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Ethanol has significant potential as a renewable energy source that can be utilized as an
environmentally friendly alternative fuel. However, ethanol produced through
conventional distillation still reaches a maximum purity of only around 95-96% due to
the formation of an ethanol-water azeotrope, thereby requiring further purification to
obtain fuel-grade ethanol. This study aimed to enhance ethanol purity using an adsorption
distillation method with 3A molecular sieve and to determine the optimum operating
conditions using Response Surface Methodology (RSM). The research variables
consisted of 3A molecular sieve weights of 20, 40, 60, 80, and 100 grams and reflux ratios
of 0.2, 0.4, 0.6, 0.8, and 1 mL/s. The adsorption distillation process was conducted at
78°C using an adsorption distillation apparatus. Experimental data were analyzed using
Design-Expert 13 software based on the Central Composite Design (CCD) method with
11 experimental runs. The results showed that increasing the molecular sieve weight and
reflux ratio positively affected ethanol concentration. The optimum condition was
achieved at a molecular sieve weight of 100 grams and a reflux ratio of 1 mL/s, resulting
in an ethanol concentration of 99.9% with a desirability value of 1.000. These findings
indicate that 3A molecular sieve is effective in improving ethanol purity to meet the fuel-
grade standard according to SNI 7390:2012.

Contribution to Sustainable Development Goals (SDGs):
SDG 7: Affordable and Clean Energy

SDG 9: Industry, Innovation and Infrastructure

SDG 12: Responsible Consumption and Production

1. INTRODUCTION

1.1.  Research Background

conventional distillation [3]. The use of ethanol in fuel blends
(gasohol), containing up to 25% anhydrous ethanol (ethanol
content >99.3% by weight), can provide significant
environmental benefits. These blends produce lower air pollution
emissions than conventional fossil fuels, which are major

Ethanol (C:HsOH) is an organic compound containing C, H, and
O that is commonly used as a solvent, antiseptic, chemical
feedstock, blending agent, and fuel [1]. Ethanol can be produced
from various sugar-containing materials, both simple and
complex [2].The ethanol produced typically has a maximum
concentration of around 95-96%. Within this concentration
range, a phenomenon known as an azeotrope occurs—a condition
in which a mixture of ethanol and water cannot be separated by

contributors to air pollution [4].

Adsorption occurs when a liquid interacts with a solid
surface, causing part of the liquid to adhere to that surface. As a
result, the concentration of the liquid not adhering to the surface
changes. This process is essentially the absorption of one
substance onto the surface of another [5]. The adsorption process
allows gas or liquid particles to adhere to the surface of the
adsorbent material without forming strong chemical bonds. This
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method is a practical purification technique because raw materials
for adsorbents, such as zeolite, silica gel, and activated carbon,
are widely available in the surrounding environment. The success
of the dehydration process in this method depends heavily on the
adsorbent's pore properties [6].

Based on research on natural zeolite adsorbents using Ende-
NTT zeolite as the main material, the natural zeolite was first
activated with NaOH, then distilled at 78°C to reduce moisture
content, yielding an ethanol concentration of 35.69%. This
process yielded a final ethanol concentration of 86.37% [7].
Research using molecular sieve 3A as the main material was
conducted via an adsorption process using a series of distillation
apparatus at an operating temperature of 78°C, yielding a final
concentration of 92.7% [8]. Research on silica gel using
bioethanol from cocoa pods as the main feedstock achieved a
purity of over 96%, with experimental results reaching 97.97%

[9].
1.2.  Literature Review

Renewable energy is energy that can be naturally replenished
within a relatively short period of time. New and renewable
energy aims to reduce environmental pollution caused by fossil
fuels, which contribute to the greenhouse effect; one example is
the use of fossil fuels, which produces carbon dioxide (CO2). New
and Renewable Energy is one of the alternatives for energy
supply because it has minimal impact on environmental pollution,
which is crucial for future energy sustainability [10]. Therefore,
new and renewable energy is needed to replace conventional
fossil fuel-based energy sources, including ethanol fuel.

