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Abstract 
In this paper, we perform experiments on the drying of widely consumed food 
products in Africa. Tomatoes and peppers are considered as products with a 
complex structure. Zucchini, cucumber, eggplant and cabbages are the other 
products used in these drying experiments, having different intrinsic parame-
ters. Most food products have three components, namely skin, flesh contain-
ing seeds and the central spongy structure, that do not have the same beha-
vior during their convective drying. Skin is the component that significantly 
reduces drying while the flesh is easy to dry. By drying the samples considering 
their intrinsic parameters, one quickly realizes the complex nature of mass 
and heat transfers during the drying of biological products. 
 

Keywords 
Skin, Flesh, Structure, Convective Drying, Agri-Food Products 

 

1. Introduction 

Tomato (Solanum lycopersicum), cabbage (Brassica oleracea var capitata), eggplant 
(Solanum melongena), cucumber (Cucumis sativus), pepper (Capsicum annuum 
Group), onion (Allium cepa) and zucchini (Cucurbita pepo L) are the most 
consumed products in Africa and Asia [1] [2] [3]. They consist for the most part 
of three components namely skin, seeds and a spongy core material. For the 
preservation of large production [4], consumers proceed with their drying. On 
a family scale, products are more often cut into random shapes and sizes [5] be-
fore being exposed for drying (Figure 1). Cutting is usually done manually, 
without measurements [6], and from one dryer to another, the size and shape vary. 
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Figure 1. Comparative study of convective drying of zucchini, eggplant and 
cucumber skin. 

 
The poor mastery of drying phenomena leads to finished products of dubious 
quality. The mastery of the drying of food products cannot succeed without the 
control of drying phenomena of its constituents taken separately [7]. Thus, one 
can obtain a dry product of acceptable quality [8], which takes into account its 
nutrition appreciation as well as its therapeutic virtues, before thinking about its 
conservation [5]. 

In this work, we characterize both the convective drying of the different con-
stituent parts of the aforementioned food products taken separately in order to 
find the part that optimizes drying. For this, the skin and the flesh are consi-
dered in order to estimate their behavior in the face of drying. We also consider 
the structure of food products during this work. Also, we will examine the in-
fluence of the initial hydric states on the convective drying time of products. 

2. Materials and Methods 

2.1. Organic Products 

All of these food products used in this study, namely Tomato, Pepper, Cab-
bage, Zucchini, Eggplant and Cucumber, are purchased at a local market in Bo-
bo-Dioulasso, Burkina Faso. Their Characterization was done by taking into ac-
count their different constituents taken separately. 

Cucumber, eggplant and zucchini have similar structures. There have grains 
fixed by a spongy material and all wrapped in a smooth skin. 

The pepper and the tomato consist of a thick envelope and all wrapped in a 
thin and smooth skin. The interior is subdivided into a compartment containing 
grains. Noteworthy difference is between tomato and pepper in the sense that 
the pepper filled with gas these compartments, while the tomato fills them with 
liquid. 
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Cabbage and onion have laminar structures. For the onion, we will consider it 
has a uniform structure. As for cabbage, it starts from a main rib, which divides 
into secondary ribs that mesh the whole leaf. 

This present work considers the drying of these different products by consi-
dering this complex constitution of the product. 

2.2. Sample Preparation 

The different products bought at the local market were brought to the laboratory 
GERME & TI of University Nazi Boni of Bobo-Dioulasso, Burkina Faso. Imme-
diately, without storing them, they are washed and cleanly wiped to remove any 
contaminant that could influence their drying. Indeed, mud, rotten fruit juice 
and other gelatinous secretions often envelop the product, as sellers deposit them 
in a pile of mixed products. Each product is cut according to the part that holds 
our attention. This allows us to take into account the part of the cut in the esti-
mation of the parameters and to observe the influence of that part in the drying 
to reach at an acceptable drying quality. Firstly, the products are cut in such a 
way as to consider their constituents: skin and flesh (for zucchini, eggplant and 
cucumber), for cabbage it is the main rib, the secondary rib and the leaves which 
are considered. As for tomato and pepper, it is the flesh that is taken into ac-
count and finally, samples of slices of onion and cabbage. 

