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Abstract

The absorption kinetics of chemicals in a lipophilic membrane/water system was studied with a membrane-coated fiber (MCF) technique,
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n which the partition coefficient, membrane diffusivity and boundary layer adjacent to the membrane were taken into account. The c
mount permeated into the membrane was expressed as a function of absorption time in an exponential equation. Two constants we

nto the model. Both of them were clearly defined by the physiochemical parameters of the system and were obtained by regre
xperimental data sampled over a limited time. The partition and diffusion coefficients, as well as the thickness of the boundary l
alculated from the two constants. The kinetic model adequately described the absorption kinetics of the MCF technique. All of the
redictions were supported by the experimental results. The measured partition coefficients correlated well with the published oc
artition coefficient (R2 = 0.91). The thickness of the boundary layer was 5.2�m in a solution stirred at 400 rpm. An inference of the kin
odel revealed that the contribution of the boundary layer to the absorption kinetics is significant for lipophilic chemicals by a
embrane. It suggested that the absorption rate of a very lipophilic compound could be controlled by the boundary layer even
iffusivity of the compound in the membrane is lower than that in the solution. It was demonstrated that the MCF technique could
etermine the partition, diffusion and permeation coefficients, as well as the thickness of the boundary layer in a lipophilic memb
ystem.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The knowledge of the absorption kinetics of chemicals
nd drugs in various lipophilic membrane/water systems is
f importance to pharmaceutical and toxicological studies,
nd occupational and environmental risk assessments. Great
fforts have been made to study the absorption kinetics using
variety of in vivo and in vitro experimental techniques.
We have reported on a novel membrane-coated fiber

MCF) technique to study the absorption processes of chemi-
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cals and drugs in a polydimethylsiloxane (PDMS)/water
tem (Xia et al., 2003). The MCF technique is a special vers
of the solid-phase microextraction (SPME) technique de
oped by Pawliszyn and coworkers as an analytical metho
which a polymer-coated fiber is used to extract analytes
an aqueous solution, and transferred directly to the injec
a gas chromatograph for quantitative analysis (Zhang et al.
1994). For analytical applications, the extraction of analy
can be based on any extraction mechanisms including ab
tion, adsorption or mixed absorption and adsorption. In
most of the newly developed SPME fibers are based o
adsorption mechanism or mixed absorption and adsor
(Supelco, 2001; Gorecki et al., 1999). The goal of the SPM
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technique is to extract the maximum amount of analytes from
the sample matrix, which is proportional to the original con-
centration in the sample matrix. If an absorptive membrane
is coated on a fiber, such as PDMS, it can be used not only for
analytical applications, but also for studying the absorption
kinetics and partition equilibrium of drugs and chemicals in
membrane/water systems. A number of absorptive materials
can be used to make MCFs for membrane absorption kinetic
studies even though they are not suitable for analytical appli-
cations. On the other hand, adsorptive membranes developed
for analytical applications cannot be used for membrane ab-
sorption kinetic studies. Therefore, we call this special ver-
sion a membrane-coated fiber (MCF) technique.

The MCF technique integrates the membrane permeation
and quantitative analysis into one step, and fully utilizes the
high separation power of gas chromatography (GC), which
enables the MCF technique to have a greater sensitivity in the
determination of the kinetic parameters and rapid assessment
of percutaneous permeation of complex chemical mixtures
(Xia et al., 2003). The utility of the MCF technique for per-
meation study is based on the fact that the primary barrier of
human skin to many exogenous chemicals is the lipoidal stra-
tum corneum membrane. However, the polymer membrane
in the MCF technique does not have the complicated biologi-
cal structure as skin. Therefore, it cannot be used to study the
a tions
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has been utilized in analytical chemistry (Ai, 1997). The use-
ful equations are cited for further development:

n = [1 − exp(−at)]n◦ (1)

n◦ = KVdVmC0

KVm + Vd
(2)

a = 2ADdDm (KVm + Vd)

VmVd (Ddδm + 2KDmδd)
(3)

wheren is the absorption amount of a chemical into the mem-
brane at timet, n◦ is the maximum equilibrium amount when
the absorption equilibrium is reached at infinite time (t→ ∞)
anda is a constant representing the kinetic factor.A is the sur-
face area of the membrane andVm is the volume of the mem-
brane.Vd is the solution volume with an initial concentration
C0. Dd andDm are the diffusion coefficients of the chemical
in the solution and in the membrane phase, respectively.K
is the partition coefficient of the chemical between the mem-
brane and the solution,δd is the thickness of the boundary
layer andδm is the thickness of the membrane.

