
Buffer transport in hydroxyethyl methacrylate copolymer
irradiated byg-rays

K.F. Choua, C.C. Hanb, S. Leea,*
aDepartment of Materials Science and Engineering, National Tsing-Hua University, 101, Sec. 2 Kuang Fu Road, Hsinchu 30043, Taiwan, ROC

bPolymer Division, National Institute of Standards and Technology, Gaithersburg, MD 20899, USA

Received 24 August 2000; received in revised form 23 October 2000; accepted 4 December 2000

Abstract

The transport of buffer solutions (pH 4.1–7.2) in hydroxyethyl methacrylate copolymer (HEMA) is investigated. The diffusion coefficient
of Case I transport, the velocity of Case II transport and the activation energy of the transport process in non-irradiated HEMA are
determined. The buffer transport in HEMA copolymers irradiated byg-rays in vacuum and in air is also studied. After irradiation, the
data of mass gain at the short times and long times are designated as stages 1 and 2, respectively. The first stage is followed in Case I transport
when the specimen is irradiated in vacuum and the anomalous transport when irradiated in air. The second stage, regardless of the irradiation
atmosphere is followed in Case II transport. The equilibrium swelling ratio of irradiated specimens increases significantly when the pH value
is greater than 5. A volume transition is observed at highg-ray doses. The effect ofg-ray irradiation on the functional groups in the polymer is
investigated using the infrared spectra.q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The swelling behavior of hydrogels in a buffer solution is
related to the transport of ions. Because of the electrostatic
force, the ions in the buffer are fixed around the polymer
chains to keep the charge neutral so that a Donnan potential
is built-up. The swelling behavior of an ionizable polymer in
a buffer has been studied extensively [1–4]. The extent of
swelling of the polymers with an amino group increases
with the decrease in pH value of solvent because the proto-
nated amino group in an acid solution causes the destruction
of the hydrogen bond between the polymer chains [5,6]. The
swelling of the polymer with a carboxyl group increases
with the pH value of the solvent [5,6]. The reason is that
the production of the ionized carboxyl group in a basic
solution corresponds to the reduction of hydrogen bond in
the polymer network. Polymers containing both anions and
cations collapse in a neutral pH solution and swell in either
acidic or basic solution. Tanaka [7] analyzed the swelling
behavior of hydrogels using the Flory theory [8], but his
prediction was incorrect. The Donnan swelling theory intro-
duced the electrostatic force to predict the relationship

between the extent of swelling and pH value of the buffer
[9–11].

The hydroxyethyl methacrylate copolymer (HEMA) is
one of the most useful bio-materials because of the advan-
tages of high water content and excellent bio-compatibility
[12–15]. Chou et al. [16,17] showed that the water transport
in an irradiated HEMA copolymer is in excellent agreement
with the one-dimension model proposed by Harmon et al.
[18,19]. The Harmon model accounts for Case I transport
which is controlled by the Fickian diffusion, Case II trans-
port due to the stress relaxation, and anomalous transport
which is a mixture of Case I and Case II transport. It has
been successfully applied to many solvent–polymer
systems [20–22]. In this paper, we attempt to use this
model to analyze the buffer transport in non-irradiated and
irradiated HEMA.

The swelling equilibrium of hydrogel is determined by
the balance of the chemical potential between the polymer
and solvent, the net osmotic pressure resulting from the
mobile counter-ions surrounding the fixed charge groups
and the elastic force of the network [23,24]. Theg-ray
irradiation induces the crosslinking or scission of
polymer chains and the ionization of the functional
groups [25,26]. It leads to a change in osmotic pressure
between the buffer, at various pH values, and the polymer
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and results in changes in the mass transport behavior. It
prompted us to analyze the buffer transport in the irradiated
HEMA copolymer.

