
1004 POLYMER ENGINEERING AND SCIENCE, APRIL 2000, Vol. 40, No. 4

1. INTRODUCTION

Hydrophilic polymers based on 2-hydroxyethyl
methacrylate (HEMA) have been widely studied

because of their high water content, non-toxicity and
favorable tissue compatibility, which leads to many ap-
plications as bio-compatible-materials. These applica-
tions include soft contact lenses (1, 2), kidney dialysis
systems (3, 4), drug delivery systems (5, 6), and artifi-
cial liver support systems (7, 8). The presence of a hy-
droxyl group and a carbonyl group on each repeat unit
makes this polymer compatible with water, and  the
hydrophobic a-methyl group and backbone impart hy-
drolytic stability to the polymer and support the me-
chanical strength of the polymer matrix (9–11). Several
research groups (12–16) have investigated different
states and properties of water molecules within the
crosslinked HEMA gels and also the equilibrium-
swelling behavior of HEMA with water. However, they
have concentrated on the study of the equilibrium
state instead of the kinetics of transport of solvent in
the crosslinked HEMA despite the fact that several ki-
netics models have been proposed. Yasuda et al. (17)
proposed that the relationship between the diffusive

permeability of water and the hydraulic permeability of
water is a function of the volume fraction of water in
swollen polymer membranes. Peppas et al. (18) sug-
gested that the mechanism of release diffusive solute
may be obtained through the swelling interface num-
ber, which is defined as the product of the maximum
thickness of swollen phase and average penetration ve-
locity divided by the diffusion coefficient of the solvent.
Also, the influence of crosslinked HEMA composition
on non-Fickian water transport through glassy copoly-
mers has been investigated by Franson et al. (19).

Solvent transport process in glassy polymers has
been categorized by Alfrey et al. (20) to include Case I
(Fickian) transport, anomalous transport and Case II
(stress relaxation) transport. In the Case I mechanism,
mass flows from high concentration to low concentra-
tion through a random diffusion process, which has
been studied by many researchers. For example, Crank
(21) has collected many solutions of Case I with dif-
ferent initial and boundary conditions. In the Case II
process, transport occurs when the mass moves with
constant velocity controlled by swelling. The effect of
swelling is correlated with the size of penetrant mole-
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cules. Thomas and Windle (22), Hui et al. (23) and
Govindjee and Simo (24) have investigated the theory
of the Case II process. Additionally, a dual mode sorp-
tion model has been reported by Vieth et al. (25),
which postulates the existence of two concurrent pop-
ulations. One population is held by normal dissolu-
tion with Henry’s law solubility constant and the
other population sorbed into micro-voids throughout
the polymer follows the Langmuir isotherm. This dual
sorption model can be considered as a special kind of
Case I transport process. Okamoto et al. (26) and Toi
et al. (27) analyzed water vapor and gas transport in
polyimide film using this dual sorption model. These
studies did not report the anomalous transport be-
havior, which is a mixture of Case I and Case II trans-
port processes. In general, the amount of penetrant
absorbed per unit area is proportional to tm where t is
time and m50.5 for Case I, m51 for Case II and
m50.5;1 for anomalous transport. Kwei and co-
workers (28–32) proposed a model that combines the
Case I and Case II processes to explain the anomalous
transport phenomena in semi-infinite medium.
Harmon et al. (33, 34) modified the equation proposed
by Kwei et al.(28–32) to include the finite size. The re-
sults have been used in the analysis of the transport
process of many organic solvent/polymer systems of
finite size (35–38). This has prompted us to analyze
water transport in crosslinked HEMA with this model.
The purpose of studying the transport mechanism of
the solvent/HEMA system is to find the best condi-
tions to regulate the rate of drug release and to con-
trol the diffusion of water or tissue metabolites
through crosslinked HEMA membranes.

One of the important factors controlling the swelling
behavior of crosslinked HEMA is the balance of hy-
drophobic and hydrophilic interactions between poly-
mer chains and water molecules. Refojo and Yasuda
(39) found that the enthalpy of dilution, DHdil, was
negative below T 5 55°C and positive above 55°C,
which resulted from the competition of the water-
water dispersion forces and the water-polymer inter-
action forces. The balance of hydrophobic and hy-
drophilic forces in a polymer could be controlled by
the addition of crosslinking agent and by varying the
hydrophobic co-monomer composition (13, 40–43).
These processes could also be helpful in raising the
selectivity of water content and mechanical strength
of hydro-gel for different applications. In addition, the
hydrophobic and hydrophilic interactions of polymer
chains can be modified by the gamma ray irradiation,
which induces crosslinking as well as chain scission.
This is the motivation for us to study the effect of
gamma ray irradiation on the thermal properties of
crosslinked HEMA and water in hydro-gels.