The contributions from the membrane and the boundary
layer are revealed by rearranging the expression of constant
a (Eq.(3)):
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bsorption processes where biological specific interac
nd metabolical conversions are the controlling factor

he compound of interest is not GC detectable, solvent
rption and liquid chromatography method should be

or quantitative analysis (Supelco, 2001).
In this paper, the absorption kinetics of chemicals w

ide range of lipophilicity in a PDMS membrane/water s
em was studied by the MCF technique. A kinetic model
dapted to describe the MCF technique, in which the

ition coefficient, membrane diffusivity and boundary la
djacent to the membrane were considered. The kinetic m
as evaluated by examining the compliance of the theo
al predictions with the experimental observations. Meth
or obtaining the partition, diffusion and permeation coe
ients, as well as the thickness of the boundary layer
stablished for the MCF technique.

. Theory

In the MCF technique, an absorptive membrane is co
nto an inert fiber to prepare the membrane for absor
tudies. When a MCF is immersed into an aqueous solu
given chemical in the bulk solution permeates throu

tagnant water layer (boundary layer) and diffuses into
embrane. At a given time, the MCF is removed from

olution and directly transferred into the injector of a
hromatograph for quantitative analysis. When the solu
s under constant stirring, the thickness of the boundary
an be approximated to be constant. A kinetic model des
ng the absorption kinetics under such experimental set
= 2A(K/Vd + 1/Vm)

δm/Dm + 2Kδd/Dd
(4)

n the denominator, the first item (δm/Dm) is the contribution
f the membrane while the second item (2Kδd/Dd) is the con

ribution of the boundary layer. When the partition coeffic
K) is large enough to satisfy a condition:δm/Dm �2Kδd/Dd,
he contribution of the membrane can be neglected:

= ADd (K/Vd + 1/Vm)

Kδd
(5)

r,

d = ADd (K/Vd + 1/Vm)

aK
(5a)

he diffusion coefficient in the membrane (Dm) can be calcu
ated from the measured parameters by rearranging Eq(3):

m = aδm

2A(K/Vd + 1/Vm) − 2aKδd/Dd
(6)

Once the partition coefficient (K), the diffusion coefficien
Dm) and the thickness of the membrane (δm) are known, th
ermeation coefficient of the membrane (kp) can be calcu

ated from its definition (Singh and Singh, 1993):

p = KDm

δm
(7)

he calculation sequence for these parameters is giv
ection3.4.
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Table 1
Partition, diffusion and permeation coefficients of selected compoundsa

Compound logK by three methodsc logKo/w loga n◦ logDd logDm logkp

1st 2nd 3rd 1/s CVb ng CVb cm2/s cm2/s cm/s

Terrazole 2.69 2.66 2.62 2.55 −3.37 16 0.25 6.28 −5.19 −7.81 −3.20
a-BHC 3.11 3.08 3.12 3.90 −3.00 7 0.80 1.56 −5.22 −6.89 −1.77
Atrazine 1.94 1.91 1.96 2.60 −3.45 21 0.056 4.74 −5.22 −7.93 −3.97
g-BHC 2.93 2.91 2.92 3.72 −2.85 10 0.51 1.72 −5.22 −6.85 −1.92
Alachlor 2.54 2.49 2.53 3.52 −3.01 18 0.20 3.28 −5.21 −7.40 −2.87
Aldrin 4.96 5.95 4.98 6.50 −4.65 5 33.1 1.40 −5.28 −8.66 −1.68
Heptachlor-E 4.31 4.32 4.32 4.98 −4.21 6 10.9 1.33 −5.28 −8.20 −1.88
p,p-DDE 5.39 5.38 5.53 6.51 −4.83 7 55.1 3.26 −5.27 −9.00 −1.47
Endrin 4.64 4.62 4.75 5.20 −4.52 19 23.7 1.84 −5.28 −8.50 −1.75
Endosulfan-S 3.63 3.64 3.63 3.66 −3.39 9 2.50 2.35 −5.29 −7.87 −2.24
p,p-DDT 5.72 5.46 6.03 6.91 −4.93 14 67.2 1.97 −5.29 −9.45 −1.42
cis-Permethrin 5.21 5.71 5.22 7.43 −4.96 3 70.5 1.66 −5.36 −9.39 −2.17

a The compounds were selected to representing the chromatograph of the 30 compounds studied. The rest of the compounds are chloroneb, simazine, b-BHC,
d-BHC, chlorothalonil, heptachlor, dacthal, tr-chlordane, endosulfan I,cis-chlordane, tr-nonachlor, dieldrin, chlorobenzilate, endosulfan II,p,p-DDD, endrin
aldehyde, methoxychlor, tr-permethrin.

