MOISTURE SORPTION THERMODYNAMIC PROPERTIES
OF CORN STOVER FRACTIONS
C. Igathinathane, A. R. Womac, S. Sokhansanj, L. O. Pordesimo

ABSTRACT. Efficient processing, handling, and storage of corn stover, a major crop‐based biomass, require an understanding
of the moisture sorption thermodynamic properties of its fractions. Moisture sorption thermodynamic properties of the major
corn stover fractions such as leaf, stalk skin, and stalk pith were determined, utilizing the static gravimetric sorption isotherms
data in the temperature range of 10°C to 40°C. Brunauer‐Emmet‐Teller (BET) monolayer moistures of stover fractions,
determined using standard and modified BET equations, decreased with an increase in temperature. Mean values of
monolayer moisture contents were in the range from 3.8% to 4.9% d.b., and the whole range of associated water activity based
on BET equations varied between 0.013 and 0.225. Net isosteric heat of sorption, evaluated using the Clausius‐Claperon
equation, and differential entropy values of stover fractions decreased exponentially with increased moisture and approached
the latent heat of vaporization of pure water at around 20% d.b. The moisture sorption process was determined as enthalpy
driven. Inequality in isokinetic and harmonic mean temperatures confirmed the enthalpy‐entropy compensation theory.
Among stover fractions, leaf had the greatest spreading pressure, followed by stalk skin and stalk pith. Spreading pressures
increased with increase in water activity and decreased with temperature increase. Net integral enthalpy increased to a
maximum and then decreased with increasing moisture content, whereas net integral entropy displayed an opposite trend.
Mean values of the net integral enthalpy and entropy of stalk pith were the highest and progressively decreased for leaf and
stalk skin.
Keywords. Corn, Enthalpy, Entropy, Isotherms, Stover, Thermodynamic, Water activity.

S

cience and technological developments are being
supported to help establish biomass as a significant
source of sustainable, environmentally sound, re‐
newable feedstock for several bioenergy and biopro‐
ducts applications in the U.S. (USDOE, 2003). The U.S.
Department of Energy plans the use of agricultural residue as
a near‐term source of biomass for renewable fuel, heat, pow‐
er, chemicals and other biomaterials (Hoskinson et al., 2007).
Among agricultural residues, corn stover (corn plant less
grains, a major crop‐based biomass) has the greatest potential
as a biomass feedstock. Allowing for approximately 60% as
ground cover for soil conservation practices, potential dry
corn stover annual yields of about 204 Tg globally, and about
132 Tg in North America alone are available for utilization
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(Kim and Dale, 2004). Storage of harvested corn stover is an
integral part of the supply chain in bioenergy and bioconver‐
sion practices. Understanding the thermodynamic properties
of corn stover during storage aids in the development of effi‐
cient storage, processing, and handling systems.
Several researchers determined thermodynamic proper‐
ties from moisture isotherms to provide information about
moisture‐solid site interaction, dehydration process energy
requirements, sorption kinetic parameters, water properties,
material microstructure, and physical phenomenon on mate‐
rial surface (Iglesias et al., 1976; Rizvi and Benado, 1984;
Aviara and Ajibola, 2002; Kaya and Kahyaoglu, 2005). In the
literature, the thermodynamic properties analyzed from the
moisture sorption isotherms generally include monolayer
moisture content, net isosteric heat of sorption, differential
entropy, enthalpy‐entropy compensation theory verification,
spreading pressure, and net integral enthalpy and entropy.
Monolayer moisture is a limiting value below which the
