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Correponding email D : Abstract. The production of high-purity bioethanol remains a challenge,

mustofa@poligon.ac.id particularly when the feedstock originates from traditional fermentation
processes such as cap tikus. This study presents an integrated distillation—
dehydration prototype that enables simultaneous vapor separation and moisture
removal within a single columnn — an innovation that combines a flexible dual-
layer adsorbent chamber and a capillary-type condenser tio improve mass and
heat transfer performance. The prototype consists of three main components: a
boiler with a diameter and height of 500 mm, a distillation—dehydration column
with a diameter of 101.6 mm and a height of 1000 mm designed for flexibility
to accommodate various adsorbents, and a shell-and-tube condenser 1200 mm
long equipped with 19 capillary tubes of 8§ mm diameter. Heat is supplied by a
“1000-eye” gas burner that ensures uniform thermal distribution at the boiler
base. Preliminary testing with 10.8 L of cap tikus (25% alcohol) produced 94
mL of distillate in 3 hours, with a stable of 5 °C temperature gradient along the
column. The resulting distillate reached alcohol 87% purity, demonstrating the
capability of the integrated system to enhance dehydration performance.
Despite performance limitations caused by heat losses in the boiler and vapor-
flow resistance witihn the zeolite-packed column, theprototype shows
promising thermal and separation characteristics and is ready for futher
optimization to increase distillation rate and energy efficiency.
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1. INTRODUCTION

Indonesia continues to strengthen the development of renewable fuels, including bioethanol, as part of its national
energy diversification strategy. Government programs targeting E5S—E10 gasoline blends indicate a growin,
demand for fuel-grade ethanol, yet national production capacity remains limited due to constraints in technol
readiness and feedstock availability [1]-[5]. Traditional fermentation products such as cap tikus repre
potential local ethanol source; however, they typically contain only 20—38% ethanol before purification, wi
samples reported at below 25% [6]-[8]. These concentrations are far from the >95% purity require
applications, indicating the need for effective purification technologies suited to decentralized or
processing contexts. Conventional distillation is widely used to increase ethanol concentration, but thy
limitations prevent separation beyond the azeotropic point (~90-95%), making an additional d
essential [3]. Adsorptive dehydration using zeolite (particularly zeolite 3A) has been shown to ef
residual water from ethanol due to its highly selective pore structure [9]-[12]. Recent reviews
adsorption remains one of the most effective pathways for producing fuel-grade ethanol, and ne
continue to strengthen its role in integrated separation systems [4], [5]. Despite this, most studies
and adsorption as separate units, requiring multiple stages and introducing additional thermal losse
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To address these inefficiencies, integrated distillation-adsorption systems have been proposed, offering reductions
in equipment count, energy consumption, and heat loss by combining vapor generation and dehydration within the
same column [13], [14]. However, such integrated configurations remain underexplored, particularly for local
feedstocks such as cap tikus, and few studies have evaluated column temperature gradients, vapor—adsorbent mass-
transfer behavior, or distillation efficiency under practical operating conditions. Previous work on single-column
reflux distillation for cap tikus achieved ethanol purities of only ~96-96.5% without a dehydration unit [8],
indicating the need to incorporate an adsorptive medium directly within the column. Furthermore, optimization of
column configuration, zeolite density, and operating temperature has been shown to significantly influence the
achievable bioethanol purity in integrated systems [12]. Despite this, the application of simultaneous distillation-
dehydration to traditional fermentation feedstocks like cap tikus remains rarely reported, particularly with respect
to yield performance, final purity, and energy consumption [15].