b Relative coefficient variation (%) in regression (n= 10).
c In 1st method,K was calculated with Eq.(2) by using the maximum absorption amounts after 41 h absorption in a solution of 75 ml 1.00 ng/ml. In 2nd

method,K was calculated from its definition by using the measured and membrane concentrations after 41 h absorption in a solution of 75 ml 1.00 ng/ml. In
the 3rd method,K was calculated with Eq.(2) whenn◦ was obtained from the regression. The permeability coefficients were calculated with the partition
coefficients obtained by the 3rd method.

3. Experimental procedures

3.1. Chemicals and materials

Acetone, hexane and acetonitrile were of HPLC grade
from J.T. Baker (Phillipsburg, NJ). A standard mixture con-
sisting of 30 compounds (referring toTable 1) in acetone
was purchased from AccuStandard Inc. (New Haven, CT).
Solid-phase microextraction (SPME) devices and 100�m
polydimethylsiloxane (PDMS)-coated fiber assemblies were
purchased from Supelco (Bellfonte, PA).

A series of standard solutions in acetone were prepared
from the standard mixture to be used as external calibra-
tion standards for quantitative analysis. A stock solution of
20�g/ml of individual component in acetonitrile was pre-
pared from the standard mixture. A series of aqueous solu-
tions with different initial concentrations from 0.1 to 8 ng/ml
(each individual component) were prepared from the stock
solution. The concentrations of the aqueous solutions were
under the solubility limits of all the compounds in the per-
meation experiments except for one point (8 ng/ml) in study-
ing the dependence of the absorption amount on the initial
concentration as detailed below. No solubility effect was ob-
served as shown inFig. 1.

The concentrations in the donor solution after the perme-
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described in detail previously (Xia et al., 2003). A given vol-
ume of the solution was transferred into an absorption con-
tainer. The solution was stirred constantly with a magnetic
stirrer at 400 rpm under constant temperature (25◦C) con-
trolled by a circulating water bath. A membrane-coated fiber
was immersed into the solution to partition the permeants of
interest into the membrane. At a given absorption time, the
membrane-coated fiber was removed and transferred into a
GC injector for quantitative analysis.

To obtain the absorption time profiles, the absorption
amounts were measured at a series of absorption times while
keeping the solution volume and initial concentration con-
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tion experiments were measured by liquid–liquid extrac
ith hexane. The quantities were calibrated with stan
onor solutions measured by the same liquid–liquid ex

ion procedures.

.2. Absorption with the membrane-coated fiber

The experimental setup of the MCF technique and
rocedures to conduct the absorption experiments have
ig. 1. Predicted linear relationship of absorption amounts vs. initial
entrations. Terrazole (�), dacthal (�), chlorobenzilate (�), cis-chlordane
�). The membrane-coated fiber was 100�m PDMS. The initial concentra
ions of the solutions were from 0.1 to 8 ng/ml (individual component),
he absorption time and stirring speed were kept as constants at 12 m
00 rpm, respectively. The error bars represented the standard deviat

hree repeated experiments.
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stant at 75 ml and 1.00 ng/ml, respectively. A fresh solution
was used for each time point. To study the dependence of the
absorption amount on the initial concentration, the absorption
amounts from solutions with different initial concentrations
(0.1–8 ng/ml) were measured with the MCF technique while
the solution volume and the absorption time were maintained
constant at 75 ml and 12 min, respectively.

Each PDMS MCF was preconditioned at 280◦C for
30 min in order to obtain a stable membrane material (man-
ufacture recommended). When MCF was injected into the
injection port at 280◦C to thermally desorb the partitioned
chemicals for quantitative analysis, it was held for 5 min serv-
ing as a preconditioning for the next absorption experiment.
MCF was discarded if the change in absorption amount from
a calibration solution was observed (>5%) or it was reused
in more than 100 absorption experiments.

3.3. GC/MS analysis

Quantitative and qualitative analyses were performed on
a HP 5890 II gas chromatograph coupled with a HP 5970B
mass selective detector. A HP 7673 automatic sampler was
used to inject 4�l of the calibration standard solution, while
the membrane-coated fiber was injected manually. The in-
jection port was maintained at 280◦C for sample vaporiza-
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(a) The diffusion coefficient in the aqueous solution (Dd)
was estimated with a published method (Hayduk and
Laudie, 1974):

Dd = 13.26× 10−5

µ1.4Va0.589 (8)

whereDd is the diffusion coefficient of a given com-
pound in the solution (cm2/s), µ is the viscosity of the
aqueous solution (µ = 0.8937 cP at 25◦C), andVa is the
molar volume of the compound (cm3/mol). The molar
volumes of the compounds were from a published refer-
ence database (Mackay et al., 1999).

