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Studies of adsorption on biologically derived materials typically include direct measurement of either the

adsorption isotherm or the heat of adsorption, but not both. Simultaneous measurement of adsorption

and heat of adsorption should provide a more reliable description of the material under study. In this con-

text, an analysis of the thermodynamics of water sorption is presented and a multilayer heat of sorption

equation is derived within the framework of the Guggenheim–Anderson–deBoer (GAB) model. This model

is applied to the previously published data for water vapor sorption and heat of water vapor sorption

on stratum corneum (SC) over a range of relative humidities. The GAB models effectively characterize

both heat evolution and equilibrium mass uptake over a broad water activity range. The thermodynamic

results suggest significant restructuring of the SC during the sorption process; the sorption data alone

are not sufficient to identify this effect. The results of this study emphasize first, the importance of

incorporating a multilayer approach with variable energies of interaction in modeling of water uptake by

SC and second, the utility of correlating sorption and calorimetric data simultaneously.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Water adsorption and the thermodynamics of water adsorption

play a key role in the processing of many biologically derived ma-

terials. For example, there has long been interest in the interac-

tion of water with wool and hair keratins, due to the importance

of these materials in textiles and personal care applications (Cassie,

1945; D'Arcy and Watt, 1970; Downes and Mackay, 1958; Li and

Holcombe, 1992; Li and Luo, 1999; Morrison and Hanlan, 1957;Watt,

1960, 1964, 1980). Similarly, there is significant interest in the in-

teraction of water with foodstuffs (Fasina et al., 1997; Marcos et al.,

1997; Quirijns et al., 2005a,b; Velazquez et al., 2003). Adsorption

properties are typically quantified through the adsorption isotherm

and through energetic effects (both enthalpic and entropic). These

energetic effects are often useful in understanding the fundamen-

tal phenomena underlying macroscopic effects, and are needed for

tight optimization of large-scale processing operations that require

controlling moisture levels or drying.

Direct measurements of the heat of adsorption are rarely accom-

panied by simultaneous determination of the adsorption isotherm.

It is quite common to quantify the energetic effects of sorption
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using the isosteric heat of adsorption (Sircar, 2007), by measur-

ing adsorption isotherms at several temperatures and applying the

Clausius–Clapeyron equation to calculate the enthalpy of adsorp-

tion. For biologically derived materials, this approach is often com-

plicated by the conformational and structural changes induced by

water adsorption and temperature changes. The simultaneous mea-

surement of the adsorption isotherm and the heat of adsorption

overcomes this difficulty, as well as the limitations of the use of the

Clausius–Clapeyron equation (Yadav et al., 2007).

In this context, the human stratum corneum (SC) is useful as a

model system to study water interactions with biologically derived

materials. The SC is a major barrier to the absorption into the cir-

culation of most substances that are deposited on the skin surface.

This barrier is essential to maintain physical and chemical equilibria

with the environment. Since the SC is the rate-limiting diffusional

barrier for most compounds, excised SC or skin sections containing

SC are often used in determinations of the rate and extent of der-

mal absorption. Studies of water sorption (Anderson et al., 1973a,b;

Blank, 1952; El-Shimi and Princen, 1978a; El-Shimi et al., 1975;

Kasting and Barai, 2003; Leveque et al., 1987; Spencer et al., 1975;

Yadav et al., 2007) and diffusion (Blank et al., 1984; Bouwstra et al.,

1991; Bull, 1944; El-Shimi and Princen, 1978b; Kasting et al., 2003;

Potts et al., 1991; Stockdale, 1978) in the SC have been published by

various groups. The equilibrium sorption of water on SC follows a

type II or type III isotherm, with a small amount of water sorbed at
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lower relative humidity (RH), and a relatively large amount of water

sorbed at higher RH (Anderson et al., 1973a,b; Blank, 1952; El-Shimi

and Princen, 1978a; El-Shimi et al., 1975; Kasting and Barai, 2003;

Leveque et al., 1987; Spencer et al., 1975).