Distillation is a separation technique that takes advantage of
the differences in boiling points of the components in a mixture
by heating it until one of the components evaporates, and then
condensing the vapor into a pure liquid. Adsorption can be
performed using distillation. The principle of distillation is the
purification of a component based on its boiling point. Distillation
is a separation technique that utilizes the difference in boiling
points of .the components of a mixture by heating until one of the
components evaporates, then condensing the vapor into a pure
liquid [11]. The adsorption process can occur in two forms:
physical and chemical adsorption. Physical adsorption involves
intermolecular forces such as Van der Waals forces, whereas
chemical adsorption involves the formation of chemical bonds
between the adsorbent and the adsorbate. Various forces play a
role in the adsorption process, including van der Waals forces,
electrostatic forces, hydrogen bonds, and covalent bonds [3]. The
reactions occurring in the ethanol-water separation adsorption
process are as follows :

CzHSOH(l) d C2H4(l) + H20 (O]

Adsorbents can attract and retain molecules or particles from
a liquid or gas on their surface. Common types of adsorbents
include activated carbon, alumina, molecular sieves, silica gel,
and cereal powder [12]. The adsorbent frequently used for
dehydrating ethanol is synthetic type A zeolite, which has
uniform pore diameters. This type of zeolite includes 3A, 4A, and
5A zeolites. 3A and 4A zeolites are typically chosen because their
pore sizes are suitable for the adsorption process. Zeolites can be
divided into two main categories: natural zeolites and synthetic
zeolites [3]. Molecular sieve 3A is a synthetic zeolite with a pore

https://doi.org/10.29165/ajarcde.v10i2.1049

diameter of 3 angstroms (0.3 nm) that selectively adsorbs small
molecules such as water and retains larger molecules such as
alcohol. This material is used to dehydrate compounds such as
ethanol, natural gas, and organic solvents [13]. Molecular sieve
3A can be used in various industries due to its ability to
selectively filter small molecules. Its pore size of approximately
3 angstroms allows this material to capture water vapor,
ammonia, and other small gases, while allowing larger molecules
to pass through.

Table 1. Specification of molecular sieve 3A

Model Molecular 3A
Shape Circle
Diameter (mm) 3-5
Size Ratio (%) > 98
Density >0.70
Water Content =15
Chemical Formula 0.4K20 . 0.6Na;0 . Al2O3 .

2Si02 . 4.5H20 SiO2 : ALO3 =2

Response Surface Methodology (RSM) is a statistical method
used to optimize processes and understand the relationships
between several variables and the desired outcome. This method
uses experimental designs to explore how various factors
influence the outcome, aiming to identify the conditions that yield
the optimal response. Using mathematical models and analyses
such as ANOVA, RSM enables the visualization of relationships
between variables and the identification of their interactions,
thereby facilitating decision-making in product development or
process improvement [14]. Differential Expert is a method used
to analyze and optimize processes by considering various
mutually influencing variables to achieve the desired results. In
the context of bagasse gasification, this method uses Design
Expert software to optimize the ratio of syngas produced. By
employing Response Surface Methodology (RSM), Differential
Expert enables the exploration of how factors such as
temperature, catalyst mass, and water volume affect the
production of combustible and non-combustible gases. Through
statistical analysis and structured experimental design, this
method helps identify optimal conditions to improve process
efficiency and product quality [15].

1.3.  Research Objective

This study on the selection of a 3A molecular sieve was based on
previous research indicating that it is an effective adsorbent for
separating ethanol-water mixtures due to its larger surface area.
The desired result is in accordance with the 2012 SNI 7390
standard, which allows its use as a blend in conventional fuel to
increase the fuel’s octane rating, improve engine efficiency, and
reduce harmful emissions, thereby supporting the use of
renewable energy sources. Therefore, this experiment was
conducted to obtain fuel-grade ethanol in accordance with SNI,
employing a 3A molecular sieve with various adsorbent weights
and reflux ratios via adsorption using a differential expert.
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2. MATERIALS AND METHODS

2.1.  Materials and Tools

The raw materials used in this study were 96% ethanol obtained
from PT Enero Mojokerto and 3A molecular sieve. The
equipment of adsorption process was carried out using a
distillation apparatus, as shown in Figure 1, including a
thermometer, clamp, stand, adsorption column, divider, valve,
condensor, hose, erlenmeyer flask, three-neck flas and heating
mantle.

—p—>Klem
Kondensor I Tk
Penutup
Kran Divider
Kran |3 n
Selang Kolom adsorpsi
Molekular £
sieve3A |7 ———>Klem
5 / — Statif
Penutup Tt

Penutup

Malem

Erlemeyer Du-hu leher tiga
T

Heating mantle

Fig.1. Equipment of adsorption process.