(b) The thickness of the boundary layer (δd) was estimated by
an approaching method, i.e.,δd value was calculated for
each compound with Eq.(5a)from the obtained parame-
ters (a andK) and the estimatedDd value. The thickness
(δm), surface area (A) and volume (Vm) of the membrane-
coated fiber were 100�m, 0.094 cm2 and 0.612�l, re-
spectively. The calculated log(δd) versus logK is plotted.
When the partition coefficient (K) is high enough to sat-
isfy the condition:δm/Dm � 2Kδd/Dd, the thickness of
the boundary layer is approached.

(c) The diffusion coefficient of a given compound in the
membrane (Dm) was calculated from the measured pa-
rameters with Eq.(6). The permeation coefficient (k ) of
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ion and thermal desorption. The analytical conditions w
mproved to reduce analytical time and increase analy
ensitivity. Separation was performed on a 30 m× 0.25 mm
i.d.)× 0.25�m (df) HP-5MS capillary column (Agilen
alo Alto, CA). The column oven was programmed as

ows: the initial temperature was 100◦C and held for 0.5 min
amped at 20◦C/min to 200◦C and 8◦C/min to 280◦C, and
eld at 280◦C for 5 min. An electronic pressure control w
sed to maintain a carrier gas flow of 1.00 ml/min heli
he selected ion monitoring (SIM) mode was used for q

itative analysis, in which the 30 compounds were grou
ccording to their retention times and two or three char

ons were monitored for each compound depending o
on intensity produced by the compound.

.4. Data analyses

The two constants (aandn◦) in the kinetic model (Eq.(1))
ere obtained by regression of the absorption amountn) at
eries of time points (t) using non-linear regression softwa
inNonlin (Pharsight Corp., Mountain View, CA). The p

ition coefficient of a given compound between the solu
nd the membrane was calculated with Eq.(2) from the equi

ibrium amount (n◦), where the membrane volume (Vm) was
.612�l, the solution volume (Vd) was 75 ml and the initia
oncentration was 1.00 ng/ml (each individual compone

The thickness of the boundary layer, the diffusion
fficients in the membrane (Dm) and in the solution (Dd),

he membrane permeability (kp) and partition coefficient (K)
ere obtained as follows:
p
the membrane was calculated with Eq.(7).

d) The partition coefficients between the donor phase
the membrane were measured by three methods wi
MCF technique. The first method was to measure
permeation amount into the membrane until the pe
ation equilibrium was reached. The partition coeffic
K was calculated from the initial concentration (C0) and
the measured maximum permeation amount (n◦) using
Eq. (2). The second method was to measure the e
librium concentrations in the membrane (Cme=n◦/Vm)
and in the donor solution (Cde). The equilibrium con
centration in the donor solution was determined by
liquid–liquid extraction with hexane. The partition co
ficient was calculated from its definition (k=Cme/Cde).
The third method was to use the mathematical mod
obtain the equilibrium amount (n◦) by regression of th
permeation data sampled before equilibrium. The p
tion coefficient was calculated from the initial conc
tration (C0) and the equilibrium permeation amount (n◦)
using Eq.(2).

. Results

.1. Absorption kinetic model

In addition to the two basic partition coefficient and me
rane diffusivity factors, a boundary layer adjacent to
embrane was considered in the kinetic model. The cu

ative amount partitioned into the membrane (n) is expresse
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as a function of the absorption time (t) in an exponential
equation (Eq.(1)). Two constants,a andn◦, were introduced
into the theoretical model. Both of the constants were clearly
defined by the physiochemical parameters of the absorption
system (Eqs.(2) and (3)). Constantn◦ is the equilibrium ab-
sorption amount (Eq.(2)), while constanta is a kinetic factor
representing the contributions from the diffusion coefficients
in the membrane and the boundary layer, as well as their
geometry parameters (Eq.(3)).

4.2. Linear relationship between n and C0

The absorption amount (n) is related to the initial con-
centration (C0) of the solution as predicted by the theoreti-
cal model (Eqs.(1) and (2)). To study this relationship, the
absorption amounts from a series of solutions with differ-
ent initial concentrations were measured while the absorp-
tion time was held constant. The relationships of the ab-
sorption amounts with different initial concentrations are
shown inFig. 1 for terrazole, dacthal, chlorobenzilate and
cis-chlordane. It was observed that these relationships were
linear and crossing the zero intersection. In fact, this type of
linear relationship was observed for all of the 30 compounds
in the solutions (results not shown).
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Fig. 3. Effect of stirring speed on absorption rate. Absorption amounts mea-
sured in 2 min for a-BHC (�), dacthal (�), chlorobenzilate (�) and methoxy-
chlor (�) from an aqueous solution of 5.00 ng/ml (individual component)
with a 100�m PDMS fiber.

4.4. Effect of the stirring speed on absorption

The absorption amount in 2 min was measured at different
stirring speeds, which represents the average absorption rate
within 2 min. The effect of the stirring speed on the absorption
amounts of a-BHC, dacthal, chlorobenzilate and methoxy-
chlor is shown inFig. 3. The absorption rates were increased
significantly for all of the compounds when the stirring speed
increased from static to 200 rpm. After 200 rpm, the effects of
the stirring rate were different for different compounds. The
absorption amount within 2 min was unchanged for a-BHC,
increased slightly for chlorobenzilate and increased linearly
for dacthal and methoxychlor. This is because the absorption
of a-BHC and chlorobenzilate reached absorption equilib-
rium within 2 min under stirring higher than 200 rpm. The
absorption rates of dacthal and methoxychlor increased with
the stirring speed since the absorption was occurring before
their absorption equilibrium.

4.5. Regression of the experimental data for a, n◦ and K

The two constants,a andn◦, were obtained by regres-
sion of the absorption experimental data with the theoretical
model (Eq.(1)). Fig. 4shows the regression results for dac-
thal, tr-nonachlor, aldrin and g-BHC. The experimental data
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.3. Static and stirred absorption time profiles

The absorption profiles of heptachlor epoxide
ethoxychlor from static and stirred solutions are show
ig. 2. The absorption profiles from static solutions were
ar in the entire experimental time (ca. 1000 min). When
olution was stirred at 400 rpm, the absorption amoun
he two compounds were much higher than those in s
olution. The absorption equilibrium of the two compou
as reached within 400 min.

ig. 2. Absorption time profiles in static and stirred solutions. Absorp
rofiles of heptachlor epoxide (�) and methoxychlor (�) in static solutions
bsorption profiles of heptachlor epoxide (�) and methoxychlor (�) in
olutions stirred at 400 rpm. A fresh solution (75 ml) was used for each
oint. The initial concentration of the solutions was 1.00 ng/ml (indivi
omponent).
ere fitted well with the theoretical model over the en
ange of absorption time. Constantn◦ determined the max
mum absorption amount, while constanta determined th
hape of the absorption profiles. The absorption will re
quilibrium faster if a compound has a highera value. The

wo constants obtained for 12 selected compounds in th
ution were listed inTable 1. These compounds were selec
o represent the 30 compounds in a GC/MS spectrum.

The partition coefficient (K) was calculated from consta
◦ with Eq. (2). The partition coefficients calculated for t
elected compounds were listed inTable 1. The partition
oefficients obtained by the equilibrium method were
iven inTable 1. Fig. 5shows a correlation of the measu
DMS/water partition coefficients by the MCF techniq
ith a set of published octanol/water partition coefficie
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Fig. 4. Regressions of the experimental absorption time profiles. Solid
curves are regressions of the kinetic model. Scattered data are experimental
results of dacthal (�), tr-nonachlor (�), aldrin (�) and g-BHC (�). A fresh
solution (75 ml) was used for each time point. The initial concentration of
the solutions was 1.00 ng/ml (individual component).

(Montgomery, 1997). The measured PDMS/water partition
coefficients correlated well (R2 = 0.91) with the octanol/water
partition coefficients.

4.6. Thickness of the boundary layer

The thickness of the boundary layer was obtained by an
approaching method. The estimation of theδd value was cal-
culated for each compound with Eq.(5a)from the estimated
Dd value (Eq.(8)). A plot of the calculated log(δd) versus
logK is shown inFig. 6. When the partition coefficients were
high enough to satisfy the condition,δm/Dm � 2Kδd/Dd,
the thickness of the boundary layer was approached. The
thickness of the boundary layer was estimated to be 5.2�m
(logδd =−3.28) when the solution was stirred at 400 rpm.

