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While it is well recognised that formulation components influence drug permeation, few studies have
addressed the influence of vehicles on drug transport in artificial or biological membranes Previously
we have investigated the effects of temperature on the uptake of model vehicles (i.e. alcohols) into sili-
cone membrane. The present study evaluates the permeation of the model drug methyl paraben in the
presence of butanol or heptanol. Drug permeation through silicone membranes was studied at differ-
ent temperatures for each vehicle. Thermodynamic and kinetic analyses of the permeation data were
utanol
eptanol
ethyl paraben

ilicone membrane
artition
iffusion

conducted to elucidate the possible mechanisms of drug transport. Independent examination of the par-
tition and diffusion coefficients estimated for the permeation studies at different temperatures showed
a break point occurring near 20 ◦C for butanol, but not heptanol. This transition temperature separated
two different mechanisms of solute diffusion and partitioning, which may be associated with a change in
the properties of the solvent. This was not observed from an analysis of flux data, owing to compensatory
influences on the diffusion and partition behaviour of the drug. The study underlines the importance of
appropriate temperature control when studying drug permeation.
. Introduction

Drug permeation through biological membranes depends not
nly on the physicochemical properties of the drug, but also on the
ormulation. The use of excipients that interact with the membrane,
hanging their physicochemical properties and consequently mod-
lating solute transport, is a common strategy to improve dermal
elivery. In this context, understanding the physicochemical deter-
inants of vehicle-membrane interactions is crucial for selection

f optimal penetration enhancers and effective formulation design.
In vitro studies using human skin are ideal for monitoring drug

elivery and evaluation of formulations, and provide a good rep-
esentation of the processes in vivo (Franz, 1975). Nevertheless,
hese studies are associated with several difficulties and limitations
or assessing the effects of formulation components, particularly
ecause of the complex nature of biological tissue and inter- and
ntra-individual variability of skin samples. Artificial model mem-
ranes offer a simple and reproducible alternative to study the basic
hysicochemical mechanisms of drug permeation, and provide a
asis for understanding more complex interactions with human
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skin. The utility of such models, particularly of silicone membranes,
for the screening of topical formulations and assessing their contri-
bution to the overall mechanisms of drug transport across human
skin is well documented in the literature (Nakano and Patel, 1970;
Pellett et al., 1997; Dias et al., 2007; Watkinson et al., 2009a,b).
Notwithstanding this, a recent inter- and intra-laboratory silicone
membrane transport study (Chilcott et al., 2005) has reported a sig-
nificant coefficient of variation between laboratories (∼35%), with
a fourfold difference in the highest and lowest average flux values.
If artificial membranes such as silicone are to have utility as models
for membrane transport then the reasons underlying this vari-
ability must be understood. Membrane-solvent interactions have
been investigated using solvent uptake by many workers, including
Twist and Zatz (1988). High solvent sorption can alter the physico-
chemical properties of the membrane and result in changes in the
partition and diffusion properties of the drug, and thus modified
permeation. Twist and Zatz (1988) correlated the alcohol uptake
into polydimethylsiloxane (silicone) membranes with enhanced
permeation of methyl and propyl paraben from the corresponding
saturated alcohol solutions. Their findings related flux enhance-
ment to increased drug solubility in the membrane and, to a lesser

extent, increased diffusivity. An optimum balance between solute
and vehicle concentrations was required for maximum permeation,
owing to reduced solvent activity (and hence membrane sorp-
tion) of the solvent, as the solute concentration increased (Twist
and Zatz, 1990). However, the authors did not address the actual

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:majella.lane@btinternet.com
dx.doi.org/10.1016/j.ijpharm.2010.03.062
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membrane, V is the volume of donor phase, and Cv is the drug con-
2 G. Oliveira et al. / International Jou

echanism of the alcohol–membrane interactions and the possible
mplications for membrane transport.

