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Abstract The current study dealt with characterizing the effect of external variables on the mois-

ture migration phenomenon in two naturally ventilated rice warehouses. Secondly, the thermody-

namic properties of rice during the rehydration cycle were illustrated as numerical models to

predict their behavior. Thai rice was stored at Shiraz city and Abadeh town for a total of 9 months

in two identical warehouses. The effect of outside temperature and relative humidity on ambient

conditions inside the warehouses as well as rice moisture content was evaluated. The dehydration

rate of rice stored at Shiraz facility was higher than those stored at Abadeh warehouse by an aver-

age of 166% resulting in lower rice moister content. The 60-day latency in reaching minimum rice

bulk moisture content at Abadeh warehouse was due to its cooler climate and less intense boundary

area temperature gradient. The type II sigmoid-shaped sorption isotherm (fitted with the GAB

model) indicated moisture content elevation above 11% sharply increased with the water activity

beyond 0.7. The isosteric heat of sorption was linearly correlated with the entropy of sorption indi-

cating adsorption was governed by compensation theory, was enthalpy driven and non-

spontaneous. The most suitable conditions to store rice were determined by relating the grain’s
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moisture content and its thermodynamic properties during the sorption process. Therefore, storage

of rice for prolonged durations was possible by maintaining the ambient temperature and relative

humidity between 20.0 �C and 28.5 �C and 15.0% to 25%, respectively.

� 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rice (Oryza sativa L.) is a staple food for more than half of the world’s

population, especially in Asian countries including the entire Middle

East region (Zhou et al. 2015). Most of the cultivated rice is consumed

as cooked rice rather than processed food or feed ingredient due to

simplicity in its preparation at any setup (Yu et al. 2017). Therefore,

a requirement to store rice for prolonged and varying durations should

be fulfilled to maintain its sustainable supply to the public (Zhou et al.

2002). Climatic conditions, pre-harvest operations, types of variety and

safe storage managements are the factors affecting grain quality.

Because of the seasonality of the rice crop, ensuring the preservation

and availability of the product for a long period is of great importance

(Müller et al. 2022, Esfe et al. 2022b). Therefore, proper selection of

right procedures in postharvest of rice grains including storage condi-

tions greatly influence the rice quality (Shad and Atungulu 2019,

Olorunfemi and Kayode 2021).This concept is vital for people residing

in the Middle East area due to the region’s harsh dry climate, recurring

drought cycles and rapidly increasing population growth leading to

food insecurity (Cheeseman 2016). Worsening the situation, most

countries within the region are considered as the developing world pos-

sessing fragile and unstable economies. Consequently, it is rather diffi-

cult for governmental or private sectors to construct storage facilities

equipped with mechanical ventilation or air conditioning systems.

Hence, the concept of naturally ventilated warehouses suitable to store

substantial quantities of rice for prolonged durations is lucrative.

However, it is off importance to characterize the effect of factors on

rice moisture content contributing to its quality, stability and market

acceptability.

During storage, cereal grains interact with the surrounding envi-

ronment and interchange moisture and heat resulting in grain temper-

ature and moisture variation (Novoa-Muñoz 2019). This heat and

relative humidity fluctuation may cause a decrease in rice quality.

For example,

Yanxia et al. found that an ample decrease in the water content of

rice grains was observed at higher temperatures influencing the protein,

lipid and ash contents (Yanxia et al., 2018). Temperatures>35 �C
caused the grains become more transparent because of the water con-

tent (Esfe et al. 2022c). On the other hand, the increase in the water

content and temperature of the grain mass induces higher respiration

and more intense respiratory process, and accordingly speeding up

the grain metabolism resulting in higher consumption of dry matter

and reducing the starch content.

The temperature gradients within grain bulk and/or the surround-

ing air induce moisture-carrying convection currents across the facility

resulting in the moisture migration phenomenon (Chelladurai et al.

2016, Esfe et al. 2022c, Esfe et al. 2022b, Esfe et al. 2022a).

Ideally, successful storage would be achieved when the aforemen-

tioned process is halted and grain moisture migration or exchange is

prevented (Jian, Jayas and White 2009). However, uneven distribution

of temperature across different sections of stored bulk results in a slow

and steady moisture translocation preventing the establishment of

equilibrium conditions (Khatchatourian et al. 2017). Therefore; moni-

toring the temperature, relative humidity and water content of the rice

grains is imperative for maintaining quality throughout storage. Rice

quality cannot be improved during storage, but a temperature- and

relative-humidity-controlled environment allows the grains to be pre-

served until the appropriate period for sowing, with no reduction in

quality (Bernaola et al. 2018).
Moisture migration in the form of an adsorption mechanism could

compromise the physicochemical quality of rice to a greater extent

rather than desorption. Therefore, it is of significant importance to

characterize and predict the effect of external factors on rice grain

sorption behaviour using thermodynamic models. The thermodynamic

properties of food provide valuable information for predicting its

behaviour during processes such as storage and drying (Rosa,

Moraes and Pinto 2010). Sorption isotherm models contribute to food

quality stability during storage by understanding the relationship

between moisture content and water activity (Garcı́a-Pérez et al.

2008). The isosteric heat of sorption provides an extensive understand-

ing of the state of water and its binding strength to the food surface.