4.7. Membrane diffusion and permeation coefficients

The diffusion coefficient of a given compound in the so-
lution was estimated (Eq.(8)) with the published method
(Hayduk and Laudie, 1974). The diffusion coefficient of the

Fig. 6. Thickness of the boundary layer.

compound in the membrane (Dm) was calculated with Eq.(6)
from the measured parameters (a andK) and the estimated
Dd value (Table 1).

The membrane permeation coefficient was not a directly
measurable quantity in the MCF technique. It was calculated
by its definition (Eq.(7)) from the partition coefficient (K)
and diffusion coefficient (Dm) directly measured by the MCF
technique (Table 1).

5. Discussion

5.1. Evaluation of the kinetic model

The kinetic model originally developed for analytical
chemistry application (Ai, 1997) was adapted to describe the
absorption kinetics of the MCF technique. To evaluate the
model, the predictions by the theoretical model are exam-
ined for compliance with the experimental observations.

The partition coefficient obtained by the model is ex-
pressed in Eq.(2), which is derived from the theoretical model
by letting the absorption time approach infinity (t→ ∞). It is
exactly the same expression as that derived from the definition
of the partition coefficient (Xia et al., 2003). This suggests
that the theoretical derivation and assumptions made are ad-
e ics of
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Fig. 5. Correlation of logK measured by MCF Technique with logKo/w.
quate, and the model accurately represents the kinet
he equilibrium status.

The theoretical model (Eq.(1)) describes the dependen
f the cumulative amount of a given compound perme

nto the membrane (n) on the absorption time (t). By tak-
ng the first derivative of Eq.(1), the absorption rate
ny absorption time can be obtained asdn

dt
= an◦ exp(−at).

t is predicted that the initial absorption rate is const
dn
dt

∣
∣
t→0 = an◦; and the equilibrium absorption rate is ze

dn
dt

∣
∣
∣
t→∞

= 0. These predictions are in agreement with

xperimental observations reported in our earlier paperXia
t al., 2003). The initial absorption rates for all compoun
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studied were constant in the initial absorption section. The
absorption time profile of each compound consisted of the
initial linear section, a transition section and a flat equilib-
rium section, where the absorption rate was zero.

If the absorption time is kept as constant (t′), the expres-
sion,

[
1 − exp

(−at′
)]

KVdVm
KVm+Vd

, will become a constant (Eqs.
(1) and (2)). Thus, it is predicted that the absorption amount
(n) will be linearly related to its initial concentration in the
solution (C0), and it is also predicted that the linear relation-
ships will cross the zero intersection. These predictions were
supported by the determination of the absorption amounts
from a series of solutions with different initial concentra-
tions, while keeping the absorption time constant (Fig. 1).
All of the linear relationships crossed the zero intersection as
predicted by the model.

The regression of the experimental data with the theoreti-
cal model (Eq.(1)) was shown inFig. 4. It is observed that the
experimental data are well fitted with the theoretical model
over the entire range of absorption time. This suggests that
the developed theoretical model well represents the transport
kinetics of the MCF technique.

5.2. Constants introduced into the kinetic model

The two parametric constants,a andn◦, introduced into
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Guy, 1992). Measurements of drug or chemical membrane
partitioning have been the subject of many studies over the
last several decades. However, it is still challenging to deter-
mine the membrane partition coefficients for very lipophilic
compounds. One of the difficulties is to reach equilibrium.
Another difficulty is the quantitation of the very low concen-
tration in aqueous solutions. The MCF technique provides
a novel and simple approach in determination of the mem-
brane partition coefficient. It is particularly useful in determi-
nation of the membrane partition coefficients for lipophilic
compounds. A series of the absorption data at different time
intervals are sampled before the equilibrium, then absorp-
tion data are regressed with the present kinetic model to
obtain the equilibrium absorption amount (n◦). The mem-
brane partition coefficient can be calculated with Eq.(2).
The partition coefficients obtained with the present regression
method for the selected compounds are listed inTable 1. The
partition coefficients obtained with the equilibrium methods
and octanol/water partition coefficients (Montgomery, 1997)
are also given inTable 1. The partition coefficients obtained
with the regression method were comparable with those ob-
tained with the equilibrium method. It is observed that the
measured PDMS/water partition coefficients correlated well
with the published octanol/water partition coefficients for the
30 compounds (Fig. 5). The correlation coefficient (R2) was
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he theoretical model were clearly defined with the phy
hemical parameters of the absorption system. Constan◦

s the equilibrium absorption amount, as it was derived f
q. (1) by setting the absorption time to infinity. It is a m
ure of the thermodynamic factor of the system in the kin
odel. Thus, constantn◦ can be used to calculate the partit

