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Abstract

Currently in several points of Mexico, as in the municipalities of Tuzantla, Mugica, Uruapan,
Michoacan; Monterrey, Nuevo Leon, Torreon, Coahuila, Tuxtla Gutiérrez and Chiapa of Corzo,
these last two in the state of Chiapas, there are plantations of Moringa oleifera trees for commercial
purposes; however, producers have not found an adequate procedure that contributes to improving
the final quality of said plant. The objective was to find a suitable drying process for this product,
for which its kinetics of drying will be studied. The moringa was dried in a hybrid solar dryer at
different temperatures (40 °C, 50 °C and 60 °C) during the month of May, recording the loss of
mass and determining the free humidity for each temperature, through the balance Velab VE-24
analytical and Velab VE-50-5 thermo-balance. The curves were obtained from the analysis and
processing of the experimental data through a program elaborated in Matlab and it was determined
which of the selected mathematical models (Newton, Page, Henderson and Verma) was better
adjusted to them. Determining that the Page model is the one that best describes the moringa's
kinetics of drying. The diffusion coefficient and the activation energy were calculated for this case.
Finally, the organoleptic quality of the product was evaluated by comparing it with other
commercial samples of moringa, through the application of surveys. The drying curves show a
decrease in the drying time when the temperature increases, resulting in a better quality of the dried
product. Samples that were dried at 60 °C showed better characteristics of color, taste, smell and
texture according to the organoleptic evaluation.
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Introduction

The Moringa oleifera is the most widely cultivated species of the moringa genus, being the only
one of the genus of the family Moringaceae according to Quattrocchi (2000) is considered one of
the most useful trees in the world, it can be used as food or for medicinal applications for being an
important source of carotene, vitamin C, protein, iron, potassium, calcium and phosphorus.
According to Olson (2011) said plant is commonly dried, crushed and stored without refrigeration
for months without loss of nutritional values. With such a powerful nutritional value, these leaves
could avoid the scourge of malnutrition and other related diseases (Mathur, 2005). Because of the
benefits offered by moringa, its postharvest conservation is important through drying, which allows
it to be commercialized in places where it is not cultivated.

Drying is one of the oldest techniques used for the conservation of food since the beginning of
mankind since it provides the possibility of subsistence in times of lack Fito et al. (2001).
Although natural drying is the most economical, it has some limitations. Under normal
conditions, it takes two to three days; however, in times of low solar radiation and rainfall, the
drying time is extended to 5 days or more, and the product can be negatively affected by
biological agents. Due mainly to these disadvantages it is advisable to consider the use of solar
dryers.

According to Heldman and Lund (2007), drying is defined as the removal of moisture due to the
simultaneous transfer of heat and mass. Also, Sharma et al., (2003) point out that the kinetics of
food drying is a complex phenomenon and requires reliable models to predict this process.
According to Andrade et al. (2003) These models are useful tools to estimate the time necessary to
reduce the water content of the product under different conditions and the ideal temperature, thus
improving the efficiency of the process. Midilli et al. (2002) describe various mathematical models
for the kinetics of drying agricultural products. So far, no drying Kkinetics studies of Moringa
oleifera have been conducted, which is why this research focuses on the study of the drying kinetics
of said plant.

Materials and methods

The leaves of Moringa oleifera were obtained from plantations of a hydroponic ranch located in
the city of Chiapa of Corzo, Chiapas, which sells dry moringa capsules, subjecting said plant to a
traditional or natural drying process.

After the plant was transferred to the laboratories of the Center for Research and Technological
Development in Renewable Energies (CIDTER) of the University of Sciences and Arts of
Chiapas (UNICACH), a microbiological selection of the leaves was carried out, washed, removed
excess of water and finally submit them to the defoliation process. Trays of aluminum foil, tared
on a Velab analytical balance, model VE-24, were made, in which the moringa leaves were
weighed obtaining samples between 9 and 10 grams approximately, which were placed in the
trays.
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Drying equipment

The drying process was carried out in a hybrid solar dryer (Figure 1), which has the peculiarity
of maintaining the temperature of the chamber constant. It presents for this a water heating
system consisting of two heat pipe solar collectors, a thermo-tank, a heat exchanger placed
inside the drying chamber and a pump that recirculates the water between the thermo-tank and
the exchanger of heat. In addition, it has a backup wind generator to recharge a battery bank
that is discharged through electrical resistances placed in the chamber. The camera also has a
fan for air recirculation and an air extractor to remove humid air from inside the chamber to

the environment.