The differential entropy of sorption indicated is analogous to available

sorption sites at a specific energy level (Toğrul and Arslan 2006, Esfe

et al. 2022a). Its relationship with enthalpy could be established via

compensation theory indicating the driving force behind the moisture

sorption process and the nature of the process (Carvalho Lago and

Noreña 2015, Chen et al. 2023). A range of studies has dealt with

characterizing and/or modelling the behaviour of grains including rice

during storage in a variety of storage setups (Jian et al. 2009, Jiménez-

Islas, Navarrete-Bolaños and Botello-Álvarez 2004, Bartosik,

Rodriguez and Cardoso 2008, Gastón et al. 2009, Khatchatourian

et al. 2017). Others have dealt with the thermodynamic properties of

crops to predict their behaviour during storage (McMinn, Al-

Muhtaseb and Magee 2005, McMinn and Magee 2003, Wan et al.

2018). However, to the best of our knowledge, no published study

has related the thermodynamic properties of rice (during the moisture

sorption process) with the grain moisture content fluctuation while

stored in a dry climate. In this study, the effect of temperature and rel-

ative humidity variation as a result of season and storage location

change on rice moisture content was characterized. Furthermore, ther-

modynamic properties of the rice were utilized to predict and improve

the quality of rice during storage, especially during the rehydration

period.

2. Materials and methods

2.1. Chemicals and reagents

All of the chemicals namely lithium chloride (LiCl), potassium
acetate (C2H3KO2), magnesium chloride (MgCl2), potassium
carbonate (K2CO3), sodium chloride (NaCl), magnesium
nitrate (MgNO3), barium chloride (BaCl2), and copper sulfate

(CuSO3) were purchased from Sigma Aldrich (St. Louis, MO,
USA).

2.2. Descriptions of storage facilities

A total of two rice warehouse facilities belonging to Fars Prov-
ence Grain Company and Commercial services (FGCCS) were

inspected. One of these storage facilities was located in Abadeh
(AF) and the other in Shiraz city (SC). These structures were
built out of a metallic ceiling, cement flooring and brick walls

and were located in the municipal area. Loading capacity, sur-
face area and the surrounding wall height were 25 metric tons,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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1000 m2 and 4 m, respectively. The interior structure height at
its highest was 6 m providing a gabled roof structure equipped
with two windows on each side (Fig. 1(a)). The window surface

area ratio to the surrounding walls was 1 to 8; providing nat-
ural ventilation to the storage facilities. The rice bags were
stored in ten rows, with each row measuring up to 2 m from

the ground. A clearance of 20 cm from each wall was main-
tained to prevent physical damage to the bags or obstructing
the emergency routes.

2.3. Ambient condition measurements of the storage facilities

The temperature and relative humidity (RH%) of air inside the

storage facility were monitored using a digital sensor (TSH206,
Teracom, Ruse, Bulgaria) connected to a series of wireless
remote controllers (TCG 140 GPRS remote module, Teracom,
Ruse, Bulgaria) via 1-Wire interface. The acquisition data were

collected and processed using supervisory control and data
acquisition (SCADA) systems using graphical user interfaces
(TC Monitor 2.1, Teracom, Ruse, Bulgaria). RH% and

temperature collection were performed continuously with a
2-hour interval and an accuracy of 3.0% and 0.4 �C, respec-
tively. The sensors were situated on removable plastic columns

anchored to the facilities floor at predetermined heights and
distances (Fig. 1(b)). Furthermore, the sensors and controllers
Fig. 1 Illustration of warehouse schematics.
monitoring the headspace area humidity and temperature were
mounted from the ceiling using detachable suction cup
holders.

2.4. Plant material

The white rice (Thai rice) was shipped to Iran by sea then the

shipment was transported to the mentioned warehouses. The
stored rice bags could be held for any duration ranging from
6 weeks up to 9 months depending on the market demand.

However, the samples used in this study were from the same
batch which entered the facilities simultaneously and was
stored for the same time frames.

2.5. Sampling procedure

The sampling procedure was conducted for a total of 9 months
with an interval of 30 days from May 2018 until January 2019

using a sampling spear. It should be noted that Iran is located
in the northern hemisphere therefore the experiments were
conducted in late spring, summer, fall and early winter

(Hejazi et al. 2023). Sampling was performed at 12 locations
within each of the storage heights ranging from 0.5 m to 2 m
with 0.5 m intervals (Fig. 1(c)). A total of 10 g samples were

taken from the center of each bag using a sampling spear. Sub-
sequently, the samples were transferred into a polyethylene
plastic bag which was vacuum sealed onsite. The sealed bags
were then transferred on the same day to laboratory for further

analysis. The temperature of rice bulk inside the bags was
monitored at an interval of 2 h using a modified digital ther-
mometric system (StorMax, OPI, Canada) throughout the

storage process.

2.6. Moisture content

The moisture content of collected samples in sealed plastic
bags was determined by an oven method as described by
Jian et al. (2009) with some modifications. Briefly, a total of

30 g rice was transferred to tared aluminium dishes which were
dried at 130 �C till no weight loss was observed (�20 hrs). The
moisture content was determined by the following equation
(Esfe et al. 2022c):

MC %ð Þ ¼ Wi �Wf

Wf

� 100 ð1Þ

Where MC, Wi and Wf were moisture content, initial and
final sample weight, respectively.

2.7. Sorption isotherm

The sorption isotherm analysis was conducted to determine the

quantity of moisture absorption of rice samples in a deter-
mined environmental condition. A total of seven saturated
salts representing various water activities ranging from 0.05
to 0.9 were used. A total of 5 g of samples was transferred to

an aluminium sample pan which was then placed in an air-
tight enclosure filled with saturated salt solutions. The enclo-
sures were incubated at 25 �C and 40 �C for a week to reach

equilibrium moisture content (EMC). The EMC of samples
was determined using the oven method as described in section



Table 1 List of the models and their equations applied to

experimental sorption data of rice.