rate of quality loss is negligible (Bell and Labuza, 2000) and
is determined using Brunauer‐Emmet‐Teller (BET) (Brunau‐
er et al., 1938) or modified BET (Menkov, 2000) equations.
The standard BET equation does not account for the tempera‐
ture effect, but the modified BET equation incorporates the
effect of temperature. Isosteric heat of sorption (kJ mol-1),
defined as the heat of sorption at constant specific volume,
evaluated using the Clausius‐Claperon equation at constant
moisture content, is a measure of moisture‐solid site binding
strength. Differential entropy (kJ mol-1 K-1) indicates the
number of available moisture sorption sites at a specific ener‐
gy level (Madamba et al., 1996). Heat of sorption and differ‐
ential entropy values at specific moisture levels indicate the
state of sorbed moisture, thereby providing a measure of
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physical, chemical, and microbiological stability of the ma‐
terial under specified storage conditions. The magnitude and
variation of these values with moisture, relative to the latent
heat of vaporization of pure water, provide insight into the
moisture and solid site interaction, energy consumption, and
design of drying equipment (McMinn and Magee, 2003).
Enthalpy‐entropy compensation theory states that com‐
pensation occurs due to changes in solvent‐solute interaction,
and a linear relation exists between the enthalpy and entropy
of the reaction (McMinn and Magee, 2003). Spreading pres‐
sure(J m-2), also known as surface potential, represents the
surface excess free energy and indicates the increase in sur‐
face tension of bare sorption sites due to sorbed molecules
(Fasina et al., 1999). Spreading pressure can be viewed as the
force in the plane of the surface that must be exerted perpen‐
dicular to each unit length of edge to keep the surface from
spreading (Smith et al., 2001). Net integral enthalpy
(kJmol -1), evaluated at constant spreading pressure, is also
a measure of binding strength of moisture‐solid system. Inte‐
gral entropy (kJ mol-1 K-1) describes the degree of disorder
or randomness of motion of the water molecules (Mazza and
LeMaguer, 1978). Thermodynamic properties of agricultural
materials have been reported earlier, for example melon and
cassava (Aviara and Ajibola, 2002), potato (McMinn and
Magee, 2003), soybean (Aviara et al., 2004), pestil (Kaya and
Kahyaoglu, 2005), and tea (Arslan and Toğrul, 2006). These
and other studies provide information on the various thermo‐
dynamic properties as discrete values or fitted models, ob‐
tained based on equilibrium moisture content, water activity,
and temperature involved in the experimentation.
Among corn stover fractions, stalk (72.6%) and leaf
(20.7%) dominate stover mass (Igathinathane et al., 2006).
Stalk can be further divided into distinct stalk skin and stalk
pith fractions. This division of stalk fractions is essential for
moisture‐solid site interaction analysis because, during crop
harvest, the combine harvester subjects corn stalks to crush‐
ing, twisting, and pulling actions and exposes stalk pith to the
environment for moisture exchange. Corn stover fractions
stored at high humidity gain moisture, which promotes mi‐
crobial activity leading to spoilage of biomass.
Published studies on equilibrium moisture relations of
biomass materials are limited, although several studies have
been reported on food materials. Literature on the thermody‐
namic properties of biomass is also scarce. Hence, there is a
need to evaluate the thermodynamic properties of corn stover
fractions. The objective of this study was to determine the
thermodynamic properties, including monolayer moisture
content, isosteric heat of sorption, differential entropy,
spreading pressure, net integral enthalpy, and net integral en‐
tropy, for the selected corn stover fractions.