We have previously investigated the uptake of a homologous
eries of aliphatic alcohols with 2–10 carbon numbers into silicone
embranes at different temperatures by a gravimetric method

McAuley et al., in press). An increase in alcohol membrane sorp-
ion with carbon number from ethanol to butanol (4 carbon atoms),
as observed after which sorption decreased exponentially with

ncreasing aliphatic chain length. The results were generally in
greement with the findings of Twist and Zatz (1988) obtained at
7 ◦C, but the highest membrane uptake was observed for butanol
ather than propanol. A van’t Hoff analysis of the equilibrium con-
tants estimated at different temperatures was conducted for the
lcohols with higher uptake (propanol, butanol, pentanol, hexanol,
eptanol and octanol). Similar plots were obtained for all alcohols
nd two individual linear trends in the profiles were evident, sep-
rated by a break point occurring near 17 ◦C. Non-linearity in the
an’t Hoff plots reflected, in this case, a change in the mechanism
f alcohol sorption possibly associated with the properties of the
ilicone-solvent system. Below the transition temperature the pro-
ess was entropy driven whereas above it was dominated by the
ignificant associated enthalpy. Additionally, changes in membrane
olume related with solvent uptake suggested a different organi-
ation of the alcohol molecules inside the silicone membrane for
emperatures above and below the transition temperature, which
s likely to impact on the partitioning of solutes into the membrane.

The present investigation builds on the findings of the earlier
tudy and explores the implications for butanol or heptanol uptake
n membrane transport of methyl paraben. Butanol exhibited the
ighest uptake of all the alcohols in the previous study and hep-
anol was selected as representative of alcohols with a chain length
4. Thermodynamic and kinetic analyses of the membrane trans-
ort data obtained at different temperatures are evaluated to gain a
echanistic understanding of the processes involved in the solute

ransport across the membrane.

. Materials and methods

.1. Materials

Methyl paraben (methyl-4-hydroxybenzoate, puriss. ≥99%,
luka) was supplied by Sigma–Aldrich, UK. Butan-1-ol (AnalaR®

rade, BDH) and ethanol (99.7–100% v/v AnalaR® grade, BDH) were
upplied by VWR UK, and 1-heptanol (98%, Aldrich) was supplied by
igma–Aldrich, UK. Silicone membranes (250 �m thickness) were
btained from Samco, Nuneaton, UK. All solvents used in the HPLC
nalysis were HPLC grade and supplied by Fisher Scientific, UK.

.2. Solubility studies

Saturated solutions of methyl paraben were produced by adding
xcess amounts of the solute to each alcohol in a glass vial con-
aining a Teflon coated magnetic flea. The vials were allowed
o equilibrate with stirring for at least 24 h at 32 ◦C (±0.5 ◦C) to
roduce saturated solutions with visible excess chemical. The sat-
rated suspensions were then sampled and filtered using a syringe
nd filtration unit (13 mm PTFE filter media device, 0.2 �m pore
ize, Whatman®) previously conditioned at the same tempera-
ure to avoid further precipitation/solubilisation of the drug. The
btained saturated solutions were suitably diluted with ethanol
nd quantified by HPLC.
.3. Permeation studies using silicone membranes

Permeation studies were conducted in Franz-type diffusion cells
sing pre-treated silicone membranes and “symmetric” condi-
Pharmaceutics 393 (2010) 61–67

tions (same solvent in both donor and receptor compartments)
to prevent changes in the membrane thickness during the exper-
iment and to avoid the existence of solvent gradients across the
membrane. Donor solutions of methyl paraben in 1-butanol and 1-
heptanol were prepared at a concentration of 1.52 mg/ml (0.01 M).
The silicone membranes were cut to appropriate size and pre-
treated with the solvent for 24 h at the experimental temperature
before starting the experiment. The donor and the receptor phase
were also equilibrated at the experimental temperature. The recep-
tor phase was degassed for ∼3 min in a Hilsonic ultrasonicator
(Hilbre Ultrasonics Ltd, England) prior to the permeation studies.
Permeation experiments were conducted at 40, 30, 20, 15, 10 and
5 (±1)◦C. The pre-treated membranes were carefully blotted with
absorbent paper tissue before mounting in the Franz cells which
were equilibrated for 30 min before starting the experiment. The
actual temperature of the membranes once mounted in the Franz
cells was also measured (Digitron TM-22 Differential Digital Ther-
mometer, RS Components, Corby, UK) for the range of experimental
temperatures tested. The volume of donor solution used was 1 ml
and the donor compartment was covered with Parafilm® during
the experiment to prevent evaporation. Collections of 200 �l were
taken every 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 and
120 min, with volume replacement using fresh receptor phase. At
the end of the experiment, the membranes were carefully blotted to
remove excess solvent and the thickness was measured (Electronic
Outside Micrometer, 0–25 mm, 0.001 mm, RS Components, UK).

