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Abstract

Citrus aurantium flowers are high value aromatic and medicinal plants. The
storage conditions and quality of dried Citrus aurantium flowers depends on
their hygroscopic stability. The equilibrium moisture content was determined
at temperatures (from 30 to 60 °C), and the sorption phenomenon is well
described by Peleg model. The optimal water activity for the storage of the
product was estimated al.g=0.373. Afterwards, the net isosteric heat was
evaluated in the range of 88 kJ.ridlor small values of the moisture content
(Xeq=0.14kg water/kg d.b), and it decreased along with the increasegqof X
The experimental drying curves showed only a falling rate period. Finally,
Midilli-Kucuk model was found to be the more suitable to describe the drying
kinetic of Citrus aurantium flowers.

Keywords: Drying kinetics; Solar energy; Modeling; Citrus aurantium;
Sorption isotherms; Conservation process.
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1. Introduction

Medicinal and aromatic plants have a crucial value in the pharmaceutical industry and
traditional medicine. Drying is the most used preservation operation in the storage of
medicinal and aromatic plants and it is a part of the extraction process of high value
substances. The indirect solar drying is more adapted to developing countries; it is
economic, fast and leads to a homogeneous and edible product [1].

Citrus aurantiumflowers are known for their benefits on nervous balance and digestion [2].
They are often used for the extraction of the main assets. These flowers are very rich in
essential oil that can be used in the composition of some perfumes. For the natural
medicine, the leaf is used for its sedative and soothing properties. Indeed its essential oil,
associated with other bitter principles gives him soothing and relaxing properties.
Furthermore, they are usually prescribed to regulate mild sleep disorders and to treat
nervousness. In this case, the preservation of this material by drying and the establishment
of desorption isotherms are very useful for its conservation [3].

The sorption isotherms are a good way to describe how active water is bound to a wet
product [4]. They are also an extremely valuable tool because it provides precious
information about the hygroscopic equilibrium [5]. In other words, it is necessary to
determine the optimum moisture content and the water activity that must be achieved
during drying for better preservation of the dried product.

Only experimental studies allow determining the drying kinetics of products. Therefore, it

is interesting to study variations of moisture content for different controllable aerothermal
parameters. The mechanisms of these transfers are very complex and they lead to large
physical, chemical and biological changes. Hence, the evolution of these parameters must
be controlled in order to achieve the best quality [6,7].

The main objectives of this study are:

« To determine the effect of temperature on the moisture desorption and adsorption
isotherms ofCitrus aurantiumflowers, and to find the appropriate model that describes
its sorption curves.

« To determine the optimal storage condition of the product and the isosteric heat of
sorption.

« Toinvestigate the drying kinetics Gitrus aurantiumflowers.

2. Materialsand Methods

2.1. Sorption isotherms
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The hygroscopic equilibrium was achieved by the static gravimetric technique [8]. The
samples that were used for desorption were fresh and weighed around 1+0.1g. The ones
that were used for adsorption had been dried for 24h in an oven at 105°C before putting
them on the glass jars; their weight was around 0.1+0.01g. This process was performed at
three different temperatures (30, 40 and 50 °C).

2.2. Description of the solar drying

The experimental apparatus consists of an indirect forced convection solar dryer. The solar
dryer was described in detail in [9]. The same mass of f@&ghs aurantiumflowers
(20+1g) was used for each drying experiment. Drying experiments were performed for
three temperatures (40, 50 and 60 °C) with the air flow rate of 0088m

3. Results
3.1. Desor ption and adsor ption isotherms

Figs. 1 and 2 show the effect of temperature on desorption and adsorptigitrusf
aurantiumflowers.Xeqincreases by decreasing temperature at constant water activity. This
result may be explained by the higher excitation state of water molecules at higher
temperature thus decreasing the attractive forces between them [10]. The sorption isotherms
are type Il of the IUPAC classification and exhibit a sigmoidal shape; this is consistent with
the behavior of other medicinal and aromatic plants [11]. In the present study, the
relationship betweernXeq and ay at 30, 40 and 50 °C was predicted by applying
mathematical models. The used models’ equations (GAB, Modified Henderson, Modified
Halsey, Modified Oswin , Enderby and Peleg) are given in [12]. The best model, describing
sorption isotherms of the product, has the highest value of the correlation coeffiareht
smallest values dBEMandMRE These statistical errors are defined respectively by Eqs.
(1) and (2):

N 2
2 (Xeq,pre B Xeqi,e><p)

SEM =121
dy

@)

Xeq,pre - Xeqi;exp

Xeqi,exp

MRE >

_1o0 N
Nij=1

(2)

Where Xeqi,expis theith experimental moisture contenXeqi,preis theith predicted
moisture content, and: is the freedom degree of the regression model. The Peleg model
gives the best fitting to the experimental data with a correlation coeffice®.9847 and
0.9920, SEM of 1.0856 and 1.0562, and MRE of 9.3654% and 10.1268% respectively for
desorption and adsorption isotherms.
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Fig. 1 Desorption isotherms of Citrus aurantium flowers at 30, 40 and 50 °C.
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Fig. 2 Adsorption isotherms of Citrus aurantium flowers at 30, 40 and 50 °C.