2. EXPERIMENTAL PROCEDURE

Crosslinked HEMA was obtained from Canadian
Contact Lens Laboratories Ltd., Montreal, Quebec,
Canada, as soft contact lens blanks. They are of stand-

ard size, 12.8 mm diameter and 6.0 mm thickness.
These blanks were mounted on a bench lathe and
thinned to about 1.5 mm, and then ground on 600
and 1200 grit emery papers and polished with 1.0
and 0.05 mm aluminum slurries. The final thickness
of the specimen is 1.4 mm. An additional four sets of
blanks were treated with the same grinding and pol-
ishing processes to a final thickness of 0.95, 1.2, 1.5,
1.8 mm, respectively. They were prepared for the
study of the thickness effect on the water transport
kinetics. Each specimen was annealed for one week in
a vacuum chamber at 60°C (13) and furnace cooled to
25°C. The purpose of annealing is to reduce the resid-
ual stresses in crosslinked HEMA.

In addition to the standard specimens (non-irradiat-
ed), specimens were exposed to a 30000Ci Cobalt-60
source with a dosage rate of 7.1 kGy/h at the Isotope
Center, the National Tsing Hua University, in vacuum
and at room temperature. Specimens were exposed
for different times to reach dosages of 160, 227, 397,
468 and 546 kGy, respectively. Before gamma ray ir-
radiation, specimens were sealed in evacuated glass
ampoules.

For the absorption study each specimen was pre-
weighed. Then the specimens were preheated to the ele-
vated temperature for water transport measurement
and moved to a de-ionized water-filled glass bottle at
the same temperature. The temperature was main-
tained by a thermo-statted water bath. The specimen
was taken out periodically for measurement. The sur-
faces were blotted and then weighed with an Ohaus
Analytical Plus digital balance. After weighing, the
specimen was immediately returned to the water bath
for the next measurement. The pH measurement of the
solvent was conducted using a Jenco Electronics digi-
tal pH meter at 25°C after the absorption experiment.

For transmittance measurement, specimens with var-
ious g–ray dosages were immersed in deionized water
at different temperatures until saturation. Then each
specimen was dehydrated in air at 25°C, and trans-
mittance was measured in air using a Hitachi U–3210/
U–3240 Spectrometer in the range of wavelength from
240nm to 800 nm.

For DSC study, specimens irradiated by g–ray were
cut into small pieces of 2.5–3.5 mg. Each specimen
was either immersed in de-ionized water at 40°C until
saturation before measurement or measured without
water treatment. Each specimen was enclosed in an
aluminum pan and inserted into a Seiko SSC II–5200H
differential scanning calorimeter (DSC) for measure-
ment. An inlet nitrogen flow of 40 ml/min was used
during the measurement. The temperature was in-
creased from 25°C to 100°C with a heating rate of
5°C/min. For the study of water structure, specimens
immersed in water for different periods at 35–55°C
were cooled from 25°C to –40°C at a cooling rate of
5°C/min, and held at –40°C for 20 min. Then they
were heated from –40°C to 30°C with heating rate of
5°C/min. The heat flow of the system was recorded.
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3. RESULTS

3.1 Water Transport: Effect of g-Ray 

Harmon et al. (33) proposed a model that accounts
for Case I, Case II and anomalous transport process-
es. In this model, a slab of polymer located between
(–<, <) on the x-axis is surrounded with solvent. The
dimensions of the slab in the other two directions (y
and z) are assumed to be much larger than the thick-
ness (x-direction); therefore, a one-dimensional model
can be considered. The total flux, J, is assumed to
consist of two components: one is due to the diffusion
with a concentration gradient and the other is due to
the stress relaxation of polymer chains with a propa-
gation speed, v. Therefore,

(1)

where C and C0x are concentrations at points X and 
X 5 0, respectively. The diffusivity D and velocity v
comes from the Case I and Case II transport process-
es. The diffusivity is always larger than or equal to
zero, but the velocity can be negative (or positive) if
the direction of Case II transport is from the outer
surface to the center (or vise versa). Because of geo-
metric symmetry, Eq 1 is also valid in the region –< #
X # 0 if the sign of velocity is changed. Equation 1 en-
sures that the flux is always zero at the center be-
cause of this geometric symmetry. According to the
mass conservation, one can also write the following
equation,