MATERIALS AND METHODS
SAMPLE PREPARATION
Dekalb 743, a field corn variety, was the test material used
for this study. Before the experiments, separated corn leaf and
stalk sample stocks were stored at -15°C in a laboratory
freezer in airtight polyethylene bags. Corn leaves were cut
into small pieces with scissors. Stalks are composed of thick
fibrous skin that covers a core of spongy pith (fig. 1). The
stalk skin and stalk pith were treated as separate materials in
this analysis. Stalk skin and stalk pith samples were prepared
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Figure 1. Sectioned corn stalk showing stalk skin and stalk pith, and pre‐
pared samples for sorption isotherm data collection.

from disk sections (depth [ 8 mm) cut from stalks using a
bandsaw with a fine blade. The disk sections of stalks were
then manually separated into rings of stalk skin and disks of
stalk pith. The stalk skin rings were manually broken into
pieces, and the stalk pith disks were cut into six to eight sec‐
tors with a sharp knife. The prepared samples are also shown
in figure 1. Measured initial moisture content (mean ±stan‐
dard deviation) was 8.11% ±0.68% dry basis (d.b.) for corn
leaf, 12.19% ±1.98% d.b. for stalk skin, and 6.09% ±0.23%
d.b. for stalk pith, based on the ASAE standard (ASAE Stan‐
dards, 2003) moisture measurement procedure for forages.
SORPTION ISOTHERM EXPERIMENT AND MODELED
ISOTHERMS
This study used a static gravimetric method that employed
saturated salt solutions in glass desiccators (Igathinathane et
al., 2005a) (fig. 2). Nine beakers (three replications each for
corn leaf, stalk skin, and stalk pith) were held in each desicca‐
tor. Samples (6 to 10 pieces) having a total weight of approxi‐
mately 0.2 g of corn leaf, 0.8 g of stalk skin, and 0.15 g of stalk
pith were placed in each beaker. Desiccators loaded with
samples and saturated salt solutions providing ten water ac‐
tivities ranging from 0.11 to 0.98 were then subjected to six
temperature levels (10°C, 20°C, 25°C, 30°C, 35°C, and
40°C). Gross sample mass per beaker was recorded twice
weekly with a digital balance (0.0001 g resolution) for a total
period of 26 days. Equilibrium moisture contents of samples
were measured (ASAE Standards, 2003) when moisture equi‐
librium was reached based on constant mass ([0.001 g/96 h)
between consecutive measurements. Detailed description of
material and sample preparation is found elsewhere (Igathi‐
nathane et al., 2005b). Sorption isotherm data were collected
at the six temperatures in combination with the ten water ac‐
tivities. The moisture sorption isotherm raw data thus ob‐
tained for corn stover leaf, stalk skin, and stalk pith reported
earlier (Igathinathane et al., 2005b) were used to determine
the various thermodynamic properties in this study.
Considering the equilibrium relative humidity as the wa‐
ter activity, the equilibrium moisture content (EMC) and wa‐
ter activity relationships of different corn stover fractions
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MONOLAYER MOISTURE CONTENT
Monolayer moisture contents of stover fractions were ob‐
tained from the standard BET or modified BET equations.
Menkov (2000) established a linear dependence between
monolayer moisture content and temperature for a large num‐
ber of biological products and proposed the modified BET
equation incorporating temperature effect as:
M =

( A + BTc) Ca w
(1 − aw )(1 − aw + Ca w )
M m = A + BTc

Figure 2. Static method of sorption isotherm data collection for corn stov‐
er fractions.

best described by the modified Oswin model are (Igathina‐
thane et al., 2005b):
1

⎡ a ⎤ 2.5634
Leaf : M = (12.8146 − 0.1167Tc ) ⎪ w ⎥
⎣1 − aw ⎦
1

⎡ a ⎤ 2.7102
Stalk skin : M = (10.8041 − 0.0580Tc ) ⎪ w ⎥
⎣1 − aw ⎦
1
⎤ 1.9136

⎡ a
Stalk pith : M = (10.6099 − 0.0946Tc ) ⎪ w ⎥
⎣1 − aw ⎦

where M is the EMC (% d.b.), Tc is temperature (°C), and aw
is the water activity (decimal).
ASSUMPTIONS AND LIMITATIONS
Cut sample particles were assumed to represent the origi‐
nal materials in their undisturbed state. The cutting opera‐
tions in sample preparation could have disturbed cell tissues
at cutting planes, but this effect was not considered. Growth‐
suppressing chemicals like phenyl mercury acetate or thymol
were not included in the desiccators, to help study the natural
microbial growth on samples during the moisture sorption
experiments. Mold growth, observed only on samples sub‐
jected to increased water activities (aw > 0.90), would have
interfered with samples EMC values; however, this interfer‐
ence was assumed to be negligible. Results of the study were
considered accurate in the studied temperature (10°C to
45°C) and water activity (0.11 to 0.98) range limits, but cau‐
tion should be exercised when extrapolating results beyond
these limits. In addition, a continuous and smooth variation
of various results was assumed from the discrete data ob‐
tained at specified temperatures and water activities.
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(1)
(2)

where A, B, and C are model constants, and Mm is the mono‐
layer moisture content (% d.b.). Equation 1 becomes the stan‐
dard BET equation when the monolayer moisture content
relationship (eq. 2) is considered directly as a single Mm term.
Since the standard BET equation does not involve the tem‐
perature effect, the monolayer moisture content should be
calculated separately for each temperature.
Standard BET plots exhibiting a linear variation between
aw /[M(1 - aw )] versus aw were used to determine the standard
BET monolayer moisture content and constant C (eq. 1) indi‐
vidually for each temperature at aw < 0.45. Non‐linear regres‐
sion using PROC NLIN of SAS (2002) evaluated the
constants (A, B, and C) of the modified BET equation (eq. 1)
using the combined experimental data of all temperatures at
aw < 0.45. Modified BET monolayer moisture values ex‐
pressed as a function of temperature (eq. 2) were compared
with the standard BET equation monolayer moisture values.
The water activity value corresponding to the monolayer
moisture content (awm ) was calculated from equation 1 by
substituting M = Mm (Iglesias and Chirife, 1976a; Menkov,
2000) as:
C −1
awm =
(3)
C −1
It can be seen from equation 3 that water activity corre‐
sponding to the monolayer moisture content is independent
of temperature and is inversely proportional to the value of
model constant C.
NET ISOSTERIC HEAT OF SORPTION
Net isosteric heat of sorption was determined using the
Clausius‐Claperon equation that relates water activity and
temperature at a constant moisture content (Rizvi, 1986; Bell
and Labuza, 2000):
∂ [ln(aw )]
q
= − st
∂ [1 / T ] M
R