oefficientK (Eq.(1)).
Constanta is a measure of the kinetic factor of the sys

n the kinetic model. It governs the kinetic characteristic
he system, and determines the shape of the absorption
rofiles (Fig. 4). A compound having a larger value of co
tantawill reach the absorption equilibrium faster. Cons
is defined in Eq.(1) by the geometric parameters of
CF technique (A, δm, Vm andVd) and the physiochemic
arameters of the absorption system (Dd, Dm, δd andK). In

he MCF technique, the contributions of the physiochem
arameters to constanta were studied by keeping the ge
etric parameters constant throughout the experiments
From Eq.(1), it is noticed that constanta is affected by th

hickness of the boundary layer (δd). Reducing the thickne
f the boundary layer by stirring the solution will increa

hea value and consequently reduce the equilibration
Fig. 2) and increase absorption rate (Fig. 3).

.3. Partition and permeation coefficients

The fundamental biological process is characterized b
embrane partition coefficient, which represents the equ

ium permeant distribution between the aqueous phas
he membrane. The partition coefficient is demonstrate
e the main factor determining skin permeability (Potts and
.91. Therefore, the MCF technique might be a useful
or determining the octanol/water partition coefficients
ipophilic compounds.

The permeation coefficient of the membrane cannot b
ectly measured with the MCF technique since the rece
hase does not exist. It can be calculated from its de

ion (Eq. (7)) with the quantities directly measured by
CF technique. The calculated permeation coefficient

he selected compounds are given inTable 1. The membran
ermeability (kp) calculated from its definition should be

he same biological meaning as that obtained by the
entional diffusion cell experiments if same kinetic fact
ere considered. These permeation coefficients are exp

o be higher than those obtained from conventional d
ion experiments. In conventional diffusion experiments
ng Franz static diffusion cells or Bronaugh flow-throu
ells, the solution is static (Addicks et al., 1987; Bronaug
nd Stewart, 1985). The thickness of the boundary layer
tatic aqueous solution was as high as 1966�m (Hidalgo
t al., 1991). The diffusion resistance of the boundary la
as not been separated from the membrane diffusion

ance in the conventional diffusion experiments. Regar
o the significant effects of the boundary layer on the
orption rate (Figs. 2 and 3), the permeation coefficients
ipophilic chemicals in a lipophilic membrane maybe un
stimated if the boundary layer involvement is not con
red. Unfortunately, we cannot find available absorption

or these compounds in the published literature for com
son. Further works should be directed to more hydrop
rugs having permeability data either in vitro or in vivo fr

he literature.
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5.4. Effect of the stirring speed

To study the stirring effect on absorption rate, short ab-
sorption time period before equilibrium is required. After
equilibrium, stirring speed does not show effects on the ab-
sorption rate. From the absorption time profiles in stirred
and static solutions (Fig. 2), it is seen that the absorption
rate in stirred solution was much higher that in static solu-
tion. The absorption rate increased with the stirring speed
(Fig. 3). Traditional basic kinetic models cannot be used
to explain this significant effect of the stirring speed on
the absorption rate, where the boundary layer is not con-
sidered. The magnetic stirring neither changes the proper-
ties of the membrane, nor the chemical properties of the
solution. The only parameter of the absorption system that
could be changed by magnetic stirring is the thickness of
the boundary layer. The thickness of the boundary layer is
inversely proportional to constanta (Eq.(3)). When the stir-
ring speed is increased, the thickness of the boundary layer is
reduced. Therefore, constanta is increased, and consequently
the absorption rate is increased and the equilibration time is
reduced.

5.5. Diffusion coefficients in the membrane and in the
solution
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From Table 1, it is noticed that the membrane diffusion
coefficients are much lower than those in aqueous solution.
This is consistent with the Stokes–Einstein’s theory that the
membrane has higher viscosity comparing to aqueous so-
lution, therefore it has lower diffusion coefficients (Tucker
and Nelken, 1990). There are no reference diffusion coeffi-
cients for these compounds found in the literature. However,
these diffusion coefficient values are quite consistent with
the diffusion coefficients of nine small solutes in stratum
corneum, where the smallest solute is octanol with MW = 130
and logD=−6.4, and the largest solute is aldosterone with
MW = 360 and logD=−8.7 (Mitragotri, 2000).