2.4. HPLC analysis

The HPLC System comprised of a Hewlett Packard HP1050 Series
injector, HP1050 Series quaternary pump, HP1100 Series degasser
and a HP1050 Series UV Detector. The data acquired with PRIME
Software version 4.2.0 (HPLC Technology Co. Ltd). Quantification
of methyl paraben was achieved by injecting 20 �l of the sam-
ple in the HPLC system equipped with a reverse-phase C18 column
(Phenomenex® Synergi 4 �m Fusion-RP 80A) and eluting the sam-
ple at room temperature with a methanol:water (60:40 v/v) mobile
phase (flow rate 1.0 ml min−1). Detection of the analyte was at
254 nm. The method was validated and proved to be suitable for
accurate quantification of methyl paraben (coefficient of variance
≤10–15%; r2 ≥ 0.999) within the concentration range from 0.063 to
70 �g ml−1. The estimated lower detection limit was 0.02 �g ml−1,
and the tailing factor was below the maximum acceptable value
(Twist and Zatz, 1988). The method also showed good injection
reproducibility (coefficient of variance < 5%, n = 3).

2.5. Data analysis

Permeation data was fitted to a finite dose model expressed as
a Laplace transform (Eq. (1)) using Scientist©(Micromath, St. Louis,
USA).

Amount = Cv · V · K
√

D
s

s2 ·
[

A · K ·
√

D
s · cos h

(√
s·h2

D

)
+ V · sin h

(√
sh2

D

)]

(1)

where s is the Laplace variable, K and D are the partition and
diffusion coefficients, h is the thickness and A is the area of the
centration in the vehicle. This allows the determination of D, the
membrane diffusion coefficient and K, the partition coefficient of
methyl paraben when applied in the specific vehicle. Permeability
coefficients (kp), steady-state fluxes (Jss) and lag times (tlag) can also
be calculated, following Eqs. (2), (3) and (4), respectively.
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Table 1
Structure and physicochemical properties of methyl paraben, butanol and heptanol.

Description Methyl paraben Butanol Heptanol

Alkyl ester of p-hydroxybenzoic acid Aliphatic alcohol Aliphatic alcohol

Structural formula

Molecular weight (g mol−1) 152.15 74.12 116.2
log Kow 1.96a 0.82b 2.41b

1.44b

Solubility parameter (cal cm−3)1/2 13.51c 10.78c 9.84c

Density (g cm−3) – 0.821 (5 ◦C)d 0.833 (5 ◦C)d

0.817 (10 ◦C)d 0.829 (10 ◦C)d

0.814 (15 ◦C)d 0.826 (15 ◦C)d

0.810 (20 ◦C)d 0.822 (20 ◦C)d

0.802 (30 ◦C)d 0.815 (30 ◦C)d

0.795 (40 ◦C)d 0.808 (40 ◦C)d

a Data from Abraham et al. (1994).
b Fragment based log octanol–water partition coefficient estimated using Molecular Modelling Pro Demo software (version 6.2.3) according to the Hansch and Leo’s group

c
lecular Modelling Pro Demo software (version 6.2.3) according the van Krevelen’s group

c
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ontribution method.
c van Krevelen and Hoftyzer type 3-D solubility parameters estimated using Mo

ontribution method.
d Data from Wilhoit and Zwolinski (1973).

p = KD

h
(2)

ss = kpCv (3)

lag = h2

6D
(4)

. Results and discussion

.1. Solubility

The chemical structures and physicochemical properties of
ethyl paraben, butanol and heptanol are shown in Table 1. The

olubility of methyl paraben in both butanol and heptanol was
etermined at each experimental temperature (Table 2) and the
alues are in agreement with previously reported solubilities of
ethyl paraben in butanol (Alexander et al., 1977). The solu-

ility of methyl paraben in butanol is higher than in heptanol
or all the experimental temperatures studied (p < 0.05). There is
lso a linear increase (p < 0.05, r2 > 0.9) in the solubility of methyl
araben in both butanol and heptanol over the experimental tem-
erature range (data not shown). Furthermore, the enthalpies of
olution (�Hsol) of methyl paraben in each alcohol were very sim-
lar. The values calculated from the slopes of the respective van’t

off plots (Fig. 1) were 14.2 (±0.68) kJ mol−1 for butanol and 14.2

±0.50) kJ mol−1 for heptanol. The former is in excellent agreement
ith the enthalpy of solution of methyl paraben in butanol reported

y Alexander et al. (1977), of 14.2 kJ mol−1.

able 2
olubility of methyl paraben in butanol and heptanol at different temperatures.
umbers in parentheses represent ±SD (n = 3).

T (K) Butanol (mol L−1) Heptanol (mol L−1)

278.15 0.887 (±0.023) 0.596 (±0.010)
283.15 0.999 (±0.015) 0.702 (±0.010)
288.15 1.099 (±0.001) 0.758 (±0.019)
293.15 1.215 (±0.013) 0.845 (±0.005)
303.15 1.407 (±0.055) 1.017 (±0.023)
313.15 1.814 (±0.018) 1.209 (±0.031)
Fig. 1. Van’t Hoff plot of the solubilities (Ks in mol/L) of methyl paraben in both ( )
butanol and ( ) heptanol. Mean ± SD (n = 3).

3.2. Permeation studies

The permeation parameters diffusion (D) and vehicle-
membrane partition coefficients (K) were estimated for each
vehicle by non-linear modelling of the permeation data as
described in the Section 2. The data were subsequently used to
calculate steady-state flux, permeability coefficient and lag time
for each experimental temperature and vehicle. The results are
summarized in Table 3 for butanol and heptanol, respectively.

Fig. 2 shows the steady-state fluxes (Jss) of methyl paraben esti-
mated from the permeation parameters in Table 3 for each alcohol
and experimental temperature. There is a significant increase in the
permeation of methyl paraben across the silicone membrane with
temperature for both vehicles (p < 0.05), which can be explained
in terms of higher kinetic energy of the permeant and faster diffu-
sion through the membrane (Blank et al., 1967; Smith and Haigh,
1992). Highest fluxes were obtained for butanol at all temperatures

(p < 0.05), which was also the solvent with comparatively higher
uptake into the membrane (McAuley et al., in press). This is in agree-
ment with the findings of Twist and Zatz (1988, 1990) and Gelotte
and Lostritto (1990) for the alcohol enhanced permeation of methyl
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Table 3
Estimated diffusion coefficient (D), vehicle-membrane partition coefficient (K), steady-state flux (Jss), permeability coefficient (kp) and lag time (tlag), obtained by non-linear
modelling of the permeation data of methyl paraben across silicone membranes using butanol and heptanol at the different experimental temperatures (3 ≤ n ≤ 5).

T (K) D (cm2 min−1) K Jss (�mol cm−2 min−1) kp (cm min−1) tlag (min)

Mean SD Mean SD Mean SD Mean SD Mean SD

Butanol
278.15 9.83E−06 5.82E−07 0.331 0.030 1.21E−03 9.48E−05 1.21E−04 9.49E−06 12.3 1.0
283.15 1.09E−05 1.61E−06 0.410 0.069 1.61E−03 1.01E−04 1.61E−04 1.01E−05 11.4 0.8
288.15 1.89E−05 9.12E−07 0.305 0.030 2.12E−03 1.12E−04 2.12E−04 1.12E−05 6.5 0.3
293.15 2.09E−05 3.43E−06 0.367 0.071 2.72E−03 1.67E−04 2.72E−04 1.67E−05 6.1 1.0
303.15 2.68E−05 2.57E−06 0.511 0.050 5.02E−03 6.27E−05 5.03E−04 6.27E−06 4.6 0.5
313.15 3.29E−05 3.93E−06 0.623 0.105 7.45E−03 3.05E−04 7.45E−04 3.05E−05 3.8 0.6

