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SUMMARY: Moringa oleifera is an oilseed crop with potential for biodiesel production. The second step in this process is the extraction
of oil. Extraction in hot water, with a Soxhlet apparatus and the ultrasound technique are the most commonly used methods. The aim
of the present work was to obtain a phenomenological model for the Moringa oleifera oil extraction process using Soxhlet. Effective
diffusivity for Moringa oil through the kernels is obtained, using the kinetics of the extraction process (experimentally determined)
and the Fick’s diffusion second law for non-steady state. The value of 0.685-10"'> m?%s fully matched reports on effective diffusion
coefficient for other solids. It was also verified from the statistical analysis and a linear fit for experimental data that the model can be
used to describe the oil extraction process of Moringa oleifera in the Soxhlet extractor, responding to the diffusive phenomenon (process
controlled by internal resistance).
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RESUMEN: Modelo fenomenologico para la prediccion del aceite extraido de Moringa oleifera utilizando un equipo de laboratorio
Soxhlet. Moringa oleifera es un cultivo oleaginoso con potencial para producir biodiesel. La segunda etapa del proceso es la extraccion
de aceite. Los métodos mas utilizados son la extraccion en agua caliente, con Soxhlet y la técnica de ultrasonidos. El objetivo del trabajo
fue obtener un modelo fenomenolédgico para el proceso de extraccion de aceite de Moringa oleifera en Soxhlet. Utilizando la cinética
del proceso extractivo (determinada experimentalmente) y la segunda ley de difusion de Fick en estado no estacionario, se obtuvo la
difusividad efectiva del aceite de Moringa a través de los cotiledones. El valor de 0.685-10'2 m%s, se corresponde con reportes del
coeficiente de difusion efectiva para otros solidos. Se verifico a partir del analisis estadistico y ajuste lineal de los datos experimentales,
que el modelo describe el proceso de extraccion de aceite de Moringa oleifera en Soxhlet, respondiendo al fendmeno difusivo (proceso
controlado por la resistencia interna).
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1. INTRODUCTION

According to several reports, Moringa oleifera
Lam. is an oilseed crop with potential for biodiesel
production (Rahid et al., 2008; Rashid et al., 2011).
The Moringaceae plant family consists of 12-14
species belonging to only one genus, Moringa (Diaz
et al., 2019). Moringa oleifera is native to Asia,
Africa and Arabia. The height of the tree can reach 10
m. It can grow well in the humid tropical or hot dry
lands; it can survive in very poor soils and is hardly
affected by drought (Anwar and Bhanger, 2003;
Diaz et al., 2017). Seeds are fleshy, and covered by
a fine husk of coffee color. They have three wings,
or winged seeds from 2.5 to 3 mm in length. The
kernel-to-husk percentage ratio of the whole seed is
approximately 75:25 (Salaheldeen et al., 2014).

The seed kernels contain a significant amount
of oil, commercially known as “Ben o0il” or “Behen
0il” (Anwar and Bhanger, 2003). The oil content
and its properties widely vary depending mainly on
the species and environmental conditions (Adegbe
et al., 2016). The oil produced from the seed kernel
of Moringa oleifera is golden yellow and contains
high amounts of oleic acid, with approximately
75%. The ester profile of Moringa oleifera oil differs
from other common vegetable oils used as biodiesel
feedstocks, and influences fuel properties. It may
also be noted that oils with high oleic acid contents
could have a positive influence on fuel properties
(Diaz et al., 2019).

Moringa oleifera seeds have also been used as an
effective coagulant and antimicrobial agent to remove
hardness, undesirable chemicals and biological
contaminants from water (Falowo ez a/., 2018; Kayode
and Kabir, 2018). The active agents of coagulation
are dimeric cationic proteins of molecular weight of
approximately 13 kilodaltons (kDa) (Prasad, 2009).

The second step in biodiesel production from
oilseeds is the extraction of oil. The husk and
remaining cake are generated as by-products.
Extraction of vegetable oil is commonly based
on mechanical pressing and solvent extraction
(Reverchon et al., 1999). It is well-known that
oil extraction efficiency by mechanical pressing
is significantly lower than chemical extraction.
Nevertheless, by solvent extraction, chemical
residues could remain, which can be quite harmful
to human health and to the environment (Zhao
and Zhang, 2013). Due to this fact, after solvent

extraction, a step of solvent-removal by vacuum
evaporation is applied (Stamenkovi¢ et al., 2018).
Extraction in hot water with Soxhlet apparatus and
the ultrasound technique are the most commonly
used methods.

