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Moisture equilibrium data (adsorption and desorption) of sesame flour were deter-
mined using the static gravimetric method of saturated salt solutions at three temperatures,
10, 25 and 40 °C. The range of water activities for each temperature was between 0.11 and
0.85. Equilibrium moisture content decreased with the increase in storage temperature at
any given water activity. The experimental data were fitted by five mathematical models
(modified Oswin, modified Halsey, modified Chung-Pfost, modified Henderson and Gug-
genheim-Anderson-de Boer (GAB)). The GAB model was found to be the most suitable for
describing the sorption data. The monolayer moisture content was estimated using the

Brunauer-Emmett-Teller equation.
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Introduction

With recent consumers’ interest in functional food,
sesame flour has been increasingly used as an ingredient
and a functional modifier in many foods. Kang et al. (1)
consider that the full defatted sesame flour decreases
oxidative stress. De Fatima et al. (2) blended wheat flour,
soy meal and defatted sesame meal and investigated its
acceptability for macaroni, cookies and burgers. Alobo
(3) replaced millet flour, used for preparing biscuits,
with sesame seed flour. Egbekun and Ehieze (4) investi-
gated the composition and functional properties of full
fat and defatted sesame flour and recommended them
for incorporation in the functional food production. El-
-Adawy (5) studied the physical properties of dough
and breadmaking properties of a blend from wheat flour
and sesame flour. Saldivar et al. (6) evaluated the nutri-
tional value of table bread fortified with soybean meal
and sesame meal. Afolabi et al. (7) made similar investi-
gations and established that the bread produced with
sesame flour had higher protein and fiber contents.

Water plays an important role with respect to the
properties of food systems. The water in food influences
physical or textural characteristics of the product as well
as its chemical stability (8). Sorption properties of food
(equilibrium moisture content and monolayer moisture)
are essential for the design and optimization of many
processes such as drying, packaging and storage (9). The
water activity of the flour as a hygroscopic material ex-
erts a strong influence on its quality and technological
properties. Bothast et al. (10) observed microbiological
and sensory properties of wheat flour and corn flour at
several temperature and moisture levels. Abdullah et al.
(11) investigated the fungal spoilage of rice flour and
wheat flour and recommended the starch based food to
be stored at water activity levels not higher than 0.65.
Nasir ef al. (12) and Butt et al. (13) investigated the effect
of moisture on the shelf life of wheat flour and estab-
lished that the moisture has significant effect on crude
protein, crude fat, mould growth and insect infestation.
Teunou and Fitzpatrick (14) determined the effect of
temperature and relative humidity on the flour flow-
ability.
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A number of models have been suggested in the lit-
erature for the dependence between the equilibrium
moisture content (EMC) and the water activity (ay) (15).
The modified Chung-Pfost, modified Henderson, modi-
fied Halsey, modified Oswin and Guggenheim-Ander-
son-de Boer (GAB) equations, which incorporate the
temperature effect, have been adopted as standard equa-
tions by the American Society of Agricultural Engineers
(ASAE) for the description of sorption isotherms (16).

The objectives of this work are: (i) to obtain experi-
mental equilibrium sorption isotherms of semi-defatted
sesame flour at 10, 25 and 40 °C; (ii) to find out a suit-
able model describing the isotherms; (iii) to calculate the
monolayer moisture content.

Material and Methods
Material

Commercial sesame flour produced in Bulgaria was
used in this study. AOAC (Association of Official Ana-
lytical Chemists) standard procedures (17) were used for
the determination of the proximate chemical composi-
tion (% on wet basis): moisture 10.0, crude fat 10.6, pro-
tein 57.3, carbohydrate 18.7, and ash 3.4.

Procedure

The EMC of the sesame flour was determined at 10,
25 and 40 °C. Static gravimetric method was applied
(8,18). For the adsorption process, flour was dehydrated
in a desiccator with P,O5 at room temperature for 20
days prior to the beginning of the experiment. The de-
sorption isotherms were determined on samples hydrat-
ed in a glass jar over distilled water at room tempera-
ture to approximately 23 % dry basis (d.b.) moisture
content. Samples of (1+0.02) g were weighed in weigh-
ing bottles. The weighing bottles were then put in hy-
grostats with seven saturated salt solutions (LiCl, MgCl,,
CH,COOK, K,CO; NaBr, NaCl, KCl), used to obtain
constant ay, (8,19). Water activities of the saturated salt
solution at several temperatures are presented in Table
1. All salts used were of reagent grade. At high water
activities (ay>0.70), crystalline thymol was placed in the
hygrostats to prevent the microbial spoilage of the flour
(8). The hygrostats were kept in thermostats at (10, 25
and 40£0.2) °C. Samples were weighed in a balance, sen-
sitivity £0.0001 g, every three days. Equilibrium was
reached when three consecutive mass measurements