2.2.  Research Procedure
2.2.1.  Procedure

A total of 25 experiments were conducted, each representing a
unique combination of reflux ratio (mL/s) and molecular sieve 3A
adsorbent weight (grams), with no replicates. Model validation
was performed by comparing the predicted values obtained from
RSM optimization based on a 13-point Central Composite Design
(CCD) with the corresponding actual experimental results. The
model’s accuracy was then evaluated through prediction error
analysis and confidence intervals.

2.2.2.  Adsorption Process

The adsorption procedure was carried out by adding 300 mL of
96% ethanol to a three-neck flask and then turning on the heating
mantle until the temperature reached a constant value of 78 °C.
Once the temperature reached 78°C, the reflux ratio could be
adjusted. The product of the adsorption was placed in an
Erlenmeyer flask, the distillate was then transferred to a 200 mL
graduated cylinder, and the measurement was taken using an
alcoholmeter.

2.2.3.  Optimization Procedure (RSM)

The determination of the optimal variables was carried out
through an optimization process using the Response Surface
Methodology (RSM) based on the Central Composite Design
(CCD), involving three central points. Based on the CCD
analysis, 11 experiments were required, covering two factors the
reflux ratio (mL/s) and the molecular weight of 3A zeolite
(grams) and one response variable, namely ethanol concentration
(%). The experimental data were then optimized using Design-
Expert 13 software to obtain the results of the Analysis of
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Variance (ANOVA), response surface graphs, contour plots, as
well as the optimal conditions and their verification.

3. RESULT AND DISCUSSION

3.1.  Purification Results Using the Adsorption
Process

The purified ethanol obtained from each variation of the
adsorption process was collected, and its concentration was
measured using an alcoholmeter, as shown in Figure 2. The use
of an alcoholmeter aims to determine the ethanol content quickly
and directly after the adsorption process.

Fig. 2. Analyzing ethanol concentration using an alcoholmeter.

The results for each experimental variable were then
presented graphically to illustrate its effect on ethanol
concentration. The relationship between reflux ratio and ethanol
concentration at various molecular sieve weights is shown in
Figure 3, while the relationship between molecular sieve weight
and ethanol concentration at different reflux ratios is shown in
Figure 4. The effect of molecular sieve weight on ethanol
concentration is also highlighted.
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Fig. 3. Graph of the relationship rasio reflux (mL/s) and ethanol
concentration (%) at various molecular sieve weight (gr).

Based on Figure 3, the ethanol concentration shows a direct
proportional relationship with the reflux ratio. The higher the
reflux ratio, the higher the resulting ethanol concentration. This
occurs because an increase in the reflux ratio enhances the
amount of liquid recycle returning to the column, thereby
increasing the number of effective contact stages between the
vapor-liquid phases and the 3A molecular sieve, which plays an
important role in improving separation efficiency [16]. These
conditions enable water to adsorb more effectively, resulting in
higher ethanol purity.
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Fig. 4. Graph of the relationship molecular sieve weight (g) and
ethanol concentration (%) at various reflux ratios (mL/s).

Based on Figure 4, the ethanol concentration is directly
proportional to the molecular sieve weight. The greater the mass
of adsorbent used, the more water can be removed from the
ethanol-water mixture. This is due to the increase in the number
of active sites and the surface area [17]. As more water is
adsorbed by the molecular sieve, the water content in ethanol
decreases, leading to higher ethanol purity. Based on the obtained
graph, the ethanol concentration continues to increase up to the
highest molecular sieve weight used, indicating that no significant
saturation condition has been reached within the range of
variables studied.

The results of this study are consistent with the findings
reported by [18], who stated that increasing the reflux ratio in the
distillation process can significantly improve ethanol purity. In
that study, reflux ratios of 0.5, 1, and 2 showed that higher reflux
ratios resulted in higher ethanol composition in the distillate. The
best condition was achieved at a reflux ratio of 2, where the
ethanol concentration in the standard mixture reached
approximately 93%. This occurs because a higher reflux ratio
increases the amount of liquid returned to the column, thereby
enhancing the contact between the vapor and liquid phases, which
in turn improves separation efficiency and enriches ethanol in the
top product. However, the maximum ethanol concentration
obtained in this study, which is 99.9%, is higher than that reported
in the previous study. This difference is likely due to the use of
additional purification methods and more optimal control of
operating parameters. In addition, the study by [19], also shows
that increasing the adsorbent mass can enhance ethanol purity.
The greater the amount of adsorbent used, the higher its capacity
to adsorb water molecules from the ethanol-water mixture,
resulting in lower water content in the final product. However, the
maximum purity achieved in that study is still lower than that
obtained in the present research. This indicates that using an
appropriate adsorbent mass, especially when combined with
optimal operating conditions, can significantly improve ethanol
purity.

3.2. Optimizing Results of Ethanol Purification Data
Using Response Surface Methodology (RSM)

Based on the CCD analysis, a total of 11 experimental runs were
required, involving two factors :

https://doi.org/10.29165/ajarcde.v10i2.1049

Table 2. Factor and response data for RSM analysis

Factor 1 Factor 2 Response
Run  Molecular Sieve . Ethanol
. Reflux Rasio .
3A Weight (mLJs) Concentration
(€3] (%)
1 20 0.2 97.5
2 80 0.2 98
3 40 0.6 98.3
4 100 0.4 98.5
5 80 0.6 98.8
6 60 0.8 98.9
7 100 0.6 99
8 80 1 99.5
9 100 1 99.9
10 100 0.2 98
11 60 0.4 98.3

The experimental data will be input into Design-Expert 13 to
interpret the relationship between reflux ratio and 3A molecular
sieve weight with the response variable, namely ethanol
concentration. This will be analyzed using Analysis of Variance
(ANOVA), as presented in Table 3..

Table 3. Analysis of variance (ANOVA) results

Source Sum of o Mean F- P-
u Squares Square Value Value
Mean vs 1.070E+0 ) 1.070E+0
Total 5 5
Linear vs 206.5 <0.000
Mean 4.82 2 2.41 3 )
ZI,TI.VS 0.0579 1 0.0579 11.43 0.0117
Linier
Quadrati 0.0290 2 0.0145 1128 00140 ueeeste
cvs 2FI d
Cubic vs
. 0.0064 4 0.0016 52.64 0.1030
Quadratic
Quartic 0,0000 1 0,0000 Aliased
vs Cubic
Residual 0,0000 0
1,070E+0 1
Total ’ 5 | 9724,20

In Table 3, the quadratic model shows an F-value of 11,28
with a p-value < 0.0140, indicating that it is highly significant in
explaining the relationship between the independent variables
and ethanol concentration. Meanwhile, higher-order models such
as Cubic are not significant (p-value > 0.05); therefore, the
Quadratic model is selected as the best model. The F-value
indicates that the applied model sufficiently explains the variation
in the data, indicating that the proposed regression model is
statistically significant [20].

Table 4. Comparison of the regression models recommended by
the software

Source Std. R? Adjuste Predicte PRES

Dev. dR? dR? S

Linier 0108 0.981 0.9763 0.9575 0208

0 0 8

2F1 0'071 0'992 0.9897 0.9488 0'25;
Quadrati 0.035 0.998 0.9974 0.9833 0.081 Suggeste
c 9 7 8 d

Cubic 0‘002 1'003 0.9999 0.9827 0'082

Based on the Model Summary Statistics in Table 4. the linear
model shows the best performance with R? =0.9987, Adjusted R?
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= 0.9974 and Predicted R? = 0.9833, along with a very small
PRESS value (0.0818), since a lower PRESS value indicates
better predictive performance. The 2FI and Quadratic models also
have high R? values however, their Predicted R? values are lower
than that of the quadratic model. The quadratic model equation
obtained from the software analysis for the effect of each factor
on the response is as follows:

Y =98,60 +0,5572 X1 +0,6156 X2 +0,3178 X1X2 — 0,1560 X2

-0,0712 X2?
Description :
Y = Concentration of Ethanol (%)
Xi = Weight of Molecular Sieve 3A (gr)
X2 = Reflux Ratio (mL/s)

Predicted vs. Actual

995

99—

Predicted

98,5

975~

T T T T T T
97,5 %8 985 99 995 10

Actual

Fig. 1. Comparison chart of ethanol concentration response:
predicted vs. actual values.

Figure 5 shows the relationship between actual and predicted
values. The closer the actual data data points are to the line of
normality, the better agreement between the actual data and the
predicted results [21]. The response surface plots illustrating the
effects of silica gel weight and ethanol flow rate on ethanol
concentration are presented in Figure 6 and 7.

