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Abstract

The present work aimed to: i) find the suitable proportion, based on sensory evaluation, of
microwave-convective hot air dried jamun (Syzygium cumini L.) pulp and seed kernel powder to be
mixed for the preparation of jamun powder (JP); ii) generate and model the moisture sorption isotherm
(MSI) of JP; and iii) estimate net isosteric heat of sorption (qst), spreading pressure (Φ), net integral
enthalpy (Qin), and net integral entropy (Sin). To formulate JP, the proportion (w/w, db) comprising
2% kernel and 98% pulp powder was the most desirable. The Peleg model was the best fit to MSI of
JP. The qst decreased following linear relationship from 11.02 kJ. mol−1 at 5% equilibrium moisture
content (EMC) to 0.27 kJ. mol−1 at 30% EMC. The Φ increased with increase in water activity and
decreased with increase in temperature from 25 oC to 35 oC, and the values of Φ at 45 oC were even
higher than at 25 oC. Net integral enthalpy (Qin) initially decreased till 6% moisture content in JP and
displayed an increasing trend with further increase in moisture content. On the contrary, Sin kept on
decreasing continually with increasing moisture content. The moisture zone of 7-11% was considered
safe for storage of JP within the temperature range of 45-25 oC.

Keywords: Jamun powder; Moisture sorption isotherm; Net isosteric heat of sorption; Spreading
pressure; Net integral enthalpy; Net integral entropy

1 Introduction

Jamun (Syzygium cumini L.), a type of berry
with an attractive sweet-sour taste and purple
colour, is a fruit native to India and East Indies,
but is also found in other countries like Thailand,
Philippines and Madagascar. All the fractions
of whole jamun fruit, besides their nutritional
constituents, contain a lot of phytochemicals
and, hence, are widely popular for their medic-
inal values. Sehwag and Das (2015) reported a
broad classification of the phytochemicals such

as anthocyanins, phenolic acids, flavonols, fla-
vanonols, carotenoids and terpenes in the pulp
and skin, and alkaloids, flavonoids, glycosides,
phytosterols, saponins, tannins and triterpenoids
in the seed. Recent studies on jamun pulp and
skin have established many therapeutic proper-
ties such as antidiabetic, antioxidant, hepatopro-
tective, antibacterial and anticancerous. Jamun
seed kernel is richer in medicinal properties than
pulp and skin, and possesses a range of pharma-
cological actions (Sehwag & Das, 2015, 2016).
However, due to its short seasonal availability
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Nomenclature

am Surface area of a water molecule (m2)

aw Water activity

Φ Spreading pressure (J. m−2)

a∗w Geometric mean water activity at con-
stant Φ

EMC Equilibrium moisture content (%, db)

GMS Glycerol monostearate

JP Jamun powder

Kβ Boltzmann constant (J. K−1)

LDPE Low density polyethylene

LSD Least significant difference

M EMC (%, db) of the sample

MCD Microwave-convective hot air drying

MD Maltodextrin

MRE Mean residual error (%)

MSI Moisture sorption isotherm

Qin Net integral enthalpy (kJ. mol−1)

qst Net isosteric heat of sorption (kJ.
mol−1)

R Universal gas constant (kJ. mol−1.
K−1)

r2 Co-efficient of determination

RH Relative humidity (%)

RMSE Root mean square error

Sin Net integral entropy (kJ. mol−1. K−1)

SD Standard deviation

T Absolute temperature (K)

TCP Tricalcium phosphate

Z Integration constant

and highly perishable nature, jamun remains un-
derutilized.
Removal of moisture by quick and efficient dry-
ing is the most promising way for seasonal and
perishable fruits to be made available through-
out the year. Dehydrated fruit in powder
form can be incorporated within a variety of
recipes, like desserts, biscuits and spreads, to
add case specific flavor and functionalities with-
out the moisture and volume of fresh fruit.
Among different methods, a hybrid technique,
microwave-convective hot air drying (MCD) has
been used effectively for drying various food ma-
terials such as apricot halves (Horuz, Bozkurt,
Karatas, & Maskan, 2017), button mushrooms
(Das & Arora, 2018), oyster mushrooms (Bhat-
tacharya, Srivastav, & Mishra, 2015), okra (Ku-
mar, Prasad, & Murthy, 2014) and garlic cloves
(Sharma & Prasad, 2001). Prolonged exposure
in conventional hot air drying leads to unde-
sirable changes in product quality. Combining
microwave with convective hot air can signifi-

cantly reduce the drying time and improve prod-
uct quality (Schiffmann, 1992). Although jamun
seed powder (no mention of the presence or ab-
sence of seed coat) is available as an ayurvedic
medicine for control of diabetic mellitus, techni-
cal information on drying of jamun seed and pulp
is scanty in the literature. Recently Dey Paul
and Das (2017) produced free flowing jamun pulp
(along with skin) powder containing maltodex-
trin (MD, 12.2%), tricalcium phosphate (TCP,
0.4%) and glycerol monostearate (GMS, 1.4%)
on a dry basis (db) of pulp-skin, using MCD at
70 oC, 1 watt. g−1 (W. g−1, power density), 0.5
m. s−1 air velocity, to maximally maintain its
antioxidant activity. Monica, Dey Paul, and Das
(2016) also observed that MCD (60 oC, 2 W.
g−1, 0.5 m. s−1) of jamun seed retained max-
imum antioxidant activity of its kernel. Thus,
if pulp powder is mixed with seed kernel pow-
der (bitter in taste probably due to the presence
of saponins and tannins) (Kamal, 2014; Kapoor
& Iqbal, 2013) in a sensorially acceptable ratio,
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the mixture could be used as jamun powder (JP)
for food purpose, with more health benefits than
that of pulp powder alone.
Moisture sorption tendency, which depends on
relative humidity (RH) and temperature, is a
major criterion in maintaining quality of fruit
powders during handling and storage. Mois-
ture sorption isotherm (MSI) provides the re-
lationship between equilibrium moisture content
(EMC) and its water activity (aw) when the food
equilibrates in air with different RHs at a certain
temperature. On equilibration, the aw of food
(relates to stability) equals the RH of environ-
ment (Al-Muhtaseb, McMinn, & Magee, 2002).
Moisture sorption isotherm (MSI) is an essen-
tial tool in design of drying, packaging and stor-
age of food. Mathematical modelling enables
generation of MSI at any unknown temperature
within the temperature range for which the MSIs
have already been developed empirically. de San-
tana et al. (2015) reported MSIs of freeze dried
jamun pulp (without skin) containing no addi-
tives. Biswal, Mohapatra, Panda, and Dash
(2017) modelled the desorption isotherm of fresh
jamun fruits. Ferrari, Marconi Germer, Alvim,
Vissotto, and de Aguirre (2012) modelled the
MSI of spray dried blackberry (Rubus species)
powder containing maltodextrin and gum ara-
bic. Information on the MSI of powder contain-
ing pulp, skin and kernel of jamun, together with
any drying aid (to make the powder form) is not
available.
Moisture sorption isotherms at different tem-
peratures are used to evaluate thermodynamic
parameters like net isosteric heat of sorption
(qst), spreading pressure (Φ), net integral en-
thalpy (Qin) and net integral entropy (Sin) (Al-
Muhtaseb, McMinn, & Magee, 2004). The qst
(total heat of sorption for binding water vapor
on sorbent less than the heat of vaporization of
pure water, at the system moisture content) de-
termines moisture-sorbent binding strength, and
is required in designing equipment for dehydra-
tion processes as well as prediction of aw when
the food is stored at fluctuating temperature
(Chowdhury & Das, 2010). Spreading pressure
(Φ), the difference in surface tension between
bare sorption sites of the sorbent and sites with
adsorbed molecules, indicates the free surface en-
ergy of adsorption (Al-Muhtaseb et al., 2004).

Net integral enthalpy (Qin) at constant Φ, a
measure of the strength of moisture-solid bind-
ing, is used to determine Sin (McMinn & Magee,
2003). Net integral entropy (Sin) explains the
degree of disorder and randomness of the ad-
sorbed water molecules (Arslan & Togrul, 2005;
Igathinathane, Womac, Sokhansanj, & Pordes-
imo, 2007), and helps to determine the moisture
at which the sorbent is stable.
Based on the above knowledge, the objectives of
the present work were to: i) find the suitable pro-
portion of pulp (with skin) and kernel powder
to be mixed for preparation of JP; ii) generate
and model the MSI of JP; and iii) estimate the
thermodynamic parameters, including net isos-
teric heat of sorption (qst), spreading pressure
(Φ), net integral enthalpy (Qin) and net integral
entropy (Sin) for the JP.

2 Materials and Methods

2.1 Material

Fully matured jamun fruit (raw material), ap-
parently free from any damage, was procured
from the local market of IIT Kharagpur, India.
About 75% of the fruit was comprised of pulp
with adherent skin (hereunder called pulp), with
the remaining 25% being the seed. The mois-
ture, protein, fat, ash, crude fiber and carbohy-
drate content of pulp were analysed and found
to be 83.04±0.10% (wet basis, wb), 8.59±0.07,
3.23±0.39, 4±0.001, 2.49±0.00 and 81.71±0.45%
(dry basis, db) respectively. For seed kernel,
the respective values were 15.12±0.04% (wb),
5.90±0.14, 1.01±0.01, 2.34±0.02, 2.33±0.37 and
88.41±0.53% (db) (Sehwag & Das, 2016). MD
(dextrose equivalent < 20) and TCP, both from
HiMedia Laboratories Pvt. Ltd., Mumbai, In-
dia, and GMS from Alfa Aesar, Massachusetts,
USA, were used as additives for production of
pulp powder. Analytical grade lithium chloride
(LiCl), potassium acetate (CH3COOK), mag-
nesium chloride (MgCl2), potassium carbonate
(K2CO3), magnesium nitrate Mg(NO3)2, sodium
nitrate (NaNO3), sodium chloride (NaCl) and
potassium chloride (KCl) were used to adjust RH
(described below). All the chemicals were used
as received. Glass distilled water was used for
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preparation of salt solutions.

2.2 Preparation of raw materials

The fruits were washed with potable water and
air dried at room temperature. The pulp was
separated from the seed with a knife, and stored
in low density polyethylene (LDPE) pouches
(about 250 g pouch−1; pouch film thickness ∼
0.05 mm) at -30 oC. The seeds were washed with
water to remove any adhering pulp, and similarly
packed and stored.

2.3 Preparation of jamun pulp
and seed kernel powder

The frozen pulp was put in an empty glass
beaker, which was then thawed in a water bath
at room temperature (28 oC). The thawed mass
was then ground into paste (at same tempera-
ture) using domestic grinder (Sumeet Research
and Holdings Limited, Chennai, India). The
paste was mixed with 12.2% MD, 0.4% TCP and
1.4% GMS on dry basis (db) of the pulp. The
mixed paste was dried using a fully controlled
miniature conveyer type industrial microwave-
convective hot air dryer (Enerzi Microwave Sys-
tems Pvt. Ltd., Bangalore, Karnataka, India)
having 20-100 kg. h−1 drying capacity, 2450
MHz frequency and 250-3000 W power. An in-
built heater of 6 kW provided hot air (25 oC to
200 oC) circulation. The drying chamber, 2 m
x 300 mm x 200 mm, was made of 2 mm thick
stainless steel. Drying was carried out at 70 oC,
1 W. g−1 and 0.5 m. s−1 air velocity. The com-
position of the mixture and drying method and
conditions were described earlier (Dey Paul &
Das, 2017; Paul & Das, 2018). The dried pulp
obtained in flake form was ground into fine pow-
der (212 µm passing).
The frozen jamun seeds were thawed, dried using
the same dryer but at 60 oC, 2 W. g−1 and 0.5 m.
s−1 air velocity, and the seed coat was manually
removed (Monica et al., 2016). The dried kernels
were ground into fine powder (212 µm passing).
To judge the functionality, in separate work (not
included here), total phenolic content (TPC)
in mg gallic acid equivalent (GAE)/g, DPPH
antioxidant activity (AA) in mg butylated hy-

droxyanisole (BHA)/g, db, both in 50% aque-
ous ethanolic extract, and monomeric antho-
cyanin content (MAC) in mg malvidin3glucoside
(M3G)/ g, db were measured for different por-
tions (triplicate) of the powder before and
after mixing. The pulp powder contained
26.19±0.45 TPC, 23.79±0.35 AA and 9.96±0.16
MAC, whereas for kernel powder the values were
53.95±0.26 TPC and 57.97±0.31 AA.

2.4 Mixing of jamun pulp and
seed kernel powder

Pulp powder and kernel powder, in different pro-
portions, were mixed by tumbling (10 min), fol-
lowed by wire whipping (10 min) using a hand
blender (Anjali Marketing & Research Centre,
Mumbai, India). Based on a nine-point hedo-
nic rating of appearance, aroma, taste, mouthfeel
and overall acceptability of the mixtures by 27
semi-trained panellists, a suitable proportion was
selected (Ranganna, 1986). The selected mix-
ture, referred to as JP, was double packaged in
LDPE pouches, and stored at -30 oC for further
studies.

2.5 Determination and modelling
of EMC

The isopiestic vapour transfer technique was used
to determine EMC (Chowdhury & Das, 2010).
Around one gram of JP was placed in a weigh-
ing bottle (in triplicate) and the bottles placed in
eight vacuum desiccators, each containing a sat-
urated solution of a salt (section 3.2) to maintain
RH (10-90%). The desiccators were placed in an
incubator at 25 oC. After equilibration (about
five days based on preliminary experiments), the
mass of the bottles plus samples were noted.
These were then dried overnight at 105±1 oC to
determine the dry mass of JP. The EMC (%, db)
was calculated using Eq. (1).

EMC(%) =
Weq −Wdry

Wdry
× 100 (1)

where Weq and Wdry are the masses of equili-
brated and dried powder.
The experiment was similarly carried out at 35
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oC and 45 oC.
Five MSI models (Table 1) were used to fit the
experimental EMCs using non-linear regression
analysis (Microsoft Excel 2013). In the models,
M represents EMC (%, db) of the sample, and aw
is its water activity. A, B and C are the model
specific coefficients. In the GAB model, A, B and
C, respectively, represent the monolayer moisture
content, heat of the first layer sorption and heat
of the multilayer sorption.
Model fitting parameters, including co-efficient
of determination (r2), root mean square error
(RMSE) (Eq. 2), mean residual error (MRE
%) (Eq. 3) and residual plot (a plot of (Mi -
Mpi) versus Mi for respective aws) were evalu-
ated. The r2 was evaluated through regression
analysis.

RMSE =

[
1

n
×

n∑
i=1

(Mi −Mpi)
2

]1/2

(2)

MRE(%) =
100

n

n∑
i=1

∣∣∣Mi −Mpi

Mi

∣∣∣ (3)

where Mi and Mpi are the experimental and pre-
dicted values of EMC and n is the number of
experimental runs.
To be a good fit, the model should have a r2

close to 1, RMSE close to 0, MRE below 10%
and randomness in the residual plot where the
data points are distributed in a horizontal band
around zero (Lomauro, Bakshi, & Chen, 1985).

2.6 Net isosteric heat of sorption
(qst)

The qst (kJ. mol−1) was estimated using the
Clausius-Clapeyron equation (Eq. 4).

ln aw = − qst
RT

+ Z (4)

where R is the universal gas constant
(8.314Ö10−3 kJ. mol−1. K−1), T is the
absolute temperature in Kelvin (K) and Z is the
integration constant.
Using the best fit model, aw values were eval-
uated, at any particular moisture content, for
different temperatures. The slope of the plot of
ln aw versus 1/T gave the qst at that moisture

content. This was repeated for different mois-
ture contents to evaluate the effect of moisture
content on qst. The absolute value of qst was
considered, as the sign of qst doesn’t bear any
physical interpretation (Chowdhury & Das,
2010).

2.7 Spreading pressure (Φ)

According to Igathinathane et al. (2007), spread-
ing pressure, Φ (J. m−2), was calculated using
Eq. (5) as shown below.

Φ =
KβT

Am

∫ aw

0

M

Aaw
daw (5)

where Kβ is the Boltzmann constant (1.380 Ö
10−23 J. K−1), Am is the surface area of a water
molecule (1.06 Ö 10−19 m2), M is the EMC and
A is the monolayer moisture content.
Since the integral cannot be evaluated at aw =
0.0, the lower limit in Eq. (5) was considered as
0.05. After substituting the GAB equation (Ta-
ble 1) in Eq. (5) and integrating, spreading pres-
sure for the range of aw from 0.05 to aw was cal-
culated using Eq. (6) (Lago, Liendo-Cardenas,
& Zapata Norena, 2013).

Φ =
KβT

Am
ln

[
1 +BCaw − Caw

1− Caw

]aw
0.05

(6)

The integral covering the aw range from 0.00 to
0.05 was evaluated (Eq. 7) assuming a linear
relationship (Henry’s law) between M/A and aw
(Fasina, Ajibola, & Tyler, 1999; Igathinathane
et al., 2007).

Φ =
KβTM

AmA
(7)

Totalling the values of Eq. (6) and Eq. (7), the Φ
corresponding to any temperature and aw combi-
nation was produced. Spreading pressure versus
aw was plotted for different temperatures.

2.8 Net integral enthalpy (Qin)

Net integral enthalpy (Qin, kJ. mol−1) was eval-
uated (Eq. 8) in a comparable methodology to
that of the qst but at constant Φ instead of con-
stant moisture content:∣∣∣d[lnaw]

d[1/T ]

∣∣∣
Φ
≈ −Qin

R
(8)
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Table 1: Sorption models used for fitting experimental EMC data of JP

Model Equation Reference

Peleg M = A(aw)B + C(aw)D Chowdhury and Das (2010)
Guggenheim-Anderson-de-Boer (GAB) M = ABCaw/[(1-Caw)(1-Caw + BCaw)] Ibanoglu, Kaya, and Kaya (1999)
Oswin M = A [aw/(1-aw)B ] de Santana et al. (2015)
Henderson M = [-ln(1-aw)/A]1/B de Santana et al. (2015)
Halsey M = [-A/ln(aw)]1/B Chowdhury and Das (2010)

From the plot of Φ versus aw at various temper-
atures, aw values at any particular Φ were ob-
tained through interpolation (Igathinathane et
al., 2007). The slope of the plot of ln aw ver-
sus 1/T at constant Φ produced the Qin. Next,
moisture contents at the interpolated aw values
were calculated using the best fit MSI equation.
Thus, at three temperatures, there were three
moisture contents for each Φ, and the geometric
mean moisture content was derived. Qin versus
geometric mean moisture content was then plot-
ted.

2.9 Net integral entropy (Sin)

Net integral entropy (Sin, kJ. mol−1. K−1) was
calculated using the following equation (Eq. 9)
(Igathinathane et al., 2007).

Sin =
−Qin
T
−Rln(a∗W ) (9)

where a∗w is the geometric mean water activity at
constant Φ. The temperature term T of Eq. (9)
was interpolated linearly for a∗w from the T ver-
sus aw data for a given Φ. Sin was then plotted
against moisture content.

2.10 Statistical analyses

The arithmetic mean of the replicated values of
different observations and the respective stan-
dard deviation (SD) were evaluated. Geometric
means, in calculations of thermodynamic param-
eters, were also evaluated. The mean values were
used in analysis of variance (F test, one way) re-
lating to parametric variation (treatment effect)
followed by evaluation of least significant differ-

ence (LSD at P<0.05, in cases of positive F test),
paired t-test (P<0.05), and model fitting.

3 Results and discussion

3.1 Mixing of pulp and kernel
powder

In JP, the sensory quality of pulp is most desir-
able, as the kernel powder possesses bitter taste.
The results of sensory evaluation on mixing of
pulp and kernel powder are shown in Table 2.
It is seen that aroma, taste and overall accept-
ability of the pulp powder were negatively af-
fected (F test positive) by addition of kernel pow-
der, whereas appearance and mouthfeel remained
unaffected. The corresponding LSD value (in-
cluded in the same table) indicates that deteri-
oration of the pulp powder starts at 6% addi-
tion of kernel powder for aroma and 4% addi-
tion of kernel powder for both taste and over-
all acceptability. At 2% addition, none of these
qualities were affected. Therefore, 2% kernel ad-
dition was finally selected for the production of
JP. The produced powder (JP) is shown in Fig-
ure 1, which contained TPC, AA and MAC val-
ues of 27.25±0.19 (mg GAE/g, db), 25.04±0.07
(mg BHA/g, db) and 9.77±0.22 (mg M3G/g, db)
respectively. These values are statistically differ-
ent (t-test) from those of pulp powder. Thus,
addition of 2% kernel powder led to an increase
in TPC and AA values of the pulp powder by 4-
5%, while the MAC value was less (∼ 2%). Fur-
thermore, the standard deviation of these func-
tionalities was within 0.2-2%. Since low standard
deviation is an indication of powder mixing, the
JP can be considered to have good overall uni-
formity.
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Table 2: Sensory evaluation of the mixed powder containing different proportions of pulp and kernel
powder

Mixed powder constituents Mean±SD
(%, w/w, db)

AppearanceΨ Aroma Taste MouthfeelΨ
Overall

Pulp powder Kernel powder acceptability

100 0 7.56±0.70 7.63±0.97# 7.43±0.72# 6.63±1.42 7.67±0.64#

98 2 7.56±0.70 7.74±0.82#∗ 7.46±0.80# 6.80±0.94 7.56±0.66#

96 4 7.52±0.80 7.26±1.32#∗ 6.39±0.75* 6.52±1.53 6.50±0.71
94 6 7.20±1.11 6.91±1.58∗$ 6.00±0.77* 6.52±1.42 5.82±0.84
92 8 7.13±0.89 6.83±1.39$! 5.56±0.74 6.22±1.31 5.39±0.83
90 10 7.04±1.29 6.74±1.68$! 4.93±0.84 6.06±1.30 4.74±0.90

LSD - 0.71 0.41 - 0.41
Ψ, P >0.05 in F-test; #,*,$,!, The same superscript indicates no significant difference between the mean values.

Figure 1: Jamun powder (JP) having particle
size below 212 µm

3.2 Equilibrium moisture content
(EMC) of JP

The mean EMCs±SD of JP for varying RH (with
different salts) at 25 oC, 35 oC and 45 oC are pre-
sented in Table 3. One-way ANOVA, at any tem-
perature, resulted in a positive F-test (p <0.05)
indicating that EMC is significantly dependent

on the RH of the environment (aw of the sam-
ple). LSD values further confirm that at all three
temperatures, EMC increased with increase in
RH/aw, except for the range of aw from 0.113 to
0.215 at 35 oC. Thus, the sorption characteristics
show a direct relationship between aw and EMC.

3.3 Fitting of sorption model

Table 4 summarizes the results of regression anal-
ysis for fitting the EMC data to various models,
and the model fitting criteria. All five models
produced r2 close to 1 at all three temperatures.
Considering MRE%, RMSE and residual plot re-
quirements, the Peleg model was found to be the
most suitable. Except for a RMSE value at 25
oC, the GAB model satisfied all the selection cri-
teria at all three temperatures. The Oswin model
suited all criteria better at 35 oC. At 25 oC it in-
dicated a MRE >15% and at 45 oC there was
a residual plot pattern. The Halsey model was
more satisfactory at 45 oC. At 25 oC it indicated
a pattern shape and at 35 oC the MRE was ≈
10%. The Henderson model produced a pattern
plot at 35 oC and 45 oC, and a >10% MRE at all
the temperatures. Hence, the Peleg model can be
considered as the best fit, followed by the GAB
model for EMCs of microwave-convective hot air
dried JP within the temperature range of 25-45
oC. The Peleg model was found to be suitable by
de Santana et al. (2015) for freeze dried jamun
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Table 3: The mean equilibrium moisture content (EMC) along with standard deviation (SD) of jamun
powder (JP) for varying aw at 25 oC, 35 oC and 45 oC

Salt solutions used 25 oC 35 oC 45 oC
for generation of aw aw EMC aw EMC aw EMC

(%, db)±SDΨ (%, db)±SDΨ (%, db)±SDΨ

Lithium chloride (LiCl) 0.114 4.43±0.36 0.113 3.38±0.37# 0.112 2.82±0.31
Potassium acetate (CH3COOK) 0.237 6.09±0.27 0.215 4.73±0.64# 0.197 4.57±0.27
Magnesium chloride (MgCl2) 0.327 9.98±0.41 0.320 7.51±0.44 0.311 6.73±0.11
Potassium carbonate (K2CO3) 0.443 12.84±0.24 0.436 10.72±0.94 0.429 10.51±0.27
Magnesium nitrate {Mg(NO3)2} 0.536 16.52±0.47 0.515 14.25±2.49 0.497 12.07±0.26
Sodium nitrate (NaNO3) 0.742 30.59±0.53 0.720 27.12±1.65 0.699 24.89±0.42
Sodium chloride (NaCl) 0.752 32.20±0.24 0.748 29.64±1.37 0.745 31.16±0.84
Potassium chloride (KCl) 0.855 43.17±0.19 0.822 41.19±0.64 0.791 40.09±0.08

LSD 0.62 LSD 2.19 LSD 0.68
Ψ, Average of three replications ± SD; #, indicates no significant difference between the values.

pulp isotherms.

3.4 Moisture sorption isotherms

Figure 2 illustrates the MSIs of JP at 25 oC,
35 oC and 45 oC, as fitted by the Peleg model.
Depending on slope, the MSIs can be divided
into three zones. At any temperature, the EMC
of JP increased relatively slowly at aws within
≈ 0.1-0.5, compared to the region beyond 0.5
aw where sharp increases were observed. Thus,
shape of the isotherms indicates Type III be-
haviour, which is a characteristic of foods rich in
soluble components (Rizvi, 2014). JP contains
about 45% reducing sugars (db) with glucose it-
self amounting to about 19% (db) (obtained in
different experiments not included here). The
observed trend of moisture sorption can be at-
tributed to the dissolution tendency of fruit sug-
ars in the absorbed moisture (Maroulis, Tsami,
Marinos-Kouris, & Saravacos, 1988). A similar
kind of sorption trend was also noticed for sugar-
rich foods such as tomato pulp powder (Goula,
Karapantsios, Achilias, & Adamopoulos, 2008),
grapes, apples (Kaymak-Ertekin & Gedik, 2004)
and orange juice powder (Sormoli & Langrish,
2015). Since EMC underwent a sharp increase
beyond 0.5 aw, it can be said that, at RH higher
than 50%, JP needs special storage conditions
to inhibit several possible degradation reactions.
da Silva, Meller da Silva, and Pena (2008) also
voiced a similar opinion in their study.

In Figure 2, the EMC decreased with increas-
ing temperature (25 oC >35 oC >45 oC) at any
value of aw up to about 0.75, with slopes be-
ing higher than that exhibited below 0.5 aw.
The decrease in the total number of active
sites as a consequence of temperature induced
physical/chemical changes may result in the
fall of EMC (Chowdhury & Das, 2012; Muzaf-
far & Kumar, 2016). At increased tempera-
tures, water molecules because of their activa-
tion at higher energy levels gain higher mo-
bility, become unstable and break away from
the binding sites, thereby causing a reduction
in EMC, as explained by Menkov and Du-
rakova (2007). According to de Santana et al.
(2015) and Al-Muhtaseb et al. (2002), the wa-
ter vapour pressure (WVP) on powder surfaces
increases at higher temperatures, allowing the
water molecules to get detached from the bind-
ing sites. Interestingly for aw higher than 0.75,
the increase in EMC with aw is even higher than
for the previously displayed regions. Moreover,
a crossover is seen so that the EMCs follow the
order: 45 oC >35 oC >25 oC. As described by
Basu, Shivhare, and Muley (2013) and Labuza
and Altunakar (2007), such crossover at high wa-
ter activity is mainly due to increased solubility
of sugar and dissolution of new solutes at higher
temperatures. Also, at high water activity the
soluble components absorb more water, which is
further accentuated by the temperature (Basu et
al., 2013).
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Table 4: Model coefficients and error terms for different sorption models

Temp (oC) EMC Model A B C D r2 RMSE MRE (%) Residual Plot

25

Peleg 30.3963 0.9989 36.8762 5.0221 0.9946 0.8827 7.8715 Random
GAB 11.1246 5.2765 0.8781 - 0.9874 1.4263 9.1236 Random
Oswin 16.4801 0.5272 - - 0.9844 1.8427 15.4206 Random
Henderson 0.0198 1.2322 - - 0.9960 1.8681 12.4555 Random
Halsey 38.0501 1.4649 - - 0.9740 2.4035 19.5301 Pattern

35

Peleg 23.9963 0.9999 67.8792 5.9221 0.9875 0.4133 5.1785 Random
GAB 9.5502 2.9603 0.9584 - 0.9848 0.3629 4.8470 Random
Oswin 13.4154 0.7336 - - 0.9858 0.3076 4.0173 Random
Henderson 0.0740 0.8542 - - 0.9956 0.9373 10.6109 Pattern
Halsey 10.4390 1.0626 - - 0.9765 0.8959 9.9953 Random

45

Peleg 23.0082 0.9978 123.3597 7.3802 0.9802 0.2312 2.5248 Random
GAB 7.3339 3.9545 1.0452 - 0.9798 0.2416 2.0775 Random
Oswin 12.7807 0.8417 - - 0.9905 0.6595 6.8383 Pattern
Henderson 0.0478 1.0028 - - 0.9984 3.0425 10.5552 Pattern
Halsey 6.6982 0.9085 - - 0.9837 0.3622 4.4701 Random

Figure 2: Effect of temperature on moisture sorption isotherm of JP as expressed by the Peleg model
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Figure 3: Variation in net isosteric heat of sorption (qst) of jamun powder (JP) as a function of moisture
content

3.5 Net isosteric heat of sorption
(qst)

The absolute value of qst (Eq. 4) of JP as a func-
tion of moisture content is represented in Figure
3. Mathematically, the trend is represented by
the following linear relation (Eq. 10), and the
resulting r2 justifies the appropriateness of the
fit.

qst = −0.4743M + 14.337; r2 = 0.9728 (10)

where M is the moisture content in %, db. Thus,
the qst decreases with the increase in moisture
content from 11.02 kJ. mol−1 at 5% moisture to
0.27 kJ.mol−1 at 30%, thus approaching the heat
of vaporization of pure water. The linear decreas-
ing trend of qst was also observed by de Santana
et al. (2015) for freeze dried jamun pulp and by
Basu et al. (2013) for pectin. It may be worth
mentioning that the maximum qst in this study is

comparable with the value for orange juice pow-
der (9.05 kJ. mol−1) calculated by Sormoli and
Langrish (2015).
Since higher the value of qst means higher is the
degree of binding, the water molecules become
tightly bound to the active sites on the surface of
the JP at low moisture contents (Sormoli & Lan-
grish, 2015). As explained by Iglesias and Chir-
ife (1982), sorption occurs initially at the most
active sites involving higher interaction energy.
As active sites get exhausted, moisture binding
starts at less active sites producing less heat of
sorption.

3.6 Spreading pressure (Φ)

The value of Φ increases, almost linearly, with
increase of aw (Figure 4). At any aw, Φ de-
creases for an increase of temperature from 25
oC to 35 oC. However, for further increase to
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Figure 4: Variation in spreading pressure (Φ) with water activity (aw) at 25 oC, 35 oC and 45 oC

45 oC, Φ increased to levels even higher than
that at 25 oC and the differences in Φ fur-
ther increased for aw from 0.3 onwards. It
may be stated that the effect of temperature
on Φ is case specific, depending on composi-
tion of the sorbent. Depending on temperature,
Φ may be increasing/decreasing/decreasing then
increasing/increasing then decreasing (Aviara &
Ajibola, 2002; Lago et al., 2013; Al-Muhtaseb et
al., 2004; Togrul & Arslan, 2007). Similar obser-
vations, as for the present study, were reported
for high amylose starch powder (Al-Muhtaseb et
al., 2004) at 30-60 oC, and walnut kernel (Togrul
& Arslan, 2007) at 25-45 oC.
Spreading pressure is the driving force for dif-
fusion of moisture in a porous solid (Skaar &
Babiak, 1982). Torres, Moreira, Chenlo, and
Vazquez (2012) explained that high spreading
pressure values indicate a high affinity of water

molecules for binding sites. This may lead to
swelling in a high RH environment (discussed in
section 3.7).

3.7 Net integral enthalpy (Qin)

Net integral enthalpy (Qin) of bound water
molecules initially decreases up to about 6%
moisture content, and then increases for higher
moisture content (Figure 5). The decreasing por-
tion probably arises from the monolayer cover-
ing of JP (Fasina et al., 1999). At low moisture
contents, water is preferentially adsorbed on the
most accessible locations on the exterior surface
of the solid. Following this, as less favourable
sites are filled up, the Qin then gradually de-
clines till there is formation of multi layers of wa-
ter (Al-Muhtaseb et al., 2004). With still higher
moisture content gained in a higher RH atmo-
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Figure 5: Variation in net integral enthalpy (Qin) of jamun powder (JP) with moisture content

sphere, there is probably swelling of the pow-
der with concomitant exposition of higher and
higher energy binding sites that require increas-
ingly higher Qin involvement. Such a decreas-
ing, followed by increasing, profile has been doc-
umented for mango skin (Ferreira de Souza et
al., 2015) and orange peel (Villa-Velez, Ferreira
de Souza, Ramos, Polachini, & Telis-Romero,
2015). An increase in Qin with increasing mois-
ture content was also reported in studies on cas-
sava (Aviara & Ajibola, 2002) and potato and
sweet potato flakes (Lago et al., 2013). In the
case of walnuts kernels, the Qin increased slightly
with increasing moisture content and then re-
mained constant (Togrul & Arslan, 2007).

3.8 Net integral enthalpy (Sin)

Net integral entropy (Sin) of the adsorbed wa-
ter molecules was found to decrease continually
with moisture content of JP (Figure 6). The loss
in entropy, in general, indicates the loss of ro-

tational freedom or randomness of the adsorbate
molecules. On exposure to low RH/aw, the easily
available sites on the surface become filled, where
in addition to ligand–substrate binding, lateral
interactions in the adsorbed molecules also con-
tribute to reduction in randomness (Aviara &
Ajibola, 2002). At increasingly higher RH, there
is attainment of a higher EMC leading to struc-
tural transformation arising from solubilisation
of ingredients and swelling of the powder which
ultimately opens more and more sites to bind wa-
ter molecules (McMinn & Magee, 2003; Zhang,
Bai, Zhao, & Duan, 2016). In Figure 6, the max-
imum values of Sin were found at the moisture
content of around 1% (db) and can be considered
as the zone of most energetic water molecules in
the material. Following this, up to about 8% db
moisture content, Sin decreased but remained in
a positive zone. With >8% moisture, the values
were all negative. Similar profiles of Sin, covering
both positive and negative zones, have been re-
ported for moisture sorption of mango skin (Fer-
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Figure 6: Variation in net integral entropy (Sin) of jamun powder (JP) with moisture content

reira de Souza et al., 2015) and gari (Aviara &
Ajibola, 2002). For mango skin adsorption, the
negative value was also comparable to JP. Igle-
sias, Chirife, and Viollaz (1976) explained that
negative values of Sin might be attributed to the
existence of chemical adsorption and/or struc-
tural modifications of the adsorbent, while Rizvi
(2014) attributed it to the fact that the prod-
ucts contain more polar groups, which bind wa-
ter more strongly.
The minimum integral entropy zone corresponds
to maximum stability of food products, since in
this zone the water molecules are well accommo-
dated and less available to take part in deterio-
rating reactions. In the case of JP where Sin is
gradually decreasing, probably due to structural
modification (as mentioned above), the mini-
mum integral entropy zone can be considered
corresponding to the monolayer moisture content

(Ferreira de Souza et al., 2015). Thus from Ta-
ble 4, the safe moisture content may be in the
zone of 7-11% (GAB monolayer value) for the
temperature range of 45–25 oC.

4 Conclusions

Jamun seed kernel powder could be added to ja-
mun pulp powder at a level of 2% (db) with-
out affecting the sensorial acceptance of the pulp
powder in the mixture, finally named as jamun
powder (JP). The EMC of JP decreased with in-
creasing temperature (25 oC >35 oC >45 oC)
at any constant value of aw up to about 0.75,
and the Peleg model could satisfactorily describe
the moisture sorption isotherms within 25-45 oC.
Over the range of EMC from 5-30%, the qst de-
creased linearly from 11.02 kJ. mol−1 to 0.27 kJ.
mol−1. The Φ increased with increasing aw, and
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with respect to temperature it followed the or-
der: 45 oC >25 oC >35 oC. Net integral en-
thalpy (Qin) displayed a decreasing trend till 6%
moisture content of JP, followed by an increasing
pattern thereafter for higher moisture contents.
Net integral entropy (Sin) was observed to de-
crease continuously with the increase in moisture
content, and the monolayer moisture content 7-
11% may be regarded as the safe moisture con-
tent zone for JP within the temperature range of
45-25 oC.
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