Table 1. Water activities of saturated salt solutions at several
temperatures (19)

t=10°C t=25°C t=40°C
Salt
aw

LiCl 0.113 0.113 0.112
CH,COOK 0.234 0.225 0.201
MgCl, 0.335 0.328 0.316
K,CO, 0.431 0.432 0.432
NaBr 0.622 0.576 0.532
NaCl 0.757 0.753 0.747
KCl1 0.867 0.843 0.823

showed a difference of less than 0.001 g. The moisture
content of each sample was determined by the oven
method and the measurements were done in triplicate.

Data analysis

The description of the sorption isotherms was veri-
fied according to the following five models (8,20):

Modified Chung-Pfost aw = exp{% exp(-CM )} /1/
+

/2/

Modified Halsey M}

aw = exp[ M C

C
Modified Oswin M=(A+ Bt)( fw j /3/

_uw

Modified Henderson 1—aw =exp[(-A(t + BM®]  /4/

GAB M= ABC'ay /5/
(1=B'ay )(1-B'ay, +B'C'ay)
B’ = Bex L /6/
Pl RT
C’=Cex LY /7/
Pl RT

where M is the moisture content; ayy is the water activ-
ity; A, B, C, hy and h, are the coefficients; t is the temper-
ature, °C; T is the temperature, K; R is the universal gas
constant, J/(mol-K).

A nonlinear least squares regression program was
used to fit the five models to the experimental data (all
replications). The suitability of the equations was evalu-
ated and compared using the mean relative error ex-
pressed in percentage, standard error of moisture and
randomness of residuals (20):

Mean relative error

100w | M, — M,
p="2 Y| M g
N b) M, /8/

Z (Mi - Mi)z
ds

Standard error of moisture SEM = /9/

Residual e=M,— ]\;Ii /10/
where M; and Mi are EMC values, experimentally ob-
served and predicted by the model, respectively, N is
the number of data points, and d; is the degree of free-
dom (number of data points minus number of constants

in the model).

The monolayer moisture contents (M,) for each tem-
perature were calculated using the Brunauer-Emmett-
-Teller (BET) equation with the experimental data for
water activities up to 0.45 (8,21):

M. Ca,,

BET =
(1-ay)(1-aw+ Cay)

/11/
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Results and Discussion

The obtained mean values of EMC based on the tri-
plicate measurements for the respective water activity and
temperature are presented in Table 2 for adsorption, and
in Table 3 for desorption. In the water activity interval
from 0.1 to 0.5, the EMC values decreased with an in-
crease in the temperature at constant ay. Similar trends

Table 2. Equilibrium moisture content (M, % d.b.) of sesame flour
at several temperatures (t) and water activities (ay) for adsorption

t=10°C t=25°C t=40°C

ayw M*/% s.d** ayw  M*% s.d.** ayw  M*% s.d.**
0.113 624 0.09 0.113 533 0.10 0.112 4.64 0.17
0234 726 0.18 0.225 6.36 022 0201 562 0.07
0335 883 020 0328 716 087 0316 6.15 0.11
0.431 929 0.12 0432 896 089 0432 8.17 0.15
0.622 1085 0.12 0576 9.32 0.18 0532 851 0.20
0.757 12.87 0.10 0.753 10.36 0.17 0.747 1023 0.12
0.867 20.30 0.23 0.843 16.17 0.27 0.823 1594 0.11

*mean of N=3 replications; **standard deviation based on N=3

replications

Table 3. Equilibrium moisture content (M, % d.b.) of sesame
flour at several temperatures (t) and water activities (ay) for de-
sorption

t=10°C =25 °C t=40°C

ay M*/% s.d** ay  M*% s.d.** ay  M*% s.d.**
0.113 6.81 0.06 0.113 552 0.09 0.112 4.80 0.14
0.234 930 011 0225 873 0.06 0201 635 1.17
0.335 10.16 0.16 0.328 898 148 0.316 6.82 0.09
0.431 1095 0.12 0432 998 0.18 0432 9.18 0.32
0.622 12.37 0.18 0.576 10.70 1.00 0.532 10.08 0.11
0.757 14.52 0.11 0.753 12.66 0.12 0.747 13.02 0.09
0.867 21.61 0.24 0.843 1632 0.20 0.823 1594 0.13

*mean of N=3 replications; **standard deviation based on N=3
replications

for many foods have been reported in the literature (9).
This trend may be due to a reduction in the total num-
ber of active sites for water binding as a result of physi-
cal and/or chemical changes in the product induced by
temperature (22). At increased temperatures water mole-
cules get activated to higher energy levels, causing them
to become less stable and break away from the water
binding sites of the material, thus decreasing the EMC
(22,23). At ayy > 0.5 the effect of temperature on the EMC
is not distinctly marked. The comparison with the pub-
lished sorption data for sesame seed (24) shows that
higher sorption capacity of sesame flour may be due to
its lower fat content and higher mass exchange area.
Fig. 1 gives the experimental data obtained for adsorp-
tion and desorption at 25 °C. The sorption isotherms
have an S-shape profile (a type II isotherm according to
Brunauer’s classification) and correspond to multilayer
formation. The EMC increased rapidly to 0.2 in region I
at low water activities, then slowly in region II, between
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Fig. 1. Comparison of sorption isotherms at 25 °C

ay of 0.2 and 0.8, followed by a steep rise in region III,
above ay=0.8. Region I is represented by the monolayer
moisture, which is strongly bound to material. Region II
includes multilayer moisture which is under transition
to natural properties of free water and is available for
chemical reactions. The water in region III is in free state,
held in the voids, crevices and capillaries. The hysteresis
effect is statistically significant in all experimental points
but is most pronounced in the 0.2<a<0.8 region.

The coefficients for the three-parameter models, P and
SEM values are presented in Table 4 for adsorption and
Table 5 for desorption. The coefficients for the five-pa-
rameter GAB model, P and SEM values are presented in
Table 6. For adsorption and desorption, the P and SEM
values obtained by the GAB models were lower. Fig. 2

Table 4. Coefficients (A, B, C), mean relative error (P) and stan-
dard error for moisture (SEM) of three-parametric models for
adsorption

Model A B C P/%  SEM
Modified

Chung.Pfost 26011 27742 0281 776 127
Modified 10.306 ~0.0413 0325 870  0.87
Oswin

Modified 4.789 ~0.0191 2144 813  1.13
Halsey

Modified 0.000128 2071 2433 1370  2.08
Henderson

Table 5. Coefficients (A, B, C), mean relative error (P) and stan-
dard error for moisture (SEM) of three-parametric models for
desorption

Model A B C P/% SEM
Modified

Chung-Pfost 541.22 37.093 0.256 4.64 0.81
MOd.iﬁed 11.116 -0.0454  0.296 5.24 0.67
Oswin

Modified 5.204 -0.0147  2.293 5.94 0.99
Halsey

Modified 0.000221 1.737 2.059 18.25 3.09
Henderson
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Table 6. Coefficients (A, B, C, hy, h,), mean relative error (P) and
standard error for moisture (SEM) of Guggenheim-Anderson-
-de Boer (GAB) model

A B 1000C h, h, P/% SEM
Adsorption 5.178 0280 270.3 2597.9 20652 7.59 0.83

Desorption 7.164 0.105 38.8 46239 176.6 4.32 0.69
2
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Fig. 2. Distribution of residuals for the Guggenheim-Anderson-
-de Boer (GAB) model

shows that the distribution of the residuals is random.
Therefore, we recommend the GAB model for descrip-
tion of the sesame flour equilibrium isotherms.

The calculated values of monolayer moisture content
at the three temperatures are presented in Table 7. The
values decreased with the increase in temperature. A si-
milar effect has been reported for many foods (25). The
temperature dependence of the monolayer moisture has
been linked to a reduction in sorption active sites as a
result of physicochemical changes induced by the tem-
perature.

Table 7. Brunauer-Emmett-Teller (BET) monolayer moisture
content (M,) of sesame flour at several temperatures (t)

t/°C Adsorption Desorption
M,/ % R? M,/ % R’
10 5.50 0.9884 5.89 0.9842
25 4.90 0.9969 5.37 0.9701
40 3.69 0.9898 5.01 0.9852

Conclusions

The sorption capacity and monolayer moisture con-
tent of sesame flour decreased with an increase in tem-
perature at constant water activity. The GAB model is
suitable for describing the relationship between the equi-
librium moisture content, the water activity, and the tem-
perature for the sesame flour.
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