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PREFACE

Thanks to Allah, the Most Gracious and Most Merciful, the Journal of Industrial Pollution Prevention Technology
(JRTPPI) has published its 14th volume, first edition. This journal contains scientific articles, particularly in the fields of
environmental technology, process technology and simulation, design engineering, material fabrication, and energy
conservation. We would like to express our sincere appreciation to the head of the Center for Standardization and Industrial
Pollution Prevention Services, Ministry of Industry, for their continuous support of JRTPPI. We also extend our gratitude to
the authors, editorial board, and reviewers who have actively participated in maintaining the consistency of quality and timely
publication.

This edition consists of five full-text English scientific articles. This is part of the editorial board's commitment to improving
the authors' performance in delivering the results of their research and making it easily accessible to a broader audience to
increase the number of citations. This policy is also aimed at realizing our goal of JRTPPI being a globally indexed international
journal.

The articles in this edition include a study on low-cost instruments to monitor Sulphur Dioxide emissions based on the
DOAS method, a study on pH-electrodeposition-dependant Iron Oxide towards the physicochemical characteristics and
electrochemical performance in biorefractory pollutant degradation, the impact of reduced activator concentration and curing
method on the compressive strength of metakaolin/fly ash-based geopolymer mortar, an evaluation of diesel engine performance
using biodiesel from cooking oil waste, and the potential of biodiesel production from locally used frying oil through the
electrocatalysis method. These five manuscripts were accepted and published in this edition from researchers and lecturers in
Indonesia. The submission, review, and editing process for these manuscripts ranged from 1 to 6 months.

Hopefully, these scientific articles will provide new knowledge and experiences for readers in academia, research, industry,

and society at large. We realize that nothing is perfect until all parties have continuously improved.

Semarang, May 2023

Chief Editor
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A Low-Cost Instrument to Monitor Sulphur Dioxide Emissions

Based on The DOAS Method

Jurnal Riset Teknologi Pencegahan Pencemaran Industri, May 2023,
Vol. 14, No. 1, p. 1-7, 5ill, 1 tab, 15 ref

Various techniques to measure SO: concentration based on
Differential Optical Absorption Spectroscopy (DOAS) have been
widely developed and applied for various measurements. However,
most of the applications are still relatively expensive. Some efforts have
been made to reduce the cost by using Ultraviolet Light Emitting
Diodes (LEDs) as light sources, showing promising results. Further
reductions can be possibly made by providing an alternative to replace
high spectral resolution spectrometers widely used in DOAS
applications since those spectrometers are commercially expensive.
This paper studies the feasibility of a DOAS instrument using a low-
cost spectrometer and UV-LEDs as light sources. The resolution of
the spectrometer is 0.7 nm. With this resolution, it is expected that
the instrument hardly captures narrow band structures of SO2 optical
absorption in the spectral range between 280 nm and 320 nm when
measuring SO gas concentration lower than the limits of SO
emissions regulated by the Indonesian government. To compensate
for this drawback, narrow and broad bands of optical absorption
structures are considered in the data analysis to achieve a detection
limit far below the regulated limits. To capture the broadband
structures, four UV-LEDs are used to cover spectral absorption from
250 nm to 320 nm. The instrument was calibrated using eight
different standard concentrations of SO2. The correlation between the
readings and the standard concentrations is high, indicated by the
Pearson correlation coefficient of 0.9999. It was also found that the
lowest concentration the instrument can distinguish from blank

samples or the Limit of Detection is 16 ppm. However, the

instrument can precisely measure concentrations higher than or equal
to 25 ppm with a standard deviation of less than 10% of the mean
concentration measured from five measurements. This is far below the
required legal limits, below 229 ppm. After the calibration, the DOAS
instrument was used to measure SO> sampled from the emission of
burning coals. To compare, a commercial SO> sensor was used to
measure the same gas. The results indicate that the difference in the
readings between the two instruments is around 6% of the
concentration.

(Author)
Keywords: DOAS, Emission, Sulphur Dioxide
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Vol. 14, No. 1, p. 8-18, 7 ll, 0 tab, 41 ref

Electrodeposition of the iron oxide (FeOy) nanoparticles on the
graphite felt was prepared from a mixture of iron (II) and iron (III)
precursor solution with various pHs (2, 7, and 10) by applying a
constant current (galvanostatic) of 0.1 A for 30 minutes. Each
resulting sample was coded GF/FeOy -2, GF/FexOy -7, and GF/FexOy
-10, respectively. Graphite felt without modification, Raw-GF, was
used as control. The mass of iron oxide (Fe.Oy) deposited ranged from

0.02 to 0.03 grams. The product characterisation using a Scanning

vii



Electron Microscope (SEM) showed the distribution of 500 nm
particles on the surface of the graphite felt for the GF/FexO, -2 sample.
In comparison, the distribution of larger particles (1 — 2 pm) was
observed in the samples of GF/Fe.Oy -7 and GF/FeO, -10,
respectively. Spectrum  resulting from an X-ray Diffraction
Spectroscopy (XRD) showed the formation of iron oxides (FeOy)
such as magnetite (Fe3O4), haematite (Fe203), goethite (FeOOH),
and lepidocrocite (FeO(OH)). Fourier Transform Infra-Red (FTIR)
spectrum also confirmed the presence of FeOs in the GF/FeOy -2
sample, Fe;Oq in the GF/Fe.Oy -7 and GF/Fe,Oy -10 samples, and
FeOOH in all three samples. Applying the iron oxide modified
graphite felt in the electro-Fenton approach process without aeration
showed that it can degrade bio-refractory pollutants, such as methyl
orange. The observed degradations of methyl orange were a decrease
in the colour intensity up to 81.37% and a decrease in the COD up
to 49.85%.

(Author)
Keywords: Biorefractory Pollutant, Electrochemical Degradation,

Electrodeposition, Iron Oxide, Nanoparticles

Transform Infrared (FTIR) spectroscopy characterization were used
to analyze the effect of additional water in geopolymer. The
compressive test result shows that the maximum water content that
can replace the activator solution is 20% by activator mass for fly ash-
based geopolymers and 30% by activator mass for metakaolin-based
geopolymers, with sealed and bare curing conditions before the
compressive strength was decreased sharply. Substitution of 10%
water in fly ash-based geopolymer increases the compressive strength
to 17.20 MPa. Compressive test results and characterization showed
that the optimal curing condition for fly ash-based geopolymer was
sealed curing and bare curing for metakaolin-based geopolymer. The
strength increase is due to O-C-O bonds representing sodium
carbonate (Na2COs3), which affects the compressive strength of fly ash-
based and metakaolin-based geopolymers.

