fragments as well as the number of chain scissions of the fragments under the experimental conditions was also proposed.

1. Introduction

Chitin is the second most abundant polysaccharide in nature,
only after cellulose. Its chemical structure is similar to cel-
lulose: both polysaccharides have 3-(1, 4) glycosidic linkages
and are able to form intermolecular hydrogen bonds. Chitin
is highly crystalline and insoluble in common solvents. It is
often converted into chitosan by deacetylation which renders
it soluble in acids. The word “chitosan” is used for both par-
tially and completely N-deacetylated chitosans. Commercial
chitin and chitosan are copolymers of 2-acetamido-2-deoxy-
D-glucose (N-acetyl glucosamine, GIcNAc: A-unit) and 2-
amino-2-deoxy-D-glucose (glucosamine, GlcNH,: D-unit)
with 3-D-(1 — 4) glycoside linkages. The chemical structures
of chitin and chitosan are illustrated in Figure 1.

Chitosan with vast and diverse interesting (antifungal,
antibacterial, scavenging, and antioxidant activities; elici-
tation of plant defense; cholesterol lowering effect; wound
healing; and film and fiber forming) properties has potential
for applications in many areas such as food, medicine,
and agriculture [1-5]. It has been employed for various
applications in food industries as an antimicrobial agent;

as a feed supplement, food additive, and food preservative;
purification agent for water and extends shelf life of fresh
fruits and vegetables [2, 4, 6-15].

The various properties and biological activity of chitosan
and its derivatives appear to be dependent on their molecular
weight; molecular weight distribution; and DA [16-19]. Low
molecular weight chitosans have been used as food coating
materials [4, 17, 19]. Intermediate molecular weights of
chitosan (100 < M, < 500 kDa) and chitosan-based polysac-
charides have been used in food industry due to their film
forming ability [4, 14]. The biological and antimicrobial
activities and effectiveness of chitosan or its derivatives have
been found to be dependent on its degree of acetylation (DA)
and molecular weight in various applications [16-20]. The use
of chitosan in many applications is in the form of solution
at moderate concentration and using intermediate molecular
weights [21].

Large macromolecules of chitosans are less effective or
develop high solution viscosities, which can cause practical
problems in their applications. Development of an efficient
process for fragmentation and reduction in molecular size of
chitosan without altering its DA is interestingand a desirable
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FIGURE 1: Chemical structure of chitin and chitosan.

goal. Chitosan can be fragmented by acid or enzymatic
hydrolysis. Acid hydrolysis has an advantage over enzymatic
hydrolysis, because enzymes are expensive. Acid hydrolysis is
a convenient way to obtain a wide range of fragments of differ-
ent molecular weights by changing the reaction time and/or
acid concentration. Acid hydrolysis of chitosan has been
studied by several researchers. In most of the reports, stud-
ies were focused on depolymerization of oligomers and/or
depolymerization of chitosan for preparation of small macro-
molecules such as chitooligosaccharides [22-25] using high
concentration of acids (Cyg > 1N). These studies resulted
in oligomers, monomers, or macromolecules having larger
polydispersities compared to the original ones. The DA of the
fragments altered during fragmentation process. Studies on
depolymerization of chitosans having relatively high initial
molecular weights by acid hydrolysis have been also reported
[26-28].

The present studies focused on fragmentation of chi-
tosan for preparation of the fragments having wide ranges
of molecular weights using soft experimental conditions
(concentration of HCI between 0.1 and 1M and temperature
= 65°C). We report the effect of HCl (C = 0-1.0N) on
the average number of chain scissions («), molecular weight
distribution (polydispersity), and the DA of the fragments.
A rapid method to estimate molecular weight of fragments
while fragmentation process is continuing is proposed.

2. Materials and Methods

2.1. Materials. High viscosity shrimp-shell chitosan with a
nominal DA of 25% was purchased from Nova-Chem. Ltd.
(Halifax, Nova Scotia, Canada) and was purified as follows:
chitosan was dissolved in 0.2 M HCI with constant stirring
for 16 hours at room temperature. Suspended particles
remaining in the solution were separated by centrifugation.
The solutions were neutralized (pH, 7.8) with 1.0 M NaOH.
The chitosan particles suspended in aqueous medium were
recovered by centrifugation, washed with deionized water
several times, and dried by lyophilization. Acetic acid (HAc)
and sodium acetate (NaAc) were of HPLC grade. CD,COOD
and D, 0O were of analytical grade. All other chemicals were
of analytical grade.