3.2. Determination of the optimum conditionsfor the storage

All experimental data of desorption and adsorption at 30, 40 and 50°C were gathered on the
same graph (Fig. 3). This curve allowed to determine the value at which the second
derivative ofXegequals to zero and consequently the optimum value of water activity for
storage. The found value f@itrus aurantiumflowers @wo=0.373) is in agreement with

the general stability domain of biological products that is between 0.2 and 0.4 [13].
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Fig. 3. Determination of the optimal water activity for storage of Citrus aurantium flowers.
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3.3. Net isosteric heat

The net isosteric heat of sorption was calculated from the experimental data using the
Clausius Clapeyron equation given by Eq. (3):

{d(lnam)} _— My
Xeq

/T R

(1/T) 3)

Fig. 4 presents the isosteric heat of sorptioiCitfus aurantiumflowers at temperatures
ranging between 30 °C and 50 °C. This curves show that the isosteric heat is higher for
small values of the moisture content (88 kJ™idr X.~0.14kg water/kg d.b) indicating
the highest binding energy for water removal, and it decreased along with the increase of
the Xeq[14].
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Fig. 4. Net isosteric heat of desorption and adsorption of Citrus aurantium flowers versus
equilibrium moisture content.

Net isosteric heat of sorption (kJ,mol'l)

3.4. Drying kinetics of Citrus aurantiumflowers

An increase in the drying air temperature had led to a significant reduction in the drying
time; from 340 min for a temperature of 40 °C to 220 min for a temperature of 60 °C (Fig.
5). It can be noticed the presence of only the falling drying rate period (phase 2) which is
governed by the water diffusion in the material [15].

Several mathematical models are used to describe the macroscopic behavior of the
products. In this work, the most models describing drying kinetics were used: Newton,
Page, Henderson and Pabis, Logarithmic, Two term, Two term exponential, Wang and
Singh, Diffusion approach, Verma et al. and Midilli-Kucuk. The models’ expressions are
given in literature [16]. The moisture ratio @itrus aurantiumflowers during the thin layer
drying experiments was calculated by using Eq. (4):

o - X = Xeq
Xp = X
€q (4)
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The appropriate model was selected according to the highest correlation coeff)cigmt (
lowestMBE (Eg. (5))and the lowegg.

_ 1 N * *
MBE_Ni gl(xpre,i_ Xexpi)

(5)

Where X*exp,i stands for the experimental moisture ratio found in the measurements;
X*pre,i is the predicted moisture ratio for this measurement.

Midilli-Kucuk model was selected as the most convenient model to represent the drying
behavior ofCitrus aurantiumflowers withR, y2 andMBE respectively of 0.9991, 0.00037

and 0.00017. These result highlighted the ability of this model to better simulate the change
in water content in the solar dryir@jtrus aurantiumflowers. Hence, this product presents

a weak external resistance to heat and mass transfer [17].
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Fig. 5. Variation of moisture content as a function of time.

4. Conclusions

The storage conditions and the quality of di@tius aurantiumflowers depend to a great
extent on their hygroscopic stability. Hence, the equilibrium moisture content was
investigated at three temperatures in the most convenient range for plants (from 30 to 60
°C). The sorption phenomenon is well described by the semi-empirical Peleg model. The
optimal water activity for the storage of the product was estimatag0.373. Then, the

net isosteric heat of sorption of the samples was computed from the predicted sorption data.
It was evaluated in the range of 88kJ.thdbr small values of the moisture content
(Xeg=0.14 kg water/kg db), and it decreased along with the increase ofetipethis
thermodynamic quantity estimates the required energy for dehydration processes. Drying
experiences were conducted in Marrakech (Morocco) by using an indirect forced
convection solar dryer at three temperatures (40, 50 and 60°C). The experimental drying
curves showed only a falling rate period. Finally, Midilli-Kucuk model was found to be the
more suitable to describe the drying kineticGatirus aurantiumflowers.
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5. Nomenclature

My Mass of dry matter kg

Meq Mass at the hygroscopic equilibrium kg

X Moisture content at any time during drying (kg water/kg db)
Xo Initial moisture content (kg water/kg db)
Xegq Equilibrium moisture content (kg water/kg db)
X* Moisture ratio

aw Water activity

r Correlation coefficient

SEM Standard Error of Moisture

MRE Mean Relative Error %

MBE Mean bias error

Ahyg Net isosteric heat of sorption kJ.mofl?

AHyap Heat of vaporization of pure water at 35 °C  43.53 kJ'mol
R Universal gas constant 8.3145 J.mot.K™?

Greek letters
12 Reduced chi-square
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