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Abstract Hydrogels with high water uptake were
prepared by ionizing radiation induced crosslinking in
aqueous solutions of four cellulose derivatives (car-
boxymethylcellulose sodium salt—CMC-Na, methyl-
cellulose—MC, hydroxyethylcellulose—HEC and
hydroxypropylcellulose—HPC). The gel fraction
increased with absorbed dose, while water uptake
decreased. At high polymer concentrations lower gel
fractions were found due to the lower polymer chain
mobility and inhomogeneity at low water content. The
swelling rate gradually slowed down after 4-5 h.
CMC and HEC gels reached equilibrium after 24 h,
while HPC and MC gels required longer immersion
times. Gels showed second-order swelling kinetics in
water. The mechanism of the water diffusion proved to
be anomalous. In pure water, CMC gels showed the
highest, while HPC and MC gels the lowest water
uptake. The derivatives had different sensitivities to
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ionic strength in the swelling solution. The salt type
also proved to be a significant factor at uniform ionic
strength. Thus different cellulose derivative based gels
may be preferred at various applications depending on
the environment.
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Introduction

Superabsorbents are three-dimensional polymer net-
works capable of absorbing large amounts of water:
e.g. gels with carboxyl, hydroxyl or other hydrophilic
functional groups. Due to their unique properties
related to the very high water uptake and responsive
behavior, they have a wide array of potential applica-
tions in various fields, such as in agriculture (Narjary
et al. 2012), tissue engineering (Kim et al. 2008) and
sensors (Richter et al. 2008).

Most of the practically applied superabsorbents
(acrylate-based gels being the most widely used) are
non-biodegradable. Therefore, producing gels with
high water uptake using renewable and biodegradable
materials is of great practical importance (Chang and
Zhang 2011; Dastidar and Netravali 2012). Such
renewable source is cellulose, the most abundant
renewable material on earth, which can also be easily
functionalized due to its hydroxyl groups (Mischnick
and Momcilovic 2010).
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Pure cellulose is also capable of forming gels,
however, in order to produce hydrogels it requires the
use of special solvents, such as alkali-urea (Cai and
Zhang 2006; Qin et al. 2013), DMAc-LiAc (Ishii et al.
2006) or ionic liquid (Kadokawa et al. 2008) systems.