2.2. Fragmentation

2.2.1. Kinetics. Purified original chitosan was dissolved in
0.05M HCI with a constant stirring at room temperature
for 12h. Hydrochloric acid with concentration of 2.3 M was
then added to chitosan solution. Final HCI and chitosan
concentrations in the latter solution were 0.5M and 1.0%
(w/v), respectively. Hydrolytic fragmentation was carried
out in a 1000 mL spherical flask equipped with a vertical
condenser at 65°C for 30 h, while the solution was constantly
stirred. A certain amount of the solution was drawn period-
ically and cooled down to 0°C immediately. One part of the
solution was used to measure the solution viscosity at 25°C.
Another part was used for recovery of chitosan fragments.
The fragments have been used to measure intrinsic viscosity,
the DA determination, and structural characterization.

After fragmentation process, the fragments were recov-
ered from chitosan suspension solutions as follows: the solu-
tion was neutralized with 1.0 N NaOH. The chitosan particles
suspended in solution were precipitated by centrifugation,
washed with deionized water, and recovered by lyophiliza-
tion.

2.2.2. Effect of HCI Concentration. Reactions were performed
as before except that final HCl concentration was varied
between 0.1 and 1.0M and reaction was terminated after
5h. The reaction mixture was subsequently neutralized with
1.0M NaOH to recover chitosan fragments. The recovery
procedure was performed as described in Section 2.2.1.

2.3. Characterization

2.3.1. Viscometry. Viscosities of chitosan solutions were mea-
sured using a capillary viscometer (Model AMV-200, Paar
Physica USA Inc., Edison, NJ). Different capillaries having
internal diameters of 0.9, 1.8, 3.0, and 4.0 mm were used to
determine viscosity of chitosan solutions. The measurements
were performed at inclination angle of 15° at 25°C. For
solution viscosities higher than 800 cP, measurements were
made with a rheometer using parallel plate geometry (RHOIS
902-30004, Rheometric Scientific Inc., Piscataway, NY, USA).
The viscosities data was used to study kinetics of chitosan
fragmentation.



The Scientific World Journal

2.3.2. Intrinsic Viscosity Measurement. The intrinsic viscosi-
ties of the original chitosan and its fragments were measured
in two solvents: (1) 0.1 M HAc/0.02 M NacCl (solvent A) and
(2) 0.25M HAc/0.25M NaAc (solvent B) at 25°C using a
capillary viscometer with an internal capillary diameter of
0.9mm at inclination angle of 15°. These conditions along
with the use of solution concentration lower than 1.0% (w/v)
were selected, so corrections for kinetic energy and shear
rate were negligible. Efflux times were measured for chitosan
solutions (t,) and the solvent (¢,). Measurement of efflux
times was repeated four times and average efflux time was
then converted to the ratio of t/t,, which is proportional to
relative viscosity of chitosan solution. The intrinsic viscosity
was determined by both Huggins and Kraemer plots [29,
30]. The average value of two intercepts obtained from the
two linear plots was considered as intrinsic viscosity of the
polymer sample, [#]. The intrinsic viscosity data was used to
calculate viscosity-average molecular weight of the polymer
samples, M,,.

2.3.3. Calculation of Viscosity-Average Molecular Weight and
Number of Chain Scissions. The value of M, was calculated
in solvent A according to [31]

[7] = 3.04x 10°M,"*° )
and in solvent B was calculated using [32]
[7] = 1.49 x 107*M,°7°. )

The average number of chain scissions, «, was calculated
using the following equation [33]:

M
oc=< V"’)—L (3)
Mv,f
where M, , and M, ; are viscosity-average molecular weights
of the original and the fragments, respectively.

2.3.4. Size Exclusion Chromatography. Size exclusion chro-
matography (SEC) was used to compare molecular weight
and molecular weight distribution of the original chitosan
and its fragments. A HPLC/SEC instrument (Hewlett-Pack-
ard, Series 1050) was used with a refractive index detector,
whose response is directly proportional to the polymer con-
centration in the eluting solution. Separation was achieved at
35°C using a TosoHaas-TSK gel column (GMPWy;, 30 cm
x 7.8 mm) with 0.25M HAc/0.25M NaAc (solvent B for
intrinsic viscosity measurement) as an eluent at a flow rate

of 0.4 mL-min~".