Another key design consideration relates to the heating system. While many laboratory-scale distillation
studies rely on electric heaters or industrial thermal systems, LPG-based gas burners offer practical advantages for
small-scale and rural applications, including lower operating costs, rapid heating response, and easier temperature
control [16]-[18]. Nevertheless, their effectiveness depends strongly on boiler geometry, heat distribution, and
thermal insulation, all of which influence vapor formation and stability. Studies on small-scale distillation columns
further indicate that thermal boundary conditions and wall heat losses can significantly impact separation
performance, potentially reducing vapor flow rate and adsorption effectiveness when not properly managed [7].
Based on these gaps, this study focuses on the design and construction of a laboratory-scale integrated distillation-
dehydration system equipped with a flexible dual-layer adsorbent chamber and a capillary-type condenser. The
measurable objectives of this research are: (1) to design a practical, low-cost prototype capable of increasing
ethanol purity from low-concentration feedstock such as cap tikus through a single-column distillation—adsorption
mechanism; and (2) to evaluate its preliminary performance, including distillate purity, temperature profile
behavior, and distillation rate under gas-fired operation. This prototype is expected to serve as a foundation for
optimizing integrated separation systems and supporting the development of decentralized bioethanol production
technologies in Indonesia.

2. METHODS

This study was carried out through four main stages: design specification, instrument identification, prototype
fabrication, and preliminary performance testing. The overall research flow is shown in Figure 1. Functional
criteria were established to ensure that each subsystem (boiler, column, condenser) performed within its expected
operational limits before the prototype was evaluated. These criteria included: (i) steady steam flow from the boiler
to the column without leaks; (ii) the condenser outlet temperature was maintained below 30 °C; (iii) no leaks at
any connections; (iv) cooling water flowed through each capillary tube gap without leaks entering the tube; and
(iv) initial distillate was produced within a reasonable heating time (<40 minutes). If one or more of these criteria
were not met, the fabrication phase was repeated to correct the identified issues.

2.1 Materials and Tools

The essential materials and tools used for developing the prototype are summarized in Table 1. The table presents
only essential components of the integrated distillation—dehydration prototype, including the main structural
elements, measurement instruments, heating and cooling systems, and fabrication tools. Listing these items with
their key specifications provides a clear overview of the physical resources required for prototype construction
and ensures replicability for future studies.

Table 1. Materials and Tools

Category Item/Instrument Key Specifications

Main Components Stainless steel boiler © 500 mm; height 500 mm; SS 304; conical top
Distillation—dehydration @ 101.6 mm; height 1000 mm; SS 304; two adsorbent
column chambers
Capillary condenser Shell @ 101.6 mm; length 1200 mm; 19 tubes (@ 8 m

304

Support frame HSS iron; welded

Adsorbent Zeolite 4A Granular; 100 g x 2 layers

Heating System  LPG “1000-eye” burner Multi-flame; adjustable valve

Cooling System  Water tank + hoses 150 L; ambient cooling
Water pump DB-125; max. capacity: 27 L/minute; suction h

Measurements Thermometer (T1, T2) WIPRO Bimetal Thermometer; Range 0-100 °C;
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Category Item/Instrument Key Specifications
Alcoholmeter Allafrance Alcoholmeter; 0-100%; accuracy £2; calibration
temperature: 20 °C
Distillate container Erlenmeyer Pyrex; 1000 mL
Stopwatch Smartphone timer
Pressure gauge 0-350 psi (0-25 bar)

Fabrication Tools SMAW welding machine For frame and component welding

Grinder, drill, cutter Metal fabrication tools

Literature Study

v
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Materials

v

Design of Distillation-dehydration
apparatus

v

Fabricatior

v

Basic Functional Testing
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Meets Functional
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Figure 1. Research flowchart
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2.2 Design of Distillation-Dehydration System

The conceptual and dimensional design of the apparatus was developed using Microsoft PowerPoint 2024, which
served as a 2D schematic drafting tool for generating scaled engineering layouts. Although PowerPoint is not a
conventional CAD platform, it enables precise manipulation of geometric elements, allowing all principal
dimensions — such as boiler diameter, column height, condenser length, and capillary-tube arrangement — to be
defined manually based on predetermined measurements. As the objective of this study was prototype construction
rather than computational simulation or tolerance-critical machining, the schematic-based approach was sufficient
to represent the structural configuration and spatial relationships among components. The final prototype
dimensions were validated during assembly, confirming that the drafting method adequately supported the
accuracy required for the development of a functional laboratory-scale distillation—dehydration system.