2. Materials and methods

The soft contact lens blanks made of the HEMA copoly-
mer were obtained from the Canadian Contact Lens Labora-
tories Ltd., Montreal, Quebec, Canada. The chemical
compositions of HEMA copolymer as shown in Fig. 1
consist of HEMA, ethylene glycol dimethacrylate
(EGDMA), and methacrylic acid (MAA). The blank was
12.8 mm in diameter and 6.0 mm in thickness. They were
mounted on a bench lathe and thinned to 1.5 mm. The speci-
mens were ground on 600 and 1200 grit emery papers and
then polished with 1.0 and 0.05mm aluminum slurries until
the thickness reached 1.44 mm. They were annealed in
vacuum for one week at 608C and furnace cooled to 258C.
The purpose of annealing was to relax the residual stress in
the specimen induced by machining.

Two sets of specimens were irradiated in air and in
vacuum, at 258C by a 30,000 Ci cobalt-60 source at the
Isotope Center of the National Tsing Hua University with
a dose rate of 35.9 kGy/h. The specimens were exposed for
different periods to reach doses of 100, 200, 300 and
400 kGy. The buffer solution was prepared by mixing the
citric acid anhydrous obtained from Tedia Company, Ohio,
USA, and sodium phosphate dibasic anhydrous obtained
from the Showa Chemicals Inc., Tokyo, Japan, with
water. Different contents of citric acid with sodium phos-
phate were used to produce the buffers of pH 4.1, 5.6, 6.5,
7.1. A Jenco Electronics digital pH meter was used to
measure the pH values of the buffers.

For the absorption study, the specimen was pre-weighed
and pre-heated to the elevated temperature in the buffer
transport study. Then the specimen was immersed in a
buffer-filled glass bottle in a thermostatted water bath kept
at the same temperature. The specimen was removed from
the water bath for measurement of its weight. Its surfaces

were blotted and its mass was measured using an Ohaus
Analytical Plus digital balance. After weighing, the speci-
men was immediately returned to the water bath for the next
measurement. This process was repeated until the mass was
saturated.

The infrared (IR) spectra of the non-irradiated and irradi-
ated specimens were measured by a Bomen DA 8.3 FTIR
spectrometer. The non-irradiated specimen and irradiated
specimen with dose 400 kGy were ground and mixed with
the KBr powder, and then punched into a disk for the IR
spectrum test.

3. Results and discussion

3.1. Buffer transport in non-irradiated HEMA copolymer

The transport data of various buffer solutions in non-
irradiated HEMA copolymer at 35–558C are shown in
Fig. 2(a)–(d). These data were analyzed by the one-
dimensional Harmon model [18], which considers a
specimen of half thickness̀ immersed in a solvent
bath. At the initial time, the specimen is solvent-free
and the concentration of solvent is constant at all times
on both the outer surfaces. The weight gain of solvent
uptake at time t, Mt, based on the one-dimensional
model is rewritten as [18]
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M∞ is the final equilibrium-swelling ratio of solvent,D
the diffusion coefficient of Case I transport,v the velocity
of Case II transport, and̀ the half thickness of the speci-
men. The roots of Eq. (3) (l n with n� 1;2;3;…; � were
used in Eqs. (1) and (2). Ifv is equal to zero, Eqs. (2) and
(3) are reduced tobn � ln and ln � �n 1 1=2�; respec-
tively. Then Eq. (1) becomes
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Eq. (4) is the pure Case I transport. On the other hand,
whenD is assumed to be zeroing, the weight gain of the
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Fig. 1. The chemical structure of: (a) HEMA; (b) MAA; and (c) EDGMA.



solvent can be directly written from Eq. (1) as

Mt
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in which t is less thaǹ /uvu. Note that Eq. (5) can also be
reduced from Eq. (1) with tedious calculation. Eq. (5) is
the pure Case II transport.

