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Abstract This study was aimed at the determination of bo-
vine leather moisture sorption characteristics using a static
gravimetric method at 30, 40, 50, 60 and 70 °C. The curves
exhibit type II behaviour according to the BET classification.
The sorption isotherms fitting by seven equations shows that
GAB model is able to reproduce the equilibrium moisture
content evolution with water activity for moisture range vary-
ing from 0.02 to 0.83 kg/kg d.b (0.9898 < R2 < 0.999). The
sorption isotherms exhibit hysteresis effect. Additionally,
sorption isotherms data were used to determine the thermody-
namic properties such as isosteric heat of sorption, sorption
entropy, spreading pressure, net integral enthalpy and entropy.
Net isosteric heat of sorption and differential entropy were
evaluated through direct use of moisture isotherms by apply-
ing the Clausius–Clapeyron equation and used to investigate
the enthalpy-entropy compensation theory. Both sorption
enthalpy and entropy for desorption increase to a max-
imum with increasing moisture content, and then de-
crease sharply with rising moisture content. Adsorption
enthalpy decreases with increasing moisture content.
Whereas, adsorption entropy increases smoothly with
increasing moisture content to a maximum of 6.29 J/K.mol.
Spreading pressure increases with rising water activity. The

net integral enthalpy seemed to decrease and then increase to
become asymptotic. The net integral entropy decreased with
moisture content increase.

Nomenclature
aw Water activity
Am Area of water molecule (m2)
C Constant related to the heat of sorption of the

first layer
C0 and k0 Entropic accommodation constants
k Factor related to the heat of sorption of the

multilayer
Kb Boltzmann constant (J/K)
Lv Latent heat of vaporization (J/mol)
N Number of data values
qm Sorption heat of the monolayer absorbed water

(J/mol)
qn Sorption heat of multilayer absorbed water

(J/mol)
qc Sorption heat of the bulk liquid (J/mol)
Qst Net isosteric heat of sorption (J/mol)
qst Total isosteric heat of sorption (J/mol)
Qin Net integral enthalpy(J/mol)
r2 Correlation coefficient
R Universal gas constant (J/mol.K)
T Temperature (K)
Tβ Isokinetic temperature (K)
w Equilibrium moisture content (kg/kg d.b)
wm Monolayer moisture content (kg water/kg

solid)
ΔS Molar differential entropy of sorption

(J/K.mol)
ΔSin Net integral entropy(J/K.mol)
ΔG Gibbs free energy (J/mol)
α constant free energy (J/mol)

* Daoued Mihoubi
daoued.mihoubi@crten.rnrt.tn

1 Research Group of Agri-Food Processing Engineering, Laboratory of
Applied Fluids Mechanics, Process Engineering and Environment,
National School of Engineers of Sfax, University of Sfax, Soukra
road, BP 1173, 3038 Sfax, Tunisia

2 Research and Technology Center of Energy (CRTEn), Laboratory of
Wind Energy Management and Waste Energy Recovery
(LMEEVED), B.P. 95, 2050 Hammam-Lif, Tunisia

Heat Mass Transfer (2018) 54:1163–1176
https://doi.org/10.1007/s00231-017-2223-0

mailto:daoued.mihoubi@crten.rnrt.tn
http://crossmark.crossref.org/dialog/?doi=10.1007/s00231-017-2223-0&domain=pdf


θ Moisture ratio
ɸ Spreading pressure (J.m−-2)
Mathematical symbols
wexp;i Average value of experimental equilibrium

moisture
()* The geometric mean
Subscripts and superscripts
calc,i predicted
exp.,i experimental

1 Introduction

Textile drying is among the most energy consuming processes
and most important step used in wet processing. Drying opti-
mization is very promising for decreasing energy consump-
tion, improving products quality and improving drying pro-
cess parameters at the same time [1]. Indeed, heat and mass
transfer in the product during drying should be analysed.
Coupling simultaneously heat, mass and momentum transfer
can clearly explain the complexity of drying phenomena.
Dealing with a porous media, many physical changes within
the product during this process boosts the problem’s complex-
ity. A good knowledge of the material thermo-physical prop-
erties can improve their drying process, drying schedules and
can help to efficiently use to achieve optimal qualities.

In fact, moisture transfer in hygroscopic porous media can
be the consequence of adsorption/desorption at the surface,
moisture diffusion inside the sample and convective exchange
between material and the environment [2]. The typical pace of
the isotherm curve reflects the way in which the water binds
the material [3].

Leather is made by processing the animals ‘skin
slaughtered for their meat and skin. Indeed, leather is used in
various industries as an important raw material including
clothing, shoes fashion accessories, furniture covering and
leather goods industries. Drying has an essential role in leather
manufacturing process as a means of improving preservation
and storage [4]. Many internal and external parameters could
influence directly the leather drying behaviour. External pa-
rameters include temperature, velocity and air relative humid-
ity. Although, internal parameters include density, porosity,
permeability, adsorption–desorption characteristics and ther-
mo physical properties of the material being dried.

Water activity (aw) is derived from fundamental principles
of thermodynamics and physical chemistry. It depends on the
temperature, composition and physical state of the com-
pounds. [5] It is defined as the ratio of water partial vapour
pressure in the material and the standard state partial vapour
pressure of pure water at the same temperature. Water activity
is one of the most important intrinsic properties used for
predicting the microorganisms’ presence inside the product.

In fact, the term water activity refers to the free water which is
unbound to material molecules and consequently can support
the bacteria, yeasts and moulds growth. Reducing the not
bound water quantity could also minimize other undesirable
chemical changes that occur during preservation. It is related
to water content in a non-linear relationship known as a mois-
ture sorption isotherm curve. Isotherms can predict product
stability over time in different storage conditions.