Konsentrasi etanol (%)

B: Rasio reflux (ml/s)

A: Berat Molekular Sieve (gram)

Fig. 2. Contour plot showing the effect of molecular sieve 3A
weight (gr) and reflux ratio on ethanol concentration.
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3D Surface

Varmrntmi ctaned (W)

Fig. 3. 3D surface plot showing the effect of molecular sieve 3A
weight (gr) and reflux ratio on ethanol concentration.

Contour plot illustrates a two-dimensional response based on
the predictive model, while the 3D surface plot provides a three-
dimensional visualization of the relationship between molecular
sieve weight and reflux ratio on ethanol concentration. The
contour lines represent combinations of variables that produce the
same ethanol concentration values [22]. The plots display three
color gradients, where darker red regions indicate higher ethanol
purity. The highest ethanol concentration of 99.9% was achieved
at a molecular sieve weight of 100 grams and a reflux ratio of 1
mL/s. Optimization was carried out using software to maximize
ethanol concentration based on 11 experimental runs. The
parameters used to determine the optimum operating conditions
are presented in Table 5.

Table 5. Factor and response constraints for optimization

Name Goal Lower Limit  Upper Limit
svzel;g(;liecular Is in range 60 100
iazsieﬂux Is in range 0.2 1
S;I;f;traﬁon none 975 99.9

The optimum solution was derived from the combination of
two factors: reflux ratio and molecular sieve 3A weight that
effectively enhanced ethanol concentration after purification. The
optimal solution obtained from the data analysis is presented in
Table 5.

Table 6. Optimization results of ethanol concentration response

Molecular Rasio Konsentrasi
Sieve Weight Reflux Etanol (%) Desirability
0
(8) (mL/s)
100 1 99.862 1.000

Based on the data in Table 6, the optimal conditions were a
3A Molecular Sieve weight of 100 grams and a reflux rate of 1
mL/s, yielding a predicted ethanol concentration of 99.862%.
Under these conditions, a desirability value of 1 is obtained.
Desirability involves determining the desirability function for the
dependent variable by assigning a score to the predicted value
ranging from 0 is a highly undesirable to 1 or highly desirable
[23]. The results of this optimization will be verified as shown in
Tables 7 and 8.

https://doi.org/10.29165/ajarcde.v10i2.1049
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Table 7. Verification results of the confidence interval

95% TI  95% TI
95% CI  95% CI .
. . low for  high for
Analysis low for  high for
99% 99%
Mean Mean
Pop Pop
Concentration
98.0882  99.2233 979098  98.4017
Ethanol

Table 8. Verification results of the prediction interval

. 95% Pl 95% PI
Analysis n SE Pred low high
Concentration 1 0,04445 98,0415 9827
Ethanol

Based on Table 7, the Confidence Interval (CI) at the 95%
confidence level shows that the mean ethanol concentration is
estimated to lie between 98.0882% and 99.2233%. In addition,
the Tolerance Interval (TI) indicates that 99% of the population
is predicted to fall within the range of 97.9098% to 98.4017%.
Coverage probability describes the ability of an interval generated
by a valid model to accurately represent the response population
[24]. In table 8 shows the Prediction Interval (PI) verification
results with an SE Pred value of 0.04445. The actual ethanol
concentration data fell within the 95% Prediction Interval,
ranging from 98.0415% to 98.27%, indicating that the
experimental results are consistent with the values predicted by
the software model. These results confirm that the optimum
operating conditions obtained from the optimization process
provide reliable and valid predictions for ethanol concentration
[25].

4. CONCLUSION

Based on the study results, the adsorption process using a 3A
molecular sieve has proven effective in increasing ethanol purity
to meet the fuel-grade standard under SNI 7390:2012 (>99.5%).
Optimization results using the Response Surface Methodology
(RSM) through Design-Expert software indicate that the
optimum condition is achieved at a molecular sieve weight of 100
grams and a reflux ratio of 1 mL/s, resulting in an ethanol
concentration of 98,862%. Based on Gas Chromatography—
Flame lonization Detector (GC-FID) analysis, an ethanol content
of 99.5% was obtained at a condition of 100 g molecular sieve
with a reflux ratio of 1. Meanwhile, measurements using an
alcoholmeter show that the optimum condition is also achieved at
a molecular sieve weight of 100 g and a reflux ratio of 1, yielding
an ethanol concentration of 99.9%.
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