(Author)
Keywords: Geopolymer, Fly Ash, Metakaolin, Alkali Activator,

Sodium Carbonate
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Impact of Reduced Activator Concentration and Curing Method on
Compressive Strength of Metakaolin/Fly Ash-based Geopolymer
Mortar

Jurnal Riset Teknologi Pencegahan Pencemaran Industri, May 2023,
Vol. 14, No. 1, p. 19-28, 12 ill, 5 tab, 21 ref

The demand for cement is increasing each year, but the manufacture
of 1 tonne of cement produces an equal number of carbondioxide
(CO2) gas which is directly related to the increase in global warming.
Therefore, we need a substitute material, namely geopolymer. This
material has relatively superior properties compared to cement.
However, one of the drawbacks of geopolymers is that the production
costs are relatively more expensive compared to the manufacture of
pre-cast cement because it requires chemical solutions such as sodium
hydroxide (NaOH) and sodium silicate (Na:SiOs) to activate the
precursor. This research was conducted to replace a specific ratio of
alkali activator with water to reduce the use of alkaline hydroxide
solutions and sodium silicate while reducing production costs.

The experiment was carried out by replacing the activator solution
with water at a certain amount with a different curing method.

Mechanical properties, X-Ray Diffraction (XRD), and Fourier

Suardi, Wira Setiawan, Andi Mursyd Nugraha, Alamsyah, Rodlian

Jamal Tkhwani

(‘Shipping Engineering Study Program, Institut Teknologi

Kalimantan, Balikpapan, Indonesia)

Evaluation of Diesel Engine Performance Using Biodiesel from

Cooking Oil Waste (WCO)

Jurnal Riset Teknologi Pencegahan Pencemaran Industri, May 2023,
Vol. 14, No. 1, p. 29-39, 8ll, 6 tab, 22 ref

The increasing use of fossil fuels will cause the world's oil reserves to
be depleted. In this case, it is necessary to increase the use of alternative
renewable fuels, one of which is biodiesel waste cooking oil (WCO).
The method used is an experimental test with a mixture of used
cooking oil biodiesel and fuel. Before testing, the temperature of each
fuel is increased to determine the effect of temperature on the density
and viscosity values. The highest density value is found in B50 fuel at
26 °C, with a density of 0.854 gr/ml, while the lowest density is found
in diesel fuel at 60 °C, with a density of 0.822 gr/ml. The highest
viscosity value is found in B50 fuel at 26 °C and 60 °C, which is 3.26
cSt. After that, testing was carried out on a diesel engine, which
produced the highest thermal efficiency value of 21.16% on B50 fuel
with a temperature of 60 °C at 1000 rpm rotation and a load of 4000
watts. The lowest thermal efficiency of 6.43% was found in B50 fuel
with a temperature of 26 °C at 800 rpm and a load of 1000 watts. The
lowest consumption was found in B30 with a temperature of 60 °C at
1200 rpm, which was 420.78 gr/kWh. From the results of the tests
that have been carried out, it can be concluded that the lower the
density and viscosity of the fuel, the better the performance of the
diesel engine on average. High temperatures effectively make the
engine performance value better than normal temperatures (26 °C),
and the performance of diesel engines is better with WCO fuel,
especially in SFC.

(Author)
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The objective of this study was to optimize the operating conditions
for an electrocatalytic method of producing biodiesel from local used
frying oil (UFO). The effects of electrical voltages (5-30 V), methanol-
to-oil molar ratios (4:1-8:1), KOH catalyst concentrations (0.5-
1.25% w/w), and electrolysis time (30-120 min) on biodiesel yield

were investigated. The highest biodiesel yield of 95.3% was obtained
at a voltage of 30 V, methanol-to-oil molar ratio of 6:1, catalyst
concentration of 1% w/w, and electrolysis time of 120 min. A
regression model was developed to predict the optimum operating
conditions, resulting in a maximum biodiesel yield of 95.54%. The
predicted optimum operating conditions were a voltage of 24.4 V,
methanol-to-oil molar ratio of 5.8:1, catalyst concentration of 1%
wiw, and electrolysis time of 120 min. The net profit of the biodiesel
business using local UFO as a feedstock was estimated to be IDR
738,000 per month based on a simple economic calculation. These
findings demonstrate the potential for using electrocatalytic methods
to produce biodiesel from local UFO, and the economic feasibility of
producing biodiesel in small-scale industries.

(Author)
Keywords: Biodiesel, Electrocatalyst, Methanol, Used Frying Olil,
Yield
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Various techniques to measure SO, concentration based on Differential Optical Absorption
Spectroscopy (DOAS) have been widely developed and applied for various measurements.
However, most of the applications are still relatively expensive. Some efforts have been made to
reduce the cost by using Ultraviolet Light Emitting Diodes (LEDs) as light sources, showing
promising results. Further reductions can be possibly made by providing an alternative to
replace high spectral resolution spectrometers widely used in DOAS applications since those
spectrometers are commercially expensive. This paper studies the feasibility of a DOAS
instrument using a low-cost spectrometer and UV-LED:s as light sources. The resolution of the
spectrometer is 0.7 nm. With this resolution, it is expected that the instrument hardly captures
narrow band structures of SO, optical absorption in the spectral range between 280 nm and
320 nm when measuring SO, gas concentration lower than the limits of SO, emissions
regulated by the Indonesian government. To compensate for this drawback, narrow and broad
bands of optical absorption structures are considered in the data analysis to achieve a detection
limit far below the regulated limits. To capture the broadband structures, four UV-LEDs are
used to cover spectral absorption from 250 nm to 320 nm. The instrument was calibrated using
eight different standard concentrations of SO,. The correlation between the readings and the
standard concentrations is high, indicated by the Pearson correlation coefficient of 0.9999. It
was also found that the lowest concentration the instrument can distinguish from blank samples
or the Limit of Detection is 16 ppm. However, the instrument can precisely measure
concentrations higher than or equal to 25 ppm with a standard deviation of less than 10% of
the mean concentration measured from five measurements. This is far below the required legal
limits, below 229 ppm. After the calibration, the DOAS instrument was used to measure SO,
sampled from the emission of burning coals. To compare, a commercial SO, sensor was used
to measure the same gas. The results indicate that the difference in the readings between the
two instruments is around 6% of the concentration.