Using a stainless knife, samples 5 to 10 mm long were cut. 
For each type, we have at least three samples to compare and average their 

behavior. 

2.3. Experimental Procedures 

In order to understand the importance of the part of the cut and the contribu-
tion of the constituents of the products used, we set the external parameters such 
as the temperature at 80˚C. A convection dryer WTF BINDER) was used for 
drying characterization. Each part of the product is cut out, the constituents se-
parated and dried at 80˚C. During drying, each sample is regularly removed 
from the oven, the mass of the sample is determined with a SARTORIUS scale, 
0.001 g of precision, France), and the dimensions measured using a digital dis-
play micrometer MITUTOYO, Japan, 2 × 10−5 m precision). The dry mass of the 
product as well as that of its constituents were evaluated by drying the product 
in an oven set at 80˚C for 24 hours [5]-[10]. 

3. Data Analysis 
3.1. Water Content 

The initial water content of the different parts of the products and their consti-
tuents is determined by the relation (1): 

0
0

e s

s s

m m m
X

m m
−

= =                            (1) 
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where me (Kg) the water mass initially contained in the product, m0 (Kg) the ini-
tial mass of the sample and ms (Kg) the mass of the dried sample. 

The water content at each instant t of the drying is X(t) (kge∙kg−1 ms) deter-
mined from the experimental data by the formula (2): 

( ) ( ) s

s

m t m
X t

m
−

=                           (2) 

where m(t) (Kg) is the mass of the sample at each instant t (s) of drying. The 
drying kinetics are plotted by the variation of X(t) as a function of the drying 
time. The critical water content is estimated by the method of tangents at the 
origin. It consists of drawing the tangent to the original drying kinetics curve as 
reported by Dissa et al. [11]. The critical water content is the take-off point be-
tween the tangent and the curve. 

3.2. Kinetic Establishment 

To establish the drying curves, X(t) − t in this work, we calculate using the Mi-
crosoft Excel software the water content of each sample from the regular record-
ings of the masses of the sample at intervals of time during the drying process. 
We then normalize the instantaneous water content by dividing it by the initial 
water content, X/X0. This has the advantage of having the same initial point for 
all the curves, i.e. X0/X0 = 1 at the initial moment, in other words, at the initial 
moment, all the samples had 100% of their water. 

Then these water contents decrease over time and we examine the drying effi-
ciency by the relative position of the different curves. For a given time, the sam-
ple loses more water if its normed water content is low, which results in a curve 
closer to the abscissa axes (t). 

Another possibility of assessing the drying is the determination of the diffusion 
coefficients. They are obtained in solvent the second law of Fick according to the 
form of the sample [12] [13]. For this, the experimental results can be analyzed 
using the diffusion equation of Fick, developed by Crank 1975) [14] [15] [16]. 
Assuming that the transfers are one-dimensional, the initially uniform water content 
in the product, without contraction of the solid matter and a long diffusion time 
[17] [18], the analytical solution of the Fick equation is given by the equation 
Equations (3)-(5) for the cylindrical form [19]: 
• Cylindrical shape: 

2

2 2

4 expt eq eff

o eq c

X X D t
MR

X X r
β

β

 −
= = −  −  

                  (3) 

• Spherical shape: 

2
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• Infinite plate: 
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In Equations (3)-(5), MR the water content ratio, Xt (kge∙kg−1 ms) the average 
water content of the product, X0 (kge∙kg−1 ms) its initial water content, Xeq 
(kge∙kg−1 ms) equilibrium water content, Deff (m2∙s−1) is the effective scattering 
coefficient, rc, rs (m) are respectively the radius of the cylinder and the sphere, L 
(m) the characteristic length of the plate and t (s) the drying time. 

The diffusion coefficients are generally determined by plotting the relation-
ship in terms of ln(MR) as a function of the drying time t. Diffusion coefficients 
are determined by the slope of ln(MR) as a function of time in the form of a 
straight line. Indeed, the equations Equations (3)-(5) [20] can simply be in the 
form Equation (6) [21] [22]: 

( )ln MR A B t= − ⋅                         (6) 

A and B are constants deduced graphically from the line. β is calculated from 
the value of A and reintroduced into B for the determination of the diffusion 
coefficient. 