Thermo - tank
Solar collectors heat pipe

- Extractor

Wind turbine

@/ Fan

Radator
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Figure 1. Wind solar hybrid dryer for the dehydration of agricultural products.

Drying process

The dryer also has a data recording and control system where the values of temperature and
humidity of the air in the chamber and the water temperature of the thermo-tank are monitored and
recorded on an SD card. The experiments of the moringa leaves drying were carried out at 40 °C,
50 °C and 60 °C. To determine the initial moisture of the moringa sample, a Velab brand
thermobalance model VE-50-5 was used.

Four samples of Moringa oleifera were prepared for each experiment. Said samples were
placed inside the drying chamber (previously heated at constant study temperature). During
the drying, the moringa mass variations were recorded every 30 min until it was minimal or

null.
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Determination of humidity and drying speed

To obtain the curves of drying and drying speed, the method of Geankoplis (1983) was used,
determining the moisture content on a dry basis at each instant (Xt) according to
equation (1).

_ Mt-Fs
Fs

Xt 1)

Where: Mt= is the mass of the wet material in kg and Fs= is the mass of the dry product in kg, Xt=
dry base moisture in kg of water kg of dry solid.

With the equilibrium moisture percent of the product (X,,), the value of free moisture (X) in kg

of free water/kg of dry solid for each value of Xt can be calculated by equation 2. This (X) is the
moisture that the solid can lose after a time of contact with the air under the established
conditions.

X=X,-Xeq 2)

In relation to the above, the drying speed was calculated by means of equation (3), where: A= is
the drying area in m? and Fs= is the weight in kg of the dry solids.

R=2 () 3

Mathematical modeling of drying curves

For modeling the kinetics of Moringa oleifera, mathematical models were adjusted to the
experimental data, being those of Newton, Page, Henderson and Verma (Table 1) the ones selected
since they are the ones that most characterize the kinetics of drying of nutrimental plants and
medicinal products (Correa et al., 2007).

Table 1. List of models used and their references.

Model name Model Reference
Newton Xa(t)=exp(-kt) Mujumdar (1987)
Page Xb(t)=exp(-kt") Diamante and Munro (1993)
Henderson Xc(t)=a exp(-kt") Henderson and Pabis (1961)
Verma Xe(t)=a exp(-kt) + (1-a) exp(-gt) Verma et al. (1985)

Using a program developed in Matlab, whose operation is described in Figure 2, allowed to find
the model that best describes the behavior of its drying Kinetics, using the correlation coefficient
(R?) as the main criterion to select the best fit.
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Figure 2. Flowchart of the process performed by the Software.

Determination of the diffusion coefficient (D)

The diffusion coefficient (D) is an effective diffusivity whose value is calculated through the
mathematical model by adjusting the experimental values. It can be understood as the ease with
which the water is removed from the material, this varies as the drying conditions change
(temperature and air speed), it is not intrinsic to the material (Giraldo and Arévalo, 2010). The
values of the diffusion coefficient were obtained through the logarithmic correlation of the
experimental data (Ln(X)) and through the coefficients obtained from the best fitting model.

For the calculation of the effective diffusivity the Fick equation was used for laminar geometry in
one direction.

X X
o et 52

4)

Where: X= is the free moisture content, t is the time (h), x= is the characteristic dimension (m),
D¢ = is the diffusion coefficient (m? s™).

According to Da Rocha et al., 2012 the solution of the Fick equation for the geometry of a moringa
(sheet) and using eight series thermos is.
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<-hn7'[ Dqg t)
X== Xr hiz e\ 4 ; h, =2n-1 5)

n=1

It was assumed that the first term of the sum is the only one that has significance, so for n= 0, the
resulting equation looks like this:

Xt-X, 8 2Dep t
X=——Ct==exp (—Zf ) 6)
Xog-Xe ™ 4L

By means of linear regression, the values of the parameters associated with the best adjustment
curve are obtained, for the experimental data of free moisture X. The variables X and t present an
exponential dependence, it is necessary to adjust it as follows.