1. INTRODUCTION

activities (Bani et al., 2022). In general, the formation of

One of the major pollutants in the atmosphere is SO; in the combustion process follows the following
Sulfur Dioxide (SO,). The sources of atmospheric SO, can reaction:
be anthropogenic and natural activities such as fuel S ) T 02 — SO2 (9 (D

combustion (Akimoto & Narita, 1994) and volcanic

*Correspondence author.
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Atmospheric SO, can have adverse effects on the
environment and human health. For example, SO, can be
oxidized to form sulfuric acid (Laaksonen et al., 2008) and
sulfate aerosols that lead to environmental acidification
(Rodhe, 1999). Meanwhile, exposure to high
concentrations of SO, can cause irritation and malfunction
of the human respiratory system (Kampa & Castanas,
2008). The presence of SO, in the atmosphere can cause
acid rain with pH < 7 (Yunita & Kiswandono, 2017)
because of the reaction below:

1502 (¢) + SO2 (g) + H20 1) — H2SO4 () 2)

To tackle the negative impacts of atmospheric SO,
some regulations were issued by the Indonesia Ministry of
Environment. For example, legal limits for SO2 emitted
from internal combustion engines were introduced in 2019
(MenLHK RI, 2019), and some of the limits are listed in
Table 1. However, the measurement standard approved by
the ministry is either not environmentally friendly since
they produce chemical waste (Badan Standardisasi Nasional
Indonesia, 2005, 2009) or expensive since they require
(EPA CTM-022, 1995).

Furthermore, there is a need to measure SO, continuously

periodic  maintenance

at emission sources, as long—term measurements can provide
a reliable assessment of the contribution of emission sources
to the level of atmospheric SO, around the sources. None
of the approved measurements are economically practical
for continuous measurements. For example, based on
USEPA CER 40 part 75, continuous measurements can be
done using chemical reagents such as sulphuric acid and
hydrogen peroxide or an instrumental analyzer. The first
method produces chemical wastes, and the second method
is expensive since the corresponding instrument can cost
between $20,000-$50,000 with periodic maintenance and
calibration required.

An alternative to measure SO, is using Differential
Optical Absorption Spectroscopy (DOAS). Using this
method, gases can be continuously measured with minimal
maintenance and no chemical waste produced. The method
is based on the optical absorption structure of SO, with no

direct interaction between the sample and light sensors

(Stutz & Platt, 1996). DOAS method works in a wide range
of wavelengths, from UV to visible (Fatkhurrahman et al.,
2020). Furthermore, this technique does not require
complex sample preparation and can use Light Emitting
Diodes (LEDs) as light sources. These characteristics make
DOAS suitable for a low-cost and environmentally friendly
continuous measurement system.

Further cost reductions in a DOAS instrument can
be made by providing an alternative to replace high spectral
resolution spectrometers widely used in DOAS applications
since those spectrometers are commercially expensive. For
example, a spectrometer with 0.02 nm resolution can cost
more than $30,000. This paper studies the feasibility of a
compact DOAS instrument using a low-cost spectrometer
designed to measure SO, from emission sources. The
spectrometer used in the instrument has less than 2.0 nm of
spectral resolution and costs around $3,000. With this
resolution, the spectrometer is unlikely to measure SO,
concentration far below the legal limits when it is used in a
compact instrument with a short light path for light
absorption. Therefore, the combination of the narrow and
broadband structures of SO, absorption is used to
determine SO, concentration to achieve a detection limit far

below that regulated by the Indonesian government listed

in Table 1.

Table 1. Limits of SO; in Inner Combustion Engine based on
the Regulation of Indonesia Ministry of Environment Number

15 of 2019

Limits
C i Fuel

apaclty He mg/Nm? Ppm
Refined Fuel Oil 1800 687

< 3000 KW
Diesel Oil 800 305
Refined Fuel Oil 1200 458

> 3000 KW
Diesel Oil 600 229
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2. METHODS
The central idea of the DOAS method is to retrieve

gas concentration based on the spectral structure of optical
absorption by the gas. The optical absorption, denoted as A,
can be determined experimentally using two light
intensities: those emitted by a light source, denoted as I_o
(A), and those absorbed by the gas, denoted as I(A). The
absorbance can be expressed mathematically as
Aexp = In[I(1)] — In[l,(D)] (3)
where  Agyp, is  experimentally  determined
absorbance. Optical absorption can be modelled as the
absorption of light by gas. In a simple system where the
length of optical absorption is relatively short, and there is
only one gas that absorbs the light with no particles
interfering with the absorption, then the absorption can be
formulated as
Aoq = sa(A) + P(A) “4)
where Aypoq is modelled absorbance; o(4) is the
absorption cross-section of the gas (cm?); P(A) is a linear
function of A representing interferences by other processes;
s is a coefficient calculated by
s=nL ®)]
where mis the density of gas molecules
(particles/cm?®); L is the length of optical absorption (cm).
The density can be derived from gas concentration as

follow:
XN

n=_s (6)

where x is the gas concentration (ppm); N is the

density of air molecules (1/cm’). In normal conditions, N is

equal to 2.68 X 10" particles/cm’.

There are two components of ¢(1): narrow and

broad band cross-section denoted as 6™(1) and o? (1),
respectively. Mathematically, 0 (1) can be expressed as

o(d) =o"(D) +o"(D) (7

Most DOAS applications separate ¢™(4) from

P (1) as 0P (Q) is susceptible to interferences from light

scattering due to air molecules and particles. In a condition

where the scattering is minimized, such as in a relatively

short light path, separation can be avoided. This condition

is an advantage for an instrument using a low-resolution

spectrometer, as the spectrometer is unlikely to resolve the

structure of 0™ (1) when measuring optical absorption by
low-concentration gas.