Model Equation

Hasley X ¼ �A= ln aw½ �1=B
Henderson X ¼ � ln 1� awð Þ=A½ �1=B
Iglesias-Chirife X ¼ aw

1�aw

h i
þ B

Kuhn X ¼ � A= ln awð Þ þ B

Oswin X ¼ A aw=ð1� awÞ½ �B
Smith X ¼ c1 � c2 ln 1þ awð Þ
GAB X ¼ awCKXm= 1� kawð Þð1þ C� 1ð ÞKaw
X is the moisture content (db), Xm is monolayer moisture content

(db), aw is water activity; A, B, c1, c2, C and K are constants.

Fig. 2 Temperature and RH% of outside environments.
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2.4. The sorption isotherm graphs were prepared and the
obtained nonlinear regressions were compared with various

models (Table 1) based on root mean square error (RMSE)
and correlation coefficient (R2) and mean relative percentage
error (Pe) (Xia et al. 2022, Esfe et al. 2022c, Esfe et al. 2022b).

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 Y� Y�ð Þ2
N

s
ð2Þ

Pe ¼ 100

N

XN

i¼1

Y� Y�

Y

� �����
���� ð3Þ

Where, Y, Y* and N are the experimental value of EMC,
predicted value of EMC, and a number of observations,

respectively.

2.8. Isosteric heat of sorption and entropy of sorption

The isosteric heat of sorption (Qst) could determine the tem-
perature dependence of water activity during the sorption pro-
cess (Dalgıç, Pekmez and Belibağlı 2012). The net isosteric heat
of sorption (qst) of rice grain bulks was determined using Clau-
sius–Clapeyron equation using the data provided by the best-
fitted model (Iguaz and Vı́rseda 2007, Martı́nez-Las Heras
et al. 2014). The isosteric heat of sorption is defined as net isos-

teric heat of sorption plus heat of vaporization of water at the
system temperature (Tolaba et al. 2004).

� qst
R

¼ d ln awð Þ
d 1=Tð Þ

� �
ð4Þ

DQst ¼ Dqst þ DHL ð5Þ
where, qst, R, aw, T, Qst and HL were net isosteric heat of

sorption (kJ.mol�1), universal gas constant (8.314 J.mol-
1K�1), water activity, temperature (K), isosteric heat of sorp-
tion (kJ.mol�1) and heat of condensation of water vapor (kJ.
mol�1), respectively. The qst was calculated using equation
(4), by plotting the natural logarithmic value of aw against

inverse temperature in kelvins at constant MC values. The
obtained slope of the isosteres (linear plots) was equal to
–qst/R; consequently, the qst value was plotted as a function

of various MC.
The differential entropy of adsorption (DSdÞ is an indicator

of the number of available sorption sites at specific energy

which was calculated using the following equation:
� ln aw ¼ DQst

RT
� DSd

R
ð6Þ

The DSd value was calculated from the intercept (-DS/R) of
the linear isoster plots discussed previously.

2.9. Enthalpy-entropy compensation theory

The compensation theory validates whether a single mecha-

nism is responsible for the sorption process by all members
of the starchy food structure or not (Carvalho Lago and
Noreña 2015). The Qst and DSd were obtained from equations

4, 5 and 6 as the slope (-DQst/R) and intercept (DSd/R) of the
linear equation when ln aw was plotted against 1/T at given
MC contents. Consequently, the dependence of Qst and DSd
with MC was determined by applying them at a range of

MCs. The linear relationship proposed between Qst and DSd
by compensation theory is provided below:

DQst ¼ TbDSd þ DG ð7Þ



Fig. 3 Temperature and RH% inside the storage facilities.
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where, Qs, Tb, DSd and DG were differential isosteric heat
of sorption (kJ.mol�1), isokinetic temperature (�C), the
entropy of sorption (J/mol.�k) and Gibbs free energy
(kJ.mol�1), respectively; Tb and DG were calculated via linear

regression.
The theory is only valid if Tb was unequal with harmonic

mean temperature (Thm) which was calculated using the equa-

tion below (Chen et al. 2023):

Thm ¼ nPn
1 1=Tð Þ ð8Þ

The effect of temperature on the sorption process was eval-

uated via compensation theory using equations described
below by Aguerre et al.(1986):

� ln aw ¼ DQst

R

1

T
� 1

Tb

� �
ð9Þ
WT ln aw ¼ KU MCð Þ ð10Þ

where, WT=(1/Tb-1/T)
-1, U(MC) and K are temperature cor-

rection factors in the isotherm, empirical function of the mois-
ture and empirical constant, respectively. Equation (10)
illustrated the relationship between aw and MC as well as the
dependence of Qst on MC which was corrected to the following
exponential equation (Xia et al. 2022, Chen et al. 2023):

WT ln aw ¼ K1K
m
2 ð11Þ

ln WT ln awð Þ ¼ ln K1ð Þ þ ln K2ð Þm ð12Þ
2.10. Statistical analysis

A two-way analysis of variance (ANOVA) using a general lin-
ear model with a 95% level of significance (Minitab 17.2.0,
Minitab Ltd., Coventry, UK) was performed to determine

the significance of the difference in temperature and relative
humidity of air and moisture content of rice at different loca-
tions and months. The post-doc test utilized to separate means

was Tukey’s honestly significant difference (HSD) test.

3. Results and discussion

3.1. Climate conditions outside the storage facilities

The temperature and RH% outside the AF and SC facilities
have been illustrated in Fig. 2(a) and (b), respectively. The
weather conditions at both locations followed a similar pattern



6 N. Maftoon Azad et al.
in terms of temperature and RH% during different seasons.
Given this, it should be stated that although both cities had
similar RH% (annual average � 35%), Abadeh (annual aver-

age � 14.80 �C) enjoyed a relatively cooler climate than Shiraz
(annual average � 18.80 �C). The RH% content was at its low-
est during hot and dry summer months whereas from August

onwards an increase in RH% was seen. This was due to the
seasonal transition into wet, cold and windy autumn months
when most of the annual precipitation occurs throughout the

region. Furthermore, monthly sunshine hours during autumn
and winter are considerably lesser (�20%) due to more cloudy
days with shorter daylight hours.

3.2. Ambient conditions inside the storage facilities

The ambient conditions at different sampling positions inside
each storage facility followed similar trends. The RH% and

temperature fluctuation at the SC facility were greater than
AF warehouse throughout the study especially from June to
September (Fig. 3(a-d)). Shiraz Central, The RH% content

measured at different points within the same height was not
significantly (P > 0.05) different. The only exception observed
was recorded at locations within the 20 cm clearance area close

to the entrance doors, walls and ceiling. These areas are more
prone to outside climate fluctuations due to heat and moisture
retainment within structures in their proximity. Furthermore,
the RH% significantly (P < 0.05) decreased during storage

with an order of floor (SCF), midsection (SCM), near the high-
est standing rice bag (SCS) from 0.5 to 2 m and headspace area
(SCH) from � 2 to 4 m (Fig. 3(a)). From June to August the

RH% content at SCH, SCS, SCM and the SCF decreased
by 6.00%, 5.50%, 4.80% and 4.50%, respectively. However,
in September the RH% of the storage facility returned to the

same values observed in June and kept rising until January
(Fig. 3(a)). This was due to the season change from summer
into autumn and winter which are relatively colder and dam-

per. The ambient temperature within the storage facility signif-
icantly varied (P < 0.05) at locations with different heights
(Fig. 3(b)). For instance, SCH retained the highest tempera-
tures due to its vicinity to the metallic roof structure which

was exposed to direct sunlight. SCH area temperature and
its fluctuations affected the SCS area the most due to their
proximity. However, the further the sampling positions dis-

tances were from the SCH, the lower the temperatures were.
The same trend was observed when temperature fluctuations
between day and night at different sampling positions were

accounted. Especially from May to August which consisted
of the hottest and longest days throughout the year. This
was because solar radiation heated up the metallic roof and
consequently the SCH. The SCH area cools down by transfer-

ring its heat across itself and the neighbouring SCS area
through convection (Jian et al. 2009). Furthermore, tempera-
ture fluctuations at all sections decreased significantly

(P < 0.05) from August to January; due to less sun presence
during the autumn and winter months. Abadeh-Fars, Similar
to the SC facility RH% and temperature at different sections

of the warehouse followed a parabolic trend during the storage
period (Fig. 3(c) and (d)). The AFH had the highest tempera-
ture and lowest RH% followed by AFS whereas these terms

were opposite in AFF and AFM areas. The RH% content at
AFH, AFS, AFM and AFF areas from June to August
decreased by 4.50%, 4.00%, 3.00% and 1.5%, respectively.
The RH% content inside the AF warehouse fluctuated signif-
icantly (P < 0.05) lesser extent than SC storage facility. This

could be due to the cooler climate of Abadeh contributing to
better air moisture retention and lesser RH% fluctuations.
Consequently, the ambient temperature at different areas

inside the AF warehouse was cooler by an average of 7 �C than
at the Shiraz facility. It is worthy to mention that the RH% of
OSC and OAF was not significantly (P > 0.05) different;

therefore its impact on the aforementioned comparison was
negligible. The average temperature fluctuation between night
and day at different areas inside the AF facility was signifi-
cantly (P < 0.05) lesser than at the SC site at all times. Fur-

thermore, a lesser variation in the temperature fluctuation
value throughout the storage period could be seen at the AF
site. This was due to Abadeh’s relatively more stable climate

in terms of temperature variations. Moreover, a negative poly-
nomial correlation (R2

SC and R2
AF = 0.99) between the temp

and RH% inside both warehouses at all sampling positions

was seen (Fig. 4(a) and (b)). However, the aforementioned cor-
relation followed a negative linear trend (R2

SC = 0.96 and
R2

AF = 0.93) outside the facilities at both locations (data not

shown). The nonlinear correlation indicated an initial latency
in RH% content increase due to temperature decrease which
Fig. 4 Temperature and RH% correlation inside the facilities.
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was later compensated at certain points. This could be due to
confinement of air inside the facilities and restricted air fellow
in comparison to the surrounding area. In this regard, Rizwan

et al. (Rizwan et al. 2022) compared the interstitial relative
humidity and temperatures of hermetic and polypropylene
bag for wheat grain storage under different agro-climatic con-

ditions of rice–wheat ecosystem of Pakistan in three different
sites. They reported that the propylene bags showed fluctua-
tion related to relative humidity of the environment while

packaging grains in hermetic bags caused to reduce these vari-
ations and represented a plateau within a week for the rest of
the period. Great variation in temperature fluctuation in both
bags on all three sites was recorded.