(2)

The solvent concentration at the surfaces, x 5 6 <,
can be assumed as a constant value, C0, at all times (t
. 0) and the slab is solvent-free at the initial time.
Equation 2 with the boundary condition of constant
surface concentration, C0, at x 5 6 < can be solved
using the Laplace transformation. After integrating
the concentration in the slab, Harmon et al. (33) ob-
tained the weight gain Mt at time t as 

(3)

where

(4)

(5)

The roots of Eq 4 (ln with n51,2,3,...,`) were used in
Eq 3 and Eq 5 and M` is the final equilibrium weight
of solvent in the specimen.

Two limiting cases are worthwhile to mention. First,
when v is equal to zero, Eqs 4 and 5 become ln5 (n 1
1/2)π and bn 5 ln, respectively. Therefore, Eq 3 is re-
duced to 

(6)

This equation (Eq 6) is the same as that derived by
Crank (21) for a simple diffusion case. Second, when
D is equal to zero, weight gain can be directly ob-
tained from Eq 2 as

(7)

where t is less than </|v|.
The data for de-ionized water transport in irradiated

and crosslinked HEMA at temperatures from 35 to
55°C are shown in Fig. 1(a)–(e) where M0 (50.2018 6
0.0050 g) is the initial weight of specimen. Note that
the shape of crosslinked HEMA for dosage 546 kGy
after immersion in water becomes irregular so that
the sorption study was not carried out. These data
can be analyzed using the above model. The solid
lines in Fig. 1 are plotted using Eq 3. It is found that
the theoretical model is in excellent agreement with
the experimental data. The values of D and v obtained
from Fig. 1 are listed in Table 1. Both D and v in-
crease with the increase of temperature for a given
dosage (f) and decrease with the increase of dosage
for a given temperature. Water transport based on both
Case I and Case II mechanisms move from the outer
surface to the center. Both D and v satisfy the Arrhe-
nius equation; their activation energies are calculated
and tabulated in Table 2. The activation energy of v
decreases monotonically with increasing dosage, but
that of D is independent of dosage.

The equilibrium-swelling ratio of water, S, is deter-
mined by the ratio of the saturated weight gain to the
weight of dry polymer. The data of S at different tem-
peratures with various dosages are listed in Table 1.
For a given dosage, the value of S decreases with in-
creasing temperature. That is, the mass transport is
an exothermic process. The equilibrium-swelling ratio
can be curve-fitted to a van’t Hoff plot, and the heat of
mixing DH for different dosages are listed in Table 2.
The heat of mixing is greater for the standard speci-
mens than for the specimens with dosage f ^ 160 kGy.
It is also found that the heat of mixing is nearly same
for the dosage in the range of 160 and 468 kGy. For a
given temperature, the value of S decreased with in-
creasing dosage.

3.2 pH Value 

The pH values of the solvent after the mass trans-
port experiment at different temperatures for various
dosages are tabulated in Table 3. The pH value of de-
ionized water at 25°C is 6.1. For a standard specimen,
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Fig. 2.  Transmission spectrum of standard specimen and irradiated crosslinked HEMA: (a) before water absorption and (b) after
water saturation at 55°C.

Fig. 1.  Water sorption in crosslinked HEMA irradiated by g–ray in vacuum: (a) T 5 55°C, (b) T 5 50°C, (c) T 5 45°C, (d) T 5 40°C and
(e) T 5 35°C.



the acidic products from the water-induced hydrolysis
of an ionizable group of the polymer dissolve back into
the solvent, so that the pH value of the solvent after
mass transport is lowered. The pH value decreases
with increasing temperature. That is, the hydrolysis
process is endothermic. For a standard specimen, the
reaction heat is obtained from the slope of logarithmic
hydrogen ion increment (D@H1#) in the solvent versus
the reciprocal of mass transport temperature. Note

that pH value is equal to the negative logarithmic hy-
drogen ion concentration. The hydrogen ion incre-
ment is determined by the ratio of the difference of H1