Three parameters are defined to characterize the
performance of an instrument. The parameters are the Limit
of Blank, Limit of Detection, and Limit of Quantification,
denoted as LoB, LoD, and LoQ, respectively. The
definition used in this study is as explained by Armbruster
(Armbruster & Pry, 2008). The value of LoB and LoD can
be determined as

LoB = ¢y + 1.645 6¢, (8)
LoD = LoB + 1.645 8¢y, 9)

Where ¢ is the mean of measured concentrations
when the instrument measures blank samples; 6cy and
6ciow are the standard deviation of measured
concentrations when the instrument measures blank
samples and the lowest concentration distinguishable from
blank samples, respectively. The value of LoQ can be
defined as the lowest concentration the instrument can
precisely measure. Two parameters can indicate the
instrument's ability to precisely measure SO, of a particular
concentration: the standard deviation of repetitive
measurements and the Signal Noise Ratio (SNR) value. A
minor standard deviation with Higher SNR can indicate the
high ability of the instrument to precisely measure the
concentration of interest. In the case of DOAS, the value of
SNR can be calculated from the ratio between the sum of
optical absorbance and the sum of residue signal. The
residue signal is the difference between optical absorbance
and Agy and Ayypq. There is no strict rule for the threshold
of SNR. However, many consider the SNR of 1.0 is the

threshold to indicate high-precision measurements.

3. INSTRUMENT DESIGN

The basic principle of the design is to measure
I,(1) and I(A) with minimum interference from other
gases or particles. This requirement leads to a design with
three major components: light sources, a cell, and a
spectrometer. The design of the instrument is shown in
Figure 1. As shown in the figure, SO, gas flows through the
cell made of acrylic with a length of 30 cm. To capture (1)
over a broad spectral range, four UV-LEDs with different
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spectral profiles are used to illuminate the gas. On the other
side, a spectrometer is installed to measure transmitted light.
The spectrometer used in the instrument is a CCS200
Spectrometer made by Thorlabs. The measurement range of
the spectrometer is from 200 nm to 1000 nm with spectral
accuracy lower than 2 nm. The spectrometer was calibrated
using a mercury lamp, and it was concluded that its spectral
accuracy is around 0.7 nm, evaluated at the spectral line of
365.0 nm. This spectral accuracy was used to convolve high-
resolution SO, absorption cross-sections downloaded from
the HITRAN database (Hermans, Vandaele, & Fally, 2009)
(“HITRANonline - Absorption Cross Section Search,”
2022). The high-resolution cross-section is shown as a blue
line in Figure 2.a. The convolution was done for a range
between 275 nm and 315 nm, and the results are shown as
a red line in Figure 2.a. The UV-LED emission spectra were
measured using the spectrometer, and the results are shown
in Figure 2.b.

The depth of broad and narrow band structures is
illustrated as dashed lines in Figure 2.a. As shown in the
figure, the depth of the narrow structure significantly
decreases when a low resolution of the spectrometer is
used, while that of the broad structure only slightly
changes. Therefore, the data analysis in this study uses
both structures to ensure that the instrument has a

significant sensitivity when measuring low concentrations

Of SOz

gas inlet
silica glass wingow ~ §aS outiet
gas cylinder .

I

wieDs |

acrylic tube

€CD Spectrometer

Figure 1. The DOAS instrument used in this study and its

calibration setup.
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Figure 2. (a) The high and low resolution of SO, absorption
cross-sections are shown as blue and red lines, respectively. As seen
in the figure, there are broad and narrow band structures over a
wide spectral range between 240 and 325 nm. One example of
narrow band structures is indicated at absorption cross-sections
around the wavelength of 305 nm. (b). The spectral intensity of
the four UV-LED:s used in the DOAS instrument. It can be seen
that the intensity covers the strong SO, spectral absorption

between 250 nm and 320 nm.

4. CALIBRATION OF INSTRUMENT

The instrument was calibrated using eight different
concentrations of SO,. The concentrations are 0, 25, 50, 75,
100, 300, 500, and 1000 ppm. For each concentration, five
measurements ~ were  performed. Based on  the
measurements, Agyp and Apoq were determined. To
illustrate, some of the measurements are shown in Figure 3.
The standard and measured SO, concentrations are
indicated in the figure denoted as cgq and Cpeqs
respectively. As can be seen from the figure, a?(2) is
predominant in the measurements of a concentration lower
than 50 ppm. In the measurements of those higher than or
equal to 75 ppm, both of ¢?(1) and 6"™(1) can be
identified.

Based on the measurements, a calibration curve can
be determined. The curve can be seen as a dashed blue line
in Figure 4 with the corresponding scale on the left. In the
figure, the mean and the standard deviations of the
concentrations measured by the DOAS instrument are also
indicated. As seen from the figure, the slope of the curve is
nearly one, and the intercept is -6.4 ppm. The Pearson
correlation coefficient between standard and measured
concentrations is 0.93. Also, the ratio between the standard

deviations and the mean of measured concentrations is
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lower than 2% of the mean concentration when the
instrument measures concentrations higher than or equal to
300 ppm. For example, the standard deviation is 3 ppm
when the instrument measured 300 ppm of SO2 five times
with the mean of measured concentration 293 ppm. This
higher precision when measuring high concentration can be
due to the strong absorption structures for both broad and

narrow absorption structures.

Cargt 500 ppm
Cmea: 485 ppm

o
Cuc 75 ppm
Cmea: 69 ppm

Voo M Ay

Differential optical absorbance
B
2
5]
B

Wavelength (nm)

Figure 3. Some examples of optical absorption measurement for
various SO, concentrations in the DOAS instrument calibration.
The measured and modelled optical absorption are shown as blue
and red lines, respectively. The concentrations were retrieved from
the fitting between measured and modelled optical absorption.
The results are indicated in the figure with €54 and €ppeq denote
the concentration of the gas standard and measured by the

instrument, respectively.

1000 +
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Figure 4. The calibration curve and the SNR of the measured
optical depth.