2.3 Fabrication

The distillation-dehydration apparatus was fabricated at the Welding Laboratory of the Agricultural Machinery
and Equipment Study Program, Politeknik Gorontalo. The fabrication process included the construction of the
boiler, column, and condenser installation using stainless steel welding techniques. Fittings, valves, and connectors
were installed to ensure the system's operational flexibility and ease of maintenance. Before operation, a functional
test was conducted on each component, particularly the boiler, distillation-dehydration column, condenser, and
cooling water circulation system. This test aimed to check for leaks in these components and ensure there was no
steam/water loss at the connections.

2.4 Determination of Distillation-Dehydration Equipment Specifications

The specifications of the distillation—dehydration apparatus were determined by analyzing process requirements
related to target ethanol purity, batch feed capacity, and thermal efficiency. Literature data and basic
thermodynamic estimations were used to define the necessary boiler volume, column dimensions, and condenser
heat-transfer area. Material selection and structural flexibility were prioritized to ensure compatibility with
multiple adsorbents and repeated laboratory use. The column was therefore designed with removable adsorbent
compartments to support testing under different dehydration configurations. Overall, the resulting specifications
were formulated to produce an efficient and adaptable system suitable for processing ethanol from traditional
fermentation feedstocks.

2.5 Operating Parameters
The operating parameters applied during the initial performance test of the prototype are presented in Table 2.
These parameters describe the thermodynamic conditions, feed characteristics, adsorbent configuration, and output
variables measured during a 3-hour distillation—dehydration run. The summarized values provide a quantitative
basis for assessing the system’s functional behavior and identifying factors influencing vapor generation, mass
transfer, and distillate yield.

Table 2. Operating Parameters of Distillation-Dehydration System

Parameter Value/Condition
Feed volume 10.8 L cap tikus
Initial alcohol content 25% viv
Heating source LPG “1000-eye burner”
Average boiler temperature  78-80 °C
Column temperatures T1=80°C; T2<T1
Cooling-water temperature < 30 °C
Adsorbent mass 100 g x 2 layers (Zeolite 4A)
Time opeartion 180 minutes

2.6 Data Analysis Technique
The analysis of experimental data in this study was carried out through a structured procedure encom
processing, performance evaluation, and measurement validation. Temperature data recorded at th
and upper (T2) sections of the column were collected at 5-minute intervals and subsequently pl
temperature profiles to observe heating dynamics, thermal stabilization, and column temper;
throughout the distillation—dehydration process. Distillate production was monitored by measurin;
volume collected during the 3-hour operation, enabling calculation of the distillation rate in m
concentration of the distillate was determined using a calibrated alcoholmeter to quanti
effectiveness.
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3. RESULTS AND DISCUSSION

3.1 Bioethanol Distillation-Dehydration Equipment Specifications

The design of the tool is carried out by determining the functional specifications of the distillation-dehydration
tool equipped with several components as presented in Figure 2. The bioethanol distillation-dehydration tool series
consists of: (1) a boiler tube that functions as a heating place for the cap tikus feed to produce ethanol vapor, (2) a
feed input pipe to enter liquid raw materials, (3) a manometer to monitor the pressure in the boiler, (4) a
thermometer to measure the operating temperature, (5) a distillation-dehydration column filled with zeolite 3A as
an adsorbent, (6) a condenser to cool the vapor into a liquid distillate, (7 and 8) circulating water that enters and
exits through the condenser for the condensation process, (9) a water reservoir as a source of coolant circulation,
(10) a water pump to maintain a continuous flow of coolant circulation, and (11) a gas stove as the main heat
source. This design allows the distillation and dehydration processes to take place simultaneously, so that the
system is simpler in increasing the ethanol content in the raw materials. Among these components, the distillation-
dehydration column and condenser are very important components in increasing the ethanol content.

Information:

Boiler tube

Feed/raw material input
Manometer
Thermometer
Distillation-dehydration
column

Condenser

Water outlet pipe
Water inlet pipe

Water reservoir

Water pump

Gas stove

4 O =

DR =

— =000

_—O

Figure 2. Design of bioethanol distillation-dehydration equipment

The distillation-dehydration column is designed in a vertical cylindrical shape equipped with an internal chamber
to accommodate the adsorbent material (Figure 3(a)). The placement of the adsorbent in this column aims to
improve the separation process, especially in the ethanol dehydration stage, by utilizing the selective properties of
the adsorbent material towards water molecules. The condenser is designed with a double pipe system (shell and
tube) consisting of a number of small pipes on the inside and one large pipe as the outer sheath (Figure 3(b)). The
small pipes function as a flow path for the distilled ethanol vapor which then undergoes a cooling process so that
it condenses into a liquid phase. Meanwhile, cooling water flows through the large pipe on the outside, filling the
gaps around the small pipes, so that heat transfer occurs efficiently. The working principle of this condenser is
based on the forced convection mechanism of the cooling water flow and heat conduction through the pipe walls,
which results in a decrease in the temperature of the ethanol vapor to its condensation point.

(a) (b)

Figure 3. Main component design: (a) distillation-dehydration column and (b) condens
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A bioethanol distillation-dehydration equipment has been successfully designed and fabricated with the primary
goal of producing high-purity ethanol. The design integrates the distillation and dehydration processes in a single
column, reducing the need for additional equipment while minimizing heat loss. The apparatus's working principle
is based on heating the raw material, cap tikus, which has a relatively high ethanol content. Evaporation and
separation of the ethanol-water mixture occur in a column containing 4A zeolite adsorbent, and recondensation of
the ethanol vapor occurs through a water-cooled condenser. The apparatus's configuration is compact, utilizing a
metal support frame for stability and ease of operation on a laboratory scale. The design of the distillation-
dehydration apparatus can be seen in Figure 4. The energy source used to heat the raw material is a gas stove.

The bioethanol distillation-dehydration tool designed in this research consists of several main components

with the following technical specifications:

1.

Main/Support frame

This frame (Figure 4) serves as a base for the boiler, motor, and reservoir, as well as a condenser support.
The main frame measures 1750x520 mm, with a height of 300 mm from the bottom of the boiler base. The
lower part of the main frame is made of angle iron, while the condenser support is made of hollow iron
coated with anti-rust paint for increased durability.

Boiler

The vertical cylindrical boiler (Figure 5) is made of 304 grade stainless steel with a plate thickness of 2
mm. This material was chosen for its resistance to corrosion and chemical reactions with ethanol. This
boiler has a diameter of 500 mm and a height of 500 mm, thus the boiler can hold a maximum liquid
material capacity of 98.125 L. The boiler is equipped with a feed inlet for entering liquid raw materials
(mouse cap), as well as a steam outlet connected to the distillation column and the distillation residue outlet.
Distillation-dehydration column

The column is a vertical cylindrical tube (Figure 6(a)) made of 304 stainless steel with a diameter of 101.6
mm and a height of 1000 mm. The inside of the column is equipped with a filling chamber of 3 mm particle
size zeolite 3A adsorbent, with a maximum filling capacity of 500 grams for each section. This column is
designed to be able to perform two functions simultaneously, namely distillation to separate ethanol from
water based on boiling point, and dehydration to absorb water molecules using zeolite. The column
structure consists of several segments that can be removed to facilitate filling and replacing the adsorbent.
This design also allows the flexibility of using various types of adsorbent materials, such as zeolite or
porous geopolymer, according to research needs. The steam flow will come into direct contact with the
adsorbent layer so that the water content in the ethanol can be reduced, producing ethanol with a higher
purity. With this design, the column not only functions as a separation medium based on boiling point, but
also integrates an adsorption mechanism as a dehydration stage.

Figure 4. Design results of bioethanol distillation-dehydration equipment
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Figure 5. Boiler design

4. Condenser
The condenser (Figure 6(b)) is designed using a shell and tube type design with a total length of 1200 mm
and an outer diameter of 101.6 mm. There are 19 stainless steel pipes on the inside with a diameter of 10
mm each, where the ethanol vapor is flowed and then condensed. Cooling water is flowed in the opposite
direction (counter-current flow) through the outer space of the pipe which is circulated by a water pump.
The multi-pipe design on the inside allows for an increase in the heat transfer surface area, so that the
condensation efficiency becomes more optimal [19]-[21]. This is because it allows an increase in the heat
transfer surface area, so that condensation is more effective, thermal resistance is reduced, and the operating
temperature is stable [22]. With this design, the ethanol vapor coming out of the distillation column can be
condensed quickly and stably, producing ethanol liquid with a purity that meets the target dehydration
process.

5. Water reservoir tank
The tank, made of polyethylene (PE) (Figure 7), has a total volume of 150 L and serves as a reservoir for
cooling water that is circulated to the condenser. Water from this reservoir is circulated to the condenser
using a water pump with a maximum capacity of 27 L/minute and 200 Watts of electrical power.

(@ (b)

Figure 6. Component design: (a) distillation-dehydration column and (b) conden
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Figure 7. Water tank and pump

6. Heat source

The heat used for evaporation of the raw materials is a gas stove with a "1000 eye" stove specification
(Figure 8). The use of the "1000 eye" type gas stove was chosen as the main heat source for the 50 cm
diameter boiler because it is able to produce an even flame distribution across the entire surface of the tube
base. The multi-burner design of this stove allows heat to be distributed homogeneously, thereby
minimizing temperature gradients and speeding up the heating process. With a relatively high combustion
power, this type of gas stove is suitable for large-capacity boilers that require significant thermal energy to
evaporate the fermentation solution.

Figure 8. Stove “1000 eyes”

In addition to heat distribution, the use of a gas stove offers advantages in terms of operational flexibility and
energy costs. This system does not require a high-power electrical installation like resistive heaters, and is easier
to operate in both laboratory and field conditions. Heat transfer efficiency can be increased by adjusting the
distance between the flame and the boiler base, allowing for more controlled gas consumption without reducing
the distillation rate. Therefore, the "1000-eye" gas stove is a practical and economical alternative for heating in the
design of bioethanol distillation-dehydration equipment.

3.2 Discussion

Design and Construction of the Bioethanol Distillation—Dehydration System
The bioethanol distillation-dehydration apparatus is designed with special designs for several main compo
such as the distillation-dehydration column and condenser. The designed distillation-dehydration colu
length of 1000 mm and a diameter of 101.6 cm so that it provides an adequate height-to-diameter (H/D,
vapor-liquid phase separation and adsorptive interactions in the vapor-upflow. Modern packed bed deg
have shown that column geometry (H/D) and filling distribution have a significant effect on the press
contact profile between the gas and solid phases, which in turn determine the mass transfer
adsorptive/distillative applications [23], [24]. Zeolite is a superior adsorbent in separation techno
microporous structure allows high selectivity towards water molecules in ethanol-water mixtures
have confirmed that optimizing the use of zeolites can replace conventional energy-intensive sep
making them more sustainable [25]. Therefore, this column is designed with two adsorbent holding
at the bottom and one at the top) to avoid the accumulation of adsorbent mass at one point and td
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porosity distribution along the bed, thereby reducing the risk of channeling and unwanted vapor flow reduction
[26]. Thus, this design can expand the vapor-adsorbent contact so that the dehydration efficiency is increased
according to the principle of zeolite-based separation optimization.

On the other hand, the dimensions and position of the distillation-dehydration column structure play a role
in the evaporation mechanism and vapor contact with the adsorbent. Research on scaling up adsorption columns
[27] shows that column dimensions, especially diameter and height, affect the saturation time, residence time, and
volume of solution that can be processed, while the adsorption capacity remains relatively constant. This is in line
with the design of the distillation-dehydration column in this study, where the vertical configuration was chosen
to maximize the contact between the ethanol-water vapor and the zeolite layer. Meanwhile, a modeling study of a
gas adsorption column [28] confirmed that the adsorption dynamics can be accurately predicted using a 1-D
pseudo-homogeneous approach, which is also relevant to analyzing the adsorption behavior of ethanol vapor in a
vertical column. Thus, the design of the distillation-dehydration column used is not only supported by empirical
considerations, but also in accordance with theoretical approaches in the literature.

Another key component that plays a significant role in this system is the condenser. The condenser design
in this study has an outer diameter of 10.16 cm and a length of 120 cm, with 19 capillary tubes of 0.8 cm diameter
inside, providing an internal heat transfer surface area of approximately 0.57 m2 from the capillary tubes alone.
This capillary structure increases the internal heat transfer coefficient by reducing the condensate film thickness
and increasing the turbulence of the vapor flow relative to the tube surface, resulting in a faster and more efficient
condensation process. Previous research related to shell-and-tube condensers has shown that increasing the number
of tubes and reducing the tube diameter can significantly increase the heat transfer rate and condensation
effectiveness [29]. In addition, long vertical condenser tubes with optimized surface structures result in an increase
in the condensation coefficient of up to 20-60% compared to similar plain tubes [30]. With this configuration, the
condenser design in the bioethanol distillation-dehydration apparatus is expected to produce a more stable
condensate product and prevent vapor from escaping without being adequately condensed.

Preliminary Performance Evaluation and Analysis of Factors Affecting Process Efficiency

Based on the preliminary testing results, a total of 10,800 mL of Cap Tikus (alcohol 25% v/v) was introduced into
the boiler, and the corresponding data are presented in Figure 9. The figure of experimental results shows the
variation of temperatures at the lower (T1) and upper (T2) parts of the column throughout the distillation—
dehydration process, with data recorded at 5S-minute intervals. During the initial phase (0-34 minutes), both T1 and
T2 gradually increased toward the boiling point of ethanol, as indicated by the appearance of the first distillate
droplet at 34 minutes. Once the system reached the operational phase (> 40 minutes), T1 stabilized at
approximately 86 °C and T2 at around 81 °C, with an average temperature difference of about 5 °C. This condition
indicates the formation of a consistent temperature gradient within the column, which is essential for effective
vapor separation and adsorption. Nevertheless, the total distillate volume obtained after 3 hours of heating was
only 94 mL, indicating limited heat and mass transfer efficiency within the system that requires further
optimization.

T2
—TI

Operation temperature ('C)

—r 1T T T T 1T 1T 1T 1

0 20 40 60 80 100 120 140 160 180
Time to (Minute)

Figure 9. Time versus temperature of distillation-dehydration process
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The flow of ethanol vapor from the boiler to the condenser required approximately 15 minutes from the onset of
boiling (t = 00:20:00, T1 =81 °C, and T2 = 71 °C) until the vapor condensed into liquid distillate at 34 minutes.
The total distillate collected over 3 hours was 94 mL, equivalent to 31.3 mL/h (or approximately 38.7 mL/h when
calculated from the first drop), indicating a relatively low effective vapor rate compared to the feed volume. While
the condenser temperature was maintained low and stable at 26 °C, the main limitation is presumed to lie in heat
transfer within the boiler, including losses by conduction, convection, and radiation due to insufficient insulation
and non-uniform flame distribution. Previous studies have reported that vapor flow resistance in packed columns
increases with higher adsorbent density and uneven flow distribution, leading to reduced vapor velocity and
product throughput [31,32]. Moreover, thermal conditions of the column wall significantly influence separation
performance, as heat losses may trigger premature condensation and internal reflux, hindering vapor transport
toward the condenser [33]. This phenomenon is consistent with the experimental findings showing a temperature
gradient of about 5 °C between the lower and upper sections of the column, indicating that mass transfer occurred
but was not yet optimal. Furthermore, column performance simulations have demonstrated that non-idealities
arising from mass transfer resistance must be considered in design and analysis, as they directly affect separation
efficiency and temperature distribution along the column [34].