Kasting and Barai (2003) interpreted water vapor sorption data

on SC from six laboratories using the Brunauer–Emmett–Teller

(BET), D'Arcy–Watt, and Frenkel–Halsey–Hill (FHH) isotherms. The

BET isotherm was modified to account for the finite water sorption

observed when the gas phase was saturated with water vapor;

otherwise, the BET isotherm describes the water sorption isotherm

of human SC only below a water activity of 0.5 (Blank, 1952). A

modified version of the FHH model (Kasting and Barai, 2003) and

D'Arcy–Watt model (El-Shimi and Princen, 1978a; Kasting and

Barai, 2003) successfully described the water sorption isotherm of

human SC. The D'Arcy–Watt model has up to five parameters, and

considers vapor-phase interactions with heterogeneous sorbents

(D'Arcy and Watt, 1970; El-Shimi and Princen, 1978a; Kasting and

Barai, 2003; Watt, 1980), while the FHH model includes long-range

interactions between the sorbate and the sorbent, and assumes that

the potential energy of the sorbate–sorbent interaction varies as

the inverse n th power of the separation distance. The value of n
varies between 2 and 3 for many systems (Adamson, 1976; Kasting

and Barai, 2003). The parameters used in these models are linked to

energetic interactions, but they have been determined in the cited

studies purely by fitting the water sorption isotherms.

The results obtained by Kasting and Barai (2003) highlight two

key aspects of the process by which water adsorbs onto SC. First,

sorption clearly involves primary sorption of water onto active sites

within the SC and subsequent adsorption of less tightly bound water

in secondary layers. Second, the properties of the water bound in the

secondary layers are influenced significantly by the presence of the

SC. This second result invalidates one of the assumptions involved

in the derivation of the BET isotherm, that the properties of water in

the secondary layers are equivalent to the properties of liquid water.

These results are consistent, however, with the assumptions used to

develop the Guggenheim–Anderson–deBoer (GAB) isotherm, which

is an extension of the Langmuir and BET adsorption models (Fasina

et al., 1997; Marcos et al., 1997; Pradas et al., 2004; Pudipeddi et al.,

1996; Quirijns et al., 2005a,b; Velazquez et al., 2003). In addition,

the parameters of the GAB isotherm have clear thermodynamic in-

terpretations that can be used to understand more completely the

sorption process.

The present study couples the energetics of water interactions

with SC with the sorption isotherm to provide insight into the sorp-

tion process; this is perhaps the first study reporting the simultane-

ous analysis of sorption and calorimetry data using the GAB isotherm.

A multilayer heat of sorption equation is derived for the GAB model;

this equation is then used in conjunction with the GAB water vapor

sorption equation to obtain model coefficients. This model is used to

characterize water uptake and heat of sorption on SC measured by

isothermal microcalorimetry (Yadav et al., 2007). These results are

used to infer structural changes during the sorption process (Kasting

and Barai, 2003). The broader implications of the approach presented

here are also discussed.

2. GAB adsorption isotherm and thermodynamics

2.1. Adsorption isotherm

The GAB isotherm is an extension of the Langmuir and BET ad-

sorption models (Fasina et al., 1997; Marcos et al., 1997; Pradas et al.,

2004; Pudipeddi et al., 1996; Quirijns et al., 2005a,b; Velazquez et al.,

2003). It is based on the assumption of multilayer physical adsorp-

tion onto an adsorbent surface with active sites that are identical,

distinguishable, and independent (Fasina et al., 1997; Marcos et al.,

1997; Quirijns et al., 2005a,b; Velazquez et al., 2003). The isotherm

does not account for lateral interactions betweenmolecules (Quirijns

et al., 2005a,b). The development of the isotherm traditionally ac-

counts for three types of adsorbed molecules: molecules adsorbed

directly on the adsorbent surface, which are strongly influenced by

interactions with the surface; molecules adsorbed in the next sev-

eral layers (themultilayer), which are influenced less significantly by

interactions with the adsorbent surface; and layers beyond the mul-

tilayer, which have properties identical to those of the adsorbate in

bulk liquid form.

Based on these assumptions, the traditional form of the GAB sorp-

tion isotherm is obtained (Marcos et al., 1997; Pradas et al., 2004;

Velazquez et al., 2003) as

� = Ckx
(1− kx)(1− (1− C)kx)

(1)

Eq. (1) relates the fractional coverage, �, to the adsorbate activity, x,
through the parameters, C and k. The natures of the parameters C

and k, which are related to the thermodynamics of the adsorption

process, are discussed in detail below. The fractional coverage is

defined as

� = n
nm

(2)

where n represents the moles adsorbed and nm represents the moles
adsorbed at monolayer coverage (one adsorbate molecule per ad-

sorption site).