Several models have been developed in the literature to
predict the relationship between equilibriummoisture content,
water activity and temperature. The models ‘equations consti-
tute an essential component of the overall drying theory and
provide information directly useful in accurate and optimum
design of drying equipment and for the drying process mac-
roscopic modelling. They are needed in the analytical deter-
mination of the thermodynamic properties related to moisture
sorption [6]. These models can be theoretical [7–9], semi-
theoretical [10–13, 57] or empirical [11–14, 35]. The fitting
equationmodel choice depends on the studied humidity range,
the nature of the solvent and the nature of the product.
goodness

The thermodynamic properties comprise differential pa-
rameters such as net isosteric heat of sorption and differential
entropy and integral parameters such as integral enthalpy and
integral entropy could readily be computed from the sorption
isotherms at given temperature. They are primordial to inter-
pret experimental results and thus understand the water prop-
erties and calculate the heat and mass transfer energy require-
ments during the process which help to comprehend and con-
trol the materials ‘drying.

The net isosteric heat of sorption or differential enthalpy
gives the binding strength of intermolecular attraction forces
between the sorptive sites and sorbate in the solid at different
moisture contents [15]. The knowledge of the isosteric heat
magnitude, and also the differential entropy change, is inter-
esting because it offers an additional information level to char-
acterize the two molecules association [16]. It is proportional
to the available sorption sites number at specific molecules
‘energy level [17].

In general, the sorption isosteric heat can be determined
using two methods. The first method estimates the sorption
isosteric heat by means of calorimetric techniques and Riedel
equation [18, 19]. The secondmethod is based on the Clausius–
Clapeyron equation application to sorption isotherms.

The integral parameters permit qualitative analysis of de-
sorption and adsorption isotherms. The net integral enthalpy
represents the moisture–solid bindings strength [20], whereas
the integral entropy, at any temperature, provides the energy
measure that is not available to performwork. Integral entropy
describes the disorder degree or motion randomness and other
statistical approach related to water sorption by products [21].
Hence, the integral quantities are useful in the physical phe-
nomena interpretation associated with sorbed molecules.
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To our knowledge, data concerning leather moisture sorp-
tion feature is very scarce in literature. Agbaji [22] determined
the sorption isotherms of raw hides and skins, leather and
presented the temperature effect on sorption isotherm for un-
tanned and tanned (chrome and vegetable) goat skins and cow
hides [23]. Ben Makhlouf [24] also presented sorption iso-
therms for wet blue and semi-finished bovine leather.

Therefore, the present work aims to the key relationships
between moisture content, water activity and temperature
using gravimetrical method to provide a better knowledge of
the bovine leather thermodynamic properties.

2 Materials and methods

2.1 Raw material

Bovine leather was collected from: «Tannerie Megisserie du
Magreb»: a local industry in Grombalia, Tunisia. The variety
used in this study was BJAZEERA^. The chrome tanned hides
were collected just before drying process. They were kept in
plastic bags and frozen at 4 °C until its use.

The bovine leather initial moisture content value was
1.6 kg/kg d.b. Before starting each experiment, the samples
were cut in small pieces. The size of the sample was small
enough to be sure to reach uniform equilibrium moisture
content [25].

2.2 Experimental set up

The sorption isotherms were investigated using gravimetrical
static method. They were determined at five temperatures (30;
40; 50; 60 and 70 °C). In this method, diffusion is accepted the
only way of mass transfer inside the sample. Dilute sulphuric
acid solutions were used in order to maintain constant a spe-
cific relative humidity [26, 27] inside hermetic and thermo-
static desiccators as shown in Fig. 1. Twelve solutions were

prepared by adding sulphuric acid to distilled water in order to
obtain solutions with different acid fractions. The relative
humidity range as a function of temperature and acid
concentration inside the sealed measurement chamber
was from 5 to 100% (Table 1 [28]). Jars were placed
in oven to provide constant temperature environment.
So, the specimen was equilibrated with the environment
inside the hermetic jars under constant relative humidity
and temperature until reaching a constant weight. The
weight was determined using a balance BKERN 770^ of
precision 10−3.

Before conducting the desorption isotherm, the samples
were previously placed in distilled water during 24 h at ambi-
ance temperature. The experimental protocol consists of
keeping the wet samples in the lower temperature
(30 °C) at the beginning. The samples weights were
measured daily until the variation became negligible.
Once the equilibrium is established, we change to the
higher temperature until reaching 70 °C. On the other
hand, for adsorption isotherm, the samples were
dehydrated before starting experiment. The equilibrium
was attained when the difference between two consecutive
weightings is constant. Then, the samples were putted into
105 °C until obtaining constant mass to determine the dry
mass. Samples were equilibrated for 3 or 4 days depending
on experiment conditions.

Usually, to evaluate the experimental uncertainties, two
kinds of uncertainties are distinguished: random or A-type
uncertainty (uA) and systematic or B-type uncertainty
(uB).uA represents the dispersion of the results from one ex-
periment to another while uB derives from the known accura-
cy of the different elements of the measuring process. The
extended uncertainty U is defined as the combination of these
two, given by [29]:

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2A þ u2B

q
ð1Þ

Fig. 1 Experimental set up for
determination adsorption and
desorption isotherms
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2.3 Sorption isotherms data and determination
of thermodynamic properties

2.3.1 Modelling equation

Several theoretical model (BET, Langmuir, etc.), semi theo-
retical (GAB, Chung and Pfost, Modified Halsey, etc.), and
empirical equations (Adam and Shove, Oswin, Peleg, etc.) are
available to model the moisture sorption behaviour data.