The solvent extraction of vegetable oil is usually
carried out with hexane (Kostic et al., 2014). For the
extraction process, vegetable oils can be referred
to as a simple component, since all glycerides are
soluble in hexane. The other components that are
extracted with some difficulty are phosphatides,
since they have limited solubility.

Solvent extraction modeling. During solvent
extraction, oil seeds are put in contact with the pure
solvent or a solvent mix to transfer the oil from the
solid matrix to the fluid medium. This is developed
following a complex mechanism, especially for oil
materials because of the cell structure of vegetable
lipidic thickness. For that reason, it is difficult to
explain all phenomena which take place during the
solvent extraction through a single theory (Carrin and
Craspite, 2008). Different authors have considered
the mathematic modeling of vegetable oil extraction
(Thomas et al., 2005).

Diffusive transport. The success of an industrial
extraction process is a function of how fast a
compound dissolves. Different phenomena are
involved in the passage of the solute from the solid
to the solvent. The oil diffuses through the internal
structure to the surface of the solid and then passes
into the liquid by a convective mechanism (external
transport) (Treybal, 2001). Therefore, the convective
transport of oil into the liquid phase and the diffusive
transport produced within the solid must be evaluated
in order to characterize the transfer of matter.

The traditional Fickian approach uses the
concentration gradient between the raw material
particles and the solution as the driving force of
the extraction (Doulia and Gekas, 2001). This
development can be used (considering that there
are no changes in the effective diffusivities with
the solute concentration and that external resistance
to mass transfer is negligible) using a distribution
coefficient between two phases and with diluted
extracts. Thus, the extraction rate increases with
increasing concentration gradient. It can also be
increased by increasing the diffusion coefficient or
by reducing the particle size (Cacace and Mazza,
2003). The diffusion coefficient is frequently
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reported as the effective diffusion coefficient.

From the above, it is important to know the
phenomenological characterization of the oil extraction
process. Numerical modeling and simulation are
importantsubstitutes ofthe experiments. Theadvantages
of modeling and simulation are cost and time saving.
The best type of model is phenomenological. It is based
on physical and/or chemical principles. Nevertheless, a
model requires empirical validation (Muharam ef al.,
2019). Numerical modeling and simulation research
on Moringa oleifera oil production through solvent
extraction are not reported.

The aim of the present work was to obtain a
phenomenological model for the Moringa oleifera
oil extraction process using Soxhlet apparatus.

2. MATERIALS AND METHODS

2.1. Seed origin

The seeds of Moringa oleifera were harvested
at a facility located at (23° 7' 0" N, 82° 23’ 0" W) in
Havana, Cuba. They were globular, three-winged seeds
and covered with a thick blackish seed coat. The weight
of 100 seeds of Moringa oleifera was found to be 23.90
g £ 0.38. The seed contained 72.74% + 1.26 kernels
and 27.26% + 1.21 husks. According to literature
reports (Salaheldeen et al., 2014; Diaz et al., 2017), the
contents and properties of Moringa seeds depend on
species and environmental conditions. After removing
the husk, the kernels were milled and dried.

2.2. Particle size

The size-reduced particles were analyzed using
the Cuban standard (NC, 2008). A representative
sample of 14 g of milled kernels was taken, according
to the standard report. The average diameter of the
particle conglomerate (Dp) in m was determined
from Equation 1 (Rosabal and Garcel, 2006).

1
Axi
Dpi

Dp= (1

Where Axi is the retained fraction in the bottom
sieve of each pair and Dpi the average size of the
particles retained in the bottom sieve of each pair.

2.3. Drying of milled kernels

The milled kernels were dried at 55 °C in a stove

(model DHG 9146A, Shanghai Huitai Instrument
Manufacturing CO., LTD, Shanghai, China).
Removing water during this operation made the oil
extraction more efficient, since drying favored the
breakdown of the water-oil emulsions, guaranteeing
the oil easily dissolved in the organic solvent. The
moisture determination was carried out by weighing
the difference using an analytical balance, model
SARTORIUS BS 1248S. The drying curve was obtained
to define the operation time. Weighing was carried out
every half hour until reaching constant weight.