Pradas et al. (2004) developed Eq. (1) using a classical thermo-

dynamic argument, modeling the adsorption process as a set of

reactions in which i adsorbate molecules (B) associate with one ad-
sorption site (X0) to form the complex XiB:

X0+ iB ↔ XiB (3)

At equilibrium, the chemical potentials are related by

�XiB = �X0 + i�B (4)

The chemical potential of the unassociated sites can be expressed as

�X0 = �0X0 + RT ln�0 (5)

where

�i =
ni
nm

(6)

ni is the number of complexes XiB, R is the gas law constant, T is

the absolute temperature, and the superscript 0 denotes a property

at standard state; n0 is number of unoccupied adsorption sites. The
chemical potential of the unassociated adsorbate can be written as

�B = �0B + RT ln x (7)

The chemical potential of complex XiB can be expressed as the sum
of contributions from the first adsorbed layer and the multilayer:

�XiB = �0XB + (i − 1)�∗
B + RT ln�i (8)

where the superscript ∗ indicates a property of the multilayer.
The GAB isotherm, Eq. (1), follows directly from these assump-

tions (Pradas et al., 2004); the following relationships are also ob-

tained:

�i = C�0(kx)
i (9)

C = exp
(

�∗
B − �0XB
RT

)
(10)
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k = exp
(

�0B − �∗
B

RT

)
(11)

The parameters nm, C, and k can be evaluated from the adsorp-

tion isotherm (n as a function of x); however, a single adsorption
isotherm is not sufficient to identify the relative importance of en-

tropic and enthalpic contributions to the adsorption process. Thus,

additional data are required to isolate the entropic and enthalpic

contributions.

2.2. Calorimetric heat of adsorption

Calorimetry can be used to obtain the heats of adsorption as a

function of adsorbate activity. For the adsorption process described

by Eq. (3), it is convenient to express enthalpic effects in terms

of the enthalpy of adsorption of the first adsorbed layer, H1, and
the enthalpy of adsorption to the multilayer, Hm. These enthalpies

are defined in terms of the molar enthalpy of the adsorbate in the

gas phase, HG, and the partial molar enthalpies in the adsorbed

layers:

H1 ≡ H0XB − HG (12)

Hm ≡ H∗
B − HG (13)

Superscripts and subscripts for the enthalpy follow the same con-

ventions used for chemical potentials. H1 and Hm are defined in a

manner that is independent of choice of standard state, and are neg-

ative when adsorption is exothermic. The integral calorimetric heat

of adsorption, Q, can be calculated from the adsorption isotherm and

the enthalpies of adsorption defined above; the development fol-

lows that presented by Pudipeddi et al. (1996) for adsorption pro-

cesses following the BET isotherm. Q is defined as positive when the

adsorption process is exothermic.

The heat Qi evolved by the formation of all complexes XiB can be
written as

−Qi = ni(H1 + (i − 1)Hm) (14)

Eq. (14) can be combined with Eq. (9) and rearranged to provide the

result

−Q = −
∞∑
i=1

Qi = nmC�0

⎧⎨
⎩(H1 − Hm)

∞∑
i=1
(kx)i + Hm

∞∑
i=1

i(kx)i

⎫⎬
⎭ (15)

The series in Eq. (15) are convergent if kx <1, in which case

−Q = nmC�0(kx)

(1− kx)2
{H1 + (Hm − H1)(kx)} (16)

The fraction of sites unoccupied can be calculated from C, k, and x,

assuming kx <1:

�0 = 1−
∞∑
i=1

�i = 1−
∞∑
i=1

C�0(kx)
i = 1− kx

1− (1− C)kx
(17)

Combining Eqs. (1), (16), and (17),

−Q = n[H1 + (Hm − H1)(kx)] (18)

which can be arranged to a form more convenient for regression:

−Q
n

= H1 + (Hm − H1)(kx) (19)

Eqs. (1) and (19) provide a form through which isotherm and calori-

metric data can be correlated to determine values for H1 and Hm.