Based on the calibration results, the value of the
instrument's LoB, LoD, and LoQ can be determined. The
mean concentration measured by the instrument was 1 ppm
with a standard deviation of 6 ppm when the instrument
measured blank samples. Using Eq. 8, the LoB of the
instrument was calculated, and the result was around 11
ppm. The instrument also showed its ability to distinguish
the concentration of 25 ppm from the blank, with a mean
concentration of 27 ppm and a standard deviation of 3 ppm.
So, LoD can be determined from the measurements of this
concentration. Using Eq. 9, the value of LoD was
calculated, and the result was around 16 ppm. The SNR of
the measurements was calculated to analyze the LoQ of the
instrument. The results are shown as a red line in Figure 4
with the corresponding scale on the right. Based on the
figure, the SNR when the instrument measured a gas
concentration of 25 ppm is slightly higher than 1. So, it can
be safely assumed that the LoQ of the instrument is 25 ppm.

5. THE MEASUREMENTS OF SO, SAMPLED
FROM INDUSTRY

The instrument was used to measure SO, gas
sampled from coal-burning emissions. The gas was collected
using a bag sampler. The measurements were done by
transporting the gas into the cell of the DOAS instrument,
and, as a comparison, a calibrated SO, commercial sensor
was installed at the outlet of the instrument. To keep the air
pressure inside the DOAS instrument at the ambient level,
a T connector was installed at the outlet to split the flow
into the commercial sensor and the ambient.

The commercial sensor used in this measurement
was a PCA 3 Gas Analyzer made by Bacharach Inc. The gas
analyzer has a measurement range of SO, between 0 ppm
and 3000 ppm with a resolution of 1 ppm. It measures gas
by drawing a small volume of the gas and passing it into an
SO; sensor. The sensing mechanism of the sensor is based
on an electrochemical reaction between SO, and SO--
sensitive-material of the sensor generating electrical currents
proportional to the concentration of SO.,.

The measurements can be divided into three stages.

The first stage was the measurement of a blank sample. The
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blank sample was an ambient sample with a negligible
concentration of SO,. The second stage was the increasing
concentration in the cell when the SO, sample started to
flow into the cell. The third stage was the stable
concentration when the SO, was well mixed inside the cell.
The measurement results are shown in Figure 5. In the first
stage, the reading of the DOAS instrument is around 25
ppm, indicated by a dashed line. This reading corresponds
to the LoQ of the instrument. In the second stage, the
reading of the DOAS instrument and the gas analyzer
increased at a different rates. In the third stage, the reading
of both instruments started to level off with a small amount
of fluctuation. In the third stage, the average reading of the
DOAS instrument and the gas analyzer were 211 ppm and
225 ppm, respectively. The difference is around 12 ppm or

around 6% of the concentration.
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Figure 5. The measurement of SO2 sampled from the emission

of coal burning.

6. CONCLUSION

The feasibility study of a low-cost instrument to
measure SO, using a low-cost spectrometer and UV-LEDs
as light sources were performed. The spectral range of the
UV-LED:s is from 250 nm to 320 nm and can be used to
measure a broad band structure of SO, absorption in this
range. The low-cost spectrometer has a relatively low
spectral resolution and is unlikely to resolve narrow band
structures  when  measuring  relatively low SO,
concentration. Hence, in this study, broad band structures
of SO, absorption were included in DOAS data analysis.
The instrument's calibration shows the instrument's ability
to measure concentrations higher than 25 ppm. Next, the
instrument was used to measure SO, sampled from the

emission of coal burning. As a comparison, a commercial

SO, sensor was installed at the outlet of the DOAS
instrument and measured the sampled gas when the gas left
the cell. The results indicate that the DOAS instrument
deviated from around 6% of that measured by the

commercial sensor.
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Electrodeposition of the iron oxide (Fe,Oy) nanoparticles on the graphite felt was prepared from
a mixture of iron (II) and iron (III) precursor solution with various pHs (2, 7, and 10) by
applying a constant current (galvanostatic) of 0.1 A for 30 minutes. Each resulting sample was
coded GF/FeO, -2, GF/Fe,O, -7, and GF/FeO, -10, respectively. Graphite felt without
modification, Raw-GF, was used as control. The mass of iron oxide (Fe,O,) deposited ranged
from 0.02 to 0.03 grams. The product characterisation using a Scanning Electron Microscope
(SEM) showed the distribution of 500 nm particles on the surface of the graphite felt for the
GEF/Fe,O, -2 sample. In comparison, the distribution of larger particles (1 — 2 pm) was observed
in the samples of GF/Fe,O, -7 and GF/Fe,O, -10, respectively. Spectrum resulting from an X-
ray Diffraction Spectroscopy (XRD) showed the formation of iron oxides (Fe,Oy) such as
magnetite (Fe;Oy), haematite (Fe;O3), goethite (FeOOH), and lepidocrocite (FeO(OH)).
Fourier Transform Infra-Red (FTIR) spectrum also confirmed the presence of Fe;Os in the
GEF/Fe,O, -2 sample, Fe;O4 in the GF/Fe,O, -7 and GF/Fe,O, -10 samples, and FeOOH in all
three samples. Applying the iron oxide modified graphite felt in the electro-Fenton approach
process without aeration showed that it can degrade bio-refractory pollutants, such as methyl
orange. The observed degradations of methyl orange were a decrease in the colour intensity up

to 81.37% and a decrease in the COD up to 49.85%.

1. INTRODUCTION

Biorefractory pollutants contain recalcitrant organic
compounds that cannot be decomposed through
conventional biological processes (Barrera-Diaz, Linares-
Herndndez, Roa-Morales, Bilyeu, & Balderas-Herndndez,
2009; Rajoriya, Carpenter, Saharan, & Pandit, 2016). These
compounds contain azo bonds (-N=N-) (Guivarch, Trevin,

Lahitte, & Oturan, 2003), which are difficult to digest by
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microorganisms. Biorefractory organic pollutants are also
toxic and carcinogenic to macro- and micro-organisms (X.
Yu, Zhou, Hu, Groenen Serrano, & Yu, 2014). Various
pesticides, and

industries such as textiles, dyes,

pharmaceuticals continuously produce large amounts of
2016), which

simultaneously trigger serious pollution problems in both

organic pollutants (Rajoriya et al.,
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surface water and groundwater (X. Yu et al., 2014). Industrial
wastes have passed through the treatment system, but the
remnants of biorefractory compounds still potentially
endanger the health of ecosystems, animals, and humans, even
in tiny amounts (X. Yu et al., 2014). Therefore, the existence
of a waste treatment system that effectively degrades
biorefractory compounds needs to be developed.

