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Abstract

Mass sorption and diffusion coefficients in one acrylate biocompatible copolymer contacted with supercritical (sc) carbon dioxide are reported.
Equilibrium solubility of dense carbon dioxide in poly(methylmethacrylate-co-ethylhexylacrylate-co-ethyleneglycoldimethacrylate) (P(MMA-
EHA-EGDMA)) was studied by a gravimetric method in a temperature range from 308 to 323 K and a pressure range from 10.0 to 20.0 MPa. The
cross-linked copolymer presented Fickian behavior and Fick’s diffusion model was applied to determine the amount of carbon dioxide present
and the diffusion coefficients. Diffusion coefficients for the sorption under supercritical conditions and desorption at ambient conditions were
determined and compared. Samples of POIMMA-EHA-EGDMA) with different thickness were used for comparison of the maximum sorption degree.
Polymerization conditions were also varied in order to evaluate the influence of the molecular weight of the copolymer in the CO, sorption process.
To investigate the possibility of impregnating this acrylate copolymer with an anti-inflammatory drug, a preliminary experiment was performed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The behaviour of different classes of polymers in supercriti-
cal (sc) media, mainly in supercritical carbon dioxide, has been
widely studied in recent years. The manipulation of the physical
properties as well as their selective control has become an area
of interest in polymer science, particularly in polymers synthesis
and processing [1,2].

This work is part of a research project designed for the de-
velopment, preparation and characterization of improved
controlled drug release systems (CDS) with ophthalmic applica-
tions. The biocompatible cross-linked acrylate copolymer poly-
(methylmethacrylate-co-ethylhexylacrylate-co-ethyleneglyco-
ldimethacrylate) (P(MMA-EHA-EGDMA)) has been proposed
by Mariz [3] as a promising matrix to be used for intraocular
delivery of anti-inflammatory drugs used in eye surgery. The
structures of the correspondent monomers are presented in
Fig. 1.
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The use of supercritical fluids as solvents offers the possibil-
ity to develop new “‘clean and environmental friendly” processes
for the preparation of CDS. Compressed carbon dioxide has
excellent plasticizing properties and can swell most biocom-
patible polymeric matrixes, thus promoting drug impregnation
processes. Biologically active or medical ingredients can be
incorporated into polymer substrates without interference on
the activity of the active substance because supercritical fluid
processing operates at mild conditions [4,5]. Carbon dioxide is
the most commonly used fluid due to its non-toxic properties
and to the low operation temperatures involved in supercritical
processes (T =31°C and P. =73 bar) [6].

Itis well known that when a low molecular weight compound,
such as carbon dioxide, comes into contact with the polymer,
sorption of the low molecular weight species by the polymer
occurs. Carbon dioxide at high pressure can be dissolved in a
polymeric matrix; the result is the swelling of the polymer since
molecular forces are established between the two species [7].
Thus, working under sc conditions is of great interest due to
the possibilities of modifying the morphological and functional
properties of polymers by swelling in sc CO;. Carbon dioxide
is used as a temporary plasticizer to assist the absorption of
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Fig. 1. Chemical structure of the monomer molecules present in the copolymer.

additives into glassy or rubbery polymers [8] as it promotes an
increase in the linear dimension of the polymer [5], enhancing
the kinetics of absorption of the diffusing substances. Another
great advantage of working under supercritical media is that the
fluids are gases at room temperature and atmospheric pressure.
They are rapidly dissipated, leaving no toxic solvent residue
behind and can be easily recovered upon release of pressure
[9,10]. Finally, due to the environmentally friendly properties
of supercritical carbon dioxide, it is possible to substitute toxic
organic solvents in several processes.

The determination of the best operating conditions for
the supercritical fluid impregnation of pharmaceuticals into
biopolymers involves the knowledge of the solubility and diffu-
sion coefficients of compressed carbon dioxide in the polymeric
matrixes.

Sorption and swelling of polymers are frequently measured
using different methods. Literature data on the sorption of car-
bon dioxide into polymers refer various apparatus and meth-
ods to perform the measurements. The use of a quartz—crystal
microbalance and a gravimetric method or a barometric method
are the most commonly used [11,12]. Transmission IR spec-
troscopy has also been used to measure the sorption of polymers
[13,14,24]. In regards to measurements on polymer swelling, the
direct observation of the sample’s dimensions is widely used [7].