Heptanol
278.15 4.60E−06 4.08E−07 0.166 0.043 2.92E−04 5.05E−05 2.93E−05 5.06E−06 24.0 2.2
283.15 5.38E−06 5.63E−07 0.174 0.019 3.64E−04 2.43E−05 3.64E−05 2.43E−06 20.2 2.1

5.30E
6.69E
1.13E
1.90E

p
t
s
p
b
w

F
m
(

F
m
t
n

288.15 8.71E−06 8.68E−07 0.159 0.015
293.15 1.13E−05 1.54E−06 0.155 0.030
303.15 1.83E−05 2.19E−06 0.162 0.026
313.15 2.94E−05 4.52E−06 0.169 0.024

araben and benzocaine through silicone membranes; suggesting
hat flux enhancement is highly dependent on the degree of alcohol

orption into the membrane. Differences between fluxes of methyl
araben obtained for the two alcohol donors were the result of
oth increased D and K of methyl paraben in butanol compared
ith heptanol, as illustrated by Figs. 3 and 4.

ig. 2. Steady-state fluxes (Jss in �mol cm−2 min−1) estimated for the permeation of
ethyl paraben in ( ) butanol and ( ) heptanol at each experimental temperature

mean ± SD; 3 ≤ n ≤ 5).

ig. 3. Diffusion coefficients (D in cm2 min−1) estimated for the permeation of
ethyl paraben in ( ) butanol and ( ) heptanol at each experimental tempera-

ure (mean ± SD; 3 ≤ n ≤ 5). The asterisks represent significant differences between
eighbouring values of the same vehicle (Student’s t-test, p < 0.05).
−04 1.22E−05 5.30E−05 1.22E−06 13.0 1.4
−04 4.84E−05 6.69E−05 4.84E−06 9.9 1.3
−03 7.53E−05 1.13E−04 7.54E−06 6.1 0.7
−03 6.24E−05 1.90E−04 6.25E−06 3.8 0.5

There is a marked increase in K for the permeation of methyl
paraben in butanol at temperatures higher than 20 ◦C compared
with lower temperatures. For the higher temperature range,
increased K appears to be the main contributor to the overall
flux enhancement of this solvent compared to heptanol. This is in
good agreement with the solvent uptake data and the temperature
dependent sorption behaviour of butanol into the silicone mem-
brane observed previously (McAuley et al., in press) suggesting that
the partitioning of solutes is greatly influenced by the extent of
solvent interaction with the membrane.

3.3. Kinetic analysis of Jss and D

If permeation of a compound is studied under conditions of con-
stant concentration (i.e. thermodynamic activity) in the applied
formulation over a range of different temperatures, the steady-state
flux activation energy (EaJ) will be a combination of the diffusion
activation energy (Ediff) and the enthalpy change associated with
partitioning of the drug into the membrane (�Hm), assuming con-
stant diffusional path length (Burgess et al., 2005), and as expressed
in Eq. (5).
EaJ = �Hm + Ediff (5)

The temperature dependence of any rate parameter such as
flux can be described by an Arrhenius relationship, i.e. by plot-
ting its logarithm versus the reciprocal of the absolute temperature

Fig. 4. Partition coefficients (K) estimated for the permeation of methyl paraben
in ( ) butanol and ( ) heptanol at each experimental temperature (mean ± SD;
3 ≤ n ≤ 5).
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As temperature increases a fluid tends to become less viscous,
ig. 5. Arrhenius plot of the estimated flux (in �mol cm−2 min−1) for the permeation
f methyl paraben in butanol across silicone membranes. Mean ± SD (3 ≤ n ≤ 5).