It is worthy to mention that the temperature and RH% at
all sampling positions followed similar trends. Therefore,
empirical models illustrating the effect of outside climate on

ambient conditions near the floor were shown and discussed
here.

3.3. Influence of surrounding environment on storage conditions

It was evident that at each location, environmental conditions
outside the storage facilities governed the ambient conditions

inside the warehouses. The interaction between inside and out-
side conditions in Shiraz facility (R2temp = 0.989 and R2RH
%=0.942) and Abadeh warehouse (R2temp = 0.972 and
R2RH%=0.935) followed a positive polynomial correlation.

The polynomial trends shown in Fig. 5(a-d), illustrated a heat
Fig. 5 Correlation of inside and outside ambien
up and cool down lag inside storage facilities in comparison to
the surroundings. This could be due to the type of construction
material used in the facilities acting as a barrier toward climate

fluctuations and variations as well as restricting the airflow.
The distribution of air flow change with different factors
including the loading method, compaction, grain sphericity,

moisture and porosity. Grain storage in bulk warehouses sig-
nificantly affects the air-flow field, which leads to anisotropy
due to the variable area and in homogeneity of the grain mass,

making air distribution more complex (Müller et al. 2022,
Souza and Binelo 2020). Coradi et al. (Coradi et al. 2020)
expressed that the factors such as the height and flow of the
grain mass, temperature and relative humidity of the storage

air and the temperature of the grain mass must be investigated
accurately to address a safe storage (Coradi et al. 2020).

The nature of the region’s climate could be the cause of

mentioned correlations; where greater temperatures are cou-
pled with lower humidity and vice versa.

3.4. Effect of storage conditions on grain bulk temperature

The grain bulk temperature was mainly affected by seasonal
variations throughout the storage process regardless of the

storage facility location. In this sense, solar radiation and its
exposure to the surrounding walls had a remarkable effect.
At the SC facility, the Southern-Western structure was heated
to a considerably higher extent while at the AF site this

occurred at the North-West orientation. Therefore, this section
t conditions at Shiraz and Abadeh facilities.
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has dealt with the temperature behavior of rice bags located
across the aforementioned alignments within a 20 cm distance
from the wall. Shiraz-Central, The Northern and Eastern walls

did not heat up to the same extent as their counterparts did;
since it was only exposed to direct sunlight during early morn-
ing hours. Therefore, rice bags stored along these sections will

have lower temperatures during the day compared to those
located along South-East walls. Non-uniform heat distribution
resulted in an uneven moisture migration and grain bulk tem-

perature difference across the facility (Chelladurai et al. 2016).
Similar results were reported by Jian et al. (2005) where the
South-West walls were heated the most in comparison to their
counterparts between May and July resulting in nonhomoge-

neous moisture migration. As expected, grain bulk tempera-
ture was significantly correlated with the vertical position of
storage in the warehouse rather than their lateral position.

However, an exception at areas close to the boundary areas
especially at rice bulks stored from July to October close to
the wall boundary areas; contributing to uneven heat and

moisture distribution. In all cases the lowest temperature areas
were situated below the 0.5 m height and within the 6 m to
18 m width range. Moreover, the heat accumulation was

observed at the south-west and -east wall junctions reaching
its maximum above the 1.5 m height (Fig. 6a-c). The tempera-
ture gradient between the top and bottom areas in August,
Fig. 6 Rice bulk Temperature of bags located close to the Southern

January 2019.
October and January were 6.50 �C, 5.00 �C, and 4.00 �C,
respectively. Furthermore, the temperature difference was the
highest in July and further decreased while transitioning into

fall and winter months (Fig. 7). In each case the temperature
difference increased by moving from the floor to 2 m elevation
due to the proximity to the headspace area. This sizeable tem-

perature gradient may have resulted in moisture migration
between different layers of stored grains. Furthermore, water
condensation on the inner lower sections of the wall surface

was noticed during autumn and winter facilitating uneven
moister migration within the layers. Differences between the
ambient air, inner and outer wall surface and intra-granular
temperatures caused water condensation (Jian et al. 2015,

Chelladurai et al. 2016). Bartosik et al. (2008) reported that
temperature differences between stored sunflower seed layers
resulted in moisture migration, repeated condensation cycles,

and its accumulation at certain layers.
Fars-Abadeh, At the AF site, is contrary to SC facilities the

North-West walls were heated the most during the storage

duration. The heat gradient between the hottest and coldest
areas in August, October and January were 5.00 �C, 4.00 �C,
and 3.80 �C, respectively. The temperature difference between

the top and the bottom section at the AF warehouse was lesser
than in the SC facility (Fig. 8a-c). Moreover, temperature gra-
dients between the Northern boundary wall and non-boundary
wall at Shiraz warehouse in a) July 2018, b) October 2018 and c)
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areas were comparatively lesser than what was observed at the
Shiraz facility (Fig. 9). Consequently, moisture migration
between rice layers was observed to a lesser extent at the AF

site. This could be due to regional and climatic differences
between the two locations. Sunlight intensity and UV index
at Abadeh are lower than at Shiraz throughout the year and

are rather windier. Wind trajectory and velocity during storage
have a considerable effect on grain bulk temperature located
close to the walls (Montross et al., 2002). Furthermore, in

either storage location grain bulk temperature followed a sim-
ilar trend as described earlier in section 3.2 at sampling posi-
tions far away from the walls (Fig. 10).