Difficulties of such solvents’ application suggest
using a different way to get cellulose based hydrogels:
proper gel stability and high water uptake can be
achieved by developing inter- and intramolecular
crosslinks in colloidal aqueous solution of cellulose
derivatives. Substitution of the hydroxyl groups with
carboxymethyl, hydroxyethyl, etc. groups on the
cellulose backbone significantly changes the cellulose
properties, including increased swelling in water up to
solubility (BeMiller and Whistler 1993). Properties of
cellulose derivatives depend on the type of substituent,
molecular weight (M), degree of substitution (Dj),
and distribution of substituents. Recently, several
cellulose derivative-based hydrogels were synthesized
using various methods (Chang and Zhang 2011;
Saglam et al. 2002; Yang et al. 2011). While
carboxymethyl cellulose is in the center of such
research, various alkyl (Haque and Morris, 1993) and
hydroxyalkyl (Rosén et al. 1998; Das et al. 2012;
Uraki et al. 2006) derivatives may also be used for the
purposes mentioned before. Both physical (Li et al.
2001; Saglam et al. 2002) and chemical gels were
successfully synthesized, the latter by using various
crosslinking agents (Anbergen and Oppermann 1990;
Seki et al. 2014). Chemical crosslinking typically
occurs by radical mechanism in the presence of
initiator or induced by gamma, electron beam or UV
irradiation (Clough 2001). A significant advantage of
the latter methods is that gelation can be achieved
without crosslinking agents. Radicals formed on the
polymer chains during irradiation may initiate cross-
linking or degradation (Charlesby 1955). Crosslinking
is usually observed at higher solute concentrations
(Fei et al. 2000; Yoshii et al. 2003), but recently
successful gel formation in dilute solutions was also
reported (Wach et al. 2014). Of the cellulose deriv-
atives, most of the publications appear on the radiation
induced synthesis of carboxymethylcellulose hydro-
gels (El-Din et al. 2010; Fei et al. 2000; Liu et al. 2002;
Wach et al. 2003a), other derivatives getting signif-
icantly less attention (Furusawa et al. 2005; Pekel et al.
2004; Wach et al. 2003b). These cellulose based
hydrogels are usually crosslinked by gamma or
electron beam irradiation (Wach et al. 2002). Gelation
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proved to be dependent on the polymer properties: gels
formed when the molecular weight was over a critical
value (Wach et al. 2003b). Similar tendency was
obtained for the degree of substitution (Dg): CMC gels
with higher Dg had higher gel content (Fei et al. 2000).
The atmosphere also had a significant effect on the
gelling: irradiation in nitrogen atmosphere (Liu et al.
2002) or in vacuum (Fei et al. 2000) yielded higher gel
content. In previous studies, the effect of absorbed
dose (Furusawa et al. 2005) on gel properties was also
thoroughly examined, but the effect of solution
concentration was studied for a few derivatives only
(Pekel et al. 2004, Yoshii et al. 2003). It is difficult to
compare the results of gel fraction (GF) studies, due to
the significantly differing methods of removing the
sol, such as immersion in water for 2 days (Liu et al.
2005), for 2 weeks (Furusawa et al. 2005) or extrac-
tion in boiling water (Ibrahim et al. 2007). The time
dependence of swelling was determined in numerous
studies, but swelling kinetic models were proposed
only for hydroxypropylcellulose gels (Wach et al.
2002), while the mechanism of water diffusion into the
polymer network was not examined at all. As hydro-
gels are used in a number of applications in environ-
ment with high electrolyte concentration, the effect of
ionic strength and pH on swelling properties was
examined for various derivatives (Liu et al. 2005;
Wach et al. 2003b), however, no studies were done on
the ion type present at uniform ionic strength.

While the gelation of several derivatives was
already reported, the comparison of various gel
properties proves to be difficult due to the significantly
differing synthesis parameters and characterization
methods. The aim of this work is a comparative study
of superabsorbent hydrogels prepared from various
cellulose derivatives (CMC-Na, MC, HEC and HPC)
by y-irradiation initiated crosslinking. In a complex
approach the effect of synthesis parameters on the gel
properties including mechanism of water diffusion
was determined and compared under the same
conditions.

Experimental

Materials

CMC (M,, = 700,000 g mol™!, Dg=0.9; M, =
100,000 g molfl, Dg = 1.0 was used as a reference
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only), HEC (M,, = 720,000 g mol~', Dg = 2.5) and
MC (M, = 88,000 g mol™!, Dg = 1.5-1.9) were
obtained from Sigma-Aldrich. HPC M, =
1,150,000 g mol ") is a product of Ashland Specialty
Ingredients. The molecular parameters were provided
by the suppliers. For swelling studies, NaCl, KCl,
BaCl, and CaCl, x 2H,O were purchased from
Reanal (Budapest, Hungary), while Triton X-100
and Na-lactate are products of Sigma Aldrich. Chem-
ical reagents were of analytical grade and used without
further purification.

Synthesis

5-40 w/w% paste-like solutions of cellulose deriva-
tives were prepared by dissolving their powder in
deionized water. The solutions were stored for 24 h to
achieve homogeneous structure. Spherical samples
(~1 g) were prepared and closed into polyethylene
bags. The irradiation was carried out in presence of air.
®0Co y-source (9 kGy h™' dose rate) was used for
irradiations, absorbed dose ranged from 1 to 200 kGy.
Irradiated samples were dried at 60 °C to constant
weight. All measurements (see Determination of gel
fraction and Swelling studies) were performed on
three samples.