Some authors have shown that Deff depends on the temperature. This depen-
dence is linear as a function of the inverse of the temperature 1/T [11] [23] [24] 
[25] [26]. It comes in the form called Arrhenius dependence: 

0 exp a
eff

E
D D

R T
 = − ⋅ 

                       (7) 

where D0 (m2/s), is the pre-exponential factor of the Arrhenius equation. Ea 
(kJ/mol) is the activation energy, T (K) is the temperature of the sample, R 
(kJ/mol∙K) is the constant of the perfect gases. In order to see the influence of 
the temperature on the diffusion coefficient, we draw Deff according to the in-
verse of the temperature 1/T [27] [28] [29]. 

4. Results and Discussions 
4.1. Characterization of the Dried Product 

Table 1 summarizes the initial water content and the drying times of the differ-
ent samples used in this work. Note that for repetition, each point of a curve is 
the average of at least three tests. 

We highlight the non-uniformity of the water content in the material submit-
ted to the tests. This interpellates the actors on the ground to note that for the 
same agri-food product, the water content can vary from one sample to another. 
For example, for zucchini skin, one of the samples has a water content of 32 
kg/kg against the lowest of 20.04 kg/kg. 

For products like eggplant and zucchini, this work shows that skins have a 
relatively higher water content than flesh. In fact, these products have respective 
water contents, for their skin of 11.21 and 28.20 and for their flesh of 9.76 and 
21.13 kg/kg. The results on cucumber show the opposite. Its flesh has a water  
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Table 1. Initial water content and drying time of dried products. 

Physical size 
cucumber 

skin 
cucumber 

flesh 
eggplant 

skin 
eggplant 

flesh 
zucchini 

skin 
Zucchini 

flesh 
cabbage 

leaf 

secondary 
rib  

cabbage 

main rib 
cabbage 

onion pepper tomato 

Sample 1  
X01 (Kg/Kg) 

19.92 26.96 11.5 9.9 32 22.38 5.62 11.31 10.25 10.97 10.58 13.47 

Sample 2  
X02 (Kg/Kg) 

19.24 27.54 11.27 9.93 22.76 20.96 3.83 10.85 9.63 10.67 10.86 13.56 

Sample 3  
X03 (Kg/Kg) 

20.36 27.45 10.86 9.45 29.85 20.04 4.69 11.12 9.99 12.25 10.53 13.28 

X0moy (Kg/Kg) 19.84 27.32 11.21 9.76 28.2 21.13 4.71 11.09 9.96 11.3 10.66 13.44 

Deviation  
(Kg/Kg) 

0.4 0.24 0.23 0.21 3.63 0.84 0.6 0.16 0.22 0.64 0.14 0.1 

Average drying  
time (mn) 

58 70 75 60 80 65 38 90 75 105 100 100 

 
content higher than that of its skin, 27.32 for the flesh of cucumber against 19.84 
kg/kg for its skin. 

In this same order, the skin of the cucumber dries faster than its flesh, 58 min 
against 70 min as time taken for the drying of the skin and the flesh of the cu-
cumber. Eggplant and zucchini skins take about 75 min and 80 min respectively 
for drying. As for their flesh, we note a drying time of 60 and 65 min respective-
ly. These results seem to show that the higher the water content of a product, it 
dries slowly. 

Cabbage is considered in this work as a non-homogeneous product. Secondary 
ribs mesh the entire leaf, symmetrically with respect to a main rib. These different 
parts namely the main rib, the secondary rib and the leaf respectively have 9.96, 
11.09 and 4.71 kg/kg as a value of their average water content and respectively 
75.90 and 38 min for their complete drying. For cabbage too, the drying time is 
classified according to the initial water content. The water content of the onion is 
slightly higher than that of the secondary rib of cabbage, 11.3 against 11.09 kg/kg 
and 105 min for drying. 

On the other hand, pepper and tomato all take about 100 minutes to dry, al-
though their water content is different, respectively 10.66 and 13.44 kg/kg. 

This paragraph exposes the complex nature of agri-food product drying model-
ing [26]. 

4.2. Resistance to the Transfer of Skins of Organic Products 

Traditional drying in Africa is generally practiced by women with different sizes 
and shapes of cutting. There is no question of worrying about the influence of 
any part of the product to be dried. In this paper, we would like to understand if 
transfers will be better done by controlling the behavior of product components. 
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We focus here on the study of transfers at the outer shell of the product. The 
skins of the three different products were dried to obtain the curves of Figure 1. 
The measurements were carried out three times for the reproducibility of the 
results for the convective drying at 80˚C. Thus, each point is the average of three 
measurements. Figure 1 shows that the cut made of the zucchini skin dries slightly 
better than the skin of the cucumber and eggplant. 

The critical states of these different forms of cutting are summarized in Table 
2. The results show that cutting the skin of cucumber quickly reaches its critical 
state as skin samples from eggplant and zucchini. 

The 10 mm thick slice samples reach their final drying times of approximately 
70, 65 and 60 min respectively for eggplant, cucumber and zucchini. Their initial 
water content in the same order is equal to 5.85. 6.51 and 4.62 Kg/kg respective-
ly. Here, have noted that it is not the initial water content that governs the state 
of drying; but the very nature of the product. The critical time and the relative 
water content for cutting the cucumber skin are respectively 35 min and 1.95 
Kg/kg. As for the skin of eggplant, these values are 50 min and 3.8 kg/kg. For 
zucchini skin, these values are respectively 42 min and 2.91 Kg/kg. 

4.3. Flesh Behavior during Convective Drying 

By drying the zucchini, eggplant and cucumber samples taken separately at 
80˚C, the results showed that they do not have the same behavior when drying 
(Figure 2). Each drying kinetics curve was repeated three times to verify the re-
petability. The flesh of the zucchini dries faster than that of the eggplant. The 
flesh of the cucumber of these three products: zucchini flesh, eggplant flesh and 
cucumber flesh, cucumber one is more resistant to transfer during drying. We 
observe that at 80˚C with free convection, the zucchini puts about 60 min of dry-
ing time; eggplant 65 min and cucumber 75 min. This ease of zucchini drying com-
pared to eggplant and cucumber may be of interest for its therapeutic applications, 
where low temperatures and reduced drying time are required to maintain the 
chemical elements. In addition, on an industrial scale, the difference between the 
drying times of different products must be taken into account, in order to main-
tain the nutritional quality of each before drying. 

Comparing these results with those of skin behavior, a paradox presents itself 
in three situations: 
• The slices of 10 minutes skin and flesh thickness of the zucchini have the same 

behavior when drying and take 60 minutes to dry; 
 

Table 2. Critical time and critical water content of the skin of cucumber, eggplant and 
zucchini. 

 
X0 (Kg/Kg) Xcr (Kg/Kg) Xcr/X0 (−) tcr (min) tf (min) 

cucumber skin 6.51 1.95 0.15 35 65 

Eggplant skin 5.85 3.8 0.14 50 70 

Zucchini skin 4.62 2.91 0.12 42 60 
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Figure 2. Three products flesh behavior during convective drying curves. T = 
80˚C: zucchini, eggplant and cucumber. 

 
• The flesh of the eggplant dries more pane than its skin. Indeed, at 80˚C, the 

two samples, namely skin and flesh. 10 minutes thick respectively 70 min and 
65 min respectively for their complete drying. 

• As for cucumber, its skin dries faster than its flesh is a drying time of 65 min 
and 75 min respectively. 

From these results it can be concluded that the control of the drying of agri-food 
products is complex. For very specific uses such as the medicinal field or as a di-
etary supplement, it would be desirable to take into account all these aspects. 

4.4. Non-Uniform Nature of the Material 

In this section, we compare the different behaviors of different parts of the cab-
bage namely the main rib, the secondary rib and the leaf. To have the same di-
mensions, we were forced to take samples of 5 mn of sides. Drying the different 
parts of the cabbage, we find that the leaf dries faster than the main rib and it al-
so dries faster than the secondary rib. The different parts of the cabbage dry dif-
ferently. The leaf reaches its critical content faster than the other constituents. 

These notable differences in behavior (Figure 3) will affect the drying of whole 
cabbage. Either it leads to a dried product where the ribs are not dry enough, 
which will contribute to the development of mold during storage, or over-dried 
leaves without nutritional values such as vitamins or other volatile components 
and even the deterioration of appearance of cabbage. 

4.5. Drying of Lamellar Structures 

By drying the onion slices and a whole cabbage leaf with all the ribs, it is found 
that the cabbage leaves dry faster than the onion slices. They are identical slats 
with several cutting samples that are subjected to a temperature of 80˚C. The  
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Figure 3. Influence of the three parts of cabbage on its convective drying. T 
= 80˚C. 

 
results showed that they do not have the same behavior when drying (Figure 4). 
The drying time of onion and cabbage are 110 min and 40 min respectively. This 
gap is huge for similar structures. Indeed, the onion takes about three times 
longer than the cabbage for its convective drying at 80˚C. The water content for 
onion and cabbage, respectively is 11.30 kg/kg and 9.65 kg/kg. 

4.6. Tomato and Pepper 

These two vegetables have a similar structure. They all contain seeds enclosed by 
a thick envelope whose exterior is a waterproof and smooth skin. 

The difference is that the tomato contains juice unlike pepper contained in 
empty spaces containing gas in place of a liquid. 

We compare here, their resistance to transfers during convective drying. 80˚C. 
The results of Figure 5 show that the strips of 1 × 2 cm cut in these different 
vegetables have very similar strengths. The evolution curve of the normed water 
content X/X0 − t is almost linear. This proves that the water contained in these 
materials is almost free and evaporates freely. 

5. Conclusions 

It will be remembered from this work that the control of the drying of agro-food 
products is complex. For very specific uses such as the medicinal field or as a di-
etary supplement, it would be desirable to take into account all these aspects. 

Based on products commonly consumed in Africa, the results challenge the 
actors on the ground to consider for the same agri-food product, the difference 
in water content from one sample to another. 

By comparing the behavioral results of skins and flesh, three situations arise: 
• The slices of 10 minutes skin and flesh thickness of the zucchini have the 

same behavior when drying and take 60 minutes to dry; 
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Figure 4. Comparative study of lamellar structures: onion and cabbage. 

 

 
Figure 5. Comparative study of similar structures of tomato and pepper. 

 
• The flesh of the eggplant dries more pane than its skin. Indeed, at 80˚C, the 

two samples, namely skin and flesh. 10 minutes thick respectively 70 min and 
65 min respectively for their complete drying. 

• As for cucumber, its skin dries faster than its flesh is a drying time of 65 min 
and 75 min respectively. 

For the same product as cabbage, the water content varies from one area to 
another. And the drying of an entire product without taking into account its dif-
ferent structures would not result in a dry product of good quality. 

These results could be taken into account when drying agri-food products, es-
pecially for certain therapeutic applications where chemical elements (vitamins or 
thermosensitive and volatile elements) require a short drying time and a low 
temperature. 
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Nomenclature 

Deff: diffusion coefficient (m2∙s−1) 
d: diameter (m) 
D0: pre-exponential factor of the Arrhenius equation (m2∙s−1) 
Ea: activation energy (kJ∙mol−1) 
L: length (m) 
m: mass (kg) 
R: constant perfect gases (kJ∙mol−1∙K−1) 
r: Ray (m) 
R2: coefficient of determination 
RH: relative humidity of the air, % 
t: time (s) 
T: temperature (˚C) 
V: volume (m3) 
x: Cartesian coordinate (m) 
X: water content ( 1

e mskg kg−⋅ ) 

Indices 

c: cylindre 
cr: critical 
d: diameter 
ms: dry matter 
eff: effective 
eq: balance 
f: final 
0: Initial (t = 0 s) 
L: length 
s: solid 
e: water 
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