concentration after and before mass transport to the
H1 concentration in the solvent before mass trans-
port. The value of reaction heat obtained is 19.657
kcal/mole for the standard specimen. However, for
the irradiated polymer, the g–ray excites the ionizable
group by creating free radicals on polymer chains.
Acidic ions are produced by hydrolysis so that the pH
value of solvent with irradiated specimen is lower
than that with standard specimen. On the other
hand, for a given irradiation dosage, the pH value
does not simply increase with decreasing tempera-
ture; the trend is reversed at 45°C. Owing to the exci-
tation of ionizable group, the enthalpy for hydrolysis
is reduced. The thermal effect on the reaction for irri-
tated polymer is not so significant as that for a stan-
dard polymer. Moreover, the more water content in
hydrogel at lower temperature supports the hydrolysis
of ionizable groups. The thermal effect dominates at
high temperatures, whereas the influence of water
content is significant at low temperatures. Both mech-
anisms are favorable for acidifying the solvent. In
order to prove that there are chain scissions and some
acidic groups from the crosslinked HEMA dissolved in
the de-ionized water, the weight loss of crosslinked
HEMA after dehydration is shown in Table 4. It is
found that the weight loss increases with increasing
dosage at a given temperature. Although the weight
loss is not monotonic with respect to the temperature,
the trend of weight loss is opposite to that of pH
value. That is, the greater the acidity, the greater the
weight loss.

3.3 Transmittance in UV-Visible Spectrum

The transmittance, I, as a function of wavelength, λ,
for various dosages before and after water uptake is
plotted in Figs. 2a and 2b, respectively. In the range of
the visible spectrum (400–800 nm), it is found that
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Table 1.  The Diffusion Coefficient D for Case I, Velocity v for
Case II and Equilibrium-Swelling Ratio S in Water /

Crosslinked Irradiated HEMA (Irradiated in Vacuum).

T f D3107 v3106 S 
(K) (kGy) (cm2/sec) (cm/sec) (wt%)

328 0 3.10 2.90 54.35 6 0.18
160 3.00 2.80 52.53 6 0.24
227 2.90 2.70 49.31 6 0.22
397 2.80 2.60 46.23 6 0.21
468 2.75 2.55 45.56 6 0.21

323 0 2.60 2.40 55.53 6 0.25
160 2.58 2.35 53.37 6 0.24
227 2.50 2.30 49.72 6 0.22
397 2.43 2.25 46.51 6 0.21
468 2.40 2.22 45.84 6 0.21

318 0 2.20 2.00 56.88 6 0.26
160 2.15 1.95 53.84 6 0.24
227 2.10 1.95 50.07 6 0.23
397 2.05 2.02 46.94 6 0.21
468 2.10 2.00 46.40 6 0.21

313 0 1.90 1.70 57.36 6 0.26
160 1.85 1.70 54.90 6 0.25
227 1.82 1.72 51.27 6 0.23
397 1.77 1.72 47.77 6 0.22
468 1.72 1.78 47.24 6 0.21

308 0 1.60 1.40 58.77 6 0.27
160 1.57 1.40 55.67 6 0.25
227 1.52 1.45 51.90 6 0.23
397 1.47 1.48 48.89 6 0.22
468 1.46 1.56 48.20 6 0.22

Table 2.  Activation Energies of Case I (ED) and Case II (EV) Transport and the Heat of Mixing DH.

f (kGy) 0 160 227 397 468

ED(kcal/mole) 6.84 6 0.15 6.80 6 0.13 6.73 6 0.08 6.71 6 0.09 6.69 6 0.28
Ev(kcal/mole) 7.53 6 0.13 7.15 6 0.18 6.41 6 0.16 5.83 6 0.19 5.03 6 0.13
DH(kcal/mole) 0.788 6 0.59 0.603 6 0.030 0.556 6 0.063 0.581 6 0.077 0.598 6 0.059

Table 3.  pH Value of the Solvent After Mass Transport at 25°C.

Mass Transport f (kGy)
Temperature(K)

0 160 227 397 468

328 5.23 6 0.01 4.77 6 0.01 4.47 6 0.01 4.25 6 0.02 4.14 6 0.02
323 5.41 6 0.02 4.80 6 0.02 4.51 6 0.02 4.34 6 0.03 4.25 6 0.03
318 5.60 6 0.01 4.99 6 0.02 4.56 6 0.02 4.40 6 0.02 4.30 6 0.02
313 5.71 6 0.02 4.86 6 0.01 4.56 6 0.03 4.41 6 0.01 4.26 6 0.02
308 5.82 6 0.01 4.72 6 0.02 4.49 6 0.02 4.38 6 0.02 4.21 6 0.03
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the transmittance for a standard specimen after water
treatment is lower than that before water treatment.
This is because water creates holes (or voids) in cross-
linked HEMA when it penetrates the crosslinked poly-
mer. After dehydration, holes may not be fully closed
(see Fig. 3a), then light is scattered and transmittance
is lowered for the standard specimens. For crosslinked

HEMA, g–ray irradiation created color centers and/or
cracks (f ^ 397 kGy) in the specimen, so that the
transmittance is reduced, as shown in Fig. 2a. Some
cracks in the irradiated specimen are created as
shown in Fig. 3b for dosages above 397 kGy. However,
color centers may be annihilated by hydrolysis, where-
as cracks may be healed by swelling of the polymer.

Table 4.  The Weight Loss (wt%) of Crosslinked HEMA After Dehydration at Different Temperatures T for Various Dosages f.

T(K) f (kGy)
0 160 227 397 468

328 0.072 6 0.008 0.184 6 0.007 0.272 6 0.006 0.395 6 0.008 0.481 6 0.009
323 0.054 6 0.008 0.181 6 0.004 0.263 6 0.008 0.373 6 0.005 0.475 6 0.006
318 0.049 6 0.006 0.168 6 0.006 0.252 6 0.005 0.372 6 0.007 0.466 6 0.005
313 0.023 6 0.003 0.175 6 0.007 0.257 6 0.004 0.363 6 0.006 0.469 6 0.007
308 0.013 6 0.005 0.180 6 0.004 0.265 6 0.006 0.376 6 0.007 0.471 6 0.004

Fig. 3.  (a) A cross section of stan-
dard crosslinked HEMA saturated
with water after desorption is ob-
served by SEM. (b) A cross section
of irradiated crosslinked HEMA
(468 kGy) is observed by a optical
microscope with transmission light.

(a)

(b)
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These processes of elimination of defects generated by
irradiation in the optical path are more pronounced
than that of creation of holes after dehydration. There-
fore, the transmittance of irradiated crosslinked HEMA
after desorption is greater than that before absorp-
tion, as shown in Fig. 2b. In the range of the near UV
(240–400 nm) spectrum, it is also found that light
with wavelengths, below 250 nm was absorbed com-
pletely in standard specimens, but the cutoff wave-
length (lc) shifts to the short wavelength side after
specimens were treated with water. This is the re-
sult of dissolution of chromophores (such as carbonyl
group) or auxochromes (such as hydroxyl group) of
polymers into water. On the other hand, the cutoff
wavelength of the polymer after irradiation increases
with increasing dosage (or right shift). It is caused by
the introduction of unstable factors (such as free radi-
cals) (44), which absorb the energy of light (45). After
water treatment, some unstable factors disappear or
are extracted by hydration, so that the cutoff wave-
length shifts backward. From Fig. 2a, the cutoff wave-
lengths are 250, 253, 280, 298, 302 and 306 nm for
the specimen with f 5 0, 160, 227, 397, 468, and 546
kGy before water treatment, respectively. Similarly, the
cutoff wavelengths are 240, 245, 248, 258 and 288 nm
for the specimen with f 5 0, 160, 227, 397 and 468
kGy after water treatment. It is found that the cutoff
wavelength is independent of water-treated tempera-
ture in the range of 35–55°C.

3.4 Thermal Analysis

The glass transition temperatures of irradiated
crosslinked HEMA before immersion (Tg1) and after sat-
urated with water (Tg2) listed in Table 5. Below 397
kGy, the change of Tg1 is very small, but above 397kGy,
Tg1 is reduced significantly. This means that  either
chain scission and crosslinking rates are equal or nei-
ther chain scission nor crosslinking arises from irradia-
tion for low irradiation dosage, whereas more chain
scission than crosslinking is induced by g–ray for high
dosage, so that Tg1 is decreased. For a specimen after
the water saturation procedure, besides g–ray irradia-
tion, the water immersion process could have altered
the chemical structure or caused scission of the poly-
mer chain, and the residual amount of water could
also affect the glass transition temperature, Tg2, of
this crosslinked HEMA. Even the equilibrium-swelling
ratio in the specimens irradiated with 400 kGy is low-
ered; Tg2 is also reduced by the scission of polymer
chains.

Further investigation of the effect of irradiation on
polymer chains is made by the DSC analysis of water

structures in hydrogels. The water structure in hydro-
gels generally is categorized into non-freezing (bound)
and freezing (free) water (12, 43, 46–48). Non-freezing
water means that water molecule is hydrogen bonded
to the hydrophilic group of the polymer chain. As a re-
sult, the non-freezing water does not freeze at 0°C,
and the content is related to the number of hydro-
philic groups in the polymer. However, freezing water
is, in a manner, pure water and independent of the
polymeric environment. The freezing water content is
affected by chain mobility or crosslink density in the
polymer (13, 14, 40, 49). In the heating process of
DSC analysis, freezing water presents an endothermic
melting peak at 0°C, but non-freezing water does not.
Thus, two types of water content in hydrogels can be
determined by the DSC analysis (12–14, 49). The en-
dothermic melting peaks of freezing water at 0°C for
the saturated hydrogel are shown in Fig. 4. The area
of peak produced by the melting of freezing water was
calculated (DHfreezing water), and then the contents of
freezing water and non-freezing water can be obtained
by the following equation (49),

(8)

where Sf, Snf and St are the swelling ratios contributed
by freezing water, non-freezing water and total water at
time t, respectively. M represents the mass of sub-
script component. Dhem is the effective specific heat of
fusion of the water contained in the polymer, which is
different from the heat of fusion of pure water (49–51).
Because the swelling ratio of non-freezing water (Snf) is
constant for the specimen subjected to the same
transport condition but with different total swelling
ratio (St), Dhem can be obtained from the linear regres-
sion of Eq 8. Note that when time is infinity (or long
enough), the swelling ratio becomes the equilibrium-
swelling ratio. The data of DSC analysis are listed in
Table 6. For a given dosage, the freezing water content
follows the van’t Hoff equation; heats of mixing for var-
ious dosages are tabulated in Table 6. It is found that
the transport process is endothermic. The heat of mix-
ing is almost independent of dosage in the range of f
% 300 kGy, but becomes lower at f 5 400 kGy. For a
given temperature, the freezing water content in hy-
drogels decreases to a minimum and then increases
rapidly with increasing dosage. The result implies that
the crosslinks of polymer chains may be increased at
low dosage of irradiation but not significantly; how-
ever, for a dosage above the critical value (. 300 kGy),
the scission of main chains is increased. Then the
chain mobility is raised, and the freezing water con-

Sf 5
Mfreezing water

Mpolymer
5

DHfreezing water

DhemMpolymer
5 St 2 Snf

Table 5.  Glass Transition Temperature of Irradiated Crosslinked HEMA Before 
Mass Transport (Tg1) and After Mass Transport (Tg2) at 40°C.

f (kGy) 0 160 220 300 397 468 546

Tg1(K) 327 6 2 326 6 3 328 6 3 328 6 3 326 6 4 323 6 3 321 6 4
Tg2(K) 289 6 3 290 6 2 293 6 3 297 6 3 290 6 5 287 6 4 283 6 4



tent increases. This is in agreement with the observa-
tion in the previous sections. On the other hand, the
non-freezing water content also follows the van’t Hoff
equation, with a transport process, which is exother-
mic. The heat of mixing is greater for the standard
specimen than for the specimen with f ^ 160 kGy,
although the total equilibrium-swelling ratios are sim-
ilar. The non-freezing water content decreases mono-
tonically with increasing dosage. This reduction of
non-freezing water content is due to the destruction of
hydrophilic groups by g–ray. The decreasing rate of
hydrophilic groups with increasing dosage is probably
caused by the more rapid chain scission and extrac-
tion.

3.5 Water Transport: Effect of Thickness

The de-ionized water transport in crosslinked HEMA
of various thickness, L, is displayed in Figs. 5 a–e. The
solid lines are calculated using Eq 3 to fit the experi-
mental data. It is found that the theoretical model is
in excellent agreement with the experimental results.
The directions of water transport based on both Case I
and Case II are from outer surface to the center of
specimen. The values of D and v obtained from Fig. 5
are calculated and tabulated in Table 7. At a given
temperature, both D and v increase with increas-
ing thickness. For a given thickness, D and v satisfy
the Arrhenius equation; their activation energies are

tabulated in Table 8. The activation energies for both
Case I and Case II transport are almost the same re-
gardless of thickness. Both aged (for 5 years ) and
fresh specimens are used for thickness and g–ray
studies. Compare Table 1 for L 5 1.4mm (aged sam-
ple) and Table 7 for L 5 1.5mm (fresh sample); the
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Table 6.  Total Equilibrium-Swelling Ratio (St), Equilibrium-Swelling Ratios of Freezing Water (Sf) and 
Non-Freezing water (Snf), Effective Specific Heat of Fusion of Water (Dhem) and Heats of Mixing of 

Non-Freezing Water (DHf) and Freezing Water (DHf) in Hydrogel Based on Crosslinked HEMA.

f T St Snf Sf Dhem DHnf DHf
(kGy) (K) (wt%) (wt%) (wt%) (J/g) (kcal/mol) (kcal/mol)

0 328 54.36 6 0.30 44.43 6 0.51 9.93 6 0.20 282 1.44 6 0.08 3.01 6 0.13
323 55.34 6 0.33 46.02 6 0.53 9.32 6 0.19 285
318 56.44 6 0.58 47.84 6 0.71 8.61 6 0.13 287
313 57.51 6 0.53 49.54 6 0.68 7.97 6 0.14 290
308 58.60 6 0.43 51.20 6 0.59 7.40 6 0.16 292

160 328 52.42 6 0.32 43.60 6 0.50 8.82 6 0.18 281 1.18 6 0.05 2.99 6 0.10
323 53.32 6 0.35 45.15 6 0.52 8.17 6 0.16 284
318 53.85 6 0.44 46.26 6 0.58 7.59 6 0.14 286
313 54.80 6 0.52 47.71 6 0.66 7.09 6 0.13 285
308 55.60 6 0.42 49.06 6 0.56 6.54 6 0.14 283

200 328 50.35 6 0.31 42.46 6 0.48 7.89 6 0.17 280 1.10 6 0.06 2.99 6 0.12
323 50.91 6 0.36 43.52 6 0.50 7.38 6 0.13 281
318 51.72 6 0.45 44.90 6 0.57 6.82 6 0.11 283
313 52.38 6 0.41 46.02 6 0.53 6.36 6 0.11 282
308 53.20 6 0.47 47.33 6 0.59 5.88 6 0.12 280

300 328 47.42 6 0.35 40.91 6 0.47 6.51 6 0.12 279 1.01 6 0.06 2.98 6 0.12
323 48.04 6 0.42 42.02 6 0.53 6.03 6 0.11 282
318 48.81 6 0.37 43.23 6 0.49 5.58 6 0.12 283
313 49.35 6 0.39 44.11 6 0.50 5.24 6 0.11 283
308 50.10 6 0.53 45.27 6 0.62 4.83 6 0.08 280

400 328 45.77 6 0.23 36.14 6 0.41 9.64 6 0.17 274 1.11 6 0.05 1.79 6 0.07
323 46.44 6 0.25 37.20 6 0.42 9.24 6 0.17 276
318 47.09 6 0.14 38.28 6 0.30 8.81 6 0.16 277
313 47.70 6 0.38 39.23 6 0.54 8.48 6 0.15 276
308 48.45 6 0.31 40.39 6 0.46 8.06 6 0.14 273

Fig. 4.  DSC melt endothermic diagram of water in HEMA hy-
drogel for different dosages.
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diffusion coefficient is almost the same for both sets of
specimens, but the velocity for the aged specimen is
greater than that for the unaged specimen. The rea-
son why the aged specimen has a higher velocity is
not clear at this moment.

The equilibrium-swelling ratio, S, of water in cross-
linked HEMA of different thickness is tabulated in
Table 7. For a given temperature, the value of S de-
creases with increasing thickness. It is also found
that the value of S decreases with increasing tempera-
ture for a given thickness. The line of equilibrium-
swelling ratio versus temperature satisfies the van’t
Hoff plot; and the heats of mixing for various thick-
nesses are obtained and listed in Table 8. The trans-
port process is exothermic. As can be seen from Table
8, the heat of mixing is almost constant for the thick-
ness in the range of 0.95 mm and 1.8 mm.

4. SUMMARY AND CONCLUSIONS

The water transport in crosslinked HEMA irradiated
by g–ray in vacuum was investigated. The sorption
data of water transport in crosslinked HEMA subjected
to various g–ray dosages were in excellent agreement
with Harmon’s model that accounts for Case I, Case
II, and anomalous transport. The diffusion coefficient
for Case I and velocity for Case II satisfied the Arrhe-
nius equation for all dosages. The transport process
was exothermic and the equilibrium-swelling ratio
satisfied the van’t Hoff plot. The activation energy for

Case II transport decreased with increasing dosage
from 0 to 468 kGy, but that for Case I transport was
almost independent of dosage. The heat of mixing was

Fig. 5.  Water sorption in crosslinked HEMA of different thicknesses: (a) T 5 55°C, (b) T 5 50°C, (c) T 5 45°C, (d) T 5 40°C and (e) T 5 35°C.