Kelvin); allowing calculation of the activation energy involved in
he process. The Arrhenius plots constructed for butanol and hep-
anol vehicles (Figs. 5 and 6) show a linear dependence of ln Jss with
/T. This suggests that there is no change in the mechanisms of
ransfer of methyl paraben through the silicone membrane within
he experimental temperature range. The estimated flux activation
nergies, calculated using the slopes, are very similar for both alco-
ols (40 ± 1 kJ mol−1 for butanol and 41 ± 1 kJ mol−1 for heptanol).
his is indicative of similar energy requirements for solute transfer
cross the silicone membrane from butanol and heptanol.

Similarly the activation energy for solute diffusion (Ediff) can be
alculated from Arrhenius plots of the estimated diffusion coeffi-
ients of methyl paraben at different temperatures (Figs. 7 and 8).
ig. 7 shows a break point occurring around 15–20 ◦C, which is not
resent in the Arrhenius plot constructed with the data estimated
or heptanol (Fig. 8). This is contrary to what has been observed for
he same range of temperatures in the kinetic analysis of the flux,
nd is an indication of a change in the mechanism of drug diffusion
f methyl paraben through the silicone membrane using butanol
s vehicle. The calculated diffusion activation energies (Eadiff) are
8.0 ± 0.1 kJ mol−1 above the transition temperature for butanol
nd 39 ± 9 kJ.mol−1 below the transition temperature; for heptanol

−1
he Eadiff value is 41 ± 2 kJ mol . Butanol is the alcohol with high-
st uptake into the silicone membrane (McAuley et al., in press).
he decrease in the activation energy at higher temperatures is
ossibly related with increased alcohol uptake, causing the mem-
rane to swell and thus facilitating drug diffusion. Furthermore, the

ig. 6. Arrhenius plot of the estimated flux (in �mol cm−2 min−1) for the permeation
f methyl paraben in heptanol across silicone membranes. Mean ± SD (3 ≤ n ≤ 5).
Fig. 7. Arrhenius plot of the estimated diffusion coefficient (in cm2 min−1) for the
permeation of methyl paraben in butanol across silicone membranes. Mean ± SD
(3 ≤ n ≤ 5).

work of McAuley et al. (in press) suggests that the fraction of sol-
vent molecules inside the membrane may have different properties
at high and low temperatures, with possible impact on the diffu-
sion behaviour of the membrane-solvent system. The same trend
is not apparent in the data obtained for the diffusion of methyl
paraben using heptanol, possibly because of the lower sorption of
this alcohol into the silicone membrane.

The diffusion coefficient of a compound in a given medium can
be described by the Stokes–Einstein equation (Eq. (6)), where kB
is the Boltzmann constant, � the viscosity of the medium, r the
radius of the compound (spherical particles) and T is the absolute
temperature (Atkins and Paula, 2006).

D = kBT

6��r
(6)

An approximate prediction of the dependence of D on temper-
ature can thus be made using Eq. (7):

DT2

DT1

= T2�T1

T1�T2

. (7)
consequently facilitating the diffusion of molecules (Bessire and
Quitevis, 1994; Atkins and Paula, 2006). Since the mobility of sol-
vents typically exhibits Arrhenius-type behaviour, the empirical
variation of the viscosity with temperature can be expressed by

Fig. 8. Arrhenius plot of the estimated diffusion coefficient (in cm2 min−1) for the
permeation of methyl paraben in heptanol across silicone membranes. Mean ± SD
(3 ≤ n ≤ 5).
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ig. 9. Van’t Hoff plot of the butanol-membrane partition coefficients of methyl
araben estimated from the permeation data. Mean ± SD (3 ≤ n ≤ 5).

q. (8), where R is the gas constant and E� represents the viscos-
ty activation energy, i.e. the activation energy for the viscous flow
f the solvent (Waldeck and Fleming, 1981; Bessire and Quitevis,
994)

= �0exp
(

E�

RT

)
(8)

Interestingly, the activation energy for methyl paraben diffusion
rom butanol vehicles through silicone membranes estimated at
emperatures above the break point is close to that reported in the
iterature for the viscous flow of butanol, which is ∼19.2 kJ mol−1