(4)

where T is the temperature (K), qst is the net isosteric heat of
sorption (kJ mol-1), and R is the universal gas constant
(8.31434 × 10-3 kJ mol-1 K-1).
This calculation procedure assumed that heat of sorption
was independent of temperature change. The slope of the plot
of ln(aw ) versus 1/T at constant M gave the net isosteric heat
of sorption (eq. 4). Cubic spline interpolation determined the
required aw values at specified moisture (M) at various
temperatures from the isotherm data. Adding latent heat of
pure water to the net isosteric heat of sorption gave the
isosteric heat of sorption (Qst ), which is also known as
differential enthalpy.
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DIFFERENTIAL ENTROPY
Substituting free Gibbs energy in the Gibbs‐Helmholtz
equation (McMinn and Magee, 2003; Kaya and Kahyaoglu,
2005), the differential entropy was calculated using the
following equation:
− ln(aw ) M =

−(qst + λ) ΔS d
−
RT
R

where (1/T - 1/T)-1 is the temperature correction factor (K)
of the isotherm, and K1 (K) and K2 are constants.
Logarithmic transformation linearized equation 8. From
the plot of M versus ln[ln(aw )(1/T - 1/T)-1], constants K1 and
K2 were obtained using exponential transformation from the
intercept and slope of the curve, respectively.

(5)

where  is the latent heat of vaporization of pure water
(44.045 kJ mol-1 at 25°C), and  Sd is the differential entropy
of sorption (kJ mol-1 K-1).
From the intercept of the plot of ln(aw ) versus 1/T at
specified moisture levels of equation 5, the differential
entropy was evaluated.

SPREADING PRESSURE
Spreading pressure was evaluated based on the analytical
procedure described by Iglesias et al. (1976) and Fasina et al.
(1999). Spreading pressure is given by the following
equation:
π=

KT
Am

aw

M
m aw

∫M
0

(9)

ENTHALPY‐ENTROPY COMPENSATION THEORY
A linear relationship between the isosteric heat of sorption
(differential enthalpy) and differential entropy established
the enthalpy‐entropy theory (McMinn and Magee, 2003;
Arslan and Toğrul, 2006):

where  is the spreading pressure (J m-2), K is the Boltzman
constant (1.380 × 10-23 J K-1), and Am is the surface area of
a water molecule (1.06 × 10-19 m2).
This integral becomes indeterminate at aw = 0.0.
Therefore, spreading pressure was evaluated by dividing the
total limit (0.0 to aw ) into a very small interval of 0.0 to 0.05
(6)
Qst = Tβ ΔS d + α
and the remaining 0.05 to aw. The integral in the first
where Qst is the isosteric heat of sorption (kJ mol-1), T  is infinitesimal aw range (0.0 to 0.05) was evaluated assuming
the isokinetic temperature (K), and  is the constant a linear relationship (Henry's law) between M and aw with
(kJmol -1).
usual notations (Fasina et al., 1999) as:
The isokinetic temperature (T) is a characteristic
KTM
property of the material surface (Aguerre et al., 1986), and it
π=
(10)
Am M m
represents the slope of the enthalpy‐entropy linear
relationship (eq. 6). Linear regression of Qst with ΔSd
The integral in the second aw range (0.05 to aw ) was
evaluated T along with the constant . A statistical test
evaluated
after fitting isotherm data (M, aw ) to the following
proposed by Krug et al. (1976) verified the enthalpy‐entropy
Halsey
equation:
compensation theory by defining the harmonic mean
1/ r
temperature (Thm ) as:
⎛ −a ⎞
⎟⎟
(11)
M = ⎢⎢
n
⎝ ln(aw ) ⎠
Thm =
(7)
n
(1/ T )
where a and r are the Halsey isotherm model constants.
1
The spreading pressure obtained by integrating the Halsey
where Thm is the harmonic mean temperature (K), and n is the model (eq. 11) in the second interval of 0.05 to aw (Iglesias
number of temperature levels.
et al., 1976) was:
Linear enthalpy‐entropy compensation theory applies
a
⎡
⎤ w
only when Tβ ≠ Thm ; the process is enthalpy driven if T> Thm
1⎪
⎥
and entropy driven if T< Thm (Leffer and Grunwald, 1963).
KT r ⎪
1
⎥
π=
a
(12)
Equation 7 shows that Thm is a function of temperature levels
1
Am
⎪⎛ 1 ⎞ −
−1 ⎥
[
]
−
1
ln(
a
)
r
(T) selected for the experiment and is independent of the
w
⎪⎝ r ⎠
⎥
⎣
⎦ 0.05
material considered. Analyses were conducted with  = 0 to
evaluate the effect of temperature on the sorption behavior by
Adding the results of the two selected aw intervals (eqs.10
introducing a temperature correction factor (Aguerre et al.,
and 12) produced the spreading pressures at any studied
1986) as:
temperature and water activity combination.
Qst
− ln(aw ) =
NET INTEGRAL ENTHALPY
R(1 / T − 1 / Tβ ) −1
Net integral enthalpy is analogous to isosteric heat of
Although various relationships correlating equilibrium sorption (eq. 4). The net integral enthalpy based on the Gibbs
moisture content, water activity, and temperature were equation (Hill and Rizvi, 1982) evaluated at constant
reported (Iglesias and Chirife, 1976b), Aguerre et al. (1986) spreading pressure is expressed with usual notations as:
proposed an exponential function for temperature
∂[ln(aw )]
Q
dependence of sorption equilibrium of the form:
≈ − in
(13)
∂[1 / T ] π
R
−1
⎛ 1 1⎞
Qst
= ln(aw )⎢ − ⎟ = K1K 2M
where Qin is the integral enthalpy (kJ mol-1).
(8)
⎢ Tβ T ⎟
R
The slope from the plot of ln(aw ) versus 1/T at constant 
⎝
⎠
produced the net integral enthalpy. For plotting, aw values at