3.5. Effect of storage conditions on grain bulk moisture content

At both facilities, the moisture content (MC%) of rice stacked
at the floor section (up to 0.5 m) was the highest followed by

the middle (�0.5–1.5 m) and surface sections (�1.5 – 2 m).
At the same elevation and different lateral positions, the MC
% of grain bulk did not vary significantly (P > 0.05) except

for the clearance area. The lower MC% of rice bulk stored
at higher heights was due to their proximity to the headspace
area. As described previously in section 3.2 the headspace area
Fig. 7 A temperature difference of rice bulk close to the boundary an

winter.
is more readily affected by the outside environment and its
changes. However, lower elevations were further away from
the headspace area and confined by other rice bags reducing

the chances of turbulent airflow. Therefore, the grain bulk
stacked at the aforementioned positions had higher MC%
with lesser fluctuations during the storage period. Shiraz-

Central, At the center of the storage facility, the rice bulk
MC% decreased from May to August and consequently
increased from September onwards (Fig. 11). The dehydration

and rehydration rates were illustrated as percentage point per
month rate (PP.M�1)). The average MC% decrease rate was
1.10 PP.M�1, 0.90 PP.M�1 and 0.65 PP.M�1 at SCST, SCMT
and SCFT layers, respectively. Furthermore, a rehydration

rate of 0.28 PP.M�1 (SCST), 0.30 PP.M�1 (SCMT) and 0.40
PP.M�1 (SCFT) was observed at almost � 1.5 – 2 m, �0.5–
1.5 m and<0.5 m. As mentioned above, rice stored at different

heights underwent moisture desorption and adsorption at
rather different rates. This phenomenon was due to the differ-
ence in temperature gradient and its fluctuations within the rice

bulk as well as the ambient air surrounding the grain bags
(Lane and Woloshuk 2017). This would result in moisture
migration from warmer areas at a higher elevation to colder

lower standing rice bulk (Jian et al. 2009, Chelladurai et al.
d non-boundary area at Shiraz facility in a) summer, b) fall and c)



Fig. 8 Rice bulk Temperature of bags located on the Northern wall at Abadeh warehouse in a) July 2018, b) October 2018 and c)

January 2019.
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2016). Therefore, the rice bulk stored in the floor section was
dehydrated at a lower rate and rehydrated at a higher pace

in comparison to higher-standing rice (1 m and 2 m) bags. Fur-
thermore, an uneven temperature gradient between the rice
bulk close to clearance areas and the non-boundary area could

have resulted in an unsteady moisture migration within lateral
directions (Jian et al. 2009). Moisture migration has been
reported by researchers in a variety of grains and storage facil-

ities (Arias Barreto et al. 2017, Jian et al. 2015, Jian et al. 2009,
Gastón et al. 2009). It should be considered that high and low-
temperature zone allocation and therefore moisture migration

direction could vary based on the regional climate of the ware-
house location and construction type. Chelladurai et al. (2016)
reported that the bottom layer of stored canola grains in silo
bags had the lowest temperature during Spring and Summer

while the opposite was seen in autumn and winter. Barreto
et al. (2017) reported changes in high and low-temperature
zones during the storage of soybean from day 90 onwards as

well.
Abadeh-Fars, The MC% of grain bulk stored at the AF

warehouse followed a rather different pattern than those

stored at the SC facility (Fig. 12). At all layers, the MC%
decreased at a significantly (P < 0.05) slower rate and with a
lesser magnitude than grain bulk stored in SC facilities. The
dehydration rate at AFST, AFMT and AFFT from May to
October was 0.50 PP.M�1, 0.35 PP.M�1 and 0.25 PP.M�1,

respectively. Furthermore, a rehydration rate of 0.45 PP.M�1

(AFST), 0.30 PP.M�1 (AFMT) and 0.35 PP.M�1 (AFFT)
was observed. The MC% of samples stored at the AF ware-

house was higher than those stored at SC facilities at all times
which may be due to weather differences between Abadeh and
Shiraz. As described earlier in section 3.1 Abadeh had cooler

climate with less intense sun light in comparison to Shiraz.

3.6. Moisture sorption isotherm

As illustrated in Fig. 13 Thai rice exhibited sigmoid-shaped
type II sorption isotherms at both temperatures based on Al-
Muhtaseb et al. (2002) classifications. This indicated the possi-
bility of multilayer adsorption on starch granules due to their

microporous surface structure which is typical of agricultural
products (Wan et al. 2018). The typical ‘‘rounded knee”
appearance in rice isotherms at high relative humidity was

attributed to the formation of moisture monolayers and multi-
layers on the granular surfaces. (Saripella, Mallipeddi and
Neau 2014). Furthermore, the non-linear increase of EMC rel-

ative to water activity was due to the inability of the rice
matrix to retain vapor pressure in unity with decreasing mois-



Fig. 9 A temperature difference of rice bulk close to the boundary and non-boundary area at Abadeh facility in a) summer, b) fall and c)

winter.
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ture content (Toğrul and Arslan 2006). Therefore the moisture
content inside the matrix demonstrates lower vapor pressure
and tends to change as a function of atmospheric humidity

(Esfe et al. 2022a, Caurie 1971, Esfe et al. 2022c).
Increasing the temperature from 25 �C to 40 �C at constant

water activities resulted in a downshift of EMC to lower val-

ues. This phenomenon was due to the elevation in water vapor
pressure of the moisture which facilitates the moisture transfer
from the rice bulk matrix to the surrounding atmosphere
(Siripatrawan and Jantawat 2006). Besides this, temperature

changes within the matrix could affect the mobility of the
molecules as well as the dynamic equilibrium between water
vapor and adsorbed phases (Rohvein, Santalla and Gely

2004). At higher temperatures the water molecules possessed
higher energies facilitating their break away from water bind-
ing sites within the matrix resulting in lower EMC (Wani and

Kumar 2016). Moreover, increasing the temperature at fixed
EMC values resulted in higher water activity values. This
could result in elevated physicochemical and biological reac-
tions rate leading to the disintegration of the food material

(Staudt et al. 2013, Eftekhari, Hashemian and Toghraie 2020).