The solid lines in Fig. 2 are curve-fitted based on Eq. (1).
It is found that the experimental data are in excellent agree-
ment with the theoretical model. The diffusion coefficient
(D) of Case I transport and velocity (v) of Case II transport
obtained from the curve fitting are listed in Table 1. The
values ofD andv increase with increasing temperature. The
diffusion coefficient and velocity are found to satisfy the
Arrhenius equation. Thus the activation energies of Case I
(ED) and Case II (Ev) transport were calculated for various
buffer solutions and are tabulated in Table 2. The values ofv
andEv decrease with increasing pH value. The values ofD
andED decrease to a minimum at pH 6.5 and then increase
with increasing pH value. The pH effect on diffusion coef-
ficient is caused by the change in the chemical potential
difference between the solvent and HEMA copolymer,
while the change of velocity is related to the swelling extent
(or osmotic pressure).

The equilibrium swelling ratio (S) for the buffer absorbed
by the specimen was determined by the weight ratio of
saturated buffer content to the dry polymer. The value of
Sdecreases with increasing temperature so that the transport
process is exothermic. The heat of mixing (DH) was

obtained by the van’t Hoff plot and is listed in Table 2.
The heat of mixing increases with increasing pH value of
the buffer.

3.2. Buffer transport in HEMA copolymer irradiated in
vacuum

The absorption study was operated at 408C and the
HEMA is irradiated in vacuum at room temperature. The
data of the buffer transport in irradiated HEMA copolymer
are shown in Fig. 3(a)–(c). When the dose is as high as
400 kGy, the specimen is subjected to serious damage and
uptake is very hard to process. For pH� 4:1; the curves can
be fitted using Eq. (4) where values ofD are 2.55× 1027,
2.65× 1027, and 2.80× 1027 cm2/s for f � 100; 200 and
300 kGy, respectively. That is, the mass transport is the
pure Case I and diffusion coefficient increases with the
increase of dose. However, most data�pH $ 5:6� in Fig. 3
are very complicated and difficult to analyze using Eq. (1)
with singleD andv. When the immersion period increases,
the mass transport in specimen irradiated in vacuum
changes from the pure Case I to pure Case II via anomalous
transport. Therefore, we only analyze the data at the short
times (stage 1) and long times (stage 2). From the curve
fitting, we found that the first stage of the transport process
matched with pure Case I transport (or fit with Eq. (4)), and
the second stage was followed by pure Case II transport (or
fit with Eq. (5)). The diffusion coefficient at stage 1 and the
velocity at stage 2 are tabulated in Table 3. The diffusion
coefficient at stage 1 decreases with increasing pH value for
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Fig. 2. Buffer sorption in the non-irradiated HEMA copolymer: (a) pH� 4:1; (b) pH� 5:6; (c) pH� 6:5; and (d) pH� 7:2:



a given dose, and the velocity at stage 2 increases with
increasing pH value and dose. The relationship betweenD
and the irradiation dose for the buffer of pH 4.1 is different
from that for the buffer of pH 5.6–7.2. The value ofD
increases with the increase of dose for the buffer of pH

4.1, but the trend is opposite for the buffer of pH 5.6–7.2.
It implies that the interaction of theg-ray with functional
groups of HEMA raises the chemical potential difference
between acidic buffer and polymer matrix. However, the
basic component in the buffer of pH value 5.6–7.2 reacts
with the fixed acidic group of the polymer and results in a
reduction of the diffusion coefficient. This effect was
enhanced with increasing dose.

3.3. Buffer transport in HEMA copolymer irradiated in air

The uptake measurement was made at 408C and HEMA
copolymer was irradiated in air at room temperature. The
data of buffer transport in irradiated HEMA copolymer are
shown in Fig. 4(a)–(d). The data for pH� 4:1 fit well with
Eq. (1) with singleD andv. That is, the mass transport is
anomalous. When pH is greater than 5.6, the data are
complicated and difficult to analyze using Eq. (1) with
singleD andv. The buffer transport in the specimen irradi-
ated in air is changed from the anomalous transport to Case
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Table 2
The activation energies of Case I transport (ED), Case II transport (Ev) and
the heat of mixing (DH) of buffer in non-irradiated HEMA copolymer

Buffer

pH4.1 pH5.6 pH6.5 pH7.2

ED (kcal/mol) 6.84̂ 0.12 6.57̂ 0.14 6.29̂ 0.17 6.74̂ 0.15
Ev (kcal/mol) 7.27̂ 0.13 7.23̂ 0.15 7.08̂ 0.16 6.87̂ 0.18
DH (kcal/mol) 0.61̂ 0.08 0.61̂ 0.06 0.61̂ 0.07 0.62̂ 0.06

Fig. 3. Buffer sorption in HEMA copolymer irradiated byg-ray in vacuum at 408C: (a)f � 100 kGy; (b) 200 kGy; and (c) 300 kGy.