Table 7.  The Diffusion Coefficient D for Case I, Velocity v 
for Case II and Equilibrium-Swelling Ratio S in Water /

Crosslinked HEMA of Different Thicknesses L.

T L D3107 v3106 S 
(K) (mm) (cm2/sec) (cm/sec) (wt%)

328 0.95 3.00 2.88 50.00 6 0.23
1.20 3.06 2.95 48.19 6 0.27
1.50 3.12 3.02 47.66 6 0.27
1.80 3.20 3.08 46.88 6 0.27

323 0.95 2.60 2.53 50.82 6 0.29
1.20 2.65 2.60 49.53 6 0.22
1.50 2.73 2.65 48.3 6 0.27
1.80 2.78 2.70 47.35 6 0.25

318 0.95 2.21 2.17 51.38 6 0.23
1.20 2.24 2.26 50.01 6 0.34
1.50 2.27 2.30 49.00 6 0.22
1.80 2.35 2.35 48.01 6 0.22

313 0.95 1.85 1.90 53.08 6 0.24
1.20 1.89 1.95 51.26 6 0.23
1.50 1.95 2.00 50.00 6 0.23
1.80 2.00 2.05 49.22 6 0.27

308 0.95 1.55 1.60 54.51 6 0.31
1.20 1.59 1.65 52.46 6 0.30
1.50 1.63 1.69 51.65 6 0.24
1.80 1.67 1.73 50.63 6 0.26



greater for the standard specimens than for the speci-
mens with dosage in the range of 160 kGy and 468
kGy.

The pH value of de-ionized water is lower after im-
mersion of crosslinked HEMA. The water was more
acidic for immersion with irradiated crosslinked HEMA
specimen than for immersion with standard speci-
men. Acidity of water was increased with the increase
of weight loss of specimen. The cutoff wavelength was
increased with increasing dosage, but the trend of
transmittance was opposite. 

For a given dosage, the glass transition temperature
of crosslinked HEMA before water treatment was
greater than that after water saturation procedure.
Both freezing and non-freezing water were analyzed
using DSC. Both freezing and non-freezing water sat-
isfied the van’t Hoff equation. The former and the lat-
ter were endothermic and exothermic processes, re-
spectively. The heat of mixing of freezing water was
nearly the same for dosage in the range of f % 300
kGy and was lowered for f 5 400 kGy. The heat of
mixing is greater for the standard specimen than that
for the specimen with dosage f ^ 160 kGy. 

The effect of thickness on the water transport in
standard specimen was studied. The activation ener-
gies of diffusion coefficient and velocity were nearly
constant regardless of thickness. At a given tempera-
ture, the equilibrium-swelling ratio was decreased
with increasing thickness. The heat of mixing was al-
most independent of thickness.
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NOMENCLATURE

C 5 Concentration of solvent at point X.
C0 5 Concentration of solvent at point 

X 5 6 ,.
C0x 5 Concentration of solvent at point 

X 5 0.
D 5 Diffusion coefficient of solvent trans-

port in crosslinked HEMA.
ED, Ev 5 Activation energies of D and v.
HEMA 5 2-hydroxyethyl methacrylate.

I 5 Transmittance of specimen.
J 5 Total flux of solvent.
L 5 Thickness of specimen.
, 5 Half-thickness of specimen.

M0 5 Initial weight of specimen.
M∞ 5 Equilibrium weight gain.

Mt 5 Weight gain at time t.
Mfreezing water 5 Mass of freezing water.

Mpolymer 5 Mass of dry polymer.
m 5 Exponent of time.
n 5 Parameter of solution of diffusion

equation.
S 5 Equilibrium swelling ratio.
Sf 5 Swelling ratio contributed by freezing

water.
Snf 5 Swelling ratio contributed by non-

freezing water.
St 5 Total swelling ratio at time t. 
T 5 Temperature.
t 5 Time.

Tg1 5 Glass transition temperature of dry
specimen.

Tg2 5 Glass transition temperature of spec-
imen saturated with water.

v 5 Velocity of solvent transport in
crosslinked HEMA.

X 5 Position with respect to the center of
specimen.

DHf 5 Heat of freezing water mixing with
crosslinked HEMA

DHfreezing water5 Total heat produced by the melting of
freezing water. 

DHnf 5 Heat of nonfreezing water mixing
with crosslinked HEMA

Dhem 5 The effective specific heat of fusion of
water.

λn, bn 5 Parameters of solution of diffusion
equation.

f 5 Gamma ray dosage.
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