5.6. Significant effect of the boundary layer

The contributions of the membrane and the boundary layer
to the absorption kinetics (constanta) are described in Eq.
(4). It indicates that the boundary layer could have signifi-
cant effect on the absorption kinetics for chemicals with high
partition coefficients. When the logK value of a chemical
is high enough to satisfy the condition,δm/Dm � 2Kδd/Dd,
the absorption kinetics is transiting from the membrane con-
trolled diffusion to the boundary layer controlled diffusion.
Therefore, the boundary layer could control the absorption
kinetics of the hydrophobic chemicals even though their dif-
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In traditional percutaneous absorption kinetics, the d
ion coefficients in the membrane are calculated from
bsorption data. The concentration of the bulk solution
sed for the membrane diffusivity calculation without tak
ccount of the possible boundary layer effects (Potts and Guy
992; Moss et al., 2002; Flynn and Yalkowsky, 1972). In fact,

he boundary layers adjacent to the membrane in the don
eceptor solution exist even under magnetic stirring (Hidalgo
t al., 1991). The stagnant water layer adjacent to the m
rane was estimated to be 5.2�m under stirring at 400 rpm
y the MCF technique (Fig. 6). Large errors may impose

he determination of the membrane diffusivity from abs
ion data if the boundary layer is not considered (Grassi and
olombo, 1999).
In the present kinetic model, the boundary layer is

ounted for in the absorption kinetics. The membrane d
ion coefficients can be calculated from the absorption
Eq. (6)). However, the thickness of the boundary layer
he diffusion coefficients are both involved in Eq.(6). This
s because the measured absorption data included bo
he contributions (resistances) from the membrane an
oundary layer. To our knowledge, reference diffusion c
cients for the 30 compounds are not available in the
ished literature. Therefore, an estimation method was
o calculate the diffusion coefficients in the aqueous s
ion, which offered a prediction average deviation less
% for all data compiled byHayduk and Laudie (1974). If

he diffusion coefficients (Dd) can be measured directly, t
stimation accuracy of the boundary layer thickness wi

ncreased.
usion coefficients in the solution are larger than thos
he membrane. This inference is worth of consideratio
any other absorption experiments, such as, percuta
bsorption where the lipophilic membrane is assumed

he dominant diffusion barrier and the boundary layer is
lected (Potts and Guy, 1992; Moss et al., 2002).

This is a useful conclusion even though the manifesta
f the boundary layer is not known under normal in vivo c
itions. (a) It provides a direction on how to increase or
rease the percutaneous absorption rates in transderma
elivery, risk assessment and optimize topical formulatio
harmaceutical, cosmetic and nutrition absorption. (b) It
ides a direction for the design of absorption experiments
ow to interpret the experimental data. (c) It also provid

heoretical direction on development of drug, pharmaceu
nd cosmetic formulations. For example, the absorption
f a compound could be increased by reducing the bo
ry layer via reduction in the viscosity of the formulation
pplication of a mechanical or ultrasound vibration.

It is difficult to understand the significant effect of
oundary layer. Traditionally, the membrane is assumed

he main absorption barrier in percutaneous absorption (Moss
t al., 2002). As more and more evidences directed to the

ribution of the boundary layer, the boundary layer is at m
reated with equal importance as the membrane (Hidalgo
t al., 1991). The present kinetic model reveals that the c

ribution of the boundary layer could become the domi
esistant layer in percutaneous absorption of chemicals
icularly for lipophilic chemicals by lipophilic membrane
f one closely examine the absorption processes, it is no
cult to understand this theoretical inference. For a g
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compound permeated from the bulk solution into the mem-
brane, the average traveling distance in the solution is much
larger than that in the membrane since the concentration in
the membrane could beK times higher than that in the solu-
tion (K=Cme/Cde). Therefore, the diffusion resistance by the
boundary layer could be much higher than the membrane for
hydrophobic compounds.

The significant effect of the boundary layer does not con-
tradict most of the traditional diffusion experimental results.
In the traditional diffusion experiments, most of the chemi-
cals and drugs studied have low octanol/water partition co-
efficients (logKo/w < 4). The contribution from the bound-
ary layers was not significant. For hydrophobic compounds
(logKo/w > 4), organic solvents were often used as vehi-
cles to increase their solubility. Traditional diffusion stud-
ies were seldom done in aqueous solution with chemicals
of logKo/w > 4 because of their sparing water solubility. The
organic solvents reduced the vehicle/membrane partition co-
efficients close to unity. For example, logKo/w for dodecane
is 6.1, while its jet fuel/stratum corneum partition coefficient
was only 0.97 (Baynes et al., 2000). Therefore, the permeabil-
ity measured by traditional diffusion experiments would not
deviate considerably when the boundary layer was consid-
ered. However, when the uptake of hydrophobic compounds
from aqueous solutions are considered, such as, the uptake of
h mi-
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