Table 1
The diffusion coefficient of Case I transport (D), velocity of Case II trans-
port (v) and equilibrium swelling ratio (S) of buffer in non-irradiated
HEMA copolymer

T (K) pH value D (1027 cm2/s) v (1026 cm/s) S (wt%)

328 4.1 2.70 2.90 47.90̂0.20
5.6 2.60 2.85 47.00̂0.18
6.5 2.50 2.72 46.06̂0.19
7.2 2.70 2.55 43.41̂0.15

323 4.1 2.30 2.50 48.48̂0.17
5.6 2.25 2.45 47.57̂0.19
6.5 2.20 2.33 46.81̂0.14
7.2 2.35 2.20 44.44̂0.17

318 4.1 1.90 2.10 49.03̂0.18
5.6 1.88 2.05 48.30̂0.20
6.5 1.85 2.00 47.35̂0.17
7.2 2.00 1.90 45.16̂0.21

313 4.1 1.60 1.70 50.17̂0.20
5.6 1.60 1.70 49.05̂0.21
6.5 1.60 1.65 47.90̂0.18
7.2 1.63 1.55 45.58̂0.16

308 4.1 1.38 1.43 50.75̂0.18
5.6 1.36 1.40 49.90̂0.15
6.5 1.34 1.35 49.08̂0.17
7.2 1.40 1.30 46.31̂0.18



II transport while the immersion duration increases. There-
fore, we only analyze those data at the short times (stage 1)
and long times (stage 2). During stage 1, the buffer transport
in the specimen irradiated in air is the anomalous transport

(fit with Eq. (1)) which is similar to that in the non-irradiated
specimen, but it is towards Case I transport (fit with Eq. (4))
at a high dose and high pH value which occurs in the speci-
men irradiated in air. Because the oxygen exists in air but
not in vacuum, the chain session due tog-ray irradiation is
more serious in vacuum than in air [16,17]. Compared to
the transport of the specimens irradiated in vacuum, the
diffusion coefficient for the specimen irradiated in air was
smaller. This effect is pronounced for low pH values and
low irradiation doses. During stage 2, the transport behavior
switched to Case II transport (fit with Eq. (5)). The data ofD
andv for each stage obtained from curve fitting are listed in
Table 4. The effect of pH value onD and v of specimens
irradiated in air is different from that in vacuum because of
the oxidation of free radicals and ionic groups in air. The
further swelling at stage 2 is induced by the transfer and
exchange of ions caused by the electrostatic potential and
the attractive force between ions in the buffer and the ionic
groups in the specimen. The relaxation of polymer chains
was limited to this interaction so that the transport process
shows the Case II behavior at the second stage.

3.4. Interaction betweeng -ray irradiation and polymer

The IR of non-irradiated and irradiated specimens are
shown in Fig. 5. After irradiation, most of the bands are
reduced in intensity by theg-rays. The absorbed bands at
1641 cm21 and 2500–2750 cm21 are broadened and their
absorption intensities are increased. These wavenumbers
correspond to the absorption bands of the carboxyl group.
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Fig. 4. Buffer sorption in HEMA copolymer irradiated byg-ray in air at 408C: (a)f � 100 kGy; (b) 200 kGy; (c) 300 kGy; and (d) 400 kGy.