2.3. Isolation of enthalpic and entropic effects

The parameters C and k can provide insight into the adsorption

process if the entropic and enthalpic contributions to these factors

can be established. The molar enthalpies of adsorption H1 and Hm

are related to the more fundamental enthalpies H0B , H
∗
B, and H0XB.

The standard-state enthalpy of the adsorbate can be included in the

expressions for Hm and H1:

Hm ≡ H∗
B − HG = (H∗

B − H0B)− (HG − H0B) (20)

H1 ≡ H0XB − HG = (H0XB − H0B)− (HG − H0B) (21)

Taking the standard state as liquid adsorbate at the conditions of the

adsorption experiment, the difference −(HG − H0B) is the latent heat
of condensation, HL. As a consequence,

H∗
B − H0B = Hm − HL (22)

H0XB − H0B = H1 − HL (23)

Noting the definition of chemical potential, inserting these results

into Eqs. (20) and (21) and rearranging recovers the standard ex-

pressions for C and k (Pradas et al., 2004):

C = exp
(
S0XB − S∗

B
R

)
exp

(
Hm − H1

RT

)
= C0 exp

(
Hm − H1

RT

)
(24)

k = exp
(
S∗
B − S0B
R

)
exp

(
HL − Hm

RT

)
= k0 exp

(
HL − Hm

RT

)
(25)

Superscripts and subscripts for the entropy follow the same conven-

tions used for chemical potentials and enthalpies. Eqs. (24) and (25)

illustrate the entropic nature of the pre-exponential factors C0 and
k0. Further, the partial molar entropies of the adsorbate on the sur-
face and in the multilayer can be calculated directly from C, k, and

the molar enthalpies of adsorption:

S∗
B − S0B =

(
Hm − HL

T

)
+ R ln k (26)

S0XB − S0B =
(
H1 − HL

T

)
+ R lnCk (27)

2.4. Comparison with BET adsorption isotherm and thermodynamics

The critical difference between the assumptions of the GABmodel

and those of the BET model concern the properties of the material

adsorbed in the secondary layers. In the BET model, the properties in

the secondary layers are taken to be the same as those of the adsor-

bate in bulk liquid form. Since the bulk liquid is the reference state

for thermodynamic properties, the assumptions of the BET model

imply:

�∗
B = �0B (28)

As a consequence, k=1 for the BET model, and the standard expres-
sion for the BET adsorption isotherm follows directly:

� = Cx
(1− x)(1− (1− C)x)

(29)

The corresponding expression for Q is

−Q
n

= H1 + (H1 − HL)x (30)
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As noted above, the GAB isotherm predicts finite adsorption as

x → 1, while the BET isotherm, Eq. (29), predicts unlimited adsorp-

tion as x → 1. Both models predict that the average calorimetric

heat, Q/n, will be linear with x, and that limit of Q/n as x → 0 will

be −H1. Thus, this correlation provides an estimate of the enthalpy
of adsorption for the first adsorbed layer regardless of the relative

validities of the GAB and BET assumptions.

2.5. Differential enthalpy of adsorption

Eq. (18) expresses the measured integral heat of adsorption in

terms of the gas-phase adsorbate activity and the parameters of the

GAB model. In many practical applications, the differential enthalpy

of adsorption, �H, is also of interest. This differential enthalpy can
be calculated by differentiating Eq. (18) with respect to the number

of moles adsorbed:

�H = −dQ
dn

= H1 + (Hm − H1)(kx)
1+ r(1− �)
1− r�

(31)

The parameter r is defined as

r = 1− kx
1+ kx

(32)

Eq. (31) allows calculation of the differential enthalpy of adsorp-

tion based on knowledge of the GAB parameters; in the absence of

such a relationship, the differential enthalpy must be estimated by

numerical differentiation of experimental results. (The definition of

�H used here is slightly different from the definition used in the

investigators' previous work, in which a correction was included to

account for the latent heat of condensation.)

3. Application to water sorption on human SC

3.1. Experimental details

The above results were applied to the data previously published

by Yadav et al. (2007). Human SC obtained from cadavers (back

and thigh) was prepared by the heat separation technique followed

by trypsinization (Kligman and Christophers, 1963). SC samples

(10–15mg) were dried under vacuum, mounted on a wire screen

and placed in a specially modified C80-D isothermal calorimeter;

the experimental setup has been described in detail elsewhere

(Yadav et al., 2007). The sample was then exposed to air of known

RH and the heat released was measured. After each heat flow mea-

surement, the sample was weighed to determine the water uptake.