In this study, seven isotherm models were applied to fit the
relationship between equilibrium moisture content and the
environment conditions data for Bovine leather, as presented
in Table 2. w, wm, and aw are respectively equilibrium mois-
ture content, monolayer moisture content and water activity.
The other parameters are the model constants. Two equations
of the models tested consider the effect of temperature on the
moisture sorption behaviour.

These models, based on mathematical functions, were
fitted to the experimental data using MATLAB software and

the parameters were estimated by means of nonlinear regres-
sion analysis. Statistical criteria were used to fit the goodness
of different models between the experimental and predicted
equilibrium moisture content including correlation coefficient
(r2)(Eq. (2)), the root mean square error (RMSE) (Eq. (3)) and
sum squared errors (SSE) (Eq. (4)).

r2 ¼
∑
N

i¼1
wcalc;i‐wexp;i

� �2
∑
N

i¼1
wexp;i‐wexp;i

� �2
ð2Þ

Where

wexp;i ¼ 1

N
∑
N

i¼1
wexp;i

RMSE ¼ 1

N
∑
N

i¼1
wexp;i‐wcalc;i
� �2� �1=2

ð3Þ

Table 1 Relative humidity of
sulphuric acid solutions at
different concentrations and
temperatures [28]

XH2SO4 (kg.kg−1) Relative Humidity (%)

30 °C 40 °C 50 °C 60 °C 70 °C

0.7054 5 6 6 7 7

0.6547 9 10 11 12 13

0.5803 21 21 22 24 25

0.5268 30 31 33 34 36

0.4812 41 41 42 43 44

0.4336 49 51 51 53 53

0.3823 61 61 64 63 63

0.2998 76 76 75 76 76

0.2298 85 85 84 85 85

0.116 95 95 94 95 94

0 100 100 100 100 100

Table 2 Models used for fitting
moisture isotherms Model Mathematical equation Constants

GAB [32]
w ¼ wm :C:k:aw

1−k:awð Þ 1−k:awþC:K:awð Þ
wm,C, k

Modified Henderson [33]
w ¼ − ln 1−awð Þ

A TþBð Þ
� �1=C

A, B

Modified Chung Pfost [10] w =A −B ln(aw) × ln(−T + B) A, B

Modified Halsey [34]

w ¼ A −B
ln awð Þ

� �−1
c

A, B, C

Oswin [35]

w ¼ A aw
1−aw

� �1
B

A, B

Peleg [36] w = A(aw)
B +C (aw)

D A, B, C, D

Adam and Shove [37]
w ¼ Aþ B:aw þ C:a2w þ D:a3w

A, B, C, D
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SSE ¼ 1

N
∑
N

i¼1
wexp;i−wcalc;i
� �2 ð4Þ

Where wcalc,i is the predicted equilibriummoisture, wexp,i is
the experimental equilibrium moisture, wexp;i is the average
value of experimental equilibrium moisture and N is the data
values number.

The GABmodel, based on physicochemical phenomena, is
a multimolecular, localised, homogenous adsorption model.
As a refined extension of the BET model, it is the most ver-
satile sorption theory taking into account multilayer adsorp-
tion at high value of relative humidity.

In this model, wm presents the monolayer moisture content
on the internal surface (kg water/kg solid), C is a constant
related to the heat of the first layer sorption and k is a factor
related to the heat of the multilayer sorption. The monolayer
value of indicates the amount of water strongly adsorbed in
specific sites. In fact, it is considered to be the value at which a
product is the most stable. In the GAB model, the two param-
eters C and k are associated to temperature by the Arrhenius
equation as presented in Eqs. (5) and (6) [30, 31]

C ¼ C0exp qm−qnð Þ=RT½ � ð5Þ

k ¼ k0exp qc−qnð Þ=RT½ � ð6Þ

C0 and k0 are entropic accommodation constants; qm, qn
and qc are respectively the sorption heat of the monolayer
absorbed water and multilayer absorbed water and bulk liquid
(heat of water vapour condensation); R is the universal gas
constant and T is the temperature.

2.3.2 Net isosteric heat of sorption

The drying operation is accompanied by the heat required to
remove water from the material. The net isosteric heat of sorp-
tion is defined as the energy amount needed to change the state
of a product unit mass from liquid to vapour at constant tem-
perature and water activity [38] . It defined the energy amount
when the heat of moisture vaporization exceeds the pure water
latent heat. It can be useful to improve the characterization of
water molecules binding at the solid particles surface and thus
a measure of the material chemical, physical and microbiolog-
ical stability, and for the time and the energy requirements
determination for drying process [39].

Clausius–Clapeyron equation is used to determine the net
isosteric heat of sorption by applying Eq. (7) [40] using data
obtained from the best fitting desorption model.

dln awð Þ
d

1

T

	 
 ¼ −
qst−Lv

R
¼ −

Qst

R
ð7Þ

Qst ¼ −R
dln awð Þ
d 1

T

� �
" #

w

ð8Þ

Where Qst is the net isosteric heat of sorption (J/mol), qst is
the total isosteric heat of sorption (J/mol), R is the gas constant
(8.314 J/mol K) and Lv is the latent heat of vaporization
(J/mol).

Based on Eq. (8), Qst was obtained from the slope of the
plot representing ln(aw) versus (1/T) at a fixed value of equi-
librium moisture content. This procedure is repeated for dif-
ferent values of equilibrium moisture content determined by
the best fit sorption model to determine its effect on the net
isosteric heat of sorption.