Table 3
The diffusion coefficient of Case I transport (D) and velocity of Case II
transport (v) of buffer in HEMA irradiated in vacuum copolymer at 408C.
Note thatf denotes dose

f (kGy) pH Stage D (1027 cm2/s) v (1027 cm/s)

100 4.1 1 2.55 0
5.6 1 1.98 0

2 0 0.31
6.5 1 1.75 0

2 0 0.49
7.2 1 1.4 0

2 0 0.71

200 4.1 1 2.65 0
5.6 1 1.70 0

2 0 0.45
6.5 1 1.45 0

2 0 0.75
7.2 1 1.10 0

2 0 1.22

300 4.1 1 2.80 0
5.6 1 1.35 0

2 0 0.69
6.5 1 0.85 0

2 0 1.70
7.2 1 0.83 0

2 0 2.95



The number of carboxyl groups is greater in air than in
vacuum. On the other hand, the raise in transmittance at
3400–3500 cm21 corresponds to the decreasing number of
hydroxyl group. The number of hydroxyl groups in the
specimen is more in vacuum than in air. The result shows
that the g-ray irradiation induces the destruction of the
pendent hydroxyl ethyl group and the production of the
carboxyl group. In summary, theg-ray causes greater
acidification of the specimen irradiated in air than in
vacuum.

3.5. Irradiation effect on equilibrium swelling ratio

Section 3.1 discussed that equilibrium swelling ratio of
non-irradiated specimen decreases monotonically with
increasing pH value. This trend was not observed in the
irradiated specimen. The change of equilibrium swelling
ratio with pH value for various irradiation doses is shown
in Fig. 6. The value of equilibrium swelling ratio,S,
increases rapidly in the range of pH 5.5–6.5. For the buffer
with pH , 5; the sequence of equilibrium swelling ratios
from large to small is as follows: non-irradiated specimen,
specimen irradiated in vacuum, and specimen irradiated in
air. However, for the buffer of pH$ 5:5; the sequence was
reversed. The chain session was more serious for HEMA
irradiated in vacuum than in air. Thus the data of equi-
librium swelling ratio for f � 400 kGy is available for
HEMA irradiated in air, but not for HEMA irradiated in
vacuum. The equilibrium swelling ratio (S) of various
buffers in irradiated HEMA copolymer showed a volume
transition at pH 5.5–6.5. The transition of equilibrium
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Table 4
The diffusion coefficient of Case I transport (D) and velocity of Case II
transport (v) of buffer in HEMA copolymer irradiated in air (f is the
irradiation dose)

f (kGy) pH Stage D (1027 cm2/s) v (1027 cm/s)

100 4.1 1 1.6 1.65
5.6 1 1.55 1.60

2 0 0.25
6.5 1 1.45 1.50

2 0 0.61
7.2 1 1.45 1.35

2 0 1.01

200 4.1 1 1.60 1.60
5.6 1 1.00 0.50

2 0 0.35
6.5 1 0.64 0

2 0 2.69
7.2 1 0.70 0

2 0 3.95

300 4.1 1 1.55 1.50
5.6 1 0.90 0

2 0 0.35
6.5 1 0.50 0

2 0 2.9
7.2 1 0.60 0

2 0 4.05

400 4.1 1 1.48 1.45
5.6 1 0.90 0

2 0 0.45
6.5 1 0.26 0

2 0 3.55
7.2 1 0.50 0

2 0 4.80

Fig. 5. The FTIR spectrum of non-irradiated and irradiated HEMA copolymers.



swelling ratio in this region became pronounced at high
doses. A volume transition of an irradiated specimen was
induced by the production of the carboxyl group in the
irradiated specimen [5,6]. The carboxyl group enhanced
the absorption of the basic buffer because it decreases the
hydrogen bonds and increases the osmotic pressure. The
presence of oxygen during irradiation promoted the forma-
tion of carboxyl group so that the transition phenomenon
was more significant for specimen irradiated in air than in
vacuum.