The sample was subsequently dried to a constant weight prior to

re-exposure to air at a different RH. The water sorption and heat

of sorption results are shown in Fig. 1. Two samples were obtained

for each location for each donor, so that a total of eight SC samples

were used; the results presented here are the average of the values

obtained for replicate samples.

3.2. Data analysis

Initially, estimates of H1, Hm, nm, C, and k were determined for

each sample individually (Yadav et al., 2007) by fitting Eqs. (1)

and (19) to the experimental data for n and Q/n by simultane-

ous nonlinear least-squares regression using a program written in

SigmaPlot� (Systat Software, San Jose, CA). The regression mini-

mized was the residual sum of squared deviations (SSQ), defined

as

SSQ =
N∑
i=1

{
[ni(obs)− ni(fit)]

2 +
[(

Q
n

)
i
(obs)−

(
Q
n

)
i
(fit)

]2}
(33)
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Fig. 1. Experimental data for (a) water sorption and (b) heat of sorption on human
SC at 32 ◦C correlated using the GAB model, Eqs. (1) and (19).

Regression results are presented in Table 1. The value of HL was

43.7 kJ/mol (interpolated at 32 ◦C using data from Smith et al.,

1996).

The regression resulted in correlation coefficients ranging from

0.982 to 0.989, indicating that the GAB model provides a good

representation of the data. The results presented in Table 1 in-

dicate (1) that Hm is not statistically distinguishable from HL
(−43.67kJ/mol) (with p values ranging from 0.46 to 0.98), (2) that

the values of C, k, and nm do not, within the precision of the pa-

rameter estimates, differ among the sample types, and (3) that

H1 for back SC is lower than for thigh SC. These results suggest
that complete data set can be described using single values of C,

k, and nm, HL = Hm, and separate values of H1 for back and thigh
data.

A second set of correlations was completed with pooled data.

nm, C, and k were estimated using nonlinear least-squares regres-

sion based on Eq. (1); again, a program written in SigmaPlot�

was used. Results of this procedure are presented in Table 2; this

regression was used to generate the curves in Fig. 1. Estimates

of H1 for back and thigh data were determined from regression

of Q/n as a function of x using Eq. (19); results of this regres-

sion are presented in Table 2 and are shown graphically in Fig. 2.

The correlation coefficient for the fit to Eq. (1) was 0.987, com-

parable to the correlation coefficients obtained when data for

the various sample types were correlated independently. Final

values of the regression parameters were independent of initial

estimates.
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Table 1
GAB model (Eqs. (1) and (19)) parameters describing water sorption and heat of water sorption on individual samples of human SC using data from (Yadav et al., 2007);

parameters were obtained using simultaneous regression of sorption and calorimetric data for individual samples.

Donor 1 back Donor 1 thigh Donor 2 back Donor 3 thigh

C Dimensionless 6.3± 1.4 3.0± 0.8 3.6± 2.0 3.2± 0.7
nm molH2O/100g dry SC 0.20± 0.02 0.31± 0.11 0.26± 0.15 0.18± 0.02
k Dimensionless 0.85± 0.04 0.70± 0.13 0.72± 0.25 0.87± 0.03
H1 kJ/molH2O −97± 4 −119± 19 −94± 5 −126± 19
Hm kJ/mol H2O −46± 8 −44± 20 −48± 9 −46± 17
r2 Dimensionless 0.986 0.989 0.982 0.987

Values shown are least-squares fit± 95% confidence interval.

Table 2
GAB model (Eqs. (1) and (19)) parameters describing water sorption and heat of

water sorption on human SC using pooled data from (Yadav et al., 2007); C,nm , and

k obtained by regression of pooled sorption data; H1 obtained by linear regression
of Q/n vs. x with data pooled by location (back or thigh); and Hm set to latent heat

of condensation.

C Dimensionless 4.39± 0.01
nm molH2O/100gdry SC 0.21± 0.01
k Dimensionless 0.80± 0.01
H1 (back) kJ/molH2O −97.1± 1.2
H1 (thigh) kJ/molH2O −122.3± 1.4
Hm kJ/molH2O −43.67
r2 Dimensionless 0.987

Values shown are least-squares fit± 95% confidence interval.
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Fig. 2. Correlation of average calorimetric heat of water vapor sorption on human
SC at 32 ◦C with water activity.