Waldeck and Fleming, 1981; Bessire and Quitevis, 1994). These
ndings suggest that above ∼20 ◦C the temperature dependence of
is closely related to the change in the properties of the solvent

mbibed in the membrane rather than to those of the silicone mem-
rane itself. Conversely, the estimated activation energy for solute
iffusion from heptanol donors is independent of temperature, and
linear trend is observed for the entire range of temperatures inves-

igated. Furthermore, the Eadiff calculated for methyl paraben in
eptanol is much higher than the corresponding viscosity activa-
ion energy which is ∼23.7 kJ mol−1 (Bessire and Quitevis, 1994)
nd is of similar magnitude to that for butanol below the transi-
ion temperature. This is possibly because of the relatively smaller
ptake of heptanol and of butanol at lower temperatures into the
ilicone membrane. This suggests that, under conditions of low sol-
ent sorption, the properties of the silicone membrane dictate the
iffusion behaviour of methyl paraben.

.4. Thermodynamic analysis of K

A van’t Hoff analysis was performed using the estimated vehicle-
embrane partition coefficients (Figs. 9 and 10). Similarly for

he diffusion coefficients for butanol, Fig. 8 shows two different
radients in the temperature dependence of solute in butanol par-
itioning into the silicone membrane, separated by a break point
ccurring near 20 ◦C. In contrast, the van’t Hoff analysis of the data
btained with heptanol did not show any definite trend. The dif-
erent linear trends in Fig. 8 indicate a change in the mechanism
f the partition of methyl paraben into the silicone membrane.
elow the transition there is a negligible �Hm, indicating that
he net interactions of methyl paraben outside (i.e. butanol solu-
ion) and inside the butanol-saturated silicone membrane are

he same, and the process is entropy driven. Conversely, above
he transition temperature there is a relatively large endother-

ic enthalpy change associated with the partitioning of the drug
ith the membrane. The results are in line with the previously
escribed temperature dependent sorption behaviour of this alco-
Fig. 10. Van’t Hoff plot of the heptanol-membrane partition coefficients of methyl
paraben estimated from the permeation data. Mean ± SD (3 ≤ n ≤ 5).

hol into silicone membranes within the same temperature range
(McAuley et al., in press). The values of �Hm calculated from the
slopes of the linear portions of the graph, constructed with esti-
mated butanol-membrane partition coefficients of methyl paraben,
were 21 ± 3 kJ mol−1 above the transition and 0.2 ± 0.1 kJ mol−1

below the transition. Interestingly, these values are consistent
with the �H reported by McAuley et al. (in press) above and
below the transition temperature for the uptake of butanol into
the silicone membrane (15.3 ± 0.4 kJ mol−1 and 2.2 ± 3.1 kJ mol−1,
respectively).

Despite the non-linearity observed in the Arrhenius and van’t
Hoff plots constructed with the butanol data (Figs. 7 and 9) indi-
cating a change in the respective mechanisms of diffusion and
partition, no break in flux was observed (Fig. 5). This is because of
the compensatory trends in the diffusion and partition behaviour of
methyl paraben in silicone membranes observed at high and low
temperatures. The robustness of the approach is further demon-
strated when the calculated and experimental flux activation
energy values (EaJ), for butanol are considered. Using Eq. (5), a value
of 39.10 kJ mol−1 is obtained above the transition temperature and
a value of 39.19 kJ mol−1 is obtained below the transition tempera-
ture. This compares well with the experimental value determined
from the data in Fig. 5 which is 39.85 ± 1.17 kJ mol−1.

4. Conclusions

Over the range of temperatures investigated, independent
examination of the partition and diffusion coefficients of methyl
paraben permeation across silicone membranes from butanol indi-
cates that relevant changes in the mechanisms of drug partition
and/or diffusion may occur which are not evident solely from a
kinetic analysis of the flux data. These findings underline the impor-
tance of thermodynamic and kinetic analyses when investigating
drug transport. The data also suggests that appropriate control
over experimental variables such as the membrane temperature
may greatly improve the quality of permeation data generated in
diffusion experiments. Future studies will focus on empirical mea-
surement of solvent uptake and partitioning of methyl paraben
into silicone membranes as a function of temperature to further
investigate the trends observed in this study.
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