2.4. Oil extraction

A lab scale Soxhlet apparatus fitted with a 1-L
round-bottom flask and a condenser was used to
extract the oil from the kernels. About 10 g of dried
sample were used for each extraction. Hexane (purity
> 98%, specific gravity: 0.659, refractive index:
1.375) was added as solvent according to a solvent-
kernels ratio (6:1) (mass: volume ratio) in accordance
with previous studies (Diaz et al., 2017; Tabio et al.,
2018). An evaporation process was applied to the
mixture of oil and solvent in order to remove one
from the other. The process was developed in a rotary
evaporator (IKA-WERK HB 4 basic, Germany). The
extracted oil yield was expressed in mass percentage,
which is defined as the weight of the oil extracted over
the weight of the sample.

2.5. Kinetics of the process

The extraction kinetics of the Moringa oil were
studied in the Soxhlet using hexane at 69 °C (boiling
temperature) as solvent. During the experimental
runs, the change in time of the extracted oil
percentage was obtained. The measurements were
carried out in triplicate.

2.6. Diffusion model
coefficient determination

and effective diffusivity

The calculation method to apply the solution to
Fick’s diffusion second law, using natural logarithms
was followed by a simple regression analysis of the
solute’s adimensional concentration with respect to
time.

Oilseeds have a cellular structure. Therefore,
the internal diffusion within the solid structure is
the determining mechanism of the extraction rate.
Therefore, this type of phenomenon is represented
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by Fick’s diffusion second law for a non-steady

state (Varzakas et al., 2005). To obtain the effective

diffusivity coefficient, the kinetics of the extractive

process must be experimentally determined and the

aforementioned law must be used. Fick’s diffusion

second law for non-steady state was used to assess

whether the extraction of Moringa oleifera oil

using Soxhlet was controlled by internal resistance

(diffusive transport). To mathematically model

the diffusion according to this law, the following

conditions must be taken into account:

» The diffusion coefficient must be an independent
constant of the solid particle radius

* The solid structure must be homogeneous and
isotropic

* The oil distribution in the cell must be uniform

* In the case of spheres, the solid particle radius
must be uniform and the same for all particles

* Mass transfer from solid to liquid phase is
considered to be dominated by internal resistance
(diffusive transport)

The effective diffusivity of the solid is constant
throughout the sphere and the differential equation
that describes the diffusion process in spherical
coordinates can be obtained according to Hinnes et
al. (1987) (Equation 2).

ac _ . 0%, 20c
f)t - Def (arz + rar ) (2)
Where o is the cumulative term, 872‘:4-2780 the
ot o’ ror

diffusive term, r the sphere radius in m, t is the time
of diffusion in s and Def are the effective diffusivity
coefficients of solute in m?/s.

To model the mass transfer, an initial and
boundary conditions are required:

For t=0c = ¢, (c,: initial solute concentration (g/mL))

Fort>0c=0atr=a, a: Radius on the surface of the
sphere

The differential equation mathematics solution
can be determined from Equation 3:
DTt

= nmr

c §Z::1(-1) € 2 -senT

C, T n

)

Because triglycerides have different molecular
structures and masses, it is better to measure the

amount of oil with respect to the solid mass. Therefore,

) . C . )
the concentration ratio o s transformed into the

0
relationship between the remaining oil mass (q) and

the initial mass of oil (q,), obtaining the q& ratio.
0

For longer times, series converge and,

consequently, for most practical calculations, a few
points are sufficient. Indeed, all the series points,
except the first one, are negligible. The solution of
Fick’s diffusion second law is reduced to Equation 4,
where the amount of solute remaining in the solid at
time t with respect to the initial amount is:

6 f
%:?.e—nz.%ﬂ.t 4)
Where % is the relationship between the

remaining and initial quantity of oil, q the amount of

remaining oil in g at time t, q, the initial amount of
oil in g and & is the mathematical constant 3.1418.
Equation 4 was linearized by applying natural
logarithms to obtain Equation 5. The fit models were
tested for fit quality. For simple regression analysis,
the Statgraphics Centurion statistical program,
version XV was used. The slope of the line was used
to estimate the effective diffusion coefficient. An
initial oil content (c) of 45% was considered since
it is the maximum reported by Abdulkareem et al.
(2011); Ayerza (2011) and Efeovbokhan et al. (2015)
for Moringa oleifera. The equivalent radius of the
sphere was taken as the average radius of the particle
conglomerate obtained by the sieving operation.

q_ 9.87Dy .
In g =-0.498 - >8Pt (5)

3. RESULTS AND DISCUSSION

3.1. Sieving analysis

The sieving analysis served to obtain the
distribution of the present size of particles in the
Moringa oleifera seeds kernels after the milling
process (Table 1 and Figure 1).

A varied distribution of particle sizes can be
observed in Figure 1. The largest amount of milled
seeds kernels (56.09%) began to cluster in smaller
diameter sieves (between 1.0-10° and 0.5-10° m).
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TABLE 1. Sieving analysis data of Moringa oleifera milled kernels

Sieves breach

. . 103
relationship Retained mass (g) Axi Dpi-10
2.000 1.57 0.107 2.000
2.000/1.600 0.74 0.051 1.800
1.600/1.400 0.80 0.055 1.500
1.400/1.000 2.35 0.161 1.200
1.000/0.800 1.22 0.084 0.900
0.800/0.630 2.16 0.148 0.715
0.630/0.500 2.46 0.168 0.565
0.500/0.400 0.35 0.024 0.450
0.400/0.315 0.93 0.064 0.357
0.315/0.200 1.69 0.116 0.257
0.200/0.160 0.27 0.018 0.180
0.160/0.125 0.06 0.004 0.142
0.125 0.00 - 0.125
3.00
~2.50
2
® 2.00
©
E 50
e
'§ 1.00
@
® 050 I I
0.00

1 1 08 063 05 04 0.315 0.2 0160125

Sieve diameter - 102 (m)

FIGURE 1. Particle size distribution of Moringa oleifera milled
kernels.

The average diameter of the particle conglomerate
(determined by Equation 1) was 0.602-10~ m. This
result corroborates the fact that with this milling
method it was possible to further decrease the
particle size and therefore the oil extraction process
was expected to be favored.

It has been reported (Abdulkareem et al., 2011)
that particle size can directly affect the rate and
yield of the extraction process. Generally, at smaller
particle sizes the contact area between the solvent
and the solid increases, which caused the oil transfer
rate to increase (Abdulkareem et al., 2011).

Abdulkareen et al. (2011), recommend a small
size range (between 0.7-10° and 0.5-10° m) so
that each particle required approximately the same
extraction time. The results obtained in the present
work are in agreement with this aspect, the average

diameter of the milled seeds kernels being included
in the aforementioned interval. The diffusion
coefficient for internal mass transport depends of
the solid structure. To reduce the particle size of
oilseeds the cellular wall is broken, thus increasing
the access to the lipid content. It means that oil
could be extracted with a higher extraction rate.

3.2. Moisture content of the seed kernels

The initial moisture content of Moringa oleifera
seeds kernels was 4.61%. This result was found
to be lower than that of Moringa oleifera from
Pakistan (5.70%) and Yucatan (5.84%) (Anwar and
Bhanger, 2003; Ortiz et al., 2012). However, the
above-mentioned moisture reports are related to
the whole seed (husk and kernel). For this reason,
the husk moisture content of Moringa oleifera
from Cuba should be taken into account to make
a precise comparison. Recently a husk moisture
content of 6.25% was reported for Moringa oleifera
grown in Cuba (Pfeil et al., 2020). Therefore, a
seed moisture content of 5.05% could be obtained
by mass balance using this last value.

The drying curve serves to determine the moisture
content of the kernels at any instant in time. The
results are shown in Figure 2.

The moisture content of Moringa oleifera seed
kernels decreased from 4.61 to 0.22% during the
drying process as can be seen in Figure 2. From
the aforementioned, a drying time of two hours
was established because the moisture decreased to
percentages lower than 0.3%.

5.00
450
4.00
3.50
E 3.00

o
5250 o
3

4614032

5200 &
1.50
1.00
0.50
0.00

0 05 1 15 2 25 3 35
Time (h)

FIGURE 2. Drying curve of Moringa oleifera kernels at 55 °C.
Each moisture percentage is an average of three determinations,
mean + SD.
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3.3. Kinetics of extractive process

The results for kinetic extraction are shown in
Figure 3.

An oil extraction behavior over time is observed
in Figure 3, which indicated, as expected, that oil
yield is time dependent. The amount of extracted
oil is practically constant for extraction times of six
hours and longer, which was demonstrated with the
asymptotic behavior of the curve. The high rate of
extraction observed at the early stages may be due
to the high solubility of the oil in the freshly charged
solvent and the high concentration of the oil at the
solid surface. The freshly charged solvents (lean
oil) created a positive gradient or the needed driving
force that resulted in a higher mass transfer rate of oil
in to the extracting solvents. After the optimum point
had been reached, the extracting solvents (oil rich)
gave rise to lower driving force or slower extraction
rates (Efeovbokhan et al., 2015). The experimental
kinetics of the extractive process were required to
determine the effective diffusivity coefficient.

3

43121038 44.10 £ 0.59

'S
o

37.20 £ 0.80 4366 £ 0.31

'S
o

41.95 £ 0.62

)

w
o

(%
8

3168 £ 045

Extracted oil
- .- NN
o oo om

0 2 4 6 8 10 12
Extraction time (h)

F1GURE 3. Extraction kinetic curve of Moringa oleifera seed oil
using hexane. The extracted oil percentages are expressed as
means £ SD of triplicate experiments.

3.4. Phenomenological model of extraction

It should be expected that internal mass
transport will be the controlling phase during the
extraction process of Moringa oleifera oil using
Soxhlet apparatus because of the cellular structure
of abovementioned oilseed. This phenomenon was
verified through Fick’s diffusion second law in a
non-steady state, taking into account the kinetics of
the extraction process as shown in Figure 3. Fick’s
mathematic solution was linearized by applying the
natural logarithms in Equation 5.

The established initial oil content of Moringa
oleifera kernels and sample mass were 45% and
10 g, respectively. The remaining oil content was
calculated as a mass fraction per unit of initial oil

mass (%). Table 2 shows the experimental remaining

oil masses determined from kinetics extraction with
hexane.

A linear fit was corroborated for the experimental
data when In (q/ q,) is plotted against time (Figure 4).

Time (h)

0.00
050 0 5 10 15
-1.00
-1.50
F-200
2 250
-3.00
-3.50
-4.00

-4 50

FI1GURE 4. Experimental data fitting to the Fick's diffusion second
law for non-steady state

The model obtained is represented by Equation (6):

In L =_02689t - 0.8302

o - (6)

TaBLE 2. Experimental values for Moringa oleifera remaining oil
from kinetic study with hexane at 69 °C (qp=4.5 g)

Extracted oil

Time fraction from Re'maining (ﬁ?::ii:;llgﬂ In(q/q0)
(h) the kernels oil [q] (g) ratio [q/qo]
(Mean £ SD)*
0.5 0.2942 +0.0074 1.558 0.346 -1.0607
1.0 0.3096 + 0.0092 1.404 0.312 -1.1648
2.0 0.3168 = 0.0045 1.332 0.296 -1.2174
3.0 0.3483 +0.0051 1.017 0.226 -1.4872
4.0 0.3720 = 0.0080 0.780 0.173 -1.7527
6.0 0.4195 +0.0062 0.305 0.068 -2.6927
8.0 0.4312 +0.0038 0.188 0.042 -3.1756
10.0 0.4366 + 0.0031 0.134 0.030 -3.5166
12.0 0.4410 = 0.0059 0.090 0.020 -3.9120

*Values are expressed as means + standard deviation (SD) of
triplicate experiments.
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TaBLE 3. ANOVA of the phenomenological model for Moringa oleifera oil extraction process using Soxhlet

Source Sum of Squares DF Mean Square F-Ratio P-Value
Model 9.69578 1 9.69578 334.56 0.0000
Residual 0.202865 7 0.0289808

Total (corr.) 9.89865

Correlation coefficient -0.9897

R? 97.95%

R? (adjusted for DF) 97.66%

Standard Error of Est. 0.170237

Mean absolute Error 0.134161

Durbin-Watson statistic (Plz_;'a)S(;% 55 65 0)

Lagl residual autocorrelation 0.255402

TAaBLE 4. Statistical significance of the phenomenological model
coefficients

Parameter Least Standard t statistic P-Value
Squares Error

Intercept -0.830176 0.09483 -8.7540 0.0001

Slope -0.268992 0.01470 -18.2910 0.0000

The tests of model fit were verified to validate
the quality. The analysis of variance (ANOVA)
of the model and the statistical significance of its
parameters are presented in Tables 3 and 4.

Since the P-value in the ANOVA table is less than
0.05, there is a statistically significant relationship
between In (q/q,) and time at the 95.0% confidence
level. The R-Squared statistic indicates that the
model as fitted explains 97.9506% of the variability
in In (g/q,). The correlation coefficient equals
-0.9897, indicating a relatively strong relationship
between the variables.

The adjusted R? statistic, which is more suit-
able for comparing models with different numbers
of independent variables, was 97.65%. The high
value of the determination coefficient R? justified
a good correlation between the parameter and for
this reason, the model is suitable for a satisfactory
representation of the real process.

The Durbin-Watson (DW) statistic tests the
residuals to determine if there is any significant
correlation based on the order in which they occur in
the data. Since the P-value (0.0560) is greater than

5.0%, there is no indication of serial autocorrelation
in the residuals at the 5.0% significance level. The
residuals, which are the difference between the
observed values and the predicted values, should lie
on a straight line in the normal probability plot.

Therefore, these three suppositions imply that the
suggested model (Equation 6) is adequate and can be
used to describe the oil extraction process of Moringa
oleifera in the Soxhlet extractor, responding to the
diffusive phenomenon according to Fick’s diffusion
second law in a non-steady state.

3.5. Comparative analysis of oil extraction
percentages determined from the phenomenological
model and laboratory experiments

Three oil extraction experiments were developed
according to the description in the materials and
methods section. For any extraction process, it is
possible to obtain a high quantity of the product in the
first hours, with a time from which the effectiveness
of the extraction is very low. The difference between
the overall maximum at 12 h and the value at 6
h, as obtained from the respective seed samples,
extracting solvent and times was only nominal (see
Figure 3). That is the main reason for fixing six
hours as the extraction time for the experiments.
This would not affect the oil extraction percentage
and will be related to the energy consumption during
the operation with the Soxhlet apparatus. This means
that if the cost of solvent extraction is considered,
the optimum conditions must be used. The nominal
oil yield after this optimum point bears a negative
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cost on the overall extraction cost (Efeovbokhan et
al., 2015).

The experimental extraction oil percentages of
Moringa oleifera from Cuba were 40.12, 40.56 and
42.48%. These results were higher than those reported
for Moringa oleifera Wild (NWFP, Pakistan) 34.80%
and Moringa oleifera variety Mbololo (Kenya)
35.70%. However, the extracted oil content was
comparable to Moringa oleifera Sindh (Pakistan)
40.39% (Anwar and Rashid, 2007). The differences
found might be attributed to the diversity of natural
habitats and agroclimatic constraints (Efeovbokhan
et al.,2015).

In addition, the extraction percentage obtained
from the phenomenological model (41.09%) was
compared to the experimental results. The relative
error was lower than 5% in all cases, which validated
the degree of accuracy of the phenomenological
model to predict the extraction percentage of Moringa
oleifera oil in Soxhlet.

3.6. Effective diffusivity estimation of Moringa
oleifera oil through the kernels

The effective diffusivity (Def) was obtained
from the slope of the fitted model (Equation 6).
The equivalent sphere radius was 0.301-10° m as
calculated from the average diameter of the particle
conglomerate (0.602-10- m). The effective diffusivity
for Moringa oleifera oil through the kernels was
obtained for the first time. The value of 0.685-10"2
m?/s, fully matched with reports of effective diffusion
coefficient (between 102 to 107'° m?s) for other
solids (Doulia and Gekas, 2001; Cacace and Mazza,
2003; Varzakas et al., 2005). Diffusion within a solid
structure is a more complex phenomenon than inside
liquids and gases. For this reason, lower diffusion
coefficient and slower mass transfer are to be expected.

4. CONCLUSIONS

A phenomenological model to describe the oil
extraction process using Soxhlet was obtained. The
validity of the model was demonstrated when Fick’s
diffusion second law in a non-steady state was applied
to the oil extraction from Moringa oleifera kernels
with hexane. The extraction percentage determined
from the phenomenological model (41.09%) was
compared to the experimental results. The relative
error was lower than 5% in all cases, which indicated
the degree of accuracy of the model. The effective

diffusivity for Moringa oleifera oil through the
kernels at 69 °C was determined for the first time.
The value of 0.685-10"'2 m%s fully matched reports
of effective diffusion coefficient for other solids.
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