∑
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selected levels of  were obtained through interpolation at
various temperatures.
NET INTEGRAL ENTROPY
Net integral entropy for a thermodynamic system was
based on the following relationship (Benado and Rizvi,
1985):
− Qin
(14)
− R ln(a*w )
Sin =
T
where Sin is the net integral entropy (kJ mol-1 K-1), and aw *
is the geometric mean water activity at constant . The
temperature term T of equation 14 was interpolated linearly
for aw * from the T and aw data for a given .

RESULTS AND DISCUSSION
BET MONOLAYER MOISTURE CONTENTS
Standard BET and modified BET monolayer moisture
contents of corn stover fractions decreased with increase in
temperature (fig. 3). In general, leaf and stalk skin monolayer
moisture contents had similar distribution with temperature,
and their monolayer moisture values were distinctly greater
than that of stalk pith. Mean and standard deviation values of
standard BET monolayer moisture contents at temperatures
ranging from 10°C to 40°C were estimated as 4.87%
±0.87%, 4.89% ±0.71%, and 3.78% ±1.41% d.b. for leaf,
stalk skin, and stalk pith, respectively. The modified BET
monolayer moisture contents closely matched, with
corresponding values of 4.84% ±0.95%, 4.85% ±0.74%,
and 3.75% ±1.21% d.b., whereas the initial moisture
contents of these fractions were determined as 8.11%,
12.19%, and 6.09% d.b., respectively. Negative coefficients
of temperatures of the modified BET equation (fig. 3)
indicate reduction in monolayer moisture with temperature
increase. Stalk pith produced the greatest reduction of
monolayer moisture with increasing temperature, and stalk
skin produced the smallest reduction. Iglesias and Chirife
(1976a) and Rahman and Labuza (1999) reported that
monolayer values decreased significantly with increasing
temperature for food and its components. This reduction in
monolayer moisture content was attributed to the reduction
in the number of active sites due to physical and chemical

changes induced by the temperature increase (Aviara et al.,
2004).
Standard BET plots produced negative intercepts and
thereby negative values of C at some conditions of leaf and
stalk pith. As the negative C values produced unrealistic awm
values (eq. 3) corresponding to the monolayer moisture
contents, an arbitrary small value of 0.0001 for the intercept
was assumed, and BET plot slopes and C values were
recalculated in such cases. For the three materials studied, the
value of C varied widely, from 12 to 4316, which gave
corresponding water activity values corresponding to
monolayer moisture contents in the range of 0.225 < awm <
0.013. Nonlinear regression fit of the modified BET equation
gave negative C only for leaf; therefore, a mean C value of
1309.64, obtained from the standard BET procedure among
all the temperatures, was utilized and other model constants
were recalculated. The C values did not affect the
performance of the BET and modified BET models. A log‐
log plot of awm with C gave a linearly decreasing variation,
and the variation can be represented by the power equation
awm = 0.7527 C-4856 (R2 = 0.9988). Based on equation 3, the
maximum value awm takes is 0.5 when C approaches the
minimum value of 1.0. Although fractional values for C
(0.0< C < 1.0) in equation 3 gave positive awm values (>0.5),
these high water activity values were not realistic for the
monolayer moisture contents observed. The determined
Cvalues for leaf, stalk skin, and stalk pith were 1309.64,
14.58, and 95.53, respectively, and the corresponding awm
values were 0.0269, 0.2075, and 0.0928.
NET ISOSTERIC HEAT OF SORPTION AND DIFFERENTIAL
ENTROPY
Net isosteric heat of sorption of corn stover fractions
decreased exponentially with increase in moisture content
(fig. 4). Net isosteric heat of sorption decreased very
gradually or can be considered stabilized, when the moisture
in the material was greater than 20% d.b.
Increased heat of sorption values (in addition to latent heat
of vaporization) at reduced moisture levels indicated high
binding energy for removal of water. Increasing moisture
content decreased the heat of sorption and the values tended
to approach that of pure water at about 15% d.b., indicating
water existence in free form (Aviara and Ajibola, 2002; Kaya

Monolayer moisture content (% d.b.)
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Modified BET Leaf: Mm = 7.1965 -0.0882 T (R@ = 0.9998)
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Figure 3. Monolayer moisture content of corn stover fractions at different temperatures by standard BET and modified BET equations.
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Figure 4. Net isosteric heat of sorption of corn stover fractions with moisture content.

and Kahyaoglu, 2005). At low moisture levels (<10% d.b.),
leaf had the greatest heat of sorption value, followed by stalk
pith and stalk skin. At increased moisture levels, stalk pith
had the maximum value, followed by stalk skin and leaf.
Mean net isosteric heat of sorption values for leaf, stalk skin,
and stalk pith were 4.60 ±5.05, 2.32 ±2.11, and 4.00
±3.94kJ mol-1, respectively, in the moisture range of 10%
to 40% d.b. This shows that reduced energy is required to
extract moisture from stalk skin, followed by leaf and stalk
pith. Typical heat of sorption values reported for some
agricultural products are: corn grain (3 to 65 kJ mol-1) and
sorghum (1 to 35 kJ mol-1) (Cenkowski et al. 1992),
pineapple (5 to 30 kJ mol-1) (Hossain et al., 2001), quinoa
seeds (4 to 47 kJ mol-1) (Tolaba et al., 2004), and tea (44 to
60 kJ mol-1 ) (Arslan and Toğrul, 2006).
Differential entropy (fig. 5) followed similar trends as net
isosteric heat of sorption (fig. 4) of initial exponential decrease
and stabilization with increase in moisture. In the moisture
range of 10% to 40% d.b, the mean differential entropy values
of leaf, stalk skin, and stalk pith were 0.0133±0.0149, 0.0062
±0.0052, and 0.0118 ±0.0118 kJ mol-1 K-1, respectively.
Large values of heat of sorption and differential entropy
associated with low moisture values represent bound moisture.

ENTHALPY‐ENTROPY COMPENSATION THEORY
Isokinetic temperatures (T) of leaf, stalk skin, and stalk
pith were 324.31 K, 372.68 K, and 327.74 K, respectively,
and the harmonic mean temperature (Thm ) was 299.54 K.
Inequality of these temperature values (T > Thm ) confirmed
the enthalpy‐entropy compensation theory (Leffer and
Grunwald, 1963). Because T > Thm , the moisture sorption
process was determined as enthalpy driven. Differential
enthalpy (isosteric heat of sorption) varied linearly with
differential entropy (fig. 6), and the linear model fitted well
with all corn stover fractions (R2 > 0.9978). Values of
constant  of the linear differential enthalpy‐entropy fit
(eq.6) were determined as 44.30, 44.02, 44.15 kJ mol-1 for
leaf, stalk skin, and stalk pith, respectively, and these values
were practically the same for all materials tested.
Values of temperature dependence of sorption moisture
equilibrium function constant K1 (eq. 8) of leaf were much
greater than that of stalk pith and stalk skin, whereas K2
values were relatively constant, although stalk pith recorded
slightly increased values (table 1). Previously reported
sorption‐based K1 and K2 values were 3695 K and 0.882 for
potato (McMinn and Magee, 2003), and 8957 K and 0.842 for
rough rice (Aguerre et al., 1986), respectively. Some of these
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Figure 5. Differential entropy of corn stover fractions with moisture content.
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Differential enthalpy (kJ mol-1)

90.0
Leaf: Qst = 324.31 ΔS
Sd + 44.297 (R@ = 0.9998)
Stalk skin: Qst = 372.68 ΔS
Sd + 44.015 (R@ = 0.9978)
Stalk pith: Qst = 327.74 ΔS
Sd + 44.153 (R@ = 0.9999)
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Figure 6. Linear relationship of differential enthalpy and differential entropy of corn stover fractions.
Table 1. Enthalpy‐entropy compensation theory constants.
K1 (K)
K2
Temperature
(°C)
10
20
25
30
35
40

Leaf

Stalk
skin

Stalk
pith

Leaf

Stalk
skin

Stalk
pith

12110
8045
8525
7567
10808
13869

2759
3068
3299
3079
3515
4895

3623
2872
3022
4081
3924
4339

0.855
0.884
0.883
0.890
0.881
0.884

0.886
0.881
0.880
0.877
0.870
0.848

0.919
0.935
0.932
0.917
0.922
0.928

reported K1 and K2 values were comparable to the constants
of corn stover fractions of the present study (table 1).
SPREADING PRESSURE
The Halsey isotherm equation modeled the sorption
isotherm data of corn stover fractions adequately (R2 >
0.983). Leaf generally had the highest spreading pressure,
followed by stalk skin and stalk pith at temperatures <35°C.
Spreading pressures mean and standard deviation values for
leaf, stalk skin, and stalk pith were calculated as 0.74 ±0.33,

0.71 ±0.31, and 0.65 ±0.38 J m-2, respectively. Spreading
pressure of corn stover fractions increased with water
activity, and the curves had shapes of type II moisture
isotherms, which are evident from the typical plots at 10°C
and 40°C (fig. 7). An increase in temperature reduced the
spreading pressure of all corn stover fractions. The values of
spreading pressures, water activities, and variations with
temperature of corn stover fractions were similar to those
reported by Kaya and Kahyaoglu (2005) for pestil (grape
leather).
NET INTEGRAL ENTHALPY AND NET INTEGRAL ENTROPY
Net integral enthalpy increased initially as moisture
content increased to a level of about 10% to 12% d.b. and then
decreased with further increase in moisture for all the corn
stover fractions (fig. 8). Similar variations were reported for
net integral enthalpy of melon seed and cassava (Aviara and
Ajibola, 2002), potato (McMinn and Magee, 2003), and
pestil (Kaya and Kahyaoglu, 2005). The initial increase in
enthalpy at low moisture contents was due to water absorbed
on the most accessible sites on the solid exterior surface.

1.6

Leaf 10°C
Stalk skin 10°C
Stalk pith 10°C
Leaf 40°C
Stalk skin 40°C
Stalk pith 40°C

Spreading pressure (J m-2)

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Water activity (decimal)

Figure 7. Typical plots of spreading pressure variation of corn stover fractions with water activity at 10°C and 40°C.
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Figure 8. Net integral enthalpy variations of corn stover fractions with moisture content.

Further increase in moisture made the material swell and
opened up new high‐energy sites for water to get bound to,
which increased the net integral enthalpy. The increase at low
moisture contents continued until binding sites were covered.
The net integral enthalpy after reaching a maximum value
declined with further increase in moisture levels as less
favorable sites were covered and multiple layers of sorbed
water formed (Aviara and Ajibola, 2002; McMinn and
Magee, 2003; Kaya and Kahyaoglu, 2005). In the present
study, stalk pith registered the largest net integral enthalpy
value, followed by leaf and stalk skin at a given moisture
content, and the corresponding mean values were
10.30±7.67, 8.34 ±3.58, and 5.58 ±2.31 kJ mol-1.
Variation of net integral entropy (fig. 9) was found to be
a mirror image of the net enthalpy variation about moisture
content (fig. 8). The net integral entropy variation decreased
initially and then increased with an increase in moisture
content. The decrease of entropy in the low moisture range
was attributed to increased restriction in the movement (loss
of rotational freedom or degree of randomness) of water
molecules, as the readily available sites became saturated
and the strongest binding sites were utilized. The minimum
entropy occurred when the sorbed water became completely
localized as the first layer was covered. Subsequent increase

of entropy indicated the availability of more freely held
moisture and the formation of multi‐layers of moisture
(Aviara and Ajibola, 2002; McMinn and Magee, 2003; Kaya
and Kahyaoglu, 2005). Mean values of net integral entropy,
from the present study, were -0.0324 ±0.0238,
-0.0248±0.0106, and -0.0158 ±0.0064 kJ mol-1 K-1 for
stalk pith, leaf, and stalk skin, respectively. At high moisture
levels, net integral entropy approached the net integral
entropy value of free liquid water (0.0 kJ mol-1 K-1).

SUMMARY
Moisture sorption isotherm data of leaf, stalk skin, and
stalk pith fractions of corn stover obtained from the static
gravimetric method, in the temperature range of 10°C to
40°C, were used in determining thermodynamic properties.
Standard BET and modified BET monolayer moisture
contents of the corn stover fractions matched closely, and
these values decreased with increase in temperature. The
mean standard BET monolayer moisture contents were
4.87% ±0.87% d.b. for leaf, 4.89% ±0.71% d.b. for stalk
skin, and 3.78% ±1.41% d.b. for stalk pith. The water
activity associated with monolayer moisture contents varied

Net integral entropy (kJ mol-1 K-1)
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Figure 9. Net integral entropy variations of corn stover fractions with moisture content.
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widely from 0.013 to 0.225. Net isosteric heat of sorption and
differential entropy of corn stover fractions decreased
exponentially with moisture increase and approached the
latent heat of vaporization of pure water. In the moisture
range of 10% to 40% d.b., the mean net isosteric heat of
sorption for leaf, stalk skin, and stalk pith was 4.60 ±5.05,
2.32 ±2.11, and 4.00 ±3.94 kJ mol-1 and mean differential
entropy values were 0.0133 ±0.0149, 0.0062 ±0.0052, and
0.0118 ±0.0118 kJ mol-1 K-1, respectively.
Isokinetic temperatures (>324 K) were greater than harmonic mean temperature (299.5 K) of the corn stover
fractions, and this inequality confirmed the enthalpy‐entropy
compensation theory. The moisture sorption process was
predominantly enthalpy driven. Spreading pressures, obtained by modeling the sorption isotherm data of corn stover
fractions using the Halsey isotherm equation (R2 > 0.983)
were the greatest for leaf, followed by stalk skin and stalk pith
at temperatures <35°C, with corresponding overall mean
values of 0.74 ±0.33, 0.71 ±0.31, and 0.65 ±0.38 J m-2.
Spreading pressures increased with increasing water activity,
and decreased with increasing temperature. Net integral
enthalpy increased with moisture content to a maximum and
decreased thereafter, and the mean values were 10.30 ±7.67,
8.34 ±3.58, and 5.58 ±2.31 kJ mol-1 for stalk pith, leaf, and
stalk skin, respectively. Net integral entropy decreased with
moisture increase to a minimum and increased thereafter, and
displayed a reverse trend with net integral enthalpy. Mean
values of net integral entropy for stalk pith, leaf, and stalk
skin were -0.0324 ±0.0238, -0.0248 ±0.0106, and -0.0158
±0.0064 kJ mol-1 K-1, respectively.
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NOMENCLATURE
A, B, C model constants of modified BET monolayer
moisture content
a, r
Halsey isotherm models constants
aw
water activity (decimal)
awm
water activity corresponding to the monolayer
moisture content (decimal)
aw *
geometric mean water activity at constant
spreading pressure (decimal)
surface area of a water molecule
Am
(1.06 × 10-19 m2)
K
Boltzman constant (1.380 × 10-23 J K-1)

2160

K1, K2 first constant (K) and second constant
(dimensionless) of temperature dependence of
sorption equilibrium equation 8
M
equilibrium moisture content (% d.b.)
monolayer moisture content (% d.b.)
Mm
n
number of temperature levels considered
Qin
net integral enthalpy (kJ mol-1)
isosteric heat of sorption (kJ mol-1)
Qst
qst
net isosteric heat of sorption (kJ mol-1)
R
universal gas constant (8.31434 ×
10-3 kJ mol-1 K-1)
2
R
coefficient of determination
DSd
differential entropy of sorption (kJ mol-1 K-1)
Sin
net integral entropy (kJ mol-1 K-1)
T
temperature (K)
temperature (°C)
Tc
T
isokinetic temperature (K)
Thm
harmonic mean temperature (K)

constant of equation 6 (kJ mol-1)

latent heat of vaporization of pure water
(44.045 kJ mol-1 at 25°C)

spreading pressure (J m-2)
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