In this work, experimental measurement of the solubility
of carbon dioxide in the polymeric matrix was obtained by a
gravimetric procedure and the sorption and desorption diffusion
coefficients were determined.

The concept of the gravimetric procedure is to expose the
sample to carbon dioxide and after depressurization to atmo-
spheric pressure transfer the sample to a balance recording
the weight changes. Supported on Fick’s laws of diffusion
the amount of CO, (immediately before depressurization) was
extrapolated.

The mathematical treatment of the polymers depends on
whether the polymer is in the rubbery or glassy state that
is, whether above or below its glass transition temperature
(Ty). When the diffusing substance causes extensive swelling
of the polymer it exhibits an “anomalous” or “non-Fickian”
behaviour. This is the case with the so-called glassy polymers
[15,16]. In rubbery polymers, like PIMMA-EHA-EGDMA),
on the other hand, the diffusion is generally Fickian. The main
difference is that polymers in the rubbery state respond rapidly
to changes in their condition whereas in the glassy state they
do not. This is a consequence of the mobility of the polymer

chains. In polymers well above its T, the molecules participate
in the diffusion process adjusting them self to the presence of
the penetrant [4,15,16].

2. Experimental
2.1. Materials

Methyl methacrylate (MMA) (CAS 80-62-6, 99.9% purity)
was purchased from Fluka. Hydroquinone, its polymerization
inhibitor, was removed by liquid-liquid extraction with an
aqueous solution of sodium hydroxide and sodium chloride.
2-Ethylhexylacrylate (EHA) (CAS 103-11-7, 98.0% purity),
ethyleneglycoldimethacrylate (EGDMA) (CAS 97-90-5, 98.0%
purity) and benzoyl peroxide (CAS 94-36-0, 70.0%) purity, as a
thermal initiator, were purchased from Sigma Aldrich. Carbon
dioxide (99.998 mol%) was supplied by Air Liquide.

2.2. Polymerizations

Poly(methylmethacrylate) (PMMA) and the copolymer
poly(methylmethacrylate-co-2-ethylhexylacrylate-co-ethylene-
glicoldimethacrylate), were synthesized by bulk free radical
polymerization, and according to the method described by
Mariz [3].

Reaction mixtures were prepared weighing the liquid
monomers and the thermal initiator. The cross-linked copolymer
P(MMA-EHA-EGDMA) was prepared adding 40% of MMA,
60% EHA and 7.5% (weight% of total mass of MMA + EHA)
of the cross-linking monomer, EGDMA. Two different amounts
of benzoyl peroxide were used 0.25% and 1% (molar% of total
moles of MMA + EHA).

In all cases, reaction mixtures were magnetically stirred for
10 min until benzoyl peroxide was completely dissolved. Then,
the resulting mixtures were spread between glass plates, sepa-
rated with silicone rubber spacers, in order to produce fine poly-
mer films of uniform thickness. Polymerization reactions were
carried out for 3h, in a heated oven, at 353.15 K. For PMMA,
temperature was gradually raised from 323.15 to 353.15K by
increments of 5° every 15 min. For all cases films with different
thicknesses were prepared (0.5, 1.0 and 2.0 mm). The samples
were cut in circular shape samples (9.0 mm diameter). All sam-
ples were vacuum dried and weighted, until constant mass is
achieved.

2.3. Sorption measurements

The solubility of CO; in the matrixes was obtained using a
simple gravimetric procedure. The high-pressure apparatus is
schematically presented in Fig. 2. The solubility measurements
were performed in a similar manner to that described by Berens
et al. [8]

A new stainless steel cell was designed to perform these
experiments. A quick opening cell is required in order to min-
imize the time between depressurisation and the acquisition of
the data, this usually took 40s. The sorption of CO, into the
polymer film was done in this high-pressure vessel followed by
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Fig. 2. Schematic diagram of the high pressure sorption apparatus (P, pressure
transducer; TC, temperature controller).

rapid depressurisation of the sample. A compromise has been
established between the velocity of depressurisation and opening
of the cell, so that carbon dioxide would not freeze inside. Also,
the volume of the cell plays an important role in preventing the
CO; to freeze; this becomes more evident for the experiments
with lower time of exposure. For this reason the volume of the
cell has to be as small as possible.