3.7. Modelling of moisture sorption isotherm

The sorption isotherm was analysed using a range of models
based on their R-square (R2), root mean square error (RSME)
and mean relative percentage error (Pe). The model providing
the highest R2 value and lowest RMSE and Pe values are found
fit with the experimental values (Xia et al. 2022, Babajamali

et al. 2022). In this study the experimental values were best fit-
ted with GAB followed by Henderson, Oswin, Smith and Hal-
sey models providing the highest R2 values (Table 2). Amongst

these five models, GAB had the least Pe value (Pe < 5.0) mak-
ing it the most suitable and well-fitted model of other models.
BET, Chirif-Iglasias (C&I) and Kuhn models provided the
most ill-fitted models with the lowest R2 values. BET models

are more suitable for explaining isotherms below water activity
of 0.4 and C&I models are suitable for fruits with high sugar
content (Al-Muhtaseb et al. 2002, Khajekhabaz et al., 2018,

Khabaz et al., 2022). Therefore, the GAB model was found
the most suitable model to predict and explain the adsorption
behaviour of stored rice. The superiority of GAB models to

others might be due to including the monolayer moisture con-
tent (Mo) of the matrix while others do not (Wani and Kumar
2016). In the current study, at both storage locations, the rice
bulk MC content increased to values ranging from 10.0% and

12.5% from September onwards. Based on the sorption iso-
therms and the fitted GAB models (Fig. 8) the water activity
values ranged from 0.50 to 0.80 regardless of the equilibrium

temperature. Dry matter food including rice grains is suscepti-
ble to mold and yeast contamination at water activities above
0.70 (Tapia et al., 2020). Abdullah et al. (2000) reported that



Fig. 10 Rice bulk temperature stored at different elevations at a)

Shiraz facility and B) Abadeh Facility.

Fig. 11 Rice bulk moisture content% variation stored at Shiraz

facility during storage period at surface (SCST), midsection

(SCMT) and Floor (SCFT).

Fig. 12 Rice bulk moisture content% variation stored at

Abadeh facility during storage period at the surface (AFST),

midsection (AFMT) and Floor (AFFT).
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the visible appearance of fungi was observed after 57 ± 2, 20
± 2 and 13 ± 1 days at water activities of 0.65, 0.75 and 0.80,

respectively. The moisture content for ordinary rice grains hav-
ing a water activity of 0.65 at 25 �C was 12% (dry basis) which
is similar to the AFFT and AFMT grain bulk layers.

3.8. Isosteric heat of sorption and entropy of sorption

At low MC content, the qst is at its maximum while it logarith-

mically decreased as the MC content increased in the rice
(Fig. 14 (a)). The qst values at 25 �C, 32 �C and 40 �C were
5.47 kJ/mol for 3.36 g water/100 g dry matter (%), 5.59 kj/-
mol for 2.56 g water/100 g dry matter (%) and 5.74 for

1.77 g water/100 g dry matter (%), respectively. The required
higher qst at low MC content was due to the significant influ-
ence of the highly active binding sites over the adsorbed mole-

cules (Kaymak-Ertekin and Gedik 2004). These polar sites are
located on the surface of the food material and are covered
with water molecules producing a monomolecular layer tightly

bound to the surface of grains (Edrisi Sormoli and Langrish
2015). Consequently, at lower MC values there was more resis-

tance to water movement from the interior to the surface of the
grain. However, increasing the MC value resulted in rice swel-
ling and exposing new binding sites to the water leading to
lower isosteric heat of sorption values (Toğrul and Arslan

2006). Similar results were reported by other studies for vari-
ous cereal grains including rice, wheat, corn and sorghum
(Moreira et al. 2010, Bonner and Kenney 2013, Samapundo

et al. 2007, Iguaz and Vı́rseda 2007). Furthermore, the differ-
ential entropy of adsorption decreased as the MC content
increased (Fig. 14(b)). This indicated a strong dependence

between the binding sites, moisture and the surface (McMinn
and Magee 2003). Understanding the correlation between the
heat of sorption and moisture content could determine the

state of sorbed water within the food matrix. This could be



Fig. 13 Moisture sorption isotherm of rice fitted with GAB

model.

Table 2 Adjusted parameters and fitting criteria of models applied

Model Constant T

2

GAB Xm

C

K

R2

RSME

Pe

Henderson A

B

R2

RSME

Pe

Chirife and iglasias A

B

R2

RSME

Pe

Halsey A 4

B

R2

RSME

Pe

Smith A

B

R2

RSME

Pe

Kuhn A

B

R2

RSME

Pe

Oswin A

B

R2

RSME

Pe
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used as an indication of the physiochemical and microbiolog-
ical stability of the food material during storage (Kaya and
Kahyaoglu 2007). For instance, in the current study qst sharply

decreases to values close to pure water vaporization heat at
MC contents higher than 10 g.100 g�1 DS indicating substan-
tial existence of free water. This could facilitate microbiologi-

cal as well as chemical reactions such as reactions linked to
enzymatic activity.