X=a exp 7)

By means of a linear transformation, applying Neperian logarithms a linear equation is
obtained:

In(X) =In(a) +(-kt) 8)
By analogy to the equation of a line y= A+Bx you have to:

. 8
y=In(X); A=In(a), Bx=-kt, B=-k y x=t. For the case of equations 8 and 9, we have that a=—

2
and k=- 4”7 Def. From the slope, B of the line of In(X) against time, we have that the diffusion
coefficient Def is:

k412
2

T

2
B= 4”? Def, clearing you get, Def= 9)
Activation energy
The activation energy represents the energy required to initiate the diffusion of moisture during

drying and gives an indication of the influence of temperature on the process, which can be
described by the equation (10) of Arrhenius.

Def=Do exp ( - }f—;) 10)

In which Ea is the activation energy (m? s1), T is the absolute temperature of the drying air (K)
Do is the Arrhenius factor m? s and R is the universal gas constant (8.314 kJ mol™).

By means of the exponential regression, the activation energy is obtained as follows.

In(Def) =1n(Do) + (RE—;) 11)
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By analogy to the equation of the line Y=A-+BX we obtain that:

Y=1In(Def), A=In(Do); Bx= (;—;) ; B=%, X=% 12)
Do=exp(A) 13)
Ea=-B*R 1 4)

Where: A represents the intercept and B the slope of the linear equation Y=A+BX. To obtain the
activation energy, the Ln(D,_;) was determined and the relation of the Arrhenius type Ln(D;)to
the inverse of the absolute temperature of the drying air 1 000/T was plotted, using the values of
the slope (B) obtained from said graph.

Descriptive sensory evaluation of moringa

As this is a new product, the level of preference and acceptability was evaluated using this method
because it is easy and quick to process and analyze. For which there are 50 individuals to establish
not only the difference between samples but the magnitude of it. These surveys allowed to
determine the level of acceptability in taste, texture, smell and color of the samples. (Liria, 2007).
All this in collaboration with the School of Nutrition of UNICACH.

Results and discussion
The Moringa oleifera presented an initial humidity of 70.3%. In the Table 2 shows the drying time
and free humidity for the study temperatures. These results coincide with the relationship between

high temperatures and shorter drying times.

Table 2. Drying time and free humidity of the moringa for the three temperatures.

Drying temperature (°C)  Drying time (h) Humidity of free (kg of water/kg of dry
solids)
40 6:30 0.13
50 4:00 0.02
60 2:15 0.12

Figures 3 and 4 show the curves of variation of humidity percent and drying speed for the three
study temperatures with respect to time.
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Figure 3. Variation of the moringa moisture percentage for the three temperatures.
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Figure 4. Moringa drying speed curve for the three temperatures.

As a result of the modeling of the experimental data, Table 3 shows the coefficients obtained
from each of the models used, as well as the correlation coefficient. As it is observed the model
that was more adjusted to the experimental data was the Page model with an average correlation
coefficient for the three temperatures of R>=0.9957, this is verified in the graphs described in
figures 5, 6 and 7, followed by the model of Verma, Henderson and Newton in that order.
Therefore, the Page model will be used for the determination of the diffusion coefficient and the

activation energy.
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Table 3. Coefficients by mathematical models according to the experimental data.

Model and 40 °C 50 °C 60 °C
equation Coefficients R? Coefficients R2 Coefficients R?
Newton k=0.0952 0.8704 k=0.1561 0.8234 k=0.2147 0.7798

Page k=0.01201 k=0.01911 k=0.03818
n=1.94 0.9946 = 0.03818 0.995 n= 2399 0.9439
Henderson k=0.1235 k=0.2227 k=0.3445
o {oas  0.9385 {309 09337 o145 0.9439
Verma k=0.244 k=0.4186 k= 0.6805
a=-36.47 0.9819 a=-49.15 0.9779 a=-14.28 0.7798
g=0.2362 g= 0.4075 g=0.6174
14
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Modelo de Henderson
Modelo de Verma
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Figure 5. Adjustment of the mathematical models to the experimental data for 40 °C.

1.1

*  Datos experimentaies a 50°C
LY S Maodelo de Newon
2 W . Modelo de Page
08 Modola &y Honderson 1
Modolo da Verma
a8

o
ot

Humedad Libee (X2)
o o
o (=2

o
r’S

03

02

01

Tempo (Horas)

Figure 6. Adjustment of the mathematical models to the experimental data for 50 °C.
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Figure 7. Adjustment of the four mathematicians to the experimental data for 60 °C.

As can be seen in Table 4, there is a similarity between the values of the diffusion coefficient
calculated from the Page model and those obtained from the logarithmic correlation of the
temperatures of 40, 50 and 60 °C. It can also be noted that for higher drying temperatures the drying
speeds are higher, thus, the increase in temperature favored the mass transfer and as a consequence
the increase of the diffusion coefficient.

Table 4. Diffusion coefficients (D ), obtained for the Ln(X) and for the page model.

o Def
Temperature (°C) ) page
40 9.68678E-08 9.8894E-08
50 1.5008E-07 1.6966E-07
60 2.69933E-07 2.7581E-07

For the activation energy for the page model, it is very similar to the experimental data, so it is
stated that it is the best fit model (Table 5).

Table 5. Activation energy for the page model and the logarithmic correlation.

Model Pending (B) Intercept (A) D,=exp (A)  E,=-B*R (kdmol?)
Correlation -5.33607 0.86084 2365146583 4436408598
0 Ln(X)
Page -5.35133 0.96307 2619726702 44.49095762

The energy needed to start the moringa drying process is in the range from 44.36 to 44.49 kJ
mol. A high activation energy corresponds to a reaction speed very sensitive to temperature
(the Arrhenius representation has a large slope) and vice versa, a small activation energy
corresponds to a reaction speed relatively insensitive to changes in temperature (Figure 8).
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Figure 8. Logarithmic correlation of D¢ for the experimental data.

Table 6 shows a comparison of the diffusion coefficient obtained in this experiment with moringa
with those reported in studies of similar plants.

Table 6. Comparison of diffusion coefficient and activation energy for various products.

Epazote (Dysphania
ambrosioides) Kane
et al. (2008)

Mint (Mentha crispa
L.) Park et al. (2002)

Thyme (Thymus) Da

Rocha et al. (2012) Moringa

Temp D (m?st)  Temp D, (m?s?) Temp D,(m?s?) Temp D (m?s?)

40°C  9.281E-13 - - - 40°C  7.760E-12 40°C  4.8677E-08
1.125E-12
50°C  2.261E-12—- 50°C 3.7116E-09- 50°C  2.089E-11 50°C  7.7453E-07
2.295E-12 4.598E-09
- - 60°C 5.4772E-09—- 60°C 5.626E-11 60°C  1.5474E-07
1.044E-0

Sensitive evaluation

For the organoleptic evaluation, the samples were numbered as follows: 1, dried at 40 °C; 2, dried
at 50 °C; 3, dried at 60 °C and 4, commercial product of the Rancho of Chiapas of Corzo that dries
traditionally; the results of said evaluation are shown in Table 7. The novel of liking was evaluated
integrally, or the evaluated senses are summarized in expectation or disagreement with two
intermediate terms as shown in the Table 7.
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Table 7. Evaluation of the organoleptic taste of Moringa oleifera samples.

Pleasure evaluation

Samples Greater pleasure ~ Moderate pleasure ~ Moderate displeasure  Greater displeasure
Sample 1 8 6 27 8
Sample 2 6 26 8 4
Sample 3 30 1 2 3
Sample 4 6 7 13 35

The sample dried at 60 °C obtained the highest figures of pleasure because it presented the highest
number of respondents who rated it with a high level of complete satisfaction in each item evaluated
(18% for odor, 74% for color, 56% for texture and 52% for flavor) and in addition said sample was
preferred over all others by 60% of the respondents. Finally, the sample number 3 (dried at 60 °C)
is the best in terms of drying speed because it was the one that presented less time until reaching
equilibrium moisture. In organoleptic terms, it presented the best evaluations in each of the items
evaluated by the respondents.

Conclusions

It can be concluded that both in the Kinetics of drying and in the organoleptic evaluation, the
optimum drying temperature for the Moringa oleifera is at 60 °C, presenting a drying time of two
hours, the Page model being the one that best describes the process; with a diffusion coefficient of
1.54745E% and an activation energy (E,) whose value is in a range of 44.36 - 44.49 kJ mol™.
Regarding the organoleptic evaluation, the sample dried at 60 °C obtained the highest levels of
taste in terms of smell, color, texture and flavor, and was also preferred over all other samples by
more than 60% of the respondents.
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