The cell is immersed in a thermostatic water-bath, heated
by means of a controller that maintained temperature within
40.1 K. The sample was loaded in a small stainless steel bas-
ket and the initial weight was recorded; the basket was placed
inside the cell which was then evacuated for 15 min. Carbon
dioxide is pumped into the cell using a pneumatic compressor
until the desired pressure is attained. The pressure inside the
cell is measured with a pressure transducer within +0.5 bar. The
samples were submitted to high pressure for different periods of
time from 2 min to 20 h. After impregnation the vessel is quickly
depressurised and the basket with the sample transferred to the
balance for recording weight changes during desorption at atmo-
spheric pressure.

To test and validate the new apparatus, some experiments
were performed using PMMA, at 10 MPa and 313 K. The cal-
culation of the diffusion coefficient of this polymer proved to
be in the same order of magnitude of the literature, 10~ to
1073 cm?/s, depending on Mw of the polymer samples [17,18]
validating our experimental method. Furthermore, the maximum
sorption degree (16%) is also in very good agreement with lit-
erature data obtained by a spectroscopic in situ method [19].

2.4. Data analysis

The mathematical theory of diffusion through isotropic sub-
stances was first studied by Fick (1855). This theory is based
on the hypothesis that the rate transfer of a diffusing substance
through unit area of a section is proportional to the concentration
gradient measured normal to the section, i.e.,

aC
J=-D— )]
ox
where D is the diffusion coefficient, C the concentration of the
diffusion substance, x the coordinate perpendicular to the section

and J is the flux per unit of area. This is known as Fick’s first
law of diffusion.

The differential equation of diffusion, known as Fick’s sec-
ond law derives from the first one and if the diffusion is one-
dimensional, i.e., if there is a gradient concentration in only one
direction (along the x-axis), the amount of diffusing substance
in the element is given by the expression:

o _ ), 3*C )
a2 @
A particular solution of the differential equation (Fick’s second
law of diffusion) describing the time dependence of the diffusing
material out of the sample, that in our case is a slab of thick-
ness /, can be derived, considering that there is a uniform initial
distribution and that the surface concentrations are equal, the
boundary conditions are: [4,15,16,20].

C=0 for x=0 and for x=1/, at r=0, where [ is the thickness
of the film

and

C=CpforO<x<l], atr=0.
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where M(?) is the mass of diffusing substance at time ¢ and My
is the equilibrium sorption attained theoretically after infinite
time.

The analytical solution of Fick’s second law of diffusion, that
describes the sorption process, results from the application of the
Laplace transform to Eq. (2) [15,16]:

8 & 1 —Dy(2n + 1?7t
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This equation can be simplified by truncating at the first term in
the summation:

Mi(t) =1- i exp (_DSnZt) (®)]

My 72 2

For a constant sorption diffusion coefficient the graph for a
sorption experiment is a straight line, to within the normal
limits of the experimental error, as much as about 60%, there-
fore, the diffusion coefficient can be obtained from the slope of
In(1 — (M(1)/My)) as a function of (¢/1%).

3. Results and discussion
3.1. Sorption of CO,;

The linear relationship between amount of carbon dioxide
dissolved in the polymer and the square root of desorption time
validates the assumption that the copolymer follows a Fickian
diffusion (Fig. 3). Therefore, Eq. (3) can be used to calculate
the best values for the desorption diffusion coefficient and M(?),
the later being estimated by the extrapolation to zero desorption
time. The data set describing the mass of CO, present in the
samples as a function of time after the pressure release recorded
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Fig. 3. Plotof the mass of CO, measured vs. the square root of time for the exper-
iment performed at 15.0 MPa, 323 K during 16.5 h, copolymer (1 mm thick).
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Fig. 4. Desorption curve for the reticulated copolymer (1 mm thick) after an
exposure time of 4 h at 18.0 MPa and 313 K.

by the balance is exported to an ASCII file which is going to be
used for modeling of the experiments, by an iterative process.
An estimation of D (desorption diffusion coefficient) and M(¢)
is made and the theoretical desorption curve can be modeled.
The validity of the Fickian approach is proven by the match of
the experimental desorption curve and the theoretical one, as it
can be seen in Fig. 4. The error associated with the determined
M(t) was found to be £15%.

The effect of the thickness of the samples on the maximum
sorption degree was studied. The sorption degree was defined
to be the ratio between the mass of carbon dioxide in the sam-
ple and the total mass (mass of the polymeric sample + mass of
carbon dioxide). Experiments on slabs of three different thick-
nesses (0.5, 1 and 2mm) were performed and no significant
differences were observed regarding the percentage of carbon
dioxide present on the samples (Fig. 5).
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Fig. 5. Sorption curves for the copolymers with different thicknesses exposed
to 10.0 MPa and 313 K.
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Fig. 6. Sorption curves for the copolymers (1 mm thick) prepared with different
percentages of initiator and exposed to 15.0 MPa and 313 K.

The polymer swelling was determined by in-situ spectro-
scopic techniques and it is described elsewhere [24]. The dif-
fusion length is not significantly alters by the swelling of the
polymer. Some calculations were made in order to check the
effect of a small increase in the thickness in the modelling of
experimental data and this parameter does not influence the
results obtained.

Polymerization conditions were varied in order to evaluate the
influence of the molecular weight of the copolymer in the CO»
sorption process. Two percentages of initiator (0.25 and 1% wt.)
were used and it was observed that the maximum sorption degree
of CO» corresponds to the situation when the copolymer was
prepared with a higher percentage of initiator. The quantity
of initiator used in the polymerization process influences the
molecular weight of the polymer but it does not have a signif-
icant influence on the reticulation of the polymer, because the
cross-linking agent (EGDMA) is very reactive. As it is a cross-
linked copolymer it was not possible to determine the molecular
weight of the samples. Theoretically, a higher percentage of
initiator will lead to the production of a copolymer with short
polymer chains and consequently, alower molecular weight. The
diffusion of carbon dioxide is facilitated because of the higher
polymer chain mobility and in this case a higher sorption degree
is observed (Fig. 6).

The effect of pressure and temperature was also studied in a
pressure range from 10.0 to 20.0 MPa and a temperature range
from 308 to 323 K.

Fig. 7 shows the sorption curves at 313 K for the three pres-
sures studied, where the sorption degree is plotted as a function
of the square root of time. The sorption amount increases with
time of exposure until the equilibrium is reached. Regarding this
copolymer the equilibrium was reached after 1h of exposure.
The maximum sorption degree is plotted as a function of pres-
sure for each temperature studied (Fig. 8). For each isotherm,
the maximum sorption degree increases with increasing pres-
sure. In contrast, the solubility of CO; in the polymer decreases
with increasing temperature. At a higher temperature the kinetic
motion of the supercritical fluid increases resulting in a decrease
of the sorption amount. At a higher density region, lower temper-
atures, more CO» is adsorbed into the polymer, as it is illustrated
in Fig. 9. Similar behavior has been reported by other authors
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Fig. 7. Sorption curves for the copolymer (1 mm thick) exposed to 313 K and (¢) 10.0 MPa; (l) 15.0 MPa and (+) 18.0 MPa.
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Fig. 8. Equilibrium sorption isotherms as a function of pressure at different
temperatures: (A) 308 K; (¢) 313K; and (M) 323K for the copolymer with
1 mm thickness.

[14,21,22] with distinct polymers. Kazarian and co-workers
[14,23] have demonstrated spectroscopically the existence of
specific interactions between carbon dioxide and various poly-
mers, most probably of Lewis acid—base nature. This author has
also pointed out the exothermic nature of this interaction.
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Fig. 9. Maximum sorption degree as a function of carbon dioxide density.

Fig. 8 evidences that a crossover region is being reached at
pressures above 18.0 MPa.

3.2. Sorption kinetics and sorption diffusion coefficient

The value of the sorption diffusion coefficient is obtained
from the slope of In(1 — (M(#)/My)) as a function of (#11%), as it
has been previously described. The linearity of Fick’s equation
is only verified for sorption degree values up to 60% of the My.
Therefore, experiments with a very short period of exposure to
carbon dioxide were performed.

The results obtained are presented in Table 1, that summarizes
the maximum sorption degree, desorption and sorption coeffi-
cients for the different experiments performed.

It was observed that the sorption diffusion coefficients are
relatively insensitive to pressure and temperature apart from the
value obtained for the experiment at 18.0 MPa and 313 K.

The sorption diffusion coefficients determined have an asso-
ciated error of ==10%, that was calculated based on the error of
the mass of carbon dioxide sorbed in the copolymer. Measure-
ments were performed only for the 1 mm thick samples.