Determination of gel fraction

Dried, weighted (w,) samples were immersed in
deionized water for 48 h (liquid:gel (L:G) ratio of
1,000:1). Water was periodically changed in order to
extract the sol fraction. The solutions were filtered by a
sieve and the samples were dried at 60 °C to constant
weight (w;). The GF was calculated by the following
equation:

GF(%) = 1 x 100 (1)

wo
Swelling studies

After the removal of the sol fraction (see Determina-
tion of gel fraction), the dried, weighted gels (w4) were
immersed again in deionized water (L:G = 1,000:1).
Swollen gels were removed by using a sieve and
weighted after blotting (w;). The degree of swelling
(Q) was determined using the following formula:

Q (gwater> _ Ws — Wy (2)
ggel Wq

Samples were characterized by the degree of swelling

after 24 h.

The time dependence of the degree of swelling was
measured by periodically removing and weighing the
swollen gel. Samples were then again immersed in
water. The change of Q was followed up to 48 h.

Swelling in salt solutions was also measured.
Samples were immersed in NaCl solutions, salt
concentrations were varied from 0.0025 to
0.5 mol dm>. The degree of swelling after 24 h
was determined and compared. The solvent uptake
was also determined in three test solutions: two types
of isotonic ones (Ringer’s solution: 8.60 g NaCl,
0.30 g KCl, 0.33 g CaCl, x 2H20/1,000 ml; Ring-
er’s lactate solution: 6.02 g NaCl, 0.41 g KCI, 0.26 g
CaCl, x 2H,0, 3.14 g Na-lactate/1,000 ml) and syn-
thetic urine (10 g NaCl, 2.5 g Triton X-100/1,000 ml).
These experiments were done to gain more informa-
tion about certain potential applications (wound
dressing and diapers).

Results and discussion
Synthesis parameters
Absorbed dose effect

The effect of dose on gel properties was determined
using 20 w/w% solutions. Gel formation of CMC
solutions (M,, = 700,000 g mol ™) required a dose
over 5 kGy. GF increased with the dose up to 60 kGy
as shown in Fig. la. Further irradiation led to a
decrease of the gel fraction. The decrease may be due
to chain degradation becoming more dominant. HEC
gels showed similar behavior, though maximum gel
ratio was achieved at a much lower dose (10 kGy).
HPC and MC gels yielded significantly higher gel
fractions, gel fractions decreased with the dose. The
differences at lower doses can be attributed to the
different polarities of the functional groups and to the
differences in molecular weight. In case of HPC, the
functional groups contain an additional methyl group
compared to HEC and the molecular weight is 50 %
higher than those of CMC and HEC derivatives. In
solutions of low molecular weight CMC
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Fig. 1 Effect of dose on gel fraction (deionized water, 48 h) (a) and degree of swelling (deionized water, 24 h) (b) of various cellulose-

based gels (20 % solution)

M,, = 100,000 g mol™!) there is no gel formation
during the irradiation (5-40 w/w% solution, 20 kGy).
This can be explained by the shorter polymer chains
not being able to form a continuous network due to the
simultaneous degradation. However, in MC solutions
gel formation was observed despite the low molecular
weight (M,, = 88,000 g molfl). In this case the
substituent does not contain hydroxyl or carboxyl
group, thus the water solubility is significantly lower.

The dose dependence of the degree of swelling was
the opposite compared to the dose dependence of GF
for CMC and HEC gels (Fig. 1b). The water uptake of
CMC and HEC gels decreased with the dose up to
80 kGy, over which no changes were observed. This
can be attributed to the increasing crosslinking density
which hinders the water absorption. The degree of
swelling of HPC and MC gels was similar and the
swelling did not change much with the dose, only a
very small increase was measured above 100 kGy, due
to the degradation. CMC gels showed the largest water
uptake, followed by HEC gels.