4. Discussion

4.1. Physical interpretation of GAB results

In the past, numerous studies have been conducted to describe

water sorption on various keratins (Anderson et al., 1973a,b; Blank,

1952; Cassie, 1945; D'Arcy and Watt, 1970; Downes and Mackay,

1958; El-Shimi and Princen, 1978a; El-Shimi et al., 1975; Kasting

and Barai, 2003; Leveque et al., 1987; Li and Holcombe, 1992; Li and

Luo, 1999; Morrison and Hanlan, 1957; Spencer et al., 1975; Watt,

1960, 1964, 1980). Many of these reports have focused on wool

and hair keratins, due to their importance in textiles and personal

care (Cassie, 1945; D'Arcy and Watt, 1970; Li and Holcombe, 1992;

Li and Luo, 1999; Morrison and Hanlan, 1957; Watt, 1960, 1964,

1980). However, with the exception of Leveque's calorimetric study

(Leveque et al., 1987), the current literature on human SC provides

little information about the energetics of SC–water interaction. This

report combines mass uptake and energetics data to describe human

SC–water interactions.

The monolayer water content, nm, for human SC obtained

from mass uptake measurements in the calorimeter at 32 ◦C was
0.038gH2O/g dry SC (0.21molH2O/100g dry SC in Table 1). These

values are in excellent agreement with the value 0.039gH2O/g dry

SC reported by Kasting and Barai (2003) based on a GAB analysis

of gravimetric measurements at 20 ◦C. The water sorption observed
at high water activity in this study is much less than that for the

studies summarized by Kasting and Barai (2003), with the exception

of the work of El-Shimi and Princen (1978b). Using a vapor phase

sorption method, these investigators determined several isotherms

with saturated water sorptions comparable to those observed in this

study. Kasting and Barai (2003) incorrectly interpreted these values

as weight fractions. The reason for the low water sorption in the

present study, and that of El-Shimi and Princen, is not entirely clear.

Although the analysis presented here suggests that 0.038gH2O/g

dry SC is tightly adsorbed to SC lipids and keratins, it is not correct

to think about this water up to this hydration stage being “bound”

and the remainder being “free”. As discussed elsewhere (Kasting and

Barai, 2003; Yadav et al., 2007) the monolayer water content, nm,
obtained from isotherm analysis of SC water sorption data is much

less than the amount of bound water as determined by other tech-

niques. Spectroscopic (Hansen and Yellin, 1972; Foreman, 1976) and

calorimetric (Walkley, 1972) characterization of partially hydrated

SC has shown that 0.33–0.5 gH2O/g dry SC becomes associated with

the tissue based on narrowing of infrared and nuclear magnetic res-

onance line widths and the lack of a melting endotherm at 0 ◦C. This
is approximately 10 times the GAB monolayer value. A partial ex-

planation for this difference may be found in the fact that keratin

fibers uncoil as they hydrate and expose more primary binding sites,

a phenomenon that has been recognized for many years (Cassie,

1945; Blank, 1952). In contrast, the GAB model describes an immo-

bile substrate with a fixed number of binding sites. One may infer

from this comparison that the primary binding sites that unfurl as

the SC swells have a weaker enthalpic interaction with water than

do the primary sites in very dry SC; otherwise, greater cumulative

heats of sorption would be measured and a higher value of nm ob-
tained. It is also evident that the entropic interactions between SC

keratin fibers and the GAB multilayer water surrounding them are

sufficient to prevent the water from freezing (cf. Walkley, 1972).

The pre-exponential factors C0 and k0, defined by Eqs. (24) and
(25) are expressions of entropic effects in the adsorption process.

Adamson postulated a value of C0 close to unity for the BET model
(Adamson, 1976). However, Pradas et al. (2004) criticized the subse-

quent practice of approximating this parameter as one and showed

for a water-synthetic polymer (poly 2-hydroxyethyl acrylate) sys-

tem that C0 has values in the range 0.1–0.5, depending on the tem-
perature (280–340K). A value of C0 less than one is expected if the
mobility of molecules within the first adsorbed layer is restricted

(Pradas et al., 2004). Hill (1948) showed that the reduction of the

value of C0 (therein called R) expected for the loss of translational

degrees of freedom by diatomic molecules is only a factor of 5. Based
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Table 3
Water entropies estimated using the GAB model for water sorption on human SC.