The distillation—dehydration column design with a total height of 1000 mm in this study provides a
sufficient residence time for ethanol vapor to interact with the adsorbent layers. However, the total height of the
zeolite bed, approximately 30 mm (3 cm), remains relatively low, thereby limiting the adsorption capacity and
accelerating the occurrence of breakthrough. Several studies have shown that increasing the bed height to 4-5 cm
can significantly extend the breakthrough time and enhance adsorption capacity, although this must be balanced
with an appropriate control of the vapor flow rate to prevent excessive flow resistance [35-37]. Furthermore, both
the vapor flow rate and initial vapor concentration play important roles, as higher values tend to accelerate
adsorbent saturation due to shorter contact times and increased mass loading [38].

Another critical aspect influencing the quantity of bioethanol produced is the headspace ratio within the
boiler. A low liquid filling ratio leads to a significant portion of the thermal energy being dissipated to heat the gas
in the upper space, thereby reducing heat transfer efficiency and delaying the establishment of stable vapor
formation. The overall thermal system efficiency increases only up to an optimum point before declining due to
ineffective heat distribution [39]. In addition, experimental results have shown substantial heat loss in columns
with a high surface-area-to-volume ratio, which reduces the actual vapor load [40]. A large headspace volume also
tends to produce non-uniform vapor flow patterns and increases the likelihood of internal condensation along the
column wall or within the adsorbent bed, causing part of the vapor to revert to liquid before reaching the condenser
[41,42]. These conditions necessitate an optimal headspace ratio to balance heat transfer efficiency to the liquid
phase and vapor expansion space, thereby improving the evaporation rate. Therefore, in the preliminary test case
(boiler filled at approximately 10.8% of its total volume), the low product volume (94 mL over 3 hours) indicates
heat losses and vapor formation inefficiency resulting from the excessive headspace. Determining the optimal
headspace ratio is thus essential to maintain thermal efficiency, vapor flow stability, and high bioethanol
productivity. Design improvements through increasing the liquid filling ratio, enhancing boiler insulation, and
optimizing adsorbent configuration in the column are expected to improve the distillation rate and separation
efficiency. Consequently, the overall performance of the distillation—dehydration system can be significantly
enhanced through integrated control of thermal, hydrodynamic, and mass transfer characteristics.

Design improvements through increasing the liquid filling ratio, enhancing boiler insulation, and optimizing
adsorbent configuration in the column are expected to improve the distillation rate and separation efficiency.
Consequently, the overall performance of the distillation—dehydration system can be significantly enhanced
through integrated control of thermal, hydrodynamic, and mass-transfer characteristics. In this study, despite the
limited vapor production, the distillation—dehydration process successfully increased the ethanol concentration of
cap tikus from 25% to 87%, demonstrating that the prototype is capable of achieving substantial purification even
under suboptimal operating conditions.

4. CONCLUSION
A bioethanol distillation—dehydration prototype integrating both separation stages within a single column ha;
successfully designed and fabricated. The system consists of a 500 mm x 500 mm stainless-steel boiler;
mm x 101.6 mm distillation—dehydration column with flexible adsorbent compartments, and a 1200 m
type condenser containing 19 tubes of 8§ mm diameter. The “1000-eye” LPG burner provided unift
distribution necessary for stable vapor generation. Preliminary testing using 10.8 L of cap tikus pro
of distillate over 3 hours, with a consistent column temperature gradient of approximately 5 °C.
yield, the system successfully increased ethanol concentration from 25% to 87%, demonstrating th
column effectively enhances dehydration performance even under non-optimal heating conditio
limitations indicate the need for improvements in boiler insulation, liquid filling ratio, and adsorbe
to enhance vapor generation and separation efficiency. Overall, the prototype shows strong pote
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optimization and serves as a foundational platform for subsequent performance validation and scale-up studies in
local bioethanol production.
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