3.9. Enthalpy-entropy compensation theory

Variation of the heat of sorption (enthalpy) against the
entropy of sorption specified the thermodynamics of the sorp-

tion process and the driving force behind it. As illustrated in
Fig. 15(a), a linear correlation between the DS and Qst values
with a coefficient of determination value of R2 = 0.9889 was
obtained. The Tb, DG and Thm were 439 K, 43.85 kJ.mol�1

and 305.315 K, respectively. The significant difference between
Tb and Thm indicated that compensation theory validly
described the adsorption process. The temperature did not
to rice sorption isotherm.

emperature

5 �C 32 �C 40 �C

0.39 8.55 10.24

53.1 10.91 5.5

0.10 0.49 0.53

0.9961 0.9962 0.9894

0.24 0.36 0.44

0.22 0.13 0.11

0.006 0.008 0.011

2.203 1.837 1.954

0.9916 0.9629 0.9766

0.32 0.27 0.48

1.83 1.21 0.85

7.014 6.443 6.574

0.799 0.837 0.865

0.713 0.651 0.6572

2.14 2.71 2.62

11.82 20.06 31.68

46.811 331.403 187.721

3.064 2.766 2.759

0.9063 0.8473 0.8774

1.22 1.30 1.51

7.25 12.37 20.54

4.892 3.962 4.012

4.671 4.805 5.003

0.9208 0.8601 0.8996

1.12 1.11 1.37

5.24 9.43 15.95

0.796 0.736 0.858

6.679 5.735 6.210

0.7211 0.6170 0.6655

2.11 2.39 2.59

11.56 19.62 31.11

8.54 8.71 7.89

0.267 0.301 0.298

0.947 0.891 0.930

0.85 1.14 0.94

4.9 8.9 15.6



Fig. 14 Enthalpy and entropy of sorption.
Fig. 15 Compensations Theory.
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affect DS and Qst at specific moisture contents whereas
enthalpy was the main influencer (Alpizar-Reyes et al. 2017).
Similar findings were reported by other studies dealing with

potato, mint leaf, dehydrated yacon bagasse and herbal tea
thermodynamic properties (McMinn and Magee 2003,
Dalgıç et al. 2012, Carvalho Lago and Noreña 2015,

Červenka, Hloušková and Žabčı́ková 2015). Moreover, the
obtained DG value of more than zero (43.85 kJ.mol�1) indi-
cates the water adsorption process was not spontaneous, espe-

cially during the rehydration process. Similar results in other
starchy products containing a high quantity of amylopectin
and high amylose were observed (Carvalho Lago and
Noreña 2015, McMinn et al. 2005). Furthermore, the compen-

sation theory successfully modeled the effect of temperature on
sorption behavior using equations 9 and 10. The linear corre-
lation between ln ((1/Tb-1/T) ln (aw)) and moisture content was

illustrated in Fig. 15(b); indicating that the temperature-
moisture content relationship followed a power law. The K1

and K2 values obtained from the linear regression were found

to be 3261.50 K and 0.17, respectively.

3.10. Most suitable storage conditions

Relating rice moisture content, its thermodynamic properties
and temperature radiance at the boundary area determined
the most suitable storage conditions. Based on the information
provided in sections 3.4 and 3.5 moisture migration was

increased when the maximum temperature difference at
intra-boundary areas was above 2.5 �C. Adsorption isotherms
illustrated that MC% of stored rice should not surpass 11% to

avoid water activity surge and stability deterioration. The
depreciation of MC% during storage in the summer months
especially at the Shiraz warehouse could reduce its quality

and market acceptability. Therefore, the recommended combi-
nation of storage temperature and relative humidity should
range from 20.0 �C to 28.5 �C and 15.0% to 25%, respectively.
The aforementioned requirements could be achieved by

managing the time of storage and organization of stored bags.
For instance, spoilage risk at the Abadeh facility could be
managed by reducing the storage duration 7 months. At Shiraz

warehouse providing more space between stored lines could
facilitate the free flow of air and reduce the chances of conden-
sation and moisture accumulation.

4. Conclusion

This study dealt with characterizing the impact of extrinsic factors on

rice dehydration-rehydration cycle stored inside naturally ventilated

facilities located in semi-arid geography. The observed differences in

ambient conditions between the two warehouses at the same time-

frames were due to outside temperature dissimilarities rather than rel-

ative humidity. In this sense, the main contributors to air temperature
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fluctuations during the storage period were the solar radiation intensity

and seasonal changes in the designated terrains. The observed differ-

ences in rice bulk dehydration and rehydration cycle trends at Abadeh

and Shiraz warehouses augment the importance of this issue.

The sorption process of Thai rice was presented by a type II sig-

moid isotherm which was best fitted with the GAB equation model.

The isosteric heat of absorption calculated by Clausius–Clapeyron

equation followed a power model law with moisture content. The com-

pensation theory successfully illustrated that the process was enthalpy

driven rather than temperature influenced and non-spontaneous. A

combination of storage temperature above between 20 �C and

28.5 �C and relative humidity of below 15% to 25% would be recom-

mended. Hence, it could be concluded that naturally ventilated storage

facilities if properly managed could be an economical and straightfor-

ward alternative for storing hygroscopic grains in developing

countries.
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