S (J/molK)

Back Thigh

Gas phase (SG) 143

Saturated liquid (SB) 0

Multilayer (S∗
B) −2

Fictitious solid state −11
First sorbed layer (S0XB) −245 −161
The entropy of solid water at experimental conditions was estimated by dividing

the heat of fusion by the experimental temperature. Entropies are referenced to

saturated water at the experimental temperature, 32 ◦C.

on the results presented in Table 2, C0 = 3.1 × 10−9 from SC from

the back and 1.4× 10−13 for SC from the thigh. C0 values almost as
low have been estimated for other natural materials. For example,

Turhan and Gunasekaran (2002) report C0 values of 7.7 × 10−5 for
fuzzy cottonseed and 2.2×10−4 for starch-coated cottonseed. How-
ever, the values of C0 obtained in this study are too low to explain

based simply on loss of translational freedom.

The low values of C0 must be attributable to entropic effects.
Eqs. (26) and (27) can be used to calculate the partial molar en-

tropies S0XB and S∗
B relative to that of the standard state entropy of

water. Results of these calculations are presented in Table 3; the en-

tropy of water vapor and a fictitious frozen state at the experimen-

tal temperature are shown for comparison. As expected based on

the value of k0, the partial molar entropy of water adsorbed in the
multilayer is less than the molar entropy of liquid water but greater

than that of a fictitious frozen state. The partial molar entropy of

water in the first adsorbed layer is remarkable inasmuch as it is less

than that of a fictitious frozen state in which water has extremely

limited mobility and a low-entropy crystalline structure. Thus, the

low molar entropy associated with the first adsorbed layer suggests

that water adsorption to this layer results not only in reduced mo-

bility for the adsorbed water, but also in significant restructuring of

the SC itself. This result is supported by ATR–FTIR results published

elsewhere by the authors (Yadav et al., 2009) that indicate signif-

icant protein conformation changes occur during water adsorption

in human SC. This restructuring of the SC is not evident from the

isotherm data alone. It is the combination of isotherm data with the

energetics of the adsorption process that allows identification of this

effect.

The functional consequences of the primary water binding en-

thalpy (H1) differences between back skin and thigh skin noted in
this study are uncertain. Broad body surfaces are considered by most

to have comparable permeability to both water and organic solutes,

although there is some basis for thinking trunk skin is more perme-

able than arm/leg skin for the latter (Scheuplein, 1978). However,

this difference is not consistently observed. For example, application

of testosterone patches to abdomen, back, thigh and upper arm in a

clinical study involving 34 hypogonadal men resulted in comparable

testosterone blood levels in all four groups (Physician's Desk Ref-

erence, 2002). It seems more likely that the H1 enthalpy difference
may be a factor in water holding capacity of the skin, which is very

important to skin moisturization, skin barrier homeostasis and, ul-

timately, to skin health (Imokawa et al., 1989; Rawlings and Matts,

2005). However, the factors affecting these phenomena are com-

plex and include SC lipid content, natural moisturizing factor levels

and environmental factors in addition to possible enthalpic effects

(Harding, 2004). Since skin health is of great concern to a broad au-

dience, it may be that enthalpy measurements and analysis thereof,

such as the work described here, can play a role in sorting out the

complex factors affecting this condition.
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Fig. 3. Differential enthalpy of water sorption on human SC as a function of water
sorption; data points obtained by numerical differential of calorimetric and ad-

sorption results (Yadav et al., 2007); curves obtained using Eq. (31) and parameter

values from Table 2.