Several studies neglected the temperature impact on
isosteric heat [41]. In our study, the temperature effect on the
isosteric heat was determined at five temperature levels.

2.3.3 Differential entropy

Entropy characterizes spatial arrangement as the order or ran-
domness degree in the water-sorbent relationship which can
help interpreting many processes such as dissolution, crystal-
lization and swelling [42].

The molar differential entropy of sorption (ΔS) is
associated to the available sorption sites number at a
specific energy level [43]. In fact, it is related to the
forces of water molecules (attraction or repulsion) to the
sample components. The changes in water sorption on
free energy are usually accompanied by changes on
both the enthalpy and the entropy.

The differential entropy can be calculated from the Gibbs–
Helmholtz equation (Eq. (9)) [42]:

ΔS ¼ Qst−ΔG

T
ð9Þ

ΔG is the Gibbs free energy. It is defined as:

ΔG ¼ −RTln awð Þ ð10Þ

For a thermodynamic system, the net isosteric entropy at
each moisture is given by combining (Eqs. (9)) and (10) to the
fitting equilibrium data:

ln awð Þ ¼ −
Qst

RT
þ ΔS

R
ð11Þ

From the ln(aw) versus (1/T) plot for various equilibri-
um moisture content, the differential entropy can be
found as the intercept of the linearized experimental
curve and the aw axis.
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2.3.4 Spreading pressure

The spreading pressure (ϕ) called ‘surface potential’ is the
force applied in the surface plane perpendicularly to each edge
unit length to keep the surface from spreading. It is the pres-
sure two-dimensional analogue, having units of force per unit
length. It is defined as increase in surface tension of bare
sorption sites due to the sorbed molecules and considered as
the adsorption free surface energy [20].

It was estimated by the following equation as described by
Iglesias et al. [6]

ϕ ¼ KbT

Am
∫aw0

θ
aw

daw ð12Þ

Where the moisture ratio θ is θ ¼ w

wm
ð13Þ

Kb is the Boltzmann constant (1.38 х 10−23 J/K); Am is the
water molecule area (1.06 х 10−19 m2).

ϕ ¼ KbT

Am
ln

1þ C:k:aw−k:aw
1−k:aw

	 

ð14Þ

The Bovine leather spreading pressure property ɸ was de-
termined using its desorption equilibrium moisture content
data, obtained in the temperature range of 30–70 °C.

2.3.5 Net integral enthalpy and entropy

Conventionally, the water net integral enthalpy of sorption
provides an indication of the binding strength and water
molecules affinity to the solid structure and has some
bearing on both drying and freezing processes energy
balance [44].

The net integral enthalpy Qin (J/mol) was determined by a
technique similar to that used for the isosteric heat but at
constant spreading pressure using Eq. (15) derived from the
first law of thermodynamics [45]. At constant spreading
pressure, the ln(aw) versus 1/T slope yielded the net integral
enthalpy.

d lnawð Þ
d 1

T

� �
�����
ϕ

¼ −Qin

R
ð15Þ

Net integral entropy describes the disorder degree,
motion randomness and other statistical approach related
to water sorption [46]. Thus, this parameter quantifies
the adsorbed water molecules mobility and the integral
enthalpy is needed in its determination in a sorption
process [20].

Net integral entropy ΔSin (J/K.mol) is given by:

ΔSin ¼ −Qin

T
−R:ln awð Þ* ð16Þ

Where (aw)
* is the geometric mean water activity obtained

at constant spreading pressure.

3 Results and discussion

3.1 Adsorption and desorption isotherms

The experimental results for the equilibrium moisture content
as a function of water activity for adsorption and desorption
obtained at five temperatures (30, 40, 50, 60 and 70 °C) are
presented in Fig. 2. The equilibrium moisture content is de-
fined in the dry basis (kg water per kg dry material).

The isotherm typical shape reflects the way in which the
water binds the system. Weaker water molecule interactions
generate a greater water activity and consequently, the product
becomes more unstable. The studied species sorption isotherm
patterns show the typical sigmoid curve of type II behaviour
[47] according to the BET classification [48]. In the first seg-
ment (low aw) of the S-shaped sorption isotherm curves, bo-
vine leather adsorbed relatively lower values of moisture.
While, larger moisture amount was adsorbed at higher aw
values.

Analogous behaviour was obtained with the experimental
sorption isotherms curves for both wet-blue bovine leather,
and semi-finished cowhide [24]. This type is typical of many
other products like cement-based materials and foods
[40, 49–52].

The two curves show that the equilibrium moisture content
increases with the water activity at a constant temperature.
Whereas, at given air relative humidity, equilibrium water
content decreases with increasing temperature, thus bovine
leather is less hygroscopic at higher temperature [50].

This trend is due to the water molecules excitation states by
increasing temperature. In fact, heating up affects directly the
water molecules mobility inside the product and the dynamic
equilibrium between adsorbed phases and vapour.
Subsequently, molecules will be thermally excited and this
thermal energy will reduce the total number of active sites
for water binding by allowing them to break away from their
sorption sites and decrease attractive forces between them
[53]. Water will change of state from liquid to vapour leading
to the reduction in moisture content. Thus, rising the temper-
ature declines the water desorption degree.

We can clearly notice that the temperature effect on the
sorption isotherms is lower in the adsorption than desorption
isotherms. On desorption, moisture content varies from
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0.8378 to 0.0636 kg/kg d.b, while for adsorption, it varies
from 0.5576 to 0.0219 kg/kg d.b.