2.3.5. Structural Analysis. 'The chemical structure and the DA
of the purified original chitosan and two fragments were
determined by 'H NMR spectroscopy and elemental analysis.
The procedures for structural analysis by the two techniques
were the same as the procedures described by Hirai et al. [34]
and Kasaai et al. [35].

3. Results and Discussion

3.1. Kinetics of Fragmentation

3.11. General Considerations. Polymers containing heteroat-
oms in main and side chains are hydrolytically unstable [36].
Hydrolytic degradation of a polymer involves diffusion of
the active medium into the polymer and reactions involving
chemically unstable bonds. Two types of degradation by
acid may take place in polymer molecules: (i) random and
(ii) depolymerization. In the first type all hydrolytically
unstable bonds are equally reactive, so that there should be
no difference between a polymer and its simple analogue. In
the second type the effective rate constant depends on the
molecular weight. In practice the two types of degradation
generally occur together [36]. The literature reports indicate
that Both main chains (D-glycopyronsidic linkages) and side
chains (N-acetyl) in chitin/ chitosan are susceptible to acid
hydrolysis [37, 38].

Generally, the following two processes are taking place
in acid hydrolysis of chitin/chitosan: the hydrolysis of the
glycosidic linkages (main chain scission) and hydrolysis of
N-acetyl linkages (side chain scission). The hydrolysis of the
glycosidic linkages is SN, reaction, whereas the hydrolysis of
N-acetyl linkages is SN, reaction [39]. At high temperature
and in the presence of high concentration of acid both pro-
cesses (scission of glycosidic linkages and scission of N-acetyl
groups) occurred simultaneously [40]. The macromolecules
decompose to the monomers, acetic acid, and other small
molecules. This is because the degradation condition is
aggressive and the energy required to break the two linkages
is available at high temperature.

3.1.2. Evaluation of Experimental Results. Figure 2(a) shows
the viscosity of reaction mixture normalized to initial viscos-
ity (n,/7,) as a function of reaction time at 25°C. The solution
viscosity dropped sharply at the beginning of the reaction
(0-300 min), followed by a continuing slower decrease (300-
2400 min). Since most of the fragmentation occurred within
5h, the latter duration was selected as reaction time to study
the effect of HCI concentration on chitosan fragmentation
(chain scission, DA, and polydispersity). The reaction was
best described by a double exponential decay function ac-
cording to

e
Mo

where k, and k, are rate constants and A is amplitude of the
first exponential function. The values of A (0.85), k; (1.21 x
1071, and k, (2.03 x 107%) suggest that about 85% of initial
viscosity reduction was described by the first exponential
decay. The solution viscosity as a function of reaction time
within 0-300 min was illustrated in Figure 2(b). The values
of constants (A, k; and k,) for Figure 2(a) and for Figure 2(b)
were nearly identical.

Figure 3 shows the variation of intrinsic viscosity nor-
malized to initial intrinsic viscosity ([#,]/[#,]) as a function
of reaction time (0-300min). The intrinsic viscosity as
well as the viscosity-average molecular weight also dropped

ARty 1-A)- ekt (4)
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FIGURE 2: (a) The normalized solution viscosity, #,/#,, as a function of reaction time (0-2400 min) for fragmentation of chitosan solution
(1.0% w/v) by 0.5N HCI. Open circle for experimental point and dotted line for curve fit; (b) the normalized solution viscosity, #,/#,, as a
function of reaction time (0-300 min) for fragmentation of chitosan solution (1.0% w/v) by 0.5N HCL. Open circle for experimental point
and dotted line for curve fit. The reaction was performed at 65°C, and solution viscosity was measured at 25°C.
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FIGURE 3: The normalized intrinsic viscosity of chitosan fragments,
[1,1/[1,], as a function of reaction time (0-300min) for frag-
mentation of chitosan solution (1.0% w/v) by 0.5N HCI at 65°C.
Open circle for experimental point and dotted line for curve fit.
The reaction was performed at 65°C, and intrinsic viscosity was
measured at 25°C.

sharply at the beginning and within 0-300 min, followed by
a continuing slower decrease (300-2400 min) (Table 1). The
change in intrinsic viscosity can be also described by a double
exponential decay function according to

m:B-e_Kl't+(l—B)-e

[%o]

Kyt

©)

TaBLE 1: Intrinsic viscosity, (17), of chitosans in 0.25 M HAc/0.25 M
NaAc, viscosity-average molecular weight, M, and average number
of chain scissions, «, for the fragments prepared by hydrolysis
fragmentation of 1.0% chitosan at different reaction times with 0.
5M HCl at 65°C.

Chitosan Reaction time

sample (min) (n) (dL/g) M, (kDa) o

Original — 14.37 2038 —

F1 13 8.68 1076 0.89
F2 35 6.25 710 1.87
E3 62 4.68 493 3.13
F4 128 2.93 272 6.49
F5 212 2.26 196 9.42
Fe6 300 1.89 156 12.06
F7 480 1.32 99.2 19.50
F8 675 1.28 95.5 20.45
F9 1320 1.23 90.8 21.44
F10 2160 1.05 73.8 26.24

The first exponential decay described about 77% of reduction.
The initial rate constant (K; = 3.53 x 1072) was greater than
the second rate constant of the exponential decay (K, = 8.1 x
107%). Although solution viscosity (Figure 2(b)) and intrinsic
viscosity (Figure 3) depicted similar trends, the values of B
and rate constants (K; and K,) for intrinsic viscosity were
smaller than those of A and k; and k,. This data indicates
that (1) the reduction in solution viscosity was greater than
that in intrinsic viscosity for the same time course; (2) larger
macromolecules had a greater impact on solution viscosity
than on intrinsic viscosity; and (3) all glycosidic linkages were
not cleaved with the same rate.

Chain scission as a function of reaction time was hyper-
bolic (Figure 4(a)). The degradation was fast initially and



The Scientific World Journal

30

25

20

|
- ©
_ |
olg
0 400 800 1200 1600 2000 2400

Time (min)

(a)

1.6 T T T T T T T T T T T

1.2

= 08—

0.0 L P N RR NI N
-0.02  0.00 002 004 006 0.8

1/time (min~')

(b)

0.10

FIGURE 4: (a) Average number of chain scission, «, as a function of reaction time (0-2400 min) at 65°C. Open circle shows experimental points
(O), and dotted line shows curve fit; (b) reciprocal of chain scission versus reciprocal of reaction time (0-2400 min). Chitosan concentration

was 1.0% (w/v) in 0.1 M HAc.

gradually leveled off with an increase in irradiation time. The
relationship between the reciprocal of chain scission versus

the reciprocal of reaction time was linear (R* = 0.98) as
follows:
1 1 t 1
Z = + R (6)
(44 (Xmax ‘xmax t
where o, is maximum chain scission and f, is reaction time

at which the value of « equals to e, /2. Figure 4(b) illustrates
1/« versus 1/t. The values of «,,, and t; were found to be
22.3 and 322 min, respectively. The value of «,,, = 22.3
corresponds to the limiting molecular weight of 87.5 kDa. The
experimental results indicate that the reaction is of first order.

The rate of fragmentation (—dP/dt) is proportional to the
change in the number of moles for chitosan from the initial
value (m/M,) to the final value (m/M f) at time, t:

dPp _ d(m/M)  md(1/M)

7
dt dt dt .

where M, and M, are molecular weights of the original
and the fragment obtained at reaction time, ¢, and m is the
amount of chitosan in solution. At a constant concentration
of chitosan, fragmentation increases with an increase in HCI
concentration [Cy] according to

ar

5 = k[C]". (8)

By combination of (7) and (8) and integration between t = 0
and t = t, one obtains

M,-M }
ML {(M—f)J - kapp[CR] 't
0 f )
o= kappMo [CR]n -t

TABLE 2: The intrinsic viscosity, (1), the viscosity-average molecular
weight, M, and the average number of chain scissions («) for the
fragments prepared by hydrolysis of 1.0% chitosan with different
HCI concentrations at 65°C for 5h.

Chitosan sample (HCI) (M) () (dL/g) M, (kDa) o
Original — 25.86 1965 —
F11 0.10 20.20 1616 0.217
F12 0.25 10.92 991.5 0.982
F13 0.40 4.33 475.9 3.13
F14 0.40 4.98 531.7 2.70
F15 0.50 3.92 439.7 3.47
F16 0.50 3.54 405.5 3.85
F17 0.75 2.71 328.1 4.99
F18 1.00 2.29 287.0 5.85
F19 1.00 2.39 296.9 5.62
where kapp is the apparent rate constant and [(M, - M f) /M f]

or o is the average number of chain scissions and » is the order
of reaction. Figure 5 shows the effect of HCI concentration on
« and the corresponding data are listed in Table 2. This data
indicates that the fragmentation process progresses with an
increase in HCI concentration.

3.1.3. Mechanism Proposed for Acid Hydrolysis of Chitin/Chi-
tosan. In order to establish the mechanism of the degrada-
tion of polymeric materials in active media, one must know
how the medium diffuses in the polymer. In polymers those
dissolve readily in water, acids migrate with diffusion coeffi-
cients closely similar to that in aqueous solution [36]. Acid
hydrolysis of the glycosidic linkages involves the following
steps: (i) protonation of oxygen at glycosidic linkage; (ii)
addition of water to the reducing sugar end group; and (iii)
decomposition of protonated glycosidic linkages [22, 41-43].
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FIGURE 5: Average number of chain scissions, «, as a function of
HCI concentration at 65°C. Chitosan concentration was 1.0% and
reaction time was 5 h.

The catalytic protons may be present in the water contained
in the samples, and the protonated amino group of chitosan
may probably also act as a proton donor in the catalysis [44].
Belamie et al. [45] studied hydrolysis of an original chitosan
(DA% = 2.5) in solid state by means of either gaseous or
concentrated aqueous HCL. They indicated that HCI acts as
a reagent for the formation of chitosan hydrochloride, which
is a necessary step to carry on the hydrolysis, and then as a
catalyst in the hydrolysis reaction. The amine groups initially
became protonated by H" and then the excess value of acid
catalyzes the reaction.

Under the experimental conditions, the following mech-
anism is adapted with the experimental data. Fragmentation
involves two steps: (1) protonation of glycosidic linkages and
(2) splitting of large macromolecular chains into two smaller
ones. Therefore, fragmentation is initiated by attachment of a
proton (H;0™) to the glycoside linkage, followed by scission
of larger macromolecules into smaller ones (see Scheme 1).

The rate of fragmentation based on the above mechanism
can be described by the following equations. For convenience,
the concentrations of intermediate, intermediate fragment,
and chitosan denoted by [I1], [12], and [P], respectively:

ap

-2 = K [ [P) - K 101, (10)

_dgtﬂ = —K_, [H'] [P] + K_, [I1] + K, [11] [H,0], (1)

—% = -K, [I1][H,0] + K, [12]. (12)
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Assume steady-state conditions for (11) and (12) yield in

K [H'][P]
=+ K mo))
(13)

K

Substitution of [I1] and [I2] into (10) results in (14) or (15) as
follows:

ap . K, [H'] [P]

—ar P - K [(Kl + K, [H,0]) ] - 0
dp _ + _ Kfl
S T (R reey see ) HIE

All parameters in the right hand side of (15) are constants
except the value of [H']. The constants can be replaced by
a constant K, yielding

P

—E—K[H ]. (16)

The value of dP is proportional to the number of chain
scissions, «; therefore, we can write

~-dPoxca=K-[H'] ¢ (17)

The above mechanism is in accordance with the kinetics data
(Figures 4 and 5 and (17)) and in agreement with several
reported data [22, 27, 40, 46-48].

3.1.4. The Rate of Reaction for Acid Hydrolysis of Chitin/Chi-
tosan. The rate of fragmentation depends on molecular
weight of the original chitin/chitosan (see Figures 2 and 3).
Chain scission, reduction in solution viscosity, and reduction
in intrinsic viscosity decreased with an increase in reaction
time (see Figures 2, 3, and 4). The M, of chitosan decreased
from 2038 kDa to 73.8 kDa after 30 h of acid hydrolysis (see
Table 2). Varum et al. [40] reported that the rate of acid
hydrolysis of the glycosidic linkages was similar to the rate of
deacetylation at low concentration of HCI, and was more than
10 times higher than the rate of deacetylation in concentrated
acid. The order of acid hydrolysis was A-A = A-D > D-
A = D-D [27, 40]. A wide range of molecular weights of
chitosans (from M, = 71kDa to <214 kDa) were obtained
in homogeneous hydrolysis of chitosan using 85% H;PO,
at different reaction times (1-840h) and temperatures (40-
80°C) using initial chitosan (M, = 214kDa) [28]. The rate
of acid hydrolysis of chitosan in 85% H;PO, was maximum
initially and then decreased slowly [28].

Hydrolysis of dimer of chitin [GIcNAc (1-4) GlcNAc]
[24] and tetramers of fully N-acetylated chitin (GlcNAc) and
fully N-deacetylated chitosan (GIcN) [25] by different HCI
concentrations of HCI (3-12 M) and temperatures (20-35°C)
have been studied. They reported that the hydrolysis of the
glycosidic linkages was SN, reaction and the rate limiting
is the formation of the carbonium ion. The hydrolysis of
the N-acetyl linkage is SN, reaction. The rate-limiting step
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Polymer (p) (Intermediate)
CH,0H CH,OH CH,OH CH,OH
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o o % | | Ho o H
OH OH + Hy OH + O o+~
(fast) OH \u
NH, NH, NH, |, NH,
- —Jn
(Intermediate) (Fragment 1) (Intermediate fragment)
CH,OH CH,OH
0 O
[\0 oH Ks !\O OH + H*
OH N\ H (fast) OH
NH, NH,
(Intermediate fragment) (Fragment 2)

The overall reaction is

+

Polymer (p) + HLO ——

fragment 1 + fragment 2

ScHEME 1: Mechanism hydrolysis of chitosan by an acid.

is addition of water to the carbonium ion. The initial rate
constant of thermal degradation of chitosan chlorides in the
solid state increased with an increase in H" concentration
[44]. The rate-determining step was the formation of the
activated complex (a cyclic carbonium-oxonium ion) after
the protonation step [44]. Belamie et al. [45] indicated
that the kinetics of chitosan degradation in solid state by
HCI depend on both the degree of hydration and HCI
concentration. The more the HCI, the faster the reaction.
Rupley [49] noted that the rate of hydrolysis depends on the
structure of chitin/chitosan and energy of activation of the
two hydrolysis processes (glycosidic linkages and N-acetyl
linkages).

3.2. The Effects of Reaction Conditions on Molecular Weight,
Polydispersity, and DA of Chitosan Fragments. We did not
observe any change in intrinsic viscosity as well as molecular
weight of chitosan when the reaction was performed in acetic

acid under given experimental conditions (pH > 3.5; time
course = 300min; T 65°C). On the other hand, acid
hydrolysis takes place when pH of solution is lower than 3.5.
Belamie et al. [45] also reported that no hydrolysis takes place
when pH is above 4.5.

Molecular weight and polydispersity of the original and
resulting fragments at different HCl concentrations were
analyzed. Figure 6 shows SEC chromatograms of the original
chitosan and its fragments. The chromatograms were shifted
from a low elution volume (corresponding to the original
chitosan) towards higher elution volumes with an increase
in HCl concentration. These authors reported that the
polydispersity of the fragments did not change significantly
compared to that of the original ones. Smidsred et al. [26] also
reported that the polydispersity of chitosan in acid hydrolysis
did not vary as a function of reaction time. On the contrary,
other investigators [48, 50-53] obtained chitosan fragments
with a wider polydispersity compared to the original chi-
tosans. These authors reported that the polydispersity of
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FIGURE 6: Size exclusion chromatograms of the original chitosan and
the fragments resulting from hydrolysis of 1.0% (w/v) chitosan with
different HCI concentrations at 65°C for 5h.

the fragments increased with an increase in HCI concentra-
tion, temperature, and reaction time. The polydispersity of
the fragments depends on the sequence of commoner units
of the original polymer. Our experimental conditions (0.0 <
Cyq < 1.0, temperature = 65°C) were roughly soft compared
to the most reported literature experimental conditions. The
values of « and polydispersity of the resulting fragments
depend also on the initial molecular weight of chitosan.

The chemical structures of the original chitosan and a
fragment were analyzed by "H NMR spectroscopy. Figure 7
shows the NMR spectra of the original chitosan (spectrum A)
and the fragment obtained from HCI hydrolysis (spectrum
B). NMR spectrum did not show any essential difference
in comparison with the original polymer, except for the
lower resolution of the original chitosan, which is commonly
observed for high molecular weight samples. The values
of DA determined by 'H NMR and elemental analysis
are presented in Table 3. The DA decreased slightly with
fragmentation process, suggesting that a limited hydrolysis
of N-acetyl groups has occurred. Li et al. [54] reported that
the DA of the samples obtained from acid hydrolysis was
decreased compared to the original chitosan. Varum et al.
[40] reported that the rate of hydrolysis of the glycosidic
linkages equals to the rate of N-deacetylation in dilute
HCI, whereas in concentrated HCI the rate of glycosidic
linkages is more than 10 times faster than that of N-acetyl
linkages. The experimental conditions of the present study
were appropriated to achieve the DA of fragments slightly
smaller than that of the original ones.

3.3. Estimation of Molecular Weight of Fragments Using Pro-
posed Equations. Figure 8(a) shows relative solution viscosity
(n,) of the reaction mixture versus intrinsic viscosity of
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TABLE 3: Degree of acetylation (DA) for original chitosan and two
fragments as determined by elemental analysis (E. A.) or '"H NMR.

Chitosan sample DA (%)

E. A. NMR
Original 26 26
(F12, Table 2) 21 —
(F19, Table 2) 19 18

(B)

)

[
5 4 3 2
Chemical shift (ppm)

(
|

1

f

FIGURE 7: '"H NMR spectra of (A) original chitosan and (B) the
fragment in 2% (w/w) CD;COOD/D,0O at 70°C. The fragment
obtained from hydrolysis (sample F19, Table 2).

the fragments. The relationship was bilinear. The slope of the
initial linear portion was smaller (initial slope = 1.38 and
final slope = 2.85), and the change in slope occurred after
c[n] > 4.5 (see (18) and (19)). The plot of #, as a function
of viscosity-average molecular weight was also bilinear, with
smaller slopes (initial slope =1.09 and final slope = 2.26), and
change in the slope occurred above M, > 450kDa ((20) and
(21)):

logn, = 0.4+ 1.38log[n] c[n] <4.5, (18)

logn, = -0.24 +2.85log[n] c[y] > 4.5, (19)

logn, = -1.6 + 1.09logM, M, <450kDa, (20)

logy, = —4.4+225logM, M,>450kDa. (21)

Large macromolecules contribute more impact to solu-
tion viscosity and intrinsic viscosity compared to small
macromolecules. Entanglements begin to occur when the
product of intrinsic viscosity and polymer concentration
exceed unity (c[#] > 1) [55, 56]. The level of overlapping
between macromolecular chains increases with an increase in
solution concentration and intrinsic viscosity or the product
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FIGURE 8: (a) Viscosity of reaction mixture at time t, #,, versus intrinsic viscosity of resulting fragment, [#,]; (b) viscosity of reaction mixture
at time t, 77, versus viscosity-average molecular weight of resulting fragment, M, for fragmentation of 1.0% (w/v) chitosan solution by 0.5 N

HCl at 65°C.

of solution concentration and intrinsic viscosity (c[#]). In
dilute and semidilute regions, the slopes of plots are smaller
than those of concentrated region. The higher values of slopes
for upper portions of Figures 8(a) and 8(b) indicate a greater
level of polymer-polymer interactions and lower level of the
polymer-solvent interactions. The ratio (upper slope/lower
slope) was found to be 2.1 for both Figures 8(a) and 8(b).
The linear plots were obtained for each portion (lower or
upper) of the two figures. They can be used to estimate
intrinsic viscosity or viscosity-average molecule weight of
chitosan fragments from measurements of their solution
viscosity of corresponding reaction mixture at a given time
(t). Equations (18)-(21) can be applied to chitosans having
similar DA value and most probably similar distribution of
the DA values between the individual chains of the chitosan.
The advantages of employing these equations over intrinsic
viscosity measurements are that determination of solution
viscosity needs only a single measurement, whereas the
determination of intrinsic viscosity needs several solution
viscosities measurements, which is timeconsuming.

4. Conclusions

A double exponential decay function best described the
fragmentation of chitosan by HCI; that is, reduction in
solution viscosity or reduction in intrinsic viscosity versus
reaction time was followed by an exponential decay function.
The rate of the fragmentation was fast initially, and further
fragmentation was a slow process. A mechanism for the
fragmentation process based on kinetics data was proposed.
Chitosan fragmentation proceeds by consecutive reactions.
The number of chain scission increased with an increase in
concentration of HCL. The polydispersity of the fragments did
not increase significantly compared to the original chitosan.
'"H NMR spectral analysis and elemental analysis demon-
strated that the DA of the fragments slightly decreased with
an increase in reaction time or acid concentration.

An easy method to estimate intrinsic viscosity as well as
viscosity-average molecular weight (through MHS equation)
from a single measurement of solution viscosity of the
reaction mixture was also proposed. The molecular weight
of the fragments decreased as a function of time and acid
concentration.
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