4.2. Broader implications

The discussion above demonstrates the use of correlated sorp-

tion and calorimetry results to provide a physical interpretation of

the observed water sorption behavior of human SC. This interpre-

tation is critical to understanding permeation through skin and the

impact of pharmaceutical and cosmetic materials on skin. However,

the methodology presented and applied in this work has broader im-

plications in chemical engineering applications, especially applica-

tions involving the processing of biologically derived materials. For

example, many adsorption and desorption processes are not isother-

mal, making the temperature dependence of isotherm parameters

a matter of practical importance. The GAB isotherm provides an

explicit form for the temperature dependence of C and k through

Eqs. (24) and (25). If isotherms are measured at several tempera-

tures, the isotherm data can be correlated at each temperature using

Eq. (1) to provide values of C and k. Eqs. (24) and (25) can then be

used to determine the enthalpic and entropic contributions to the

parameters in the GAB model. Quirijns et al. (2005a,b) have applied

this approach, for example. This approach requires sorption data

obtained over a range of temperature, and assumes implicitly that

there is no change in the material under study throughout the tem-

perature range; this assumption can be questionable for biologically

derived materials. The methodology used in the present study can

be used to circumvent this problem, since the entropic and enthalpic

contributions to the adsorption isotherm can be obtained at a sin-

gle temperature using independent calorimetric results. Changes in

these contributions would be indicative of changes in the material

under study.

In addition, there are often significant heat effects associated with

adsorption and desorption processes, and optimization of these pro-

cesses requires a reliable quantitative relationship between sorption

and heat loads. As noted above, it is common to quantify the heat

effect associated with a sorption process using the isosteric heat of

sorption calculated using the Clausius–Clapeyron equation (Sircar,

2007). The authors (Yadav et al., 2007) have reviewed the limitations

of applying this practice to biologically derived materials such as SC;
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these limitations were one of the original motivations for calorimet-

ric studies of SC.

When calorimetric results are available, it is no longer necessary

to resort to use of the Clausius–Clapeyron equation to determine the

differential enthalpy of adsorption, �H. In principle, the calorimet-
ric and sorption data can be differentiated numerically to determine

�H; however, calculation of �H by numerical differentiation of ex-
perimental results is quite susceptible to experimental errors. The

GAB isotherm provides an alternate approach. Experimental results

can be correlated directly, after which Eq. (32) can be used calculate

�H. The results of this procedure are exemplified in Fig. 3. In this
figure, the data points are obtained by numerical differentiation of

the sorption and calorimetric data, while the curves were generated

using Eq. (32) and the parameter values presented in Table 2. There

is reasonably good agreement between differential enthalpies deter-

mined by numerical differentiation of the experimental results and

differential enthalpies determined using the GAB model.

5. Conclusions

This study presents a multilayer heat of sorption equation de-

veloped within the framework of the GAB model. This equation has

been applied to a model system, adsorption of water on human stra-

tum corneum at 32 ◦C. The GAB model effectively described major
features of the experimental sorption and heat of sorption data for

this system, even at high activities where the BET model fails. In con-

junction with coordinated sorption and calorimetric data, the model

can be used to isolate enthalpic and entropic effects during the sorp-

tion process. For the samples studied here, the calorimetric results

indicate significant restructuring of the SC occurs during water sorp-

tion. The model can be applied to a broader range of biologically

derived materials to obtain the differential heat of adsorption with-

out numerical differentiation of experimental results. The analysis

presented also illustrates the utility of simultaneous correlation of

sorption and calorimetric data to provide a more complete picture

of the sorption process.

Notation

C parameter in GAB and BET isotherms, dimensionless

C0 pre-exponential factor in C, dimensionless

H enthalpy

H1 enthalpy of adsorption from gas to first surface layer,

J/mol

HL latent heat of condensation, J/mol

Hm enthalpy of adsorption from gas to multilayer, J/mol

�H differential enthalpy of adsorption, J/mol

k parameter in GAB isotherms, dimensionless

k0 pre-exponential factor in k, dimensionless

n moles sorbed, mol/g sorbent

ni moles sorbed in layers 1 through i, mol/g sorbent

Q calorimetric heat of adsorption, J

Qi calorimetric heat of adsorption of layers 1 through i, J

R gas law constant, J/molK

S entropy, J/molK

T temperature, K

x sorbate gas-phase activity, dimensionless

Greek letters

� fractional coverage of surface, dimensionless

�i fractional coverage of surface layer i, dimensionless
� chemical potential, J/mol

Subscripts

m monolayer coverage

X0 free surface binding site

XB surface binding site with single molecule of bound sor-

bate

G gas phase

Superscripts

0 standard state
∗ thermodynamic property in multilayer
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