3.6. Discussion

The glass transition temperatures of specimens irradiated
in air and in vacuum were studied by Chou et al. [16,17].
They found that glass transition temperature before solvent
treatment maintains a constant value if the dose is less than
327 kGy for the specimen irradiated in vacuum or 397 kGy
for the specimen irradiated in air. The glass transition
temperatures after solvent treatment decreases significantly
for both irradiation environments. For a given dose, the
glass transition temperature after solvent treatment is
greater for the specimen irradiated in air than for the speci-
men irradiated in vacuum. This implies that the chain
scission of the specimen irradiated in vacuum is more
than that in air. The oxygen atmosphere prevents the
chain scission due tog-ray irradiation. The glass transition
temperature is proportional to the molecular weight of the
polymer. The molecular weight of HEMA irradiated in
vacuum after solvent treatment is lower than that in air.
The sequence of molecular weight from high to low is
followed as non-irradiated specimen, specimen irradiated

in air and specimen irradiated in vacuum. Case I transport
is influenced by molecular weight so that the behavior of
transport at stage 1 in specimen irradiated in air is between
non-irradiated specimen (anomalous transport at low dose)
and specimen irradiated in vacuum (pure Case I transport at
high dose).

Case II transport is attributed to the stress relaxation of
the polymer chain. It implies that Case II transport is
controlled by swelling. The oxygen during irradiation
enhances the formation of the carboxyl group and prevents
the formation of the hydroxyl group so that the swelling is
more for the specimen irradiated in air than that in vacuum.
The more the number of carboxyl groups, the greater is the
swelling [5,6]. The swelling of specimen irradiated in air is
greater than that in vacuum. Therefore, the velocity at stage
2 is greater for the specimen irradiated in air than for that in
vacuum (see Tables 3 and 4).

4. Conclusions

In this paper, the buffer transport in non-irradiated HEMA
copolymers is studied. The experimental data are in excel-
lent agreement with the Harmon model. The transport
behavior is anomalous. The diffusion coefficient and activa-
tion energy of Case I transport of the acidic buffer decrease
with increasing pH value, but the trend of the basic buffer is
opposite. The velocity and activation energy of Case II
transport decrease monotonically with increasing pH
value. Equilibrium swelling ratio decreases with increasing
pH value, but the heat of mixing is independent of the
acidity of the buffer solution.
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Fig. 6. Plots of equilibrium-swelling ratio (S) versus pH value of buffer in non-irradiated and irradiated HEMA copolymers.



For the irradiated specimen, the chain scission reduces
the molecular weight of polymer and ionization affects the
osmotic pressure of the polymer–buffer solution system.
When pH� 4:1; the buffer transport is anomalous in the
specimen irradiated in air and Case I in the specimen irradi-
ated in vacuum. When pH$ 5:6; the buffer transport in
irradiated HEMA copolymer is complicated and it is diffi-
cult to analyze the whole data with simple equations. We
analyzed the data at the short times and long times only and
they are assigned as stages 1 and 2, respectively. It is found
that for specimens irradiated in vacuum, stage 1 belongs to
the Case I transport, while for specimens irradiated in air, it
is anomalous transport at low pH value (or low dose) and
pure Case I transport at high pH value (or high dose). This is
due to the chain scission of the irradiated specimen
immersed in buffer solution. The molecular weight of the
specimen from small to large is according to the sequence:
specimen irradiated in air, specimen irradiated in vacuum
and non-irradiated specimen. The oxygen during irradiation
prevents the chain scission. The second stage of the trans-
port process is pure Case II transport for both the irradiation
environments. This arises from an increase in carboxyl
groups when the irradiated specimen is immersed in the
buffer solution. The carboxyl group increases with swelling
and swelling controls Case II transport. The effect of pH
values on Case II transport behavior of the specimen irradi-
ated in air is more pronounced than that of the specimen
irradiated in vacuum. The data of equilibrium swelling ratio
of irradiated specimen versus pH value shows a volume
transition in the range of pH 5.5–6.5. From the analysis of
IR spectra, theg-ray irradiation destroys the hydroxyl ethyl
group and creates the carboxyl group. The existence of
oxygen during irradiation effectively enhances these
reactions.
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