3.3. Desorption kinetics and desorption diffusion coefficient

The desorption diffusion coefficients were calculated from
the modeling of the desorption experimental data using Eq. (3).

The maximum value for the desorption diffusion coefficient
is 2.30 x 107 m?/s obtained at 20.0 MPa and 323 K.

In Table 1, the results of the experiments performed are sum-
marized and the variables evidenced. The experiments lead to
higher values for the desorption diffusion coefficient than for
the sorption diffusion coefficient. Tang et al. [21,22] described
a similar behavior in their experiments with polycarbonate and
polysulfone. It was suggested that the plasticizing effect of the
CO is responsible for this tendency. Even though sorption takes
place under supercritical conditions and desorption proceeds at
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Table 1

Comparison of maximum sorption degree, desorption and sorption coefficients for the different experiments performed

T (K) P (MPa) £CO2 Thickness % iniciator Max. sorption Desorption diffusion Sorption diffusion
(gL~ 1y (mm) degree (%) coeff. x 10710 (m?/s) coeff. x 10710 (m?/s)
10.0 713.49 1 1 49 7.5 1.6
308 15.0 815.73 1 1 57 6.5 0.9
18.0 848.86 1 1 60 12.0 1.5
10.0 629.94 0.5 1 34 0.6 n.d.
10.0 629.94 1 1 34 75 1.1
10.0 629.94 2 1 34 19.0 n.d.
313 15.0 780.85 1 0.25 33 54 nd.
15.0 780.85 1 1 40 9.4 14
18.0 820.26 1 1 48 53 4.1
10.0 384.81 1 1 21 7.5 1.9
323 15.0 700.24 1 1 35 7.8 0.9
- 18.0 757.68 1 1 52 22.0 1.0
20.0 784.95 1 1 54 23.0 n.d.

2 Allprops-Thermodynamic Properties of Fluids, Program from the Center of Applied Thermodynamic Studies College of Engineering, University of Idaho,

Moscow, Idaho, 1991.
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Fig. 10. Invitrorelease profiles of drug from the film (0.5 mm thickness) impreg-
nated at 18.0 MPa, 313 K for 2 h.

ambient temperature and pressure, the release of carbon dioxide
from the polymeric matrix during desorption is faster, due to
the higher chain mobility of the polymer substrate that has been
exposed to high pressure and temperature.

To investigate the possibility of impregnating this acrylate
copolymer with an anti-inflammatory drug (flurbiprofen), a pre-
liminary experiment was performed. Briefly, a saturated stream
of a pharmaceutical compound in carbon dioxide passed through
the polymeric matrix and the CO; flow was maintained at a very
low rate so that the impregnation could take place. The impreg-
nation process of the copolymer (0.5 mm thick) at 313K and
18.0 MPa last for 2h. The release studies were performed in
physiological salt solution at 37.0£0.5 °C and samples were
withdrawn at predetermined time intervals. The amount of
drug in the samples was measured by a Genesys 10 UVscan-
ning (Thermospectronic) spectrophotometer and the cumulative
amount of drug release from the films was calculated based on
all collected samples (Fig. 10).

4. Conclusions

This study reports the sorption degree and diffusion coeffi-
cients for the cross-linked copolymer POMMA-EHA-EGDMA).
The copolymer presented Fickian behavior and Fick’s diffusion

model was applied to determine the amount of carbon dioxide
present and the diffusion coefficients. The sorption degree
was found to be higher for lower temperatures and increased
with increasing pressure. Sorption diffusion coefficients were
calculated for the samples 1 mm thick and showed to be
relatively insensitive to pressure or temperature. The desorption
diffusion coefficients were determined for ambient conditions
and the values obtained were higher than the ones obtained
for the sorption that took place under supercritical conditions.
Samples of PIMMA-EHA-EGDMA) with different thickness
were used for comparison of the maximum sorption degree
and the solubility of carbon dioxide in the copolymer was not
affected by its thickness. Polymerization conditions were also
varied in order to evaluate the influence of the molecular weight
of the copolymer in the CO; sorption process. It was observed
that the amount of carbon dioxide sorbed in the copolymer
is higher when the copolymer has a lower molecular weight.
Preliminary impregnation studies were performed to evaluate
the possibility of using this copolymer for improved delivery
systems with ophthalmic applications.
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