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Abstract The moisture sorption isotherms of grain and
kernel of barnyard millet (Echinochloa frumentacea) were
determined at 20, 30, 40, and 50°C. A gravimetric static
method was used under 0.112–0.964 water activity (aw)
range for the determination of sorption isotherms. The
models were compared using the coefficient of determina-
tion (r2), reduced chi-square (χ2) values, and on the basis of
residual plots. In grain, modified Chung–Pfost (r2>0.99;
χ2<0.7) and modified Oswin (r2>0.99; χ2<0.55) models
were found suitable for predicting the Me–aw relationship
for adsorption and desorption, respectively. Modified
Henderson model was found to give the best fit (r2>0.99
and χ2<0.55) for describing the adsorption and desorption
of the kernel. The isosteric heat, calculated using Clausius–
Clapeyron equation, was varied between 46.76 and
61.71 kJ g−1 mol−1 at moisture levels 7–21% (d.b.) for
grain and 47.11–63.52 kJ g−1 mol−1 at moisture level
between 4% and 20% (d.b.) for kernel. The monolayer
moisture content values ranged from 4.3% to 6% d.b. in the
case of adsorption of barnyard millet grain and 5.2–6.6% d.
b. in the case of desorption at the temperature ranges of 50–
20°C. The monolayer moisture values of barnyard millet
kernel ranged from 4.4% to 6.67% d.b. in adsorption and
4.6% to 7.3% d.b. in desorption in the temperature ranges
of 50–20°C.
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Nomenclature
A, B, C constants used in sorption models
P, q, r constants used in monolayer moisture content

models
aw water activity, decimal
ΔH latent heat of vaporization of pure water,

kJ mol−1 (43.53 kJ mol−1 at 35°C)
M moisture content, % (d.b.)
Me equilibrium moisture content, % (d.b.)
Mex experimental equilibrium moisture content,

decimal
Mpr predicted equilibrium moisture content, decimal
n number of constants
N number of observation
Qst isosteric heat sorption, kJ g−1 mol−1

qst net isosteric heat of sorption, kJ g−1 mol−1

R universal gas constant, kJ mol−1 K−1

(0.008314 kJ mol−1 K−1)
r2 coefficient of determination
T temperature, K
χ2 reduced chi-square
mo monolayer moisture content, % (d.b.)
t temperature,°C

Introduction

Barnyard millet (Echinochloa frumentacea) is a commonly
grown millet crop in the arid and semi-arid regions of the
world. It is one of the most important millet grown in India
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and is popularly known as Madira, Jhungora, or Sanwa in
different regions of the country. The grains of barnyard
millet are low in phytic acid and rich in iron and calcium.
Magnesium and Niacin (vitamin B3) in barnyard millet can
help reduce the effects of migraines and level of cholesterol
respectively. Phosphorus in millet helps in fat metabolism,
body tissue repair, and converting food into energy. Almost
all types of essential amino acids are present in barnyard
millet. Barnyard millet is three times richer in minerals as
compared to wheat and four times richer in fat, seven times
richer in minerals, and two times richer in calcium as
compared to rice (Gopalan et al. 1997). The harvesting of
barnyard millet crop has been done when the grain
moisture content is around 24–26% (d.b.). The harvested
grains are dried to about 12% (d.b.) moisture content
(Ajisegiri and Sopade 1990). The grain at around 12%
moisture content are either dehulled or stored for dehulling
application at later date. The property of food material,
which influences dehydration, shelf life, and storability, is its
water sorption characteristics (Labuza 1968, 1975), and
sorption characteristic is highly influenced by environmental
conditions such as temperature and relative humidity
(Iglesias et al. 1986).

A number of isotherm equations have been developed to
describe the relationship between equilibrium moisture
content (Me), water activity (aw), and temperature of
biological materials (Aviara et al. 2006; Bellagha et al.
2008; Chen 2003; Chen and Weng 2008; Denloye and Ade-
John 1985; Menkov 2000a, b; Rekha et al. 2008; Tarigan et
al. 2006). The extent of hysteresis is related to the nature
and state of food components, reflecting their potential for
structural and conformational rearrangements, which alter
the accessibility of energetically favorable polar sites
(Kapsalis 1981; Jaya and Das 2009). Water activity and
monolayer moisture content are a very useful factor to
forecast the stability conditions in foods, to select formula-
tions and storage conditions in new products, and to improve
drying process and equipment. Water activity of any food
material determines the amount of water available to micro-
organisms and degradation reaction. Attempts made to find a
general isotherm equation were not successful because water
activity depends on food composition and the interaction of
the different constituents with water in thermodynamical
equilibrium conditions (Aroldo et al. 2006).

Accurate information on equilibrium moisture contents
of barnyard millet grain at various relative humidity and
temperatures are not available. There is also a need for
comprehensive study of the Me of dehulled barnyard millet
kernel to understand its drying and storage behavior. The
paper deals with sorption isotherms of barnyard millet grain
and its kernel determined under different temperatures and
relative humidity levels, suitability of models describing the

isotherms, monolayer moistures, and the net isosteric heat
of sorption.

Materials and Methods

Sample Preparation and Experimentation

Barnyard millet grains (variety VL-172) and their kernels
(dehulled by Vivek millet dehuller) were taken from Viveka-
nanda Institute of Hill Agriculture, Almora, Uttarakhand,
India. The initial moisture content of grains and kernels were
9.2% and 10.6% (d.b.), respectively. For the adsorption
isotherm determination, the samples were dried in an air oven
at 100°C for 24 h. While for the desorption isotherms, the
samples were placed in pure distilled water until no significant
weight gain was observed. The procedure suggested by
(Iglesias and Chirife 1982) was followed for deriving sorption
isotherms at 20, 30, 40, and 50°C. Approximately 2 g
samples of barnyard millet grain and its kernel filled in
sterilized glass petri dishes were placed in six separate
desiccators containing saturated salt solutions (LiCl, MgCl2,
Mg(NO3)2, NaCl, KCl, and K2SO4) for maintaining relative
humidity levels from 11% to 96% (Palipane and Driscoll
1992). Measurement of desorption and adsorption isotherms
were made at temperatures 20, 30, 40, and 50°C for grain and
kernel. A small glass bottle containing 5 ml toluene was
placed in each desiccator to prevent fungal growth. The
equilibrium moisture content (EMC) is the condition when
two consecutive weight measurements showed a stationary
difference (±0.001 g). The equilibrium condition of barnyard
millet grains and its kernels were achieved in 26 to 28 days
from start. After achieving the EMC, the experiment was
stopped, and the sample were weighed and placed in drying
oven at a fixed temperature of 100°C for 72 h (Hall 1980) to
achieve the dry mass of the sample.

Modeling of Sorption Isotherm

The adsorption and desorption equilibrium moisture content
data (Table 1) of barnyard millet grain and kernel were fitted
to the five moisture isotherm models given in Table 4 using
Origin 7.5 software. These five sorption models have been
adopted as standard equations by the American Society of
Agricultural Engineers (ASAE 1999). The constants of the
sorption models were estimated using advance nonlinear
curve fitting function of software Origin 7.5.

Statistical Analysis

The suitability in predicting the sorption behavior equations
were validated on the basis of coefficient of determination
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(r2), reduced chi-square (χ2) values, and residuals. The
coefficient of determination and reduced chi-square were
calculated by Eqs. 1 and 2, respectively.

r2 ¼
Pn

i¼1 Mpr �M
� �2

Pn
i¼1 Mex �M

� �2 ð1Þ

#2 ¼ 1

N � n

XN

i¼1
Mex �Mpr

� �2 ð2Þ

The value of coefficient of determination should be higher
(r2>0.95) and reduced chi-square should be lower (χ2<0.5)
for achieving sufficient goodness of fit for predicted
models. Residuals were obtained from the difference
between experimental equilibrium moisture content values
(Mex) and values obtained from models (Mpr). The residuals
were plotted against Mpr. If the residual plot showed a clear
pattern, then the model was not applied for the sorption
data. The residual plots were uniformly distributed and
random in nature; therefore, it was considered acceptable.
Three replications were recorded for analysis.

Isosteric Heat

The moisture content at which the net isosteric heat of
sorption becomes equal to the latent heat of vaporization of
water is indicative of the presence of bound water in food
(Wang and Brennan 1991). The isosteric heat of sorption
(Qst), at the temperature of 20 and 50°C, was calculated
from the relationship given in Eq. 4 (Table 2).

Isosteric heat Qstð Þ ¼net isosteric heat qstð Þ
þ latent heat of vaporization ðΔHÞ:

The net isosteric heat of sorption (Eq. 3) was determined
using the Clausius–Clapeyron equation (Rao et al. 2006).

qst ¼ R
T1 T2
T2 � T1

ln
aw2

aw1

� �� �
ð3Þ

Qst ¼ R
T1 T2
T2 � T1

ln
aw2

aw1

� �� �
þΔH ð4Þ

The ΔH value at given temperature was taken from the
steam table.

Monolayer Moisture Content

The monolayer moisture content value of a food provides a
good first estimate of the water content, providing
maximum stability of a dry product. It is a crucial
parameter in the determination of the surface potential of
moisture sorbed in food (Table 3). It was suggested

Table 2 Isosteric heat of barnyard millet grain and kernel at different
moisture contents

Grain Kernel

Moisture
content
%, (d.b.)

Adsorption
Qst (kJ mol−1)

Desorption
Qst (kJ mol−1)

Adsorption
Qst (kJ mol−1)

Desorption
Qst (kJ mol−1)

9 54.00 59.74 60.02 60.76

11 50.83 56.04 56.81 59.17

13 48.90 52.15 53.84 56.27

15 48.31 49.55 51.81 53.12

17 46.69 46.70 49.18 48.95

19 46.26 44.94 47.97 48.02

Table 1 Temperature-wise equilibrium moisture constant data for adsorption and desorption of barnyard millet and kernel

aw Barnyard millet grain Barnyard millet kernel

20°C 30°C 40°C 50°C 20°C 30°C 40°C 50°C

Adsorption 0.964 32.4±1.4 30.1±1.92 27.2±1.31 21.9±2.91 29.9±2.71 26.8±0.87 25.9±0.70 20.9±2.21

0.825 19.4±1.47 18.5±1.11 17.6±2.72 14±1.04 20.8±3.59 17.1±0.91 16.5±2.89 13.7±2.63

0.747 17.2±1.78 15.6±0.26 14.9±1.49 11.7±1.30 18.1±2.29 14.2±1.76 13.4±2.67 11.2±2.65

0.484 11.3±3.42 9.4±0.62 9.2±1.97 7.6±0.52 11.8±0.62 10.1±1.40 9.6±0.72 7.6±0.80

0.316 8.1±1.14 7.1±0.56 6.7±1.97 6.2±1.18 8.7±2.21 6.9±2.33 6.3±0.98 5.5±0.85

0.112 4.5±0.20 3.7±0.53 3.5±0.53 3.1±0.69 4.2±0.89 3.2±1.91 3.1±1.48 1.8±0.46

Desorption 0.964 35.7±2.33 33.2±2.00 31.7±2.18 30.1±1.25 30.4±1.30 28.3±2.34 26.8±.89 24.1±.79

0.825 20.7±.87 20.3±.15 19±.39 17.9±.65 21.7±.22 18.2±.65 17.7±.95 14.5±.95

0.747 17.8±.40 16.7±.82 15.2±.74 14.2±.25 18.3±.70 14.7±.77 13.3±.01 12.4±.95

0.484 12.5±.13 12.1±.95 11.7±.59 9.4±.04 13.2±.59 12.2±2.81 11.3±2.82 9.8±1.41

0.316 10.1±.32 9.6±.49 8.4±.82 7.5±.82 9.7±.09 8.9±.97 8.6±.64 7.2±.95

0.112 6.4±.49 5.9±.44 5.4±.85 4.9±.61 5.1±.08 3.8±.56 3.6±.36 2.1±.40
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(Rockland 1969) as a satisfactory specification for the
lower limit of moisture in dehydrated food. The monolayer
moisture values were obtained by fitting parameter “A” in
Guggenheim–Anderson–de Boer (GAB) equation (Table 4).

The second-order regression equations of type Eq. 5 was
developed for adsorption and desorption of grain and kernel
between monolayer moisture content (m0) and temperature
(t) by using Origin 7.5 software.

m0 ¼ p t2 þqt þ r ð5Þ
The suitability of the equation in predicting the monolayer

moisture content were validated on the basis of coefficient of
determination (r2) and reduced chi-square (χ2).

Results and Discussion

Moisture Sorption Isotherm

To forecast the stability conditions of foods to select
formulations and storage conditions in new products and

to improve drying process and equipment, adsorption and
desorption isotherm is prerequisite. Water activity and
monolayer moisture content are very useful factor as it
indicates the biological activity of the material and as we can
store particular grain and kernel below monolayer moisture
content at specific temperature (Fennema 1985). The study
will be helpful for post-harvest and seed technologists.

The adsorption and desorption isotherm of barnyard
millet grain and kernel at temperature 20, 30, 40, and 50°C
are shown in Fig. 1a–d. There isotherms were found to be
type II sigmoid. For any particular temperature and relative
humidity (say temperature 30°C and relative humidity
74.7%), the equilibrium moisture content, Me, of grain
(15.6% d.b.) was observed to be higher than Me of barnyard
millet kernel (14.2% d.b.) samples. It might be due to the
presence of hulls having high fiber content and higher
moisture absorption. Oil content in hulls was lower than the
kernel. It is evident from Fig. 1 that the Me decreased with
increase in temperature at constant water activity. It might
be contributed to activation of water molecule to a high
energy level due to enhancement of temperature. High
energy level allows water molecules to break away from
sorption sites, thus decreasing the Me. The result is in
agreement with the study of Arslan and Togrul 2005, Kaya
and Kahyaoglu 2005, and Tarigan et al. 2006. In the study
of Tarigan et al. 2006, the decrease in moisture content with
the increase in temperature in shelled and unshelled kernel
of candle nut was reported.

Isotherm Equations

Five models, namely modified Halsey, modified Chun–
Pfost, modified Oswin, modified Henderson, and GAB,
were fitted for adsorption and desorption of barnyard millet
grain and kernel. For grain, modified Chung–Pfost and
modified Oswin models fitted well with respect to
adsorption and desorption, respectively. While for kernel,
modified Henderson model was fitted well for both
adsorption and desorption. The results fitting the modified
Chung–Pfost and modified Oswin model to the grain
desorption are given in Table 5. The coefficient of
determination (r2) was higher than 0.99, and the value of
reduced chi-square (χ2) was varied from 0.02 to 0.7. Higher

Table 3 Temperature-wise monolayer moisture content of barnyard
millet grain and kernel

S. no. Commodity Temperature (°C) Monolayer moisture
content %, (d.b.)

1. Grain adsorption 20 6.0

30 5.32

40 5.2

50 4.3

2. Grain desorption 20 6.60

30 6.43

40 5.90

50 5.20

3. Kernel adsorption 20 6.67

30 6.02

40 4.9

50 4.4

4. Kernel desorption 20 7.3

30 6.0

40 5.6

50 4.6

Model Equation References

Modified Halsey Me ¼ exp AþB�Tð Þ�ln 1
awð Þ½ �

C Iglesias and Chirife, (1976)

Modified Chung–Pfost Me ¼ ln A
TþBð Þ�ln ln 1

awð Þð Þ
C Pfost et al. (1976)

Modified Oswin Me ¼ Aþ B� Tð Þ aw
1�aw

� 	C
Chen and Morey (1989)

Modified Henderson Me ¼ exp ln ln 1
1�awð Þð Þ�lnA�ln TþBð Þ½ �

C Thompson (1972)

GAB Me ¼ A�B�C�aw
1�B�awð Þ 1�B�awþB�C�awð Þ Van den Berg (1984)

Table 4 Sorption models used
for fitting of experimental data
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r2 and lower χ2 values indicated that the modified Chung–
Pfost model was found fit for adsorption of barnyard millet
grain, whereas modified Oswin model was found fit for
grain desorption in entire range of relative humidity
measured.

Following the value of r2 (0.99 to 0.99981) and χ2

(0.02657 to 0.51043) for adsorption and desorption of
barnyard millet kernel, it was concluded that the isotherm
followed modified Henderson model (Table 6). This means
modified Henderson model adequately describes the exper-
imental data of barnyard millet kernel adsorption and

desorption in entire range of relative humidity. Figure 2a
and b shows residual plots for adsorption of barnyard millet
grain and kernel at 30°C, whereas residual plots for
desorption is presented in Fig. 3a and b. The residual
values, which lies in horizontal band, concentrated on zero
trend, indicating best fit of the models.

Moisture Sorption Hysteresis

The adsorption and desorption plots of barnyard millet
grain and kernel at 30°C, presented in Fig. 4a and b, show
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Fig. 1 a Sorption isotherms at
different temperatures of barn-
yard millet grain adsorption with
modified Chung–Pfost model; b
kernel adsorption with modified
Henderson Model; c grain de-
sorption with modified Oswin
model; d kernel desorption with
modified Henderson model

Table 5 Constants of the model fitted to the adsorption and desorption data of barnyard millet grain

Parameters and criteria Modified Chung–Pfost adsorption Modified Oswin desorption

20°C 30°C 40°C 50°C 20°C 30°C 40°C 50°C

A 504.81378 487.906 525.23727 517.75 20.9363 20.66068 20.53804 20.087

B −161.72847 −159.99121 −171.53981 −184.54052 −0.02721 −0.02799 −0.0298 −0.0312
C 0.14708 0.15338 0.17007 0.21846 0.3147 0.30694 0.31756 0.33725

r2 0.9958 0.99633 0.99895 0.99752 0.99986 0.99802 0.99628 0.99681

χ2 0.69564 0.55918 0.1302 0.18579 0.02476 0.31222 0.5473 0.4468
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evidence of the moisture sorption hysteresis. The graph
clearly showed that the equilibrium moisture content for
desorption was higher than that of adsorption at particular
water activity. Polar sites in the molecular structure of the
material were almost entirely occupied by adsorbed water
in the wet condition. Due to drying and shrinkage, the
molecules and their water holding sites were drawn closely
to satisfy each other. This reduces the water holding
capacity of the material upon subsequent adsorption
(Mohsenin 1986).

Isosteric Heat

The isosteric heat, calculated using Clausius–Clapeyron
equation, varied between 46.76 and 61.71 kJ g−1 mol−1 at
moisture levels 7–21% (db) for grain and 47.11–63.52 kJ
g−1 mol−1at moisture level between 4 and 20% (d.b.) for
kernel. The variation of isosteric heat of adsorption and
desorption of barnyard millet grain and kernel with
moisture content at temperatures 20 and 50°C is shown in
Fig. 5a and b. It is evident from figure that the isosteric heat
of desorption was higher than that of heat of adsorption for
both grain and kernel. It may be due to structural changes
that occur in the product during dehydration, which made
the removal of water easier (Yanniotis and Zarmboutis
1996; Tarigan et al. 2006). It is also evident from figure that
the isosteric heat decreased sharply (from 60 to 47 kJ/mol
in desorption of grain) with increase in moisture content

(from 7% to 17%). Several researchers, viz., Saravacos et
al. (1986) in sultana raisins, Yanniotis and Zarmboutis
(1996) in pistachio nuts, Palou and Lopez-Malo (1997) in
cookies and corn snacks, and Samapundo et al. (2007) in
whole yellow dent corn reported similar trend. It might be
due to the fact that initially, sorption occurs on the most
active sites, giving rise to higher energy of interaction
between the sorbet and sorption sites. As these active sites
become occupied, sorption subsequently occurs on the less
active sites, giving lower heat of sorption (Iglesias and
Chirife 1982).

Monolayer Moisture

The monolayer moisture content values for barnyard millet
grain and kernels are shown in Table 3. The monolayer
moisture content values (Table 4) ranged from 4.3% to 6%
d.b. in the case of adsorption and 5.2–6.6% d.b. in the case
of grain desorption of barnyard millet grain at the
temperature ranges of 50–20°C. The monolayer moisture
values of barnyard millet kernel ranged from 4.4% to
6.67% d.b. in adsorption and 4.6% to 7.3% d.b. in
desorption in the temperature ranges of 50–20°C. As
temperature increased from 20 to 50°C, the monolayer
value decreased in both adsorption and desorption process-
es. This may be due to higher water vapor pressure inside
the barnyard millet grain at higher temperature. The effect
of temperature on different dehydrated food products

Table 6 Constants of the model fitted to the adsorption and desorption data of barnyard millet kernel

Parameters and criteria Modified Henderson adsorption Modified Henderson desorption

20°C 30°C 40°C 50°C 20°C 30°C 40°C 50°C

A 0.00008 0.00012 0.00012 0.00014 0.00007 0.00013 0.00008 0.00013

B −206.28464 −134.46865 −123.5751 −96.783 −215.861 −140.065 −212.9808 −135.101
C 1.73868 1.56576 1.52753 1.53014 1.8842 1.51809 1.84417 1.60418

r2 0.99981 0.99563 0.99504 0.99607 0.9985 0.99656 0.99626 0.99795

χ2 0.02657 0.51043 0.54239 0.29743 0.20511 0.45563 0.43491 0.16306

Modified Chung-Pfost at 30 °C for adsorption 
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Fig. 2 Residual plots for
adsorption of a barnyard millet
grain and b kernel
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Modified Oswin model at 30 °C for desorption 
of barnyard millet grain
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(a) (b) Fig. 3 Residual plots for
desorption of a barnyard millet
grain and b kernel at temper-
atures 20 and 50°C
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showed that monolayer moisture content decreases with
increase in temperature (Rizvi 1986). The highest value of
monolayer moisture content, i.e., 7.3% d.b., was found in
desorption process at 20°C, and the minimum value, i.e.,
4.4% d.b., was found in the adsorption process at 50°C.
The monolayer values of the desorption process were
higher than the adsorption process at all temperatures.
Similar result was reported by Kaleemullah and Kailappan
(2007) in red chillies. Second-order regression of mono-
layer moisture content, mo (% d.b.) due to temperature,
t (°C) were fitted for both modified Chung–Pfost adsorption
and modified Oswin desorption models (Eqs. 6 and 7).

mo ¼ �0:0006 t2 �0:014t þ 6:43 Adsorption of grainð Þ

r2 ¼ 0:94; #2 ¼ 0:09ð Þ
ð6Þ

mo ¼ �0:00142 t2 þ0:052t þ 6:145 Desorption of grainð Þ

r2 ¼ 0:99818; #2 ¼ 0:008ð Þ
ð7Þ

The modified Henderson monolayer moisture values of
barnyard millet kernel ranged between 7.2% and 11.0% d.b.
in adsorption and 9.4% to 12.5% d.b. in desorption at the
temperature ranges of 50–20°C (Fig. 1c and d). As the
temperature increased from 20 to 50°C, the monolayer
moisture content value decreased in both adsorption and
desorption processes. It might be attributed to higher water
vapor pressure in barnyard millet kernel due to enhancement
in temperature. Maximum and minimum value of monolayer
moisture content was 12.5% and 7.2% d.b. at 20 and 50°C,
respectively. The monolayer values of the desorption process
were higher than that of the adsorption process at all
temperatures. Second-order regression equations were fitted
for modified Henderson monolayer moisture content, mo (%
d.b.) due to temperature, t (°C) for both adsorption and
desorption processes and are given as:

mo ¼ �0:00037 t2 �0:1056t þ 8:686 Adsorptiono of kernelð Þ

r 2 ¼ 0:98; #2 ¼ 0:059ð Þ
ð8Þ

mo ¼ 0:00075 t2 �0:1375t þ 9:675 Desorption of kernelð Þ

r2 ¼ 0:97; #2 ¼ 0:1125ð Þ
ð9Þ

Conclusions

The moisture sorption isotherms of barnyard millet grain and
kernel were determined at 20, 30, 40, and 50°C exhibit type II

sigmoidal behavior. The Me of desorption is higher as
compared to adsorption across the entire range of the
aw investigated. In grain, modified Chung–Pfost (r2>0.99;
χ2<0.7) and modified Oswin (r2>0.99; χ2<0.55) models
were found suitable for predicting the Me–aw relationship for
adsorption and desorption, respectively. For kernel, modified
Henderson model was found best fit (r2>0.99 and χ2<0.55)
for describing the adsorption and desorption. The isosteric
heat, calculated using Clausius–Clapeyron equation, was
varied between 46.76 and 61.71 kJ g−1 mol−1 at moisture
levels 7–21% (d.b.) for grain and 47.11–63.52 kJ g−1 mol−1

at moisture level between 4% and 20% (d.b.) for kernel. The
highest value of monolayer moisture content, i.e., 7.3% d.b.,
was found in desorption process at 20°C, and the minimum
value, i.e., 4.4% d.b., was found in the adsorption process at
50°C. This study will help in the determination of suitable
drying process, level of drying, and storage design.
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