The values obtained for the extended uncertainty U
(Eq. (1)) are the same (0.006) for (0.05 ≤ aw < 1).

3.2 Moisture sorption hysteresis

Hysteresis is not a well understood phenomena, although
there is general agreement that some thermodynamically irre-
versible processes must appear during desorption and adsorp-
tion. Igleasis and Chirife [12] stated that no theory could ex-
plain the origin of the complex phenomena of the hysteresis.

Several theories were suggested to analyse this problem,
and the most favoured proposes that polar sites in the material
molecular structure are almost satisfied by adsorbed water.
Due to the non-reversible physical changes caused by drying
and shrinkage (changes in structure in desorption and penetra-
tion of the adsorbate in adsorption), the molecules and their
water holding sites are closely enough together to satisfy each
other. This reduces the material water holding capacity upon
subsequent adsorption [54].

On the other hand, capillary condensation can cause the
hysteresis: molecules on the surface get adsorbed layer by
layer due to the force field exerted on them filling higher
energy sites near pore wall then lower energy sites far away
from pore wall. Thus, desorption phenomenon is slower than
adsorption and the hysteresis loop is formed. So, the same
molecules desorb at lower pressure than adsorb. This phenom-
enon can be also caused by tensile strength effect. It can be
explained by the pore ink bottle shape and having throat di-
ameter smaller than the size of the pore body.

The Fig. 3 below displays hysteresis effect between adsorp-
tion and desorption over the studied range of water activity at
30, 50 and 70 °C. The same behaviour was observed for the
other temperatures. The data also indicated that equilibrium
moisture content for adsorption was lower than desorption for
the samewater activity level. The hysteresis loopmagnitude is

higher for the lowest temperature (30 °C). It can be due to
more strongly associated molecules at the highest temperature
(70 °C).

The adsorption/desorption hysteresis is commonly ob-
served for different other porous materials [40, 50].

3.3 Mathematical modelling

Seven isotherm models were tested to fit the sorption iso-
therms data for bovine leather. The adjustment results at dif-
ferent temperatures and statistical calculations for the sorption
models are shown in Table 3. Themodel fit is good enough for
higher value of r2 and lower value of RMSE.

The results examination indicates that Owsin, Modified
Henderson, Peleg and GAB models are able to reproduce
experimental data within an acceptable precision. GABmodel
is the most suitable model that describes the experiment,
throughout the studied water activity range and over the tem-
perature range, as long as it permits physical interpretation of
the sorption phenomenon [51]. Also, this model has many
advantages acting as a viable theoretical background, as it is
a refinement of BET and Langmuir theories of physical
adsorption.

This model was found to be suitable with different mate-
rials like foodstuff, [51, 55] cement based materials [49], and
clays [56]. Agbaji [23] showed that Henderson equation [12]
provides a suitable experimental sorption isotherms fitting for
untanned and tanned (chrome and vegetable) goat skins and
cow hides at three temperatures (20, 30 and 40 °C).

Ben makhlouf [24] found that Dent model is considered to
be the best model for describing the relationship between the
equilibrium moisture content, water activity and temperature
for bovine wet-blue and semi-finished leather.

The GAB model gives r2 values close to unit ranging
from 98.98% to 99.9%. A comparison between calculat-
ed curves from GAB model and experimental sorption
data are presented in Fig. 4.

Fig. 2 Experimental desorption (a) and adsorption (b) isotherms of Bovine leather
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For desorption, the k values are lower than that for adsorp-
tion contrary to wm. The k parameter is related to the chemical
potential difference in the pure liquid adsorbed and in upper
layers. Hence, it is near but less than unit, as presented in
Table 3, which is the GAB model definitive characteristic [16].

The monolayer moisture content is of practical use as it is
the optimal moisture content for storage and preservation and
of its relationship with several aspects of the physical and
chemical dry product deterioration [37]. In fact, It is consid-
ered as the adsorbent sorption capacity and the available polar
sites indicator for binding water vapour [57]. The monolayer
values for desorption obtained in this study are in the range of
data noted in other works in leather domain in the same range
of temperatures [24].

It is easy to notice that wm is lower at higher temperatures.
Such decreasing trends reveal that water molecules in the va-
pour state surrounding the sample with their higher kinetic
energy at risen temperature result in declinedmonolayer mois-
ture with temperature increase [58].

3.4 Isosteric heat of sorption and sorption entropy

The water net isosteric heat of adsorption and desorption at
constant equilibrium moisture content were determined by

applying Eq. (7) to the equilibrium data using the GABmodel
that gave previously the best equilibrium moisture content
data fitting in the temperature range varying from 30 to
70 °C. The isosteric heats of sorption have a strong depen-
dence on moisture content, with a boost of the energy required
for desorption (more than the latent heat) at low equilibrium
moisture contents.

The values of calculated enthalpy and entropy changes of
desorption and adsorption are presented in Figs. 5 and 6.

As seen in Fig. 5, for desorption, the heat of sorption in-
creases to a maximum with increasing moisture content, and
then decreases sharply in magnitude with further increase in
moisture content. The trend seemed to become asymptotic and
tends to zero. On the other hand, the maximum isosteric of
desorption heat was found 54.05 kJ/mol in the equilibrium
moisture content of 0.09 kg/kg d.b.

This fact may be explained based on the assumption that
the maximum value illustrates the strongest binding sites cov-
ering through the solid monolayer surface by desorbed water
(wm = 0.09 kg/kg d.b) and greatest water-solid interaction. At
low moisture levels the sorption is mainly at the monomolec-
ular layer where the sorption sites are usually active.

The heat of desorption decrease below this value was qual-
itatively explained by considering that the desorption takes

Fig. 3 Hysteresis effect for Bovine leather at (a) 30, (b) 50 and (c) 70 °C
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place at the beginning in the most active available sites (mono-
layer region) involving high interaction energies. When all
these sites become occupied, multilayers were formed and

desorption takes place on the less active site involving reduced
interaction energies [19]. In fact, the energy required for water
evaporation is very low due to the free water easy to remove.

Table 3 Fitted parameters for the prediction of moisture sorption isotherm equation of Bovine leather

Models Constants Desorption data Adsorption data

30 °C 40 °C 50 °C 60 °C 70 °C 30 °C 40 °C 50 °C 60 °C 70 °C

GAB C 259.29 42.74 45.19 50.55 32.55 29.75 16.17 14.57 18.98 19.05

k 0.8462 0.7633 0.7702 0.7836 0.7727 0.8976 0.8657 0.8359 0.8392 0.8135

wm 0.1218 0.1302 0.1167 0.0968 0.091 0.0555 0.0583 0.0629 0.0563 0.0556

R2 0.9898 0.9972 0.9974 0.9965 0.999 0.9908 0.991 0.9946 0.9909 0.9914

RMSE 0.0325 0.0124 0.0144 0.0127 0.0049 0.0269 0.0183 0.0148 0.0141 0.0117

SSE 0.001 0.0001 0.0002 0.0001 2.47e-05 0.0007 0.0003 0.0002 0.0001 0.0001

Modified Henderson A 0.0376 0.1095 0.068 0.1016 0.0951 −0.2304 −0.2506 −0.263 0.3089 −0.3703
B −4.003 −154 −29.88 −75.33 −83.75 −373.04 −391.71 −408.24 −229.81 −470.41
C 2.008 2.134 2.083 2.045 1.891 1.4578 1.5031 1.5597 1.6731 1.802

R2 0.9775 0.9884 0.9828 0.9836 0.9836 0.9953 0.9962 0.9953 0.9961 0.997

RMSE 0.0239 0.0141 0.0152 0.0131 0.0122 0.0111 0.0083 0.0083 0.0061 0.0048

SSE 0.004 0.0013 0.0016 0.0012 0.001 0.0001 6.99e-5 6.9e-5 3.8e-5 2.3e-5

Modified Chung Pfost A 0.4704 0.3365 0.3023 0.2641 0.2413 0.2806 0.2492 0.2284 0.2125 0.188

B 294 314 324 334 344 303.99 313.99 323.99 333.99 343.99

R2 0.5406 0.7506 0.7397 0.7309 0.7205 0.7161 0.7672 0.7862 0.7901 0.8053

RMSE 0.1571 0.0612 0.0555 0.0496 0.0472 0.105 0.0805 0.0659 0.0611 0.0493

SSE 0.222 0.0299 0.0247 0.0197 0.0178 0.011 0.0064 0.0043 0.0037 0.0024

Modified Halsey A 0.3211 0.2838 0.2916 0.2672 0.2569 0.2275 0.2655 0.2662 0.3281 0.1838

B 0.2628 0.2441 0.1808 0.1407 0.1361 0.1346 0.0711 0.0717 0.0292 0.0962

C 2.82 3.004 2.857 2.965 2.661 2.193 2.342 2.2964 2.4991 2.6338

R2 0.9672 0.9427 0.9437 0.9424 0.9661 0.9719 0.9612 0.9637 0.9593 0.9543

RMSE 0.0288 0.0313 0.0276 0.0245 0.0175 0.0234 0.0212 0.0222 0.0185 0.0176

SSE 0.0058 0.0068 0.0053 0.0042 0.0021 0.0005 0.0004 0.0004 0.0003 0.0003

Oswin A 0.239 0.2098 0.1902 0.1621 0.1449 0.112 0.1045 0.1037 0.097 0.0914

B 3.4699 3.6842 3.5331 3.5963 3.2575 2.6366 2.789 2.7844 3.017 3.2036

R2 0.9964 0.9925 0.9916 0.9911 0.9962 0.9904 0.9853 0.987 0.9857 0.9846

RMSE 0.013 0.0152 0.0182 0.013 0.008 0.0162 0.014 0.015 0.012 0.0115

SSE 0.0001 0.0002 0.0003 0.0001 6.5E-5 0.0002 0.0001 0.0002 0.0001 0.0001

Peleg A 0.3792 0.2851 0.2318 0.2158 0.1835 0.2448 0.2319 0.215 0.197 0.1785

B 0.5581 0.4482 0.3859 0.4431 0.4231 1.0068 1.0271 0.9274 0.8765 0.8134

C 0.4536 0.2653 0.2689 0.2308 0.2115 0.3126 0.2183 0.175 0.1677 0.1331

D 16.5404 6.5422 5.0971 6.5157 5.2572 22.5985 23.3993 16.3514 21.1988 20.7137

R2 0.9953 0.9966 0.9962 0.9953 0.9985 0.9979 0.9977 0.9964 0.9972 0.997

RMSE 0.0218 0.0137 0.0162 0.0139 0.0061 0.0144 0.0101 0.0105 0.0079 0.0068

SSE 0.0004 0.0001 0.0002 0.0001 3.78E-5 0.0002 0.0001 0.0001 6.35E-5 4.71E-5

Adam and Shove A 0.0167 0.0219 0.0218 0.0147 0.0115 −0.0167 −0.0102 −0.0026 −0.0045 −0.0018
B 1.3099 0.8605 0.7445 0.6889 0.6032 0.8194 0.6006 0.4987 0.5164 0.4629

C −3.0759 −1.6228 −1.4021 −1.3551 −1.1482 −2.0715 −1.3788 −1.0666 −1.1176 −0.9545
D 2.5053 1.2812 1.134 1.09 0.9265 1.7564 1.1893 0.9319 0.9358 0.779

R2 0.9797 0.9931 0.9929 0.992 0.9965 0.9699 0.9797 0.9886 0.9837 0.9873

RMSE 0.045 0.019 0.0201 0.0183 0.0088 0.04 0.0261 0.0198 0.0188 0.0142

SSE 0.002 0.0003 0.0004 0.0003 7.9E-5 0.0016 0.0006 0.0003 0.0003 0.0002
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An almost constant energy input of 5070 J/mol for desorp-
tion is needed to desorb moisture from bovine leather above
moisture content of 0.33 kg/kg d.b.

The increase in isosteric heat when the material presents
low moisture contents can be explained considering that bind-
ing is essentially governed by interaction between the water
molecules and the adsorbent surface. A plausible reason for
the curve pace could be the differences in hydrogen bonding
as moisture is desorbed due to differences in attractive forces
between water molecules and sorption sites and between wa-
ter molecules themselves. This observation indicates a greater
pattern for water desorption probably due to the cooperative
and non-cooperative macromolecules ability resulting in
higher binding energy at lower moisture levels. Many authors
have proposed that the enthalpy of sorption reduction could be
explained by the relaxation phenomenon and phase transition
associated with weak water mobility. Therefore, the material
evolution toward the equilibrium at the time of sorption curves
establishment is disturbed [59].

The same phenomenon was observed by other products,
such as food, as the case of apple [51], mulberry [39] and
cookies and corn snacks [60]. The same trend was also

observed with clays [58]. Agbaji reported that net isosteric
heat of desorption decreases with increasing moisture content
for nigerian hides, skins and leathers [23]. For adsorption, net
isosteric heat of adsorption decreased rapidly and remained
constant above moisture content of 0.09 kg/kg d.b.

It can be seen from Fig. 5 that adsorption and desorption
data show that, at a specific moisture content, the isosteric heat
of desorption is higher than the corresponding adsorption val-
ue. The increased energy requirements of the desorption pro-
cess are characteristic of more polar sites on the product sur-
face and then reduced water molecules mobility. Medeni
Maskan and Fahrettin Gogus [39] state that this gap is proba-
bly caused by the extensive heat treatment during the sample
drying before adsorption process, which could have damaged
the sorption sites and makes the water removal easier.

For equilibrium moisture content higher than 0.09 kg/kg
db, the difference in heat values decreases between the two
processes with increasing moisture content. At a moisture
content value of 0.15 kg/kg d.b, the difference is 17.11; where-
as it declines to 3.04 at a moisture content of 0.33 kg/kg d.b.
The same observations were reported byHossain et al. [61] for
pineapple and McMinn and Magee for potato [15].

Fig. 4 Experimental/theoretical desorption (a) and adsorption (b) isotherms of Bovine leather

Fig. 5 Influence of moisture content on isosteric heat of adsorption and
desorption of bovine leather

Fig. 6 Variation of sorption entropy of adsorption and desorption of
bovine leather with moisture content
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Figure 6 reveals the differential entropy production for bo-
vine leather as a function of moisture content. The results
show that entropy data display strong dependence onmoisture
content. As sorption enthalpy, the sorption entropy of desorp-
tion exhibits higher magnitude than that for adsorption.

The difference between the two processes decreases with
increasing moisture content to become negligible and remains
nearly constant until a moisture content of 0.39 kg/kg d.b.
This behaviour indicates that water molecules are more mo-
bile during desorption than adsorption.

The evolution of desorption entropy versus w, is similar to
that of isosteric sorption enthalpy, and shows a maximum at
the same equilibrium moisture content value. At the begin-
ning, the desorption entropy was low at the lowest moisture
content. It increased rapidly to a maximum of 144.94 J/K.mol
and then decreased gradually with the increase in moisture
content to tend asymptotically towards a final value.

Adsorption entropy increased smoothly with increasing
moisture content to a maximum of 6.29 J/K.mol at a moisture
content value of 0.39 kg/ kg d.b. At low moisture content, the
water molecules are adsorbed on the most accessible sorption
sites, reducing its motion and losing its sorption entropy. As
the moisture content increases, the available sites become sat-
urated and are less accessible. Water molecules formmultilay-
er on the top of the tightly bound first layer whose spatial
arrangements allow more molecular motion of adsorbed mol-
ecules, increasing the sorption entropy [51, 62].

3.5 Enthalpy-entropy compensation theory

There are stronger intermolecular interactions or bonding re-
lated to the enthalpy, which point to a greater reduction in the
configuration freedom and hence to a greater system order
related to the entropy. This relationship permits the enthalpy-
entropy compensation theory application [63, 64].

The relationship between the net isosteric heat of sorption
(Qst) and the differential entropy of sorption (ΔS) is obtained
by applying Eq. (11) for fixed values of moisture content.

The compensation theory allows the Qst and ΔS depen-
dence and proposes a linear relationship between them:

Qst ¼ Tβ:ΔSþ α ð17Þ

Where Tβ is the isokinetic temperature and α is a constant.
Tβ represents the temperature to which all the series reac-

tions progress to the same rate, and the free energy α at the
temperature Tβ provides a criterion to evaluate if the water
sorption process is spontaneous (−α) or not (+α).

It was assumed that Qst and ΔS did not vary with temper-
ature, at specific moisture content [65].

Figure 7 shows the linear relation between Qst and ΔS for
desorption at all temperatures, which indicates that

compensation exists and confirms the enthalpy–entropy com-
pensation hypothesis.

The parameters Tβ and α were calculated from desorption
data by linear regression and the result is given by Eq. (18).
Hence, the characteristic parameters of the enthalpy–entropy
relationship for bovine leather are:

Qst ¼ 0:4138ΔS−0:3648 ð18Þ

In our case,αwas found negative (α = −364.8 J/mol) which is
spontaneous reaction characteristic. Similar results for guar
have been obtained by Vishwakarma et al. [66] and for cassa-
va reported by Kamenan Koua et al. [67].

3.6 Spreading pressure

Spreading pressure at different temperatures is presented
in Fig. 8. It was observed that the spreading pressure
increases with increasing water activity. Similar re-
sponse has been reported on hardened cement paste
and mortar [49], cereal grains and starchy materials
[68] and sweet potato [69].

Also, spreading pressure increases with rising temperature,
at a given water activity. The temperature effect on spreading
pressure does not seems to be significant at 40, 50, 60 and
70 °C, especially in the water activity range of [0; 0.5].
Whereas, on desorption, significant temperature effect was
detected with decreasing temperature from 40 °C to 30 °C.
The temperature effect becomes more pronounced on adsorp-
tion than desorption in the high water activity range.

Desorption spreading pressure isotherms were nearly
higher than the corresponding adsorption isotherms. This
could be attributed to changes in leather matrix structure in-
duced by drying before adsorption process. Toğrul and Arslan
[50] states data showing that the walnut kernels spreading
pressure in desorption was higher than that in adsorption at
the same water activity and temperature.

Fig. 7 Effect Enthalpy–Entropy relationship for water desorption
processes
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The water surface energies during adsorption and desorp-
tion were higher than that of pure water (0.072 J/m2) [70] at
water activities above 0.3. Thus, leather has higher surface
excess energy than that of pure water during adsorption and
desorption.

3.7 Net integral enthalpy and entropy

Figure 9 shows the net integral enthalpy plots for desorption
and adsorption as moisture content function. These curves
represent a measure of sorption sites accessibility and bound
water location. Net integral enthalpy of bovine leather de-
creased with increase in moisture content from a value of
−11.3 and −8.12 kJ/mol respectively for desorption and ad-
sorption at moisture content of 0.02 kg/k d.b. The net integral
enthalpy value seemed to increase asymptotically as the mois-
ture content increased beyond 0.12 and 0.05 kg/kg d.b for
desorption and adsorption respectively.

This trend may be due to the fact that, as the leather mois-
ture increased, less favourable sites were covered with water
and multiple sorbed water layers were formed on those sites.
Water molecules become more held to the particles by surface
tension than by chemical adsorption. Hence, weaker surface

tensional forces are easily broken, and this results in the inte-
gral enthalpy lowering [71].

The net integral enthalpies values for both desorption and
adsorption are negative. This signifies that water molecules
lose energy upon being transferred from bulk water into the
adsorbed state.

The results show that the net integral enthalpy of adsorp-
tion is higher than that of desorption. For this case, chain
rupture or irreversible swelling may be the cause for a heat
of desorption being smaller than a heat of adsorption [72].

The net integral entropy variations for desorption and ad-
sorptions with moisture content for bovine leather are shown
in Fig. 10. Net integral entropy decreased continually with
moisture content. The entropy decrease is due to the adsorbed
water localization (loss of rotational freedom) caused by the
strongest binding sites with water molecules and solid, and
structural alteration of the adsorbing material towards in-
creased crystallinity [73].

The net integral entropy of adsorption is lower than
the net integral entropy of desorption but remain positive
values. This is an indication of thermodynamic compensation
between enthalpy and entropy.

Fig. 8 Spreading pressure variation of bovine leather with water activity (a) desorption and (b) adsorption

Fig. 10 Effect of moisture content on the net integral entropy of
bovine leather

Fig. 9 Effect of moisture content on the net integral enthalpy of
bovine leather
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4 Conclusion

This study determined the bovine leather thermodynamic prop-
erties associated with moisture sorption isotherms for tempera-
tures 30, 40, 50, 60 and 70 °C. These thermodynamics parame-
ters can be used to promote the leather use and to improve their
drying process with a comprehensive drying model. The iso-
therms behaviours were manifested a sigmoidal shaped curve
form reflecting a Type II isotherm which is common for many
hygroscopic materials. The hysteresis phenomenon was distinct-
ly observed. Temperature has an effect on desorption and adsorp-
tion isotherms. A good agreement between experimental and
predicted data of desorption/adsorption isotherm was found
using GAB model by using a nonlinear procedure.

The sorption isotherms data were used to determine some
bovine leather thermodynamic properties. The isosteric enthalpy
evolution for desorption versus moisture content shows that the
energetic water/adsorbent interactions reach amaximum value in
the moisture content of 0.09 kg/kg d.b and then decrease to tend
asymptotically towards a final value. The same trend was ob-
served with desorption entropy, it increases until the same mois-
ture content value and then decreasing sharply. Adsorption en-
thalpy decreases with increasing moisture content. While, ad-
sorption entropy increases smoothly with increasing moisture
content. The compensation theory allows a linear relationship
between isosteric enthalpy and entropy of desorption.

The spreading pressure of bovine leather increased with
increase in temperature and increased with increase in water
activity more significantly on adsorption than desorption in
the high range of water activity.

The net integral enthalpy variation decreased and then in-
creased with moisture content. Net integral entropy declined
with increase in moisture to a certain moisture level value.
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