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Abstract
This study addresses the need for a more environmentally friendly and sustainable alternative to hexane, the conventional 
solvent for oil extraction. Hexane, while efficient in dissolving oil, poses neurotoxicity risks and stems from nonrenewable 
sources. In contrast, ethanol, produced via biotechnological methods, offers a promising alternative due to its minimal 
environmental impact, cost-effectiveness, and safety profile. The objective of this work is to compare the performance of 
hexane and ethanol in the extraction of soybean oil, employing simulation techniques rather than traditional laboratory 
experiments. The research develops a mathematical model for a countercurrent multistage solid–liquid extraction process, 
specifically tailored for soybean oil extraction, and simulates the process using MATLAB/SIMULINK. The results reveal 
that hexane exhibits a higher initial extraction rate, especially over a 90-min simulation period, though ethanol demonstrates 
comparable efficiency. Moreover, ethanol consistently showcases higher extraction efficiency relative to hexane when 
considering solvent-to-solid mass ratios. In conclusion, both hexane and ethanol extraction prove practical with ethanol 
holding advantages in terms of safety and extraction efficiency. These simulation findings serve as a valuable foundation for 
subsequent laboratory experiments which can contribute to the validation and refinement of the simulation model.
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Introduction

Solid–liquid extraction, also known as leaching, is a 
process whereby a solid is brought in contact with a liquid 
(solvent) in order to extract desired solute constituents from 
the solid phase. Leaching is widely used in the biological, 
pharmaceutical and food processing industries. In the 
pharmaceutical industry, many products are obtained by 
leaching plant roots, leaves, and stems (Gworek et al. 2021; 

Özçelik et  al. 2024). In the food processing industries, 
vegetable oils (which are commonly consumed by humans 
every day and are used for cosmetic and pharmaceutical 
purposes) are extracted by solvents by leaching processes of 
pretreated oil seeds (Ghouila et al. 2019). Examples include 
the extraction of oils from peanuts, sunflower seeds, cotton 
seeds and soybeans.

Soybean protein has a variety of industrial applications, 
including wood adhesives, polymers, textile fibers, and paper 
coatings. Soybean oil is frequently seen as being too viscous 
and reactive to air oxygen to be employed in fuels, cosmetics, 
lubricants, and chemical additives, but not reactive enough 
for the majority of paint and coating applications (Johnson 
and Myers 1995). Continued improvement in industrial 
soybean processing and efficiency has helped soybeans 
remain an important substrate for foods, feeds, fuels, and 
bio-based materials (Gaonkar and Rosentrater 2019).

Globally, vegetable oils are part of the traditional 
food chain for humans, though some researchers are 
discovering growing applications for biodiesel from them 
by transesterification (Issariyakul and Dalai 2014; Lin et al. 
2009). Soya beans or soybeans is considered in this study 
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due to its health benefits, which include preventing heart 
attack and stroke, helping to fight cancer, aiding the digestive 
system, helping with good blood circulation and helping to 
treat insomnia. Furthermore, in the case of the development 
of biodiesel, vegetable oils have several advantages 
over petroleum fuel, which are: (i) local availability (ii) 
renewability (iii) relatively high heating value (iv) lower 
sulfur content with minimum pollution (v) lower aromatic 
content (vi) high biodegradability (Atabani et al. 2013). The 
use of vegetable oil also reduces particulate emissions from 
the diesel engine (Li et al. 2013).

In this study, hexane and ethanol will be considered in 
the soybean oil extraction process. The two solvents will 
be compared, via simulation, to see how they will behave 
in the extraction process. Other solvents that can be used 
for oil extraction are carbon dioxide, petroleum ether, 
acetone, benzene, etc. The most widely used solvent for 
extraction is hexane (chemically made from crude oil) due 
to its high stability, maximum ability to dissolve oil, and 
its reasonable volatility which aids easy removal using low 
energy. However, the major disadvantage of hexane is that 
it is not environmentally friendly (Hammond et al. 2005). 
Considering the health of the public, industries are looking 
for a better substitute that will reduce pollution in the 
environment (Rai et al. 2015). Ethanol was introduced due to 
its advantage from an environmental point of view. Ethanol 
is not harmful to the environment and it is less costly. 
However, one issue with ethanol is that more energy is 
required for the separation of ethanol from oil. Nonetheless, 
due to its partial miscibility with oils at room temperature, 
after high-temperature extraction and subsequent cooling, 
ethanol allows two liquid phases to be built (an alcohol-rich 
phase and an oil-rich phase), which is particularly beneficial 
for subsequent processing. Hence, it is necessary to evaluate 
the effectiveness and efficiency of each of these two solvents 
relative to the other.

Solid–liquid extraction is a fundamental process in the 
production of soybean oil, an essential component in the 
food industry. Mathematical modeling plays a crucial role 
in understanding and optimizing this process, aiding in the 
design of efficient extraction systems. Some recent studies 
have focused on developing comprehensive mathematical 
models to elucidate the complex mechanisms involved in 
soybean oil extraction. Comerlatto et al. (2021) proposed 
a mathematical model based on the mass transfer kinetics 
of solvent penetration into soybean seeds. The model 
accounted for diffusion, external and internal mass transfer 
resistances, and solvent solubility, providing insights 
into the optimal extraction conditions. Although diverse 
works have modeled solid–liquid extraction, the novel use 
of mathematical modelling for dynamic studies for the 
countercurrent solid–liquid extraction of soybean oil, to 
achieve a comparative analysis of the two solvents, hexane 

and ethanol, is the unique contribution of this paper which 
is lacking in previous works.

Although the single contact batch operation is the easiest 
form of solvent extraction, where the solid to be leached 
and the solvent are combined and the solid phases of 
extract and raffinate are extracted, however, to use solvent 
more effectively and to create a more concentrated extract, 
countercurrent multistage contacting is often used. Multi-
stage leaching experiments are expensive, so the use of 
simulation can help minimize costs. During experiments, 
when hexane is used, it causes some environmental issues 
but simulation will help to avoid the environmental issues. 
Simulation is very important to solve real-world problems 
safely and efficiently. It provides an important method 
of analysis that is easily verifiable, communicated, and 
understood. Across industries and disciplines, simulation 
modeling provides valuable solutions by giving clear 
insights into complex systems. Hence, the use of process 
simulation for this comparative study.

In order to achieve the objective of comparing the 
performance of hexane and ethanol as viable, efficient, 
and effective solvents for the extraction of soybean 
oil, this research paper will undertake the following 
objectives. Firstly, the mathematical model for the dynamic 
countercurrent multistage solid–liquid extraction process of 
oil from soybean would be developed. Secondly, MATLAB/
SIMULINK would be used to carry out the simulation of 
the process and to study its dynamics or transient behaviour. 
Finally, the software would be used to compare and evaluate 
the use of hexane and ethanol for the extraction of oil from 
soybean.

Materials and methods

Dynamic process modelling

The foundation of any simulation problem is a mathematical 
model. In this section therefore, the governing equations 
for the countercurrent multistage leaching process are 
developed.

The nth stage of a typical countercurrent leaching process 
is depicted in Fig. 1

The variables and parameters used in this work are as 
listed in the table of nomenclature (Table 1) and their units.

Taking component mass balance for the solute (soybean 
oil)

Assuming constant molar overflow and underflow such 
that;

(1)
d

dt

(

Hxn + hyn
)

= Vn+1xn+1 + Ln−1yn−1 − Vnxn − Lnyn
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Substituting (2) and (3) into (1)

Assuming constant hold-up of both the liquid and slurry 
phases, H and h are constant, such that

Assuming linear equilibrium relationship between the 
two phases:

(2)Ln−1 = Ln = Ln+1 = L

(3)Vn−1 = Vn = Vn+1 = V

(4)
d

dt

(

Hxn + hyn
)

= Vxn+1 + Lyn−1 − Vxn − Lyn

(5)H
dxn

dt
+ h

dyn

dt
= Vxn+1 + Lyn−1 − Vxn − Lyn

Equation (5) becomes

Let

Therefore, the dynamic model becomes

Equation (15) is a second-order differential-difference 
equation expressing the mass fraction of the liquid overflow 
phase (containing the extracted oil) as the dependent variable.

Typically, a five-stage leaching process is the commonly 
adopted optimum number of stages for design purposes. As 
such, the model equations for each of these stages is presented 
below:

(6)y = mx

(7)yn = mxn

(8)yn−1 = mxn−1

(9)H
dxn

dt
+ h

d(mxn)

dt
= Vxn+1 + L(mxn−1) − Vxn − L(mxn)

(10)(H + hm)
dxn

dt
= Vxn+1 − (V + mL)xn + mLxn−1

(11)
dxn

dt
=

V

H + hm
xn+1 −

V + mL

H + hm
xn +

mL

H + hm
xn−1

(12)α =
V

H + hm

(13)β =
V + mL

H + hm

(14)γ =
mL

H + hm

(15)
dxn

dt
= αxn+1 − βxn + γxn−1

(16)
dx1

dt
= αx2 − βx1 + γxO

(17)
dx2

dt
= αx3 − βx2 + γx1

(18)
dx3

dt
= αx4 − βx3 + γx2

(19)
dx4

dt
= αx5 − βx4 + γx3

Fig. 1   Process flow diagram for stage n in a countercurrent multistage 
leaching process

Table 1   Nomenclature of symbols and their meanings

Symbol Meaning Units

n Stage number –
L Underflow phase mass flow kg/hr
V Overflow phase mass flow kg/hr
H Liquid phase mass holdup kg
h Slurry phase mass holdup kg
x Mass fraction of the oil in the liquid phase
y Mass fraction of the oil in the slurry phase
E Extraction efficiency
t Time hr
m Equilibrium constant
α Constant defined in Eq. (12)
β Constant defined in Eq. (13)
γ Constant defined in Eq. (14)
r1 Solvent-to-solid mass ratio
r2 Liquid-to-slurry-phase-holdup mass ratio
r3 Underflow-to-slurry phase holdup ratio
∀ Volume of solvent m3

� Density of solvent kg/m3

�
solids

Density of soybean solids kg/m3
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where xO can be obtained from the equilibrium relationship 
xO = yO∕m with yO being the mass fraction of the oil in the 
feed stream ( LO ) into stage 1. The exit overflow stream or 
extract from stage 1 (which is the product stream) has a 
mass fraction of x1 . Since the process is countercurrent, the 
solvent is fed into the process in stage 5 with a solute (oil) 
concentration of x6 and the underflow raffinate leaves stage 
5 with a concentration of y5 which is in equilibrium with the 
overflow leaving the stage with an oil concentration of x5 . 
For a pure solvent, x6 = 0 and for a pure feed yO = 1.

Dynamic process simulation

Equations  16–20 are the differential equations which 
represent the soybean oil leaching process and are 
represented on MATLAB/SIMULINK in order to develop 
the computer models that will be needed for the simulation 
as shown in Fig. 2

Each of the sub-systems in Fig. 2 represent the differential-
difference model equation representing each stage of the 
process. Each sub-system has two inputs as dictated by the 

(20)
dx5

dt
= αx6 − βx5 + γx4

model equations and one output. The interconnectivities of 
the model variables are depicted in the Figure. The inherent 
sub-systems’ computer models are as shown in Figs. 3, 4, 5, 
6 and 7

Process simulation parameters

After the models have been developed and represented 
on SIMULINK, it is expedient to provide values of some 
parameters that will be needed for simulation. Since laboratory 
experiments will not be carried out, the values of those 
parameters will be obtained from literature. Parameters for the 
liquid phase hold-up (H), slurry phase hold-up (h), underflow 
phase (L), overflow phase (V).

For ease of comparative simulations, the model parameters 
α, β, γ will be expressed in terms of ratios of the pertinent 
characteristic parameters. It will be better to work with the 
ratios: solvent-to-solid mass ratio ( r1 ), liquid-to-slurry-phase-
holdup mass ratio ( r2 ) and underflow-to-slurry phase holdup 
ratio ( r3 ). These are defined as:

(21)
V

L
= r1

Fig. 2   A simulation model of the leaching process on SIMULINK

Fig. 3   SIMULINK model for 
sub-system 1
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The model parameters become:

(22)
H

h
= r2

(23)
L

h
= r3

(24)� =

V

L
⋅

L

h

H

h
+ m

=
r1r3

r2 + m
The task now is to estimate the values of the ratios for 

each of the solvents, and hence the parameters α, β, γ. For 
fair comparison of the two solvents, ethanol and hexane, 

(25)� =

V

L
⋅

L

h
+ m

L

h

H

h
+ m

=
r1r3 + mr3

r2 + m

(26)� =
m

L

h

H

h
+ m

=
mr3

r2 + m

Fig. 4   SIMULINK model for 
sub-system 2

Fig. 5   SIMULINK model for 
sub-system 3

Fig. 6   SIMULINK model for 
sub-system 4
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we will assume that the same volume of solvent is being 
used (∀ m3) and that the same quantity of soybean feed 
solids is being processed (L kg/h).

The mass of each solvent is given as,

where � (kg/m3) is the density of the solvent.
For ethanol, we use a solvent to solid mass ratio of 3:1 

(Bessa et al. 2017), such that

where �e is the density of ethanol and ∀ is the volume of 
ethanol to be used.

For hexane, as earlier stated, we make use of the same 
volume as ethanol for the extraction with hexane in order 
to compare fairly the use of the two solvents. Hence, the 
mass of hexane solvent used is:

where �h is the density of hexane.
Substituting the volume Eq. (29) into (30)

Therefore, the solvent to solids mass ratio for hexane

Now we need to find the densities of the two solvents. 
A correlation in Green and Perry (2008) enables the 
computation of these from the following expression which 
is dependent on the operating temperature (T) and certain 

(27)V = �∀

(28)r1,ethanol =
Ve

L
=

�e∀

L
= 3

(29)∀ =
3L

�e

(30)Vh = �h∀

(31)Vh = �h

3L

�e

(32)r1,hexane
Vh

L
= 3 ⋅

�h

�e

empirical constants (C1, C2, C3 and C4) which are unique 
to each solvent.

The typical operating temperature for the process is 
50 °C (323 K) (Oliveira et al 2012). The densities of the 
two solvents ( �h and �e ) were obtained at this operating 
temperature as: 633 kg/m3 and 763 kg/m3 for hexane and 
ethanol respectively.

If we assume a mass hold up of solids of 25% for both 
solvents, such that

We can fix the value of L (the quantity of solid 
soybean to be processed) to be 100 kg/h as a basis. Hence, 
h = 0.25(100) = 25 kg.

If we further assume that 25% of the volume of each stage 
of the extractor is occupied by solids. That is,

where �solids = density of soybean (739 kg/m3).
For ethanol therefore,

(33)� =
C1

C2

(1+(1−
T

C3
)
C4

h

L
= 0.25

r3 =
L

h
= 4

(34)
volume of solids underflow

volume of liquid overflow
=

0.25

0.75
=

1

3

(

h

�solids

)

H

�

=
1

3

(35)
H

h
= 3 ×

�

�solids

Fig. 7   SIMULINK model for 
sub-system 5
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For hexane,

Summarily, Table 2 shows the parameters as evaluated for 
both solvents which will be used in the simulations.

Results and discussion

Extraction efficiency

After a simulation period of 90 min (1.5 h), the extraction 
efficiency, which is a measure of the yield of the process, was 
graphed for both solvents as shown in Fig. 8. By definition, the 
extraction efficiency is the fraction of the oil in the feed solids 
that was extracted by the solvent, thus

Figure 8 shows that after the simulation period, ethanol 
has a higher extraction efficiency (94%) than hexane (91%) 

(36)r2,ethanol =
H

h
= 3

�e

�solids

(37)r2,hexane =
H

h
= 3

�h

�solids

(38)E =
Vx1

Ly0
= r1

x1

y0

under the simulated process conditions. Using the same 
volume of solvent, and for the same given load of soybean 
feed solids, ethanol gives a slightly higher extraction 
efficiency than hexane. However, as revealed by Eq. (38), 
the extraction efficiency is determined by the solvent to 
solid mass fraction ( V

L
 ). The ( V

L
 ) for ethanol is 3 and that of 

hexane is 2.488 meaning that ethanol had a higher extraction 
efficiency than hexane as a result of its higher solvent to solid 
mass fraction. This result agrees with the work of Ferreira 
et al. (2022) in which soybean oil extraction carried out with 
anhydrous ethanol experimentally after a 5-stage extraction, 
resulted in 99.2% extraction yield which confirmed that 
ethanol was capable to extract soybean oil with a reasonable 
extraction yield with the reported minimum solvent-to-feed 
ratio (S/F) for ethanol (S/F = 2.62/1) which was higher than 
that for hexane (S/F = 0.36/1). Just as was observed herein, 
the solvent-to-solid feed ratio which delivered the higher 
yield and extraction efficiency by ethanol, was considerably 
higher than that for hexane, depicting that more solvent 
would be needed for ethanol than what would be required by 
hexane in order for the former to deliver a greater extractive 
performance.

Although the efficiency of ethanol is higher than that 
of hexane, consistently, the mass fraction of the extract 
( x1 ) for hexane is higher than that of ethanol as revealed 

Table 2   Parameters used for 
the comparative simulations for 
hexane and ethanol

Solvent The quantity of solid 
soybean (kg/h)

r1 =
V

L
r2 =

H

h
r3 =

L

h

α β �

Ethanol 100 3 3.097 4 2.928 3.905 0.976
Hexane 100 2.488 2.5697 4 2.787 3.908 1.1205

Fig. 8   Extraction efficiency of 
both solvents
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by Fig. 9. For further comparison, the actual yield of each 
process, which is the mass of oil extracted by each solvent 
after the 1.5-h simulation time is computed (from Eq. 39) 
and compared. The yield of ethanol was 141 kg and that 
of hexane was 136.5 kg.

The higher the solvent-to-solid ratio, the higher the 
extraction yield; nevertheless, a high solvent-to-solid 
ratio will lead to excessive extraction solvent and a lengthy 
concentration time (Zhang et al. 2018).

Solute mass fraction in the extract

Figure 9 shows the solute (oil) mass fraction in the product 
(extract) against time (h). The result of the simulation 
shows that hexane extracted more solute than ethanol over 
the simulation period. Results from literature surveyed 
showed that hexane has a greater ability to extract oil when 
compared to other solvents, in this case ethanol. With a 
boiling point of 60–69 °C, it can retain its liquid state at 
all atmospheric conditions other than for extreme climates 

(39)Y = Ly0t ⋅ E

E =
�∀x1

Ly0

Eh =
∀

Ly0
�hx1h

Ee =
∀

Ly0
�ex1e

and its reasonable volatility aids easy removal from solids 
and oil, using low energy (Kumar et al. 2017; Sawada et al. 
2014).

Hexane extraction rates for all stages

One of the objectives of this experiment is to use MATLAB/
SIMULINK to study the dynamics or transient behavior of 
the soybean oil extraction process. Figure 10 shows the 
extraction rate (evidenced by the concentration of the oil 
in the overflow phases leaving each stage) using hexane as 
the solvent from stage 5 to stage 1 for over a period of 1.5 h.

To ensure sufficient contacting and high extraction yield, 
a 90-min simulation period was tested. Assuming that this 
is the contact time required to obtain optimal yield in a five-
stage process, each stage should have a minimum contact 
time of 18 min (90÷5). Adequate contact time, on the other 
hand, is crucial for optimal extraction yield. At stage five 
when the fresh solids come in contact with the fresh solvent 
then the diffusion occurs then gives an extraction rate of 
2.1×10−3 (0.22%) within 18 min extraction times. At stage 4 
it gives an extraction yield of 9.6×10−3 (0.96%) at the same 
time of 18 min, it gives a higher extraction yield than stage 
5 by 7.4×10−3 (0.74%) Stage 3 gives a higher extraction rate 
than that of the previous stage with an extraction rate of 
0.0352 (3.52%) for an extraction time of 18 min and that 
of stage 2 which gives an extraction rate of 0.121 (12.1%) 
for an extraction time of 18 min. It shows that stage 2 gives 
a higher extraction rate than stage 3 which shows one of 
the properties of hexane which it has a greater ability to 
extract oil compared to other solvents. Then the final stage 
the extract yields and extraction rate of 0.356 (35.6%) for 
18 min. For all stages its shows how hexane because of its 

Fig. 9   Concentration of the 
extract in both solvents
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reasonable volatility aids easy and fast removal from solids 
and oil.

Ethanol extraction rates for all stages

One of the objectives of this research project is to use 
computer simulation to compare and evaluate the use of 
hexane and ethanol for the extraction of oil from soybean, 
to see which solvent extracts solutes more where the 
temperature (50 ℃) and time (90 min) are the same for 
both solvents. Figure 11 shows solute mass fraction in the 
overflow phase against time using ethanol as the solvent, the 
simulation was run for 90 min and the extraction was done 
across five stages.

At stage 5, the fresh incoming solvents come in contact 
with the solids entering at the other end in the underflow 
phase, for 18  min the solute extracted was 1.02×10−3 

(0.102%). At stage 4, it gives an extraction yield of 5.3×10−3 
(0.53%) giving an obvious increase than that of the first 
stage after been extracted for another 18 min. At stage 3 the 
extraction yield increases to give 0.0229 (2.29%) at constant 
time 18 min; then that of stage 2 gives an extraction rate of 
0.088 (8.8%). At this stage the solvent gives more solutes 
than the other stages. Then at the extract stage, stage 1 here 
gives an extraction yield of 0.308 (30.8%) after running for 
the complete extraction time of 90 min giving the desired 
solute needed (soybean oil).

Comparison of extraction from stage to stage

Figures 12, 13, 14, 15 and 16 show the comparison of each 
stage when both solvents were used, showing the extraction 
rate and the same time for each stage. One of the objectives 

Fig. 10   Extraction rate for all 
stages using hexane

Fig. 11   The extraction rate of 
all stages using ethanol
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of this experiment is to use computer simulation to compare 
and evaluate the use of hexane and ethanol for the extraction 
of oil from soybean. The Figures reveal that hexane extracts 
more solute (soybean oil) than ethanol at equal parameters 
like the quantity of solid soybean to be processed (100 kg/h) 
and operating temperature of 50 °C and mass hold up of 
solids of 25% for both solvents.

Conclusion

Hexane is the most-used solvent for oil extraction; although 
it is highly stable and has a greater throughput for oil 
dissolution, it is neurotoxic, resulting in environmental 
degradation, and is derived from nonrenewable sources 
(Hammond et al. 2005). For this, an alternative solvent has 
to be found, a solvent that has little or no environmental 

issues as hexane and can give an extraction rate close to 
hexane. Because it is generated through biotechnological 
techniques, the usage of ethanol provides environmental 
benefits. Furthermore, it is widely available at a reasonable 
cost, is less harmful to the environment, and is usually 
regarded as safe (Rodrigues et al. 2014). Therefore, it is 
desired to compare the performance of these two solvents for 
the extraction of oil from soybean. This goal is progressed 
in this work, by simulation means rather than by laboratory 
experiments.

A mathematical model for the countercurrent multistage 
solid–liquid extraction process of oil from soybean 
was derived from mass balances and simulated for five 
equilibrium stages which is often the optimum required for 
soybean oil extraction. The simulation process was carried 
out using MATLAB/SIMULINK to study the dynamics or 
transient behavior of the process. The work also highlighted 

Fig. 12   Comparison of stage 5 
ethanol and hexane extraction 
rate

Fig. 13   Comparison of stage 4 
ethanol and hexane extraction 
rate



Chemical Papers	

the importance of simulation as a safe and cost-effective 
substitute to experimental investigations of promissory 
process routes or alternatives.

The simulation results showed that the oil extraction 
process utilizing hexane and ethanol as solvents is viable, 
with hexane providing a higher extraction rate than ethanol 
over the course of a simulation period of 90 min, although 
ethanol can be as efficient as hexane extraction wise at 
higher temperatures. Simulation results also showed that 
ethanol has higher extraction efficiency than hexane, which 
is affected by the solvent to solid mass ratio of which 
that of ethanol is higher hexane. Using the same volume 

of solvent, and for the same given load of soybean feed 
solids, ethanol gives a slightly higher extraction efficiency 
than hexane. It can be concluded that ethanol shows great 
promise as a potential substitute for hexane for soybean 
oil extraction in a countercurrent multistage extraction 
process.

The simulated results herein, can therefore provide 
a guide for further laboratory experiments in order to 
compare the simulated results with the laboratory results 
for the cause of validation and the drive to have better 
simulation results.

Fig. 14   Comparison of stage 3 
ethanol and hexane extraction 
rate

Fig. 15   Comparison of stage 2 
ethanol and hexane extraction 
rate
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