Effect of solute concentration

The concentration of the cellulose derivative in the
solution basically influences the properties of the gels
synthesized. The change of the gel concentration with
the solute concentration (at 20 kGy absorbed dose) is
shown in Fig. 2a. At very low solution concentrations
(under 5-10 w/w% depending on the derivative) gels
did not form. In dilute aqueous solutions the energy of
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irradiation is mainly absorbed by the water. The
reactive intermediates produced during water radiol-
ysis (OH radical, H atom and hydrated electron) attack
the cellulose leading to formation of radicals on the
cellulose chain. Due to the relatively large distance
between the polymer chains in dilute solutions, these
radicals cannot initiate crosslink formation between
the chains; therefore, they initiate chain scission
(degradation). Moreover, the crosslinking is also
hindered by the electrostatic repulsion of the ionized
carboxylic groups present in the slightly alkaline pH.
However, higher concentrations lead to an increased
chance of forming crosslinks (due to the lower
distance between the chains), thus to an increased
gel fraction. Over 15 w/w% cellulose derivative
concentration no significant difference was observed
up to 30 w/w%. Further increase led to a significant
decrease in the gel fraction. This is the result of the low
water content. Water enhances the mobility of the
polymer chains (acting like a plasticizer) and at high
concentrations (low water content) the polymer chains
become less mobile, thus the crosslinking process is
hindered. Over 40 w/w% no gel formation was
observed. Similar tendency in the dose dependence
of gel content was found by Yoshii et al. (2003). They
came to the conclusion that crosslinking successfully
competes with glycoside bond cleavage as the con-
centration of cellulose derivative in a solution exceeds
some critical value. The lowest GF was obtained with
CMC and the highest with HPC. HEC and MC showed
similar behavior.
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Fig. 2 Effect of the solution concentration on gel fraction (deionized water, 48 h) (a) and degree of swelling (deionized water, 24 h)

(b) of various cellulose-based gels (absorbed dose: 20 kGy)

The dependence of the water uptake on the concen-
tration is shown in Fig. 2b. The degree of swelling of
all derivatives decreased with increasing concentra-
tion. CMC proved to be the most sensitive to the
concentration changes. The decrease can be attributed
to the increasing crosslinking density as indicated by
the increasing gel fraction. At high concentrations the
water uptake kept decreasing due to the hindered
mobility of polymer chains as mentioned above.

Swelling studies
Swelling kinetics

Swelling rates of the cellulose derivative gels are
shown in Fig. 3. The rate of water uptake is the largest
in the first 5-6 h after which it gradually slows down.
The equilibrium swelling ratio is reached after 24 h for
CMC and HEC. The water uptake of HPC and MC gels
was very low. The swelling rate is connected to the
equilibrium swelling ratio—the higher the maximum
water uptake, the faster is the swelling.

Swelling kinetics of the gels was described by
supposing second order kinetics expressed by the
following equation (Schott 1992):

a0, _

dr
where Q; and Q. are the degree of swelling at time t
and equilibrium, respectively, while k is the swelling
rate constant. By integrating the equation we have the
linearized form:

k(Qx — Q1) (3)
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Fig. 3 Time dependence of degree of swelling for various
cellulose derivative gels (20 % solution, 20 kGy; swelling:
deionized water, 0-48 h)
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where k., = kQ%O. Second-order kinetics described
well the swelling of all derivative gels (Fig. 4a).
Table 1a contains the various kinetic parameters—the
swelling rate constant increased with the equilibrium
degree of swelling. The equilibrium degree of swelling
is higher than the water uptake measured after 48 h,
supposing further increase of water content at longer
swelling times. The difference is not significant for
CMC and HEC gels, while significant for the other two
derivatives. This can be attributed to the much slower
water uptake of the HPC and MC samples, thus a
longer time is needed for reaching equilibrium.

(4)
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Fig. 4 Swelling behavior of cellulose derivative gels described using second-order kinetics (a) and power-law (b) models (synthesis:

20 % solution, 20 kGy; swelling: deionized water, 0—48 h)

Table 1 Kinetic parameters obtained considering second-order kinetics and power-law (see Fig. 4)

Sample Qus n a (second-order) b (power-law)
Zwai er/g el
‘ # koo | ro gwa[er/ggel 11’1(k) n
min~ gwater/ggel
CMC 206.0 1.413 220.8 —4.74 0.855
HEC 112.9 0.371 132.1 —5.54 0.887
HPC 22.1 0.029 29.6 —6.46 0.934
MC 25.8 0.038 35.2 —6.25 0.908

The swelling kinetics was also described by apply-
ing the power-law to gain information about the
mechanism of the water diffusion (Ganji et al. 2010):

Qo _ k" (5)
Ooc
where k and n are the power-law constants.

The value of n depends on the relation of solvent
diffusion rate and polymer relaxation time. If n = 0.5,
the polymer chain mobility is high, thus it does not
hinder the diffusion of the solvent molecules and the
process can be described as pure (Fickian) diffusion.
Value of n =1 indicates that solvent diffusion is
significantly faster than the relaxation. This process
can be described by zero order kinetics (Case II.
diffusion). When 0.5 < n < 1 the diffusion is anom-
alous, the rates of the two processes are comparable.
The linearized form of the equation was used:

anQ—l = Ink + nint (6)

[o.¢]
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The plots based on the equation are illustrated in
Fig. 4b. Linear regression was applied only to values
up to Q < 0.4Q,,, as the model is useable only at
relatively low swelling degrees. The swelling param-
eters determined by the linear regression are shown in
Table 1b. The value of n indicates anomalous diffu-
sion mechanism for all samples. However, its value
increases with decrease of equilibrium swelling ratio
of various derivatives. This indicates that the swelling
rate and equilibrium swelling are determined by the
polymer chain relaxation: the slower the chain relax-
ation, the slower is the swelling, thus the mechanism is
closer to Case II.

Salt effect

The effect of salt and salt concentration of the swelling
solution varied depending on the cellulose derivative
used (Fig.S5). The water uptake of CMC gels
decreased significantly even at very low salt
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Fig. 6 The effect of salt type at 0.1 mol dm ™ ionic strength on
swelling behavior of CMC and MC gels (synthesis: 20 %
solution, 20 kGy; swelling: salt solution, 24 h)

concentrations. This can be attributed to the carboxy-
methyl groups of CMC. The presence of the Na™
cations increase the water uptake through the Donnan
osmotic pressure between the gel network and the
outer solution (Ricka and Tanaka 1984), while the
repulsion of the charged groups on the polymer chain
also helps the elongation of the network. However,
with the increase in the ionic strength of the solvent the
osmotic pressure between them decreases. HEC gels
also showed a slight decrease in the water uptake with
increasing ionic strength, while HPC and MC gels
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£ 100 [z
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=
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-
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Solution

Fig. 7 Swelling behavior of cellulose derivative gels in various
test solutions (synthesis: 20 % solution, 20 kGy; swelling: 24 h)

were unaffected by it. The type of salt also proved to
be an important factor (Fig. 6). This is related to the
ionic radius of the cations. The penetration of ions
with large ionic radius to the gel network is more
difficult than those with smaller ionic radius, thus the
higher the hydrated ionic radius, the lower the
swelling. The order of decreasing hydrated ionic
radius is Ca>" > Ba’"™ > Na™ > K" > NH," (Con-
vay 1981), which is in good agreement with the
changes in swelling. Only Ca®' showed a slight
difference, probably related to the larger standard
error. The degree of swelling of CMC gels changed
depending on the salt solution used, despite the
uniform ionic strength. MC was not sensitive to the
presence of salt as expected from the previous
experiments. Thus due to the lower sensitivity to the
salt solutions the use of gels other than CMC should be
preferred in potential applications (agriculture, health)
in environment with high electrolyte concentration
liquids. The water uptake of HEC gels in various
biologically relevant solutions is roughly the twice of
those observed with CMC gels (Fig. 7).

Conclusions

Superabsorbent hydrogels based on aqueous solutions
of cellulose derivatives (CMC, MC, HEC and HPC)
were successfully prepared by y-irradiation. In pure
water second-order swelling kinetics described well
the swelling behavior of all gels. The diffusion
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mechanism of the solvent into the polymer network
proved to be anomalous.

In pure water the hydrophilic CMC-based hydrogel
shows the highest swelling ability, while less hydro-
philic derivatives, especially HPC and MC, can absorb
much less water. However, the high water uptake is
accompanied by high electrolyte sensitivity. In solu-
tions, modeling the real environment of potential
hydrogel applications, CMC loses its position among
the derivatives, and HEC shows the best absorbing
capacity. However, it should be noted that the
molecular weight and the degree of substitution of
various derivatives were not uniform, which should be
taken into account when comparing them, as well.
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