Biorefractory organic waste treatment methods that
have been developed include adsorption (Iwuozor, Ighalo,
Emenike, Ogunfowora, & Igwegbe, 2021), ozonation (Baig
& Liechti, 2001), membranes (W. Liu, Howell, Arnot, &
Scott, 2001), electrochemical methods (Ganiyu et al., 2018),
and advanced oxidation process (AOP) (Rajoriya etal., 2016).
The electrochemical method with the AOP approach, the so-
called electro-Fenton, is quite effective in degrading the
biorefractory compounds of coloured azo compounds such as
methyl orange, methyl red, and azo benzene (Guivarch et al.,
2003). The electro-Fenton involves the reduction of oxygen
at a cathode to generate hydrogen peroxide (HOOH), which
can then be decomposed into hydroxide radicals (6 OH) in
the presence of a Fenton catalyst (Fe**) (Le et al., 2019).
Hydroxide radicals are powerful oxidising agents for the AOP
process, which can even degrade various and persistent
organic compounds (Rajoriya et al., 2016).

The electro-Fenton process requires oxygen to
generate H,O,, Fenton catalysts, and suitable electrodes that
can facilitate the oxygen reduction reaction to H,O,. The
oxygen in the water as dissolved oxygen is about 9 mg/L (Tai,
Yang, Liu, & Li, 2012). The oxygen is usually supplied by
purging oxygen gas or compressed atmospheric air to increase
its saturation during the electro-Fenton process (Le et al.,
2019). In a conventional electro-Fenton, a Fenton catalyst is
added to the solution at a pH of 3 (Le et al., 2015). Carbon-
based electrode materials are widely used as electrodes to
generate H,O,, namely, graphite felt (Kosimaningrum et al.,
2017; Miao, Zhu, Tang, Chen, & Wan, 2014), carbon felt
(Huong Le, Bechelany, & Cretin, 2017), and activated
carbon fibre (X. Yu et al., 2014). Various modifications of the
catbon electrode were also carried out to improve its
performance in the electro-Fenton process, one of which is by
loading nanoparticles catalyst (Lian, Huang, Liang, Li, & Xi,
2019; K. Liu, Yu, Dong, Wu, & Hoffmann, 2018).

Iron oxide (Fe,Oy) nanoparticles, such as haematite
(Fe;O3) and magnetite (Fe;Oy), are materials commonly
applied to water and wastewater treatment (Petrov et al.,
2020; Stoia, Pocurariu, Istratie, & Niznansky, 2015). The
iron oxide nanoparticles are potential catalysts in the electro-
Fenton process (Ben Hafaiedh, Fourcade, Bellakhal, &
Amrane, 2020). The iron oxide nanoparticles can be loaded
onto carbon-based cathode materials through various
processes such as chemical precipitation (Huiqun, Meifang,
& Yaogang, 2006), adsorption (Gupta, Agarwal, & Saleh,
2011), encapsulation (Z. Wu, Li, Webley, & Zhao, 2012),
and electrodeposition (M.-S. Wu, Ou, & Lin, 2010). In the
electro-Fenton process, the iron oxide can be dissociated into
Fe’*and Fe’* ions, which catalyse the breakdown of hydrogen
peroxide to form hydroxide radicals in the solution (Ben
Hafaiedh et al., 2020).

The electrodeposition method has successfully
developed the preparation of iron oxide nanostructure, as
reported elsewhere (Aghazadeh & Ganjali, 2018; Martinez et
al., 2007; M.-S. Wu et al.,, 2010). This electrochemical
method enables the regulation of the deposited nanomaterial
by controlling the composition of precursor solution, pH,
deposition mode, salt, and bath type. The electrodeposition
method reveals a simple one-step process at room
temperature, even without an additional capping agent to
fabricate iron oxide nanoparticles. The conventional chemical
method involves expensive materials, high temperatures,
multi-step processes, and long-time synthesis. Thus, in
general, electrochemical synthesis has been taken into account
as a preferred method in the development of nanostructure
materials due to its many advantages over the standard
chemical method (Aghazadeh, 2019).

The advantages of the electrodeposition method are
as follows; the mild operating conditions that can be carried
out at room temperature and pressure, the use of fewer
chemicals both in quantity and type, and fast reaction rates.
Therefore, this study aimed to synthesise iron oxide, Fe,O,,
which  was carried out using a simple cathodic
electrodeposition method on graphite felt carbon substrate in
a mixture of iron(II) and iron(IIl) precursor solutions with
various pHs. The electrodeposition product was then tested

for its performance as a cathode in the electrochemical
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degradation of methyl orange through the electro-Fenton
process. During the electro-Fenton process, neither oxygen
gas nor compressed air was bubbled into the synthetic
wastewater solution for aeration purposes. The novelty of this
research was the study of the effect of precursor solution pH
on the characteristics of the as-resulted iron oxide modified
graphite felt and its performance in the electrochemical

degradation of biorefractory compounds.

2. METHODS

2.1. Materials

The materials used in this study were commercial graphite felt
technical grade, ethanol (96%) purchased from Bratachem,
iron sulfate heptahydrate, FeSO4.7H,O (99%), iron nitrate
nonahydrate, Fe(NO3)3;.9H,0 (99%), methyl orange, sodium
sulfate anhydrous, and sodium hydroxide were purchased
from Merck.

2.2. Graphite felt sample preparation

Graphite felt was the basic carbon material to be modified in
this study. The graphite felt was washed with 96% ethanol to
remove the contaminants. The graphite felt was cut into
pieces, 5 x 10 cm, soaked in 96% ethanol, and then
ultrasonicated for 30 minutes. Next, the graphite felt was
separated from the ethanol and washed with distilled water
three times. The graphite felt was dried in an oven at 60°C for
24 hours. Furthermore, the cleaned and dried graphite felt
was stored in a silica gel container.

2.3. Electrodeposition of iron oxide on graphite felt

Iron oxide was coated on graphite felt using the
electrodeposition method developed by Aghazadeh & Ganjali
(Aghazadeh & Ganjali, 2018) with several modifications. The
electrodeposition was carried out in an electrochemical cell
containing 125 mL of a 0.005 M precursor solution in the
form of a mixture of Fe (II), from FeSO4.7H,0, and Fe (III),
from Fe(NO3);.9H,O with pH variations of 2, 7, and 10,
respectively. The graphite felt as a cathode, and the titanium
mesh coated with platinum as an anode were set in the cell at
a fixed distance of 3 cm. The electrodeposition was carried
out, without stirring, by flowing a constant current of 0.1 A
(2.4 mA/cm®) for 30 minutes at room temperature and
pressure. The resulting modified graphite felt was dried in a

vacuum oven at 60°C for 24 hours. The mass of graphite felt

before and after electrodeposition was weighed to determine
the mass of iron oxide deposited on the graphite felt. The iron
oxide modified graphite felts, Fe,O,, produced from the
precursor solution with variations in pH of 2, 7, and 10, were
coded as GF/ Fe,O, -2, GF/ Fe,O, -7, and GF/ FeO, -10,
respectively. Meanwhile, Raw-GF, graphite felt without
modification, was used as the experimental control.
2.4. Physicochemical Analysis
The morphology of the electrosynthesis product samples was
scanned with a Jeol JSM-6510 scanning electron microscope
(SEM). At the same time, the material structure was analysed
using an X-Ray Diffraction Spectrophotometer, XRD,
Shimadzu XRD-7000, and a Fourier-Transform Infra-Red,
FTIR, Perkin Elmer.
2.5. The electrochemical degradation process of synthetic
waste
The resulting iron oxide coated graphite felt sample was used
as an electrode in the degradation process of synthetic waste.
Each sample was cut to 2 0.5 x 1 10 cm size with an iron
oxide coated area of about 0.5 x 1 x 3.5 cm. This iron oxide
modified graphite felt was used as a cathode, and the
platinum-coated titanium was used as an anode in the electro-
Fenton process. The electro-Fenton was carried out on 125
mL of 0.1 mM methyl orange synthetic waste in 0.05 M
sodium sulfate solution for 1 hour with a constant current of
0.2 A and continuous stirring. Before and after the electro-
Fenton process, the synthetic waste's colour and Chemical
Oxygen Demand (COD) were analysed. The colour of the
synthetic waste was determined based on the absorbance value
of the methyl orange solution measured using a UV-Visible
spectrophotometer at a wavelength of 470 nm. Furthermore,
the COD of the synthetic waste was measured using the
Standard Method 5220D. The colour and COD removal
efficiencies were calculated using equations 1 (Parshett,
Telke, Kalyani, & Govindwar, 2010) and 2 (Yang, Liang,
Zhang, & Liang, 2016), respectively.

(Initial absorbance-Final absorbance)

X 100% (1)

% colour removal = iciad aheorh
nitial absorbance

Initial COD—-final COD
Initial COD

% COD removal = X 100 % (2)

3. RESULT AND DISCUSSION
Figure 1 shows a mixed solution of iron(II) and
iron(IIl), as referred to by Aghazadeh et al. (Aghazadeh &
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Ganjali, 2018) at pH of 2, 7, and 10 as a representation of
acidic, neutral, and basic conditions. A mixed solution of iron
(IT) and iron (III) had a pH of 2.36. The solution pH was
adjusted to 7 and 10 by adding 5 M NaOH solution
dropwise. An increase in pH caused a change in the colour of
the solution to dark brown. The solution was brown at a pH
of 7 and black at a pH of 10. This indicated that iron(II) and
iron(III) ions reacted with hydroxide ions, as stated by Koo et
al. in equation 3 (Koo, Ismail, Othman, Rahman, & Sheng,
2019).

Fe** + Fe** + SOH = Fe(OH), + 2Fe(OH); >
Fe;04 + 4H,O (3)

The observed colour of the pH-7 solution was brown,
resulting from the mixture of the Fe(OH), solution (green)
and the Fe(OH); solution (brick red) (Ghernaout et al.,
2009). While the colour observed in the pH-10 solution,
black, indicated the formation of iron oxide magnetite, Fe;Oq4
(Koo et al., 2019).

Figure 1. Profile of the mixture of iron (II) and iron (III)

precursor solutions at (a) acidic, (b) neutral, and (c) basic pH

Figure 2. The resulting iron oxide modified graphite felt from

the precursor solution at various pH; a. GF/FeO, -2, b.
GF/FeO, -7, dan c. GF/Fe,O, -10
The electrodeposition in each precursor solution was

carried out using the galvanostatic method at 2.4 mA/cm? for

30 minutes. Applying the current can cause the oxidation of
ferrous ions to ferric oxide. The reaction at the graphite felt
cathode was the reduction of water to hydroxide ions and
hydrogen gas (equation 4) and the reduction of Fe** ions to
Fe’* ions (equation 5) (Aghazadeh & Ganjali, 2018).

H,O + 2¢ 2 20H + H, (4)

Fe** + € > Fe* (5)

The presence of OH' ions and Fe** and Fe** ions can
stimulate the formation of iron oxide magnetite (Fe;Oj)
deposits based on equation 6 on the cathode surface
(Aghazadeh & Ganjali, 2018).

Fe** + Fe** + OH > Fe;0; 6)

Figure 2 shows the electrodeposition of graphite felt
in a solution of iron ion precursors under acidic, neutral, and
basic conditions, respectively. On each surface of the graphite
felt, the presence of a coating, which was a deposit of iron
oxide (FeOy), can be observed. The deposits formed in the
GF/Fe,Oy -2 sample (Figure 2a) were brown with a mass of
0.02 grams. The brownish iron oxide indicated the iron oxide
hematite, Fe;Os. The black deposits in the samples of GF/
Fe,O, -7 (Figure 2b) and GF/Fe,O,-10 (Figure 2c) that
weighed 0.03 and 0.02 grams, respectively, indicated the
formation of iron oxide magnetite, Fe;O4. Based on the XRD
and FTIR spectrum (Fig. 5a and 5b), the GF/Fe,O, -7
contains a mixture of haematite and magnetite, which may
cause a slightly higher mass than the two other products.

Figure 3 shows the morphology of clean graphite felt
(Raw-GF) and the three samples of electrodeposition
products, namely GF/Fe,O, -2, GF/Fe,O,-7, and GF/Fe,O, -
10 at 1000x magnification. Graphite felt as a support material
was composed of carbon fibres with a diameter of about 20
pm. The Raw-GF sample (Figure 3a), which was a sample
without modification, showed clean carbon fibres. The
GF/Fe,O, -2 sample (Figure 3b) showed the distribution of
white dots deposited around the carbon fibres. In contrast, the
GF/Fe,Oy -7 (Figure 3c) and GF/Fe,Oy -10 samples (Figure
3d) showed the presence of deposits on the surface of the
carbon fibres in the form of larger particles or lumps.

Figure 4 shows the SEM result of each modified
FexOy electrode with a magnification of 5000x — 10000x.
According to Buzea et al., nanoparticles have a size below 1

pm (<1000 nm), while microparticles have a size above 1 pm
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(>1000 nm) Pacheco, & Robbie, 2007).
Nanoparticle-sized deposits (<500 nm) tended to form in the
GF/Fe,O, -2 sample (Figures 4a,b), which was produced by

electrodeposition in the precursor solution at a pH of 2.

(Buzea,

Electrodeposition in the precursor solution with pH of 7
produced the deposit of particles, with an approximate size of
500 — 1000 nm (Figures 4c,d), and electrodeposition at pH
10 resulted in the deposit of larger particles size (Figures 4e,f).
In an acidic environment, the ions were more dissociated so
that the iron ions could quickly spread throughout the surface
of the graphite felt. Once the iron ions arrive on the graphite
surface, they can react with hydroxide ions as-resulted of water
reduction (Aghazadeh & Ganjali, 2018) to form small
particles (= 500 nm), then were deposited on the surface of
the graphite felt. The external addition of hydroxide ions to
the solution caused an uncontrolled reaction with iron(II) and
iron(I1l) in the precursor solution. It allowed the formation
of larger particles (> 500 nm) which can be deposited as lumps
on the graphite felt surface.

Figure 5a shows the spectrum of XRD measurement
results. The increase in the pH of the electrodeposition
precursor solution increased the intensity in the theta area of
20-30°. Based on the Reference Database Library, the peak at
the mentioned area was FeOOH, interpreted as goethite and
lepidocrocite, as can be observed in equation 7 (Martinez et
al., 2007).

Fe* + 2H,0 2 Fe-OOH + e + 3H" 7)

The peak observed in the area between 40 — 50°
indicated the existence of iron oxide magnetite, Fe;O4. This
peak was visible in the electrodeposition sample at a pH of 10.
The formation of Fe;Oy, black deposits on the surface of
graphite felt, was effective at a pH above 8. At pH of 7 and 2,
magnetite peaks did not appear clearly. Meanwhile, at pH 7
and 2, the 37° area peak was interpreted as forming Fe,Os.
Furthermore, at a pH of 2, the reddish-brown layer formed
was characterised as haematite. The FTIR spectrum of the
GF/Fe,Oy -2 sample (Figure 5b) showed a sharp stretching
peak of Fe-O at wave number 594 cm™ (Fard, Mirjalili, &
Najafi, 2018) and 450 cm™ (Sobhanardakani, Jafari,
Zandipak, & Meidanchi, 2018) which were typical for Fe;Os.
The spectra of GF/Fe,O, -7 and GF/Fe,O, -10 (Figure 5b)

were quite similar to each other, which shows the broad weak

peak in the area between 500 cm™ and 700 cm™ as the Fe-O
stretching peak of Fe;O4(Raghu et al., 2017).

SEI 10KV WDAGr 00 10um — 5830 x1.000  10pm
LAB. TERPADU UNDIP

Figure 3. Morphological profile of the sample based on SEM
measurements at 1000x magnification for the samples; a)
control sample, coded Raw-GF or graphite felt without
modification, b. sample GF/Fe Oy -2, c. sample GF/Fe,O, -7,
and d. GF/Fe,Oy -10.

Figure 4 Morphological profile of the samples based on SEM
measurements at a magnification of 5000x and 10,000x for
the samples; a, b. sample GF/Fe,Oy -2, ¢, d. sample GF/ Fe,O,
-7, and e,f. GF/FeO, -10.
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Methyl orange is an organic compound with an azo
bond (-N=N-) in its structure, so it is hardly degraded
through the conventional microbial degradation method
(Han et al., 2015). Furthermore, the ionic sulphonate group
makes it very soluble in water (Han et al., 2015), which can
quickly spread in aquifers, making it difficult to remove.
Therefore, methyl orange can be classified as a biorefractory
organic waste that can increase water's chemical oxygen
demand (COD) (Guivarch et al., 2003).

In this study, methyl orange was electrochemically
degraded using the GF/Fe,O, -2, GF/Fe,O, -7, and GF/Fe,O,
-10 samples. Figure 6a shows the methyl orange synthesis
waste solution before and after electrochemical treatment.
Samples of Raw-GF, GF/Fe,O, -2, GF/FeO, -7, and
GF/Fe,Oy -10 were used as the cathode, and platinum-coated
titanium was used as the anode, respectively. Visually, the
processed solution showed a significant decrease in colour
intensity. Measurements with a UV-Vis spectrophotometer at
a wavelength of 470 nm also showed a sharp decrease in
absorbance in the post-treatment solution. The average colour
loss based on the absorbance measurement results was
between 77.69 — 81.43 % for the three modified and the
control electrodes (Figure 6b).

The GF/Fe,Oy -7 resulted in a higher colour removal
efficiency than the GF/Fe,O, -2. The formerly contained
magnetite (Fe;O04), and the latter contained haematite
(Fe;03). It showed that Fe;O4 had a higher catalytic activity
than Fe,Os. This result was in line with the study of Prasetyo
et al. reporting that Fe;O4 was more effective than Fe,Os in
the Fenton reaction (Prasetyo, Akbar, Prabandari, &
Ariyanto, 2019). However, the GