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ABSTRACT: Semi-interpenetrating network hydrogel films
were prepared using hemicellulose and chemically cross-
linked chitosan. Hemicellulose was extracted from aspen by
using a novel alkaline treatment and characterized by HPSEC,
and consisted of a mixture of high and low molecular weight
polymeric fractions. HPLC analysis of the acid hydrolysate of
the hemicellulose showed that its major constituent sugar was
xylose. X-ray analysis showed that the relative crystallinity of
hydrogels increased with increasing hemicellulose content up
to 31.3%. Strong intermolecular interactions between chitosan
and hemicellulose were evidenced by FT-IR analysis. Quanti-
tative analysis of free amino groups showed that hemicellu-
lose could interrupt the chemical crosslinking of chitosan

macromolecules. Mechanical testing and swelling experi-
ments were used to define the effective network crosslink
density and average molecular weight between crosslinks.
Swelling ratios increased with increasing hemicellulose con-
tent and mainly consisted of H-bonded bound water. Results
revealed that by altering the hydrogel preparation steps and
hemicellulose content, crosslink density and swelling behav-
ior of semi-IPN hydrogels could be controlled without deteri-
orating their mechanical properties. VC 2011 Wiley Periodicals,
Inc. J Appl Polym Sci 124: 1168–1177, 2012
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INTRODUCTION

Hemicelluloses are a class of hetero-polysaccharides
present in the cell wall of wood and annual plants
together with cellulose and lignin. They are consid-
ered to be the second most abundant polysaccharide
in nature, representing about 20%–35% of lignocellu-
losic biomass.1 Increasing interest in materials
derived from renewable resources has rekindled in-
tensive research into new applications for hemicellu-
loses. Due to their inherent hydrophilicity, low
toxicity, biodegradability, and biocompatibility, the
formation of hydrogels is a potential area of applica-
tion for hemicelluloses and their derivatives.2–4

Hydrogels are crosslinked networks of hydrophilic
polymers that are capable of retaining considerable
amounts of water or biological fluids without disinte-
gration. In addition to their high liquid uptake, stim-
uli-responsive swelling capabilities and biocompatibil-
ity are some of the features that render them suitable
for biological and biomedical applications.5–7 How-
ever, most hydrogels show relatively low mechanical

stability. A considerable amount of effort is focused
on improving the chemical and/or physical crosslinks
between the macromolecular chains without impairing
their sorption capabilities.8–10 The formation of semi-
interpenetrating networks (semi-IPNs)—blending two
polymers with one being crosslinked in the presence
of the other (not crosslinked) polymer—is a possible
strategy that has been widely studied.11–14 In addition
to chemical crosslinks, additional interactions includ-
ing hydrogen bonds, crystallites, ionic, and hydropho-
bic interactions may contribute to the characteristics of
the resulting hydrogel.15–17

In our previous study, we synthesized semi-inter-
penetrating network hydrogel films from aspen
hemicellulose and chitosan and investigated their
potential applications as pH-sensitive controlled
drug delivery vehicles.18 The mechanical stability of
hydrogels was predominantly influenced by cova-
lent crosslinks rather than crystallites introduced
through hemicellulose. Aspen hemicelluloses had
been freeze-dried and contained some acetyl groups.
As discussed by Berger et al.,15 strong intermolecu-
lar interactions between chitosan and an additional
hydrophilic polymer, hemicellulose in our case, was
suggested to be the interfering factor for covalent
crosslinking of chitosan chains and resulted in the
reduction of overall crosslink density, lower modu-
lus, and strength. For the current study, extraction
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of hemicellulose from fresh aspen chips was per-
formed under conditions that resulted in substitu-
tion of the acetyl groups with hydroxyl groups,
which in turn enabled additional hydrogen bonding
within the hydrogel.

The aim of the present work was to control the
crosslink density and the mechanical properties of
hemicellulose/chitosan semi-IPN hydrogels by
changing the crosslinking sequence. It has been
hypothesized that by performing the crosslinking
step before introducing hemicellulose, covalent
crosslinking of chitosan would not be hindered and
therefore more and/or shorter crosslinks could be
formed. Furthermore, additional secondary interac-
tions and crystalline domains introduced through
hemicellulose could be favorable in terms of me-
chanical stability of semi-IPN hydrogels.

EXPERIMENTAL

Materials

Chitosan with 190,000–310,000 g/mol viscosity aver-
age molecular weight with 75%–85% degree of
deacetylation and ninhdyrin solution (2%) were
obtained from Sigma Aldrich. Glutaraldehyde, acetic
acid, and other solvents and chemicals were pur-
chased from Fisher Scientific and used as received.

Isolation of hemicelluloses

Hemicellullose, isolated from fresh aspen chips and
milled by a commercial blender, was extracted by a
novel alkaline extraction method, which was pro-
vided by USDA Forest Products Laboratory, Madi-
son, WI. To remove low-molecular weight sugars
from hemicellulose, the hemicellulose isolate was
purified by dialysis in a Spectra/PorR dialysis mem-
brane, MWCO: 3500. A more detailed isolation pro-
cedure has been described by Karaaslan et al.18 The
sugar content analyzed by HPLC with electrochemi-
cal detection is given in Table I.

Hydrogel preparation

Chitosan was dissolved in 2% v/v acetic acid aque-
ous solution to prepare 1% w/w chitosan solution.
Hemicellulose was added to deionized water at 1%
w/v and heated to 95�C for 20 min with stirring.
The solution was cooled to room temperature.

To evaluate the effect of the order of sequential
blending, semi-IPN hydrogels were prepared in two
ways. In the first method (semi-IPN-1), chitosan and
hemicellulose solutions at 70 : 30 and 30 : 70 weight
ratios with a total dry matter of 1% were stirred for
8 h. For crosslinking, glutaraldehyde was added at a
set ratio (3% w/w) to the total dry weight of chitosan

and the mixture stirred for additional 8 h. In the sec-
ond method (semi-IPN-2), glutaraldehyde reaction
with chitosan was performed first, and then hemicel-
lulose solution was added sequentially at the same
weight ratios. The mixture was also stirred for 8 h.
Crosslinked chitosan control samples (CS) were pre-
pared accordingly without addition of hemicellulose.
Final solutions were cast into films in petri dishes

and dried in an oven at 40�C for 24 h. The dry films
were immersed in 0.1N sodium hydroxide solution
to neutralize acetic acid residues and then washed
with ethanol to remove excess NaOH. After rinsing
with deionized water to remove any residual low-
molecular weight compounds, including unreacted
glutaraldehyde, the films were dried in an oven at
40�C for 24 h.

Hydrogel characterization

Mechanical properties

Tensile testing of the swollen hydrogel films at equi-
librium was performed with an Instron Universal
Tester with a 2.5 N load cell. Gauge length and cross-
head speed were set to 10 mm and 2 mm/min,
respectively. Samples were cut into 7 � 30 mm2 strips
before immersing in deionized water. In order not to
damage the swollen samples during the thickness
measurements, they were gently sandwiched between
microscope cover slips. To prevent water loss during
testing, hydrogel samples were coated with petro-
leum gel.19 Mean values and 95% confidence intervals
of at least ten replicates were reported.

Swelling behavior

Preweighed dry films were immersed in deionized
water at room temperature for 1 h, which was previ-
ously determined to be sufficient to reach the equi-
librium state. The weight of the swollen samples
was measured after blotting excessive water gently
with filter paper. The equilibrium swelling ratio (S)
was calculated by eq. (1),

TABLE I
Sugar Composition of Hydrolysates of Hemicellulose

Fractions (%) from Fresh Aspen Chips

Component Amount (%)

Arabinose ND*
Galactose 0.48
Rhamnose 0.26
Glucose 0.93
Xylose 69.7
Mannose 0.29
Lignin ash 0.35
Klason Lignin 0.7
Unknowns 27.29

ND* Not detected.
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Sð%Þ ¼ WS �Wd

Wd
� 100 (1)

where WS and Wd are the swollen and dry weight of
samples, respectively. Equilibrium volume swelling
ratio (Qs) was determined from eq. (2):

QS ¼ VS

Vd
¼ 1þ qP

qS
ðq� 1Þ (2)

where VS is volume of the swollen hydrogel, Vd is
volume of the dry hydrogel, qP is the density of the
polymer, qS is the density of deionized water, and q
is the ratio of equilibrium swollen weight to dry
weight (WS/Wd). The density of semi-IPN films
was determined by the floating method with carbon
tetrachloride and n-heptane, as described by
Jagadish et al.20

Differential scanning calorimetry (DSC, TA Instru-
ments) was used to study the state of water in the
swollen hydrogels. A piece of equilibrium swollen
sample (2–4 mg) was sealed in an aluminum pan.
After equilibrating for 3 min at �50�C, the sample
was heated to 25�C at a rate of 5�C/min. The non-
freezing bound water and free water of the hydro-
gels were determined by using eq. (3),

Wbð%Þ ¼ Sð%Þ � ðDHm=DH0Þ � 100 (3)

where Wb is the percentage of bound water, S (%)
is the equilibrium swelling ratio, DHm and DH0 (334
J/g) are the melting endothermic heat of measured
free water in the hydrogel and pure water,
respectively.21

Hydrogel structural analysis

The amount of free amino groups (NH2) in semi-
IPN hydrogels was determined by ninhydrin assay
according to the standard procedure. FTIR spectra
of dry films were obtained with a Nicolet 6700 FT-
IR spectrometer in transmission mode between
4000 and 400 cm�1 over 64 scans with a resolution
of 4 cm�1. The crystallinity of the films was ana-
lyzed by using a Rigaku Miniflex X-ray diffractom-
eter. Cu Ka radiation at 30 kV and 15 mA with a
wavelength of 1.54 Å was used, and 2y was varied
between 5� and 30� at a rate of 1� per min and a
step size of 0.02�. The relative crystallinity of films
was determined by the percent ratio of area under
the peak at about 2y ¼ 18� to the total area under
the peak.22

Figure 1 FT-IR spectra of semi-IPN-2 films, chitosan (CS), and hemicellulose (H) control samples. Arrows show the peak
shifts observed for the NH deformation band (� 1590 cm�1) and OAH/NAH stretching band (� 3360 cm�1) and as well
as more pronounced peaks (1070 and 1035 cm�1). [Color figure can be viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]
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Surface morphology of semi-IPN films was eval-
uated by a Zeiss EVO50 scanning electron micro-
scope operating with an accelerating voltage of
20 kV. Swollen films were oven-dried and sputter
coated with gold prior to observation.

Thermogravimetric analysis (TGA, TA Instru-
ments) of semi-IPN hydrogel films was carried out
between 25�C and 500�C with a 20�C/min heating
rate under nitrogen flow.

Semi-IPN hydrogel films, CS control sample, and
hemicellulose powder in their dry state were fur-
ther analyzed with DSC by two scans. In the first
scan, to eliminate residual water, samples were
heated from 25�C to 110�C at a rate of 20�C/min
and kept at 110�C for 20 min. The second scan was
performed to determine the thermal transitions and
samples were heated from 25�C to 250�C at a rate
of 10�C/min.

RESULTS AND DISCUSSION

Hemicellulose extraction

Sugar analysis of hemicellulose fractions (Table I),
isolated for this study, yielded xylan-rich (70%) het-
eropolysaccharides with gluco-, galacto- mannan,-
and rhamnan-residues. In our previous study,23

NMR analysis of the hemicellulose isolate showed
that the sugar residues did not carry any acetyl
groups. The carboxyl group (ACOOH) content was
estimated by acid-base titration of hemicellulose so-
lution and found to be 0.02–0.025 mmol/g. HPSEC
results revealed a fair amount of polymeric saccha-
rides with apparent peak molecular weights at Mp �
401,000 and 391,000 g/mol, which is relatively high
compared with other xylans reported in the litera-
ture (e.g., oat spell xylan and commercially available
birchwood xylan).24,25

Aqueous hemicellulose solution (1% w/v) casted
onto a glass plate did not produce films but brittle
flakes, which might be attributed to its fairly low
molecular weight and high glass transition tempera-
ture.26 X-ray analysis showed that the hemicellulose
used in this study had a crystallinity of 42.9%, which
is comparable to data reported in the literature for
alkaline extracted hemicelluloses.22,26 The crystallin-
ity of semi-IPN films with 70% and 30% hemicellu-
lose content was determined to be 31.3% and 15.4%,
respectively.

Effect of crosslinking sequence on the formation of
semi-IPNs—FT-IR analysis

Figure 1 shows FT-IR spectra of semi-IPN-2 hydro-
gel films in comparison to crosslinked chitosan film
(CS) and hemicellulose flakes (H) as the control sam-
ples. All spectra were normalized using 2880 cm�1

Figure 2 Comparison of the normalized NAH deforma-
tion absorbance band at 1590 cm�1 for semi-IPN-1 and �2
films (mean values and 95% confidence intervals reported,
n ¼ 5). [Color figure can be viewed in the online issue,
which is available at www.wileyonlinelibrary.com.]

Figure 3 The amount of free amine groups determined by ninhydrin method and its dependence on hemicellulose con-
tent for semi-IPN-1 and �2 hydrogels (triangle represents the CS control sample). [Color figure can be viewed in the
online issue, which is available at www.wileyonlinelibrary.com.]
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as the reference peak as described by Kolhe and
Kannan.27 Data for semi-IPN-1 films are not shown
because absorbance bands were very similar to
semi-IPN-2 films.

Major absorbance bands for the CS control sample
were at 1651 cm�1 for imide (C¼¼N stretching) and
amide I bond (C¼¼O stretching); 1590 cm�1 for am-
ide II (NAH deformation), and a broad peak at
3200–3500 cm�1 for NAH and OAH stretching.
These bands could be seen in both semi-IPN-1 and
semi-IPN-2 hydrogel films with 30% and 70% hemi-
cellulose content. Major peaks for hemicellulose
were a broad OAH stretching band at about 3400
cm�1, and vibrations belong to glycosidic linkages
and saccharide ring at 1070, 1035, 981, and 898
cm�1. Unfortunately, these bands overlapped with
chitosan peaks and were difficult to distinguish in
semi-IPN films. For both semi-IPN-1 and �2 films,
peak shifts were observed at the NH deformation
band (from 1590 cm�1 to 1601 cm�1) and OAH/A-H
stretching band (from 3360 to 3410 cm�1). In addi-

tion, absorbance bands at 1070 and 1035 cm�1

became more pronounced and narrower with
increasing hemicellulose content. These differences
in both semi-IPNs might be attributed to the strong
intermolecular interactions such as H-bonding and
hydrophobic attractions between hemicellulose and
chitosan chains.
The quantitative FT-IR analysis (Fig. 2) did not

show any significant difference between semi-IPN-1
and �2, except for the normalized NAH deforma-
tion band at 1590 cm�1. This band is characteristic
for amino groups attached to the chitosan back-
bone28,29 and could be used to evaluate the amount
of free amino groups which did not undergo a cross-
linking reaction with glutaraldehyde. As shown in
Figure 2, semi-IPN-2 films had lower absorbance
values than those of semi-IPN-1 films for both hemi-
cellulose compositions. The mean absorbance values
for semi-IPN-2 films were relatively similar to cross-
linked control CS films. This indicated that the
amount of free amine groups for semi-IPN-2 and CS

Figure 4 SEM images of the surface of semi-IPNs and the control sample (CS) at 2000� magnification. [Color figure can
be viewed in the online issue, which is available at www.wileyonlinelibrary.com.]
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films was comparable. For both samples the amount
was lower than that of semi-IPN-1 films.

The ninhydrin analysis (Fig. 3) of available amine
groups showed that hemicellulose interfered in the
covalent crosslinking reaction of chitosan chains
with glutaraldehyde. This assay method is com-
monly used for quantitative determination of free
amino groups in chitosan.30,31 Figure 3 shows the av-
erage molar quantity of free amino groups (ANH2)
per unit chitosan weight and its dependence on
hemicellulose composition in semi-IPN-1 and �2
hydrogels. Apparently, the amount of free amino
groups in semi-IPN-1 hydrogels was fairly high
compared to semi-IPN-2 hydrogels. Moreover, it
increased slightly with increasing hemicellulose con-
tent for semi-IPN-1 hydrogels, suggesting that the
interference of crosslinking reaction was also de-
pendent on the hemicellulose content. Available
amine groups for semi-IPN-2 hydrogels were at
comparable level to the CS control sample and did
not seem to depend on the hemicellulose content. In
this case there was no obvious interference of hemi-
cellulose on the crosslinking reaction.

Surface morphologies of semi-IPN films were
examined by SEM and shown in Figure 4. The sur-
face of semi-IPN-1 and �2 films were uniform and
dense, similar to the control sample. No indication
of macroscopic phase separation was observed, sug-
gesting good miscibility between hemicellulose and
chitosan because of strong intermolecular interac-
tions. Roughness and a slightly porous texture of the

surfaces may be attributed to air bubbles removed
during film formation.
TGA thermograms of semi-IPN films, control sample

(CS), and hemicellulose are shown in Figure 5. All sam-
ples experienced two distinct weight losses at about
100�C and about 250�C–275�C, which was because of
the evaporation of water and degradation of chitosan/
hemicellulose polymer chains, respectively. Hemicellu-
lose had a lower decomposition temperature and char
yield indicating low thermal stability compared with
CS. This might probably be because of the presence of
a portion of relatively low molecular weight hemicellu-
lose. Thermal stability of semi-IPN-1 and �2 films was
found to be in-between that of CS and hemicellulose
and increased with increasing CS content.
DSC curves of CS, hemicellulose (H), and semi-

IPN films are shown in Figure 6(a). In all samples,
no endothermic peak of evaporating water at about
100�C has been detected. This was because of the
removal of water molecules at the first DSC heating
scan. In the second heating scan, no phase transition
has been observed in the crosslinked chitosan (CS)
control samples. This is in accordance with the fact
that the glass transition temperature (Tg) of chitosan
is difficult to detect with DSC since its Tg and ther-
mal degradation temperature are close.32 The same
phenomenon has been reported for the hardwood
xylan, however its Tg was estimated to be around
180�C.26,33 In this study, DSC curve of hemicellulose
showed a broad and weak transition between 163�C
and 180�C and it slightly shifted to higher

Figure 5 TGA thermograms of semi-IPN-1 and �2 films, chitosan (CS), and hemicellulose (H). [Color figure can be
viewed in the online issue, which is available at www.wileyonlinelibrary.com.]
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temperatures as the chitosan content increased. This
might be attributed to the entrapment and restricted
mobility of hemicellulose chains in the semi-IPN
structure as the chitosan content increased.34,35

Mechanical properties and network parameters

Stress–strain curves of swollen semi-IPN hydrogel
films obtained from uniaxial tensile testing showed
two regions with different slopes (data not shown).
The slope of the curves was clearly lower for elonga-

tions below 15% than above. Thus, to more precisely
estimate the elastic modulus and network parame-
ters, Flory’s statistical rubber elasticity and Mooney-
Rivlin theory were used for low and high elonga-
tions, respectively.
Elastic moduli of hydrogels, G, at low elongations

were determined from the slope of stress–strain
curves obtained by using eq. (4),

s ¼ G k� 1

k2

� �
(4)

Figure 6 DSC thermograms of semi-IPN films (a) second heating scan of dry films (CS: crosslinked chitosan, H: hemicel-
lulose powder. (b) Melting endothermic peaks of swollen films at 0�C. [Color figure can be viewed in the online issue,
which is available at www.wileyonlinelibrary.com.]
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where s is the force per unit of initial cross-sectional
area of swollen gel and k is the deformation ratio
(deformed length/initial length) of the network.
According to Flory’s statistical rubber elasticity
theory, the number of effectively crosslinked chains
per unit volume (me, effective crosslink density) was
calculated by using eq. (5),36–38

me ¼ G

RTt21=3
(5)

where me is the effective crosslink density in mol/
cm3, u2 is the polymer volume fraction at equilib-
rium swollen state, R is the gas constant, and T is
the temperature in Kelvin. The average molecular
weight between crosslinks (MC, g/mol) was calcu-
lated by using eq. (6),

MC ¼ 1

met
(6)

where t is the specific volume of the polymer in
cm3/g.

Mooney-Rivlin theory can be expressed by the fol-
lowing equation;

s ¼ 2 C1 þ C2

k

8>: 9>; k� 1

k2

8>: 9>; (7)

where C1 and C2 are the elastic parameters. They
can be obtained by plotting s/(k � k�2) versus k�1

using the linear portion of the plots.39 These con-
stants are independent of elongation and G* ¼ 2C1

can be taken as an estimate of the high-elongation
modulus.40 In the present study, for e > 15%, G ¼
2C1 was used to estimate the modulus, the effective
crosslink density [m�e , eq.(8)] and the average molecu-
lar weight between the crosslinks [MC

*, from eq. (6)].
Here, e is the percentage elongation of samples
under applied stress.

me
� ¼ RT

2C1
(8)

The elastic modulus, tensile strength, elongation at
break data, and hydrogel network parameters cal-
culated are given in Tables II and III. Although cal-
culated network parameters and modulus values
from both sets of equations were significantly dif-
ferent, they followed the same trend. This showed
that both theories could be applied to define the
semi-IPN network structure prepared in the present
study.
Samples at H–CS 30–70 ratio had been compared

to those of CS. The results show that at a ratio of
30–70 H–CS, a denser network structure with
shorter/more crosslinks was formed which might be

TABLE II
Mechanical Properties of Swollen CS and Semi-IPN Hydrogels

G (MPa) G* ¼ 2C1 (MPa) r (MPa) e (%)

CS 1.65 6 0.21 6.30 6 1.14 1.07 6 0.25 26.89 6 4.10
H-CS 30–70 SIPN-1 1.63 6 0.13 7.06 6 0.85 1.22 6 0.24 26.51 6 3.21
H-CS 30–70 SIPN-2 1.74 6 0.18 7.83 6 0.85 1.23 6 0.21 26.32 6 2.72
H-CS 70–30 SIPN-1 1.02 6 0.20 4.77 6 0.92 0.67 6 0.24 24.94 6 3.90
H-CS 70–30 SIPN-2 0.87 6 0.10 4.41 6 0.67 0.37 6 0.09 20.61 6 2.40

Low elongation modulus calculated using Flory’s statistical rubber elasticity theory (G,
for E � 15%), high elongation modulus calculated using Mooney-Rivlin constants (G*, for
E > 15%), tensile strength at break (r) and elongation at break (E) given in averages and
95% confidence intervals brackets (N > 10).

TABLE III
Effective Crosslink Density and Average Molecular
Weight between Crosslinks Calculated from Elastic

Modulus of Swollen Hydrogel Films

me
(104.mol/cm3)

me*
(104.mol/cm3)

MC

(g/mol)
MC*

(g/mol)

CS 9.8 25.7 1415 627
H-CS 30–70
SIPN-1 10.2 28.8 1360 506

H-CS 30–70
SIPN-2 10.8 31.9 1286 460

H-CS 70–30
SIPN-1 6.5 20.5 2097 732

H-CS 70–30
SIPN-2 5.5 18.0 2472 810

me and MC are calculated from e � 15% and me* and MC*
from e > 15%.

TABLE IV
Equilibrium Swelling Ratio (S), Bound Water, Free

Water, and Melting Endothermic Heat (DHm) of Swollen
Semi-IPN and CS Hydrogels

S (%)
Bound

water (%)
Free

water (%)
DHm

(J/g)

CS 153 6 17 103 50 167
H-CS 30–70
SIPN-1 191 6 20 149 42 141

H-CS 30–70
SIPN-2 181 6 18 135 44 152

H-CS 70–30
SIPN-1 207 6 23 160 47 155

H-CS 70–30
SIPN-2 210 6 18 159 51 172
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the main reason for enhanced modulus and strength
(higher G* values and higher tensile strength at
break, higher me, me

* and lower MC, MC
* compared to

CS samples).
In regard to the preparation sequence of H–CS 30–

70 hydrogels, semi-IPN-2 samples showed slightly
higher me, me

* and lower MC, MC
* (Table III), most

likely because of a lower amount of free amino
groups and more covalently crosslinked chains as
determined with quantitative FT-IR analysis and
ninhyrin assay.

Increasing the amount of hemicellulose in the
hydrogels did not improve the modulus and
strength values (semi-IPNs with H-CS 70–30). This
might be related to a decrease in effective crosslink
density and simultaneous increase in average molec-
ular weight between crosslinks (Table III). Overall
the mechanical stability was reduced as a result of a
more open network structure with longer/fewer
crosslinks. Mechanical properties similar to CS sam-
ples could not be maintained (Table II) regardless of
the preparation sequence. H–CS 70–30 samples were
fairly brittle.

Swelling behavior

It was expected that the crosslink density and the
average length of the crosslinks has an effect on
hydrogel swelling. The percentage equilibrium swel-
ling ratios of semi-IPN hydrogels are listed in Table
IV. With increasing hemicellulose content, swelling
ratios increased compared to hydrogels made from
100% CS, indicating a higher capacity for water
uptake. With the help of DSC analysis, the amount
of free water and nonfreezing bound water was
determined. Nonfreezing water represents water
that is bound by hydrogen bonding to the polymer
chains and can be calculated by the difference
between the total amount of water inside the gel
and free water. Free water includes freezing free
water and freezing bound water indicated by the
endothermic peak of the DSC curve at 0�C, as shown
in Figure 6(b).21

As shown in Table IV, the main percentage of
water inside the swollen hydrogels was bound
water. The amount of bound water was higher in all
semi-IPNs and increased with increasing hemicellu-
lose content compared to CS samples. The results
clearly demonstrated the impact of longer crosslinks
at H–CS 70–30 ratios with higher potential for inter-
action of water molecules with polymer chains.

CONCLUSIONS

Alkaline extracted aspen hemicellulose was success-
fully used to prepare semi-interpenetrating (semi-
IPN) hydrogel films with chitosan. The apparent

peak molecular weight (Mp) of the hemicellulose
was fairly high. Crystallinity of hydrogel films
increased with increasing hemicellulose content.
Hemicellulose is capable of disturbing the covalent
crosslinking reaction of chitosan chains during semi-
IPN formation. This effect could be controlled by
altering hydrogel preparation steps. Increasing hemi-
cellulose content increased the amount of H-bonded
bound water and enhanced the overall swelling
capacity of hydrogel films. This study showed that
by altering the sequence of the hydrogel preparation
steps and the hemicellulose content, crosslink den-
sity and swelling properties of semi-IPN hydrogels
can be controlled without negatively impacting their
mechanical properties.

The authors are grateful for the support of the Wood Educa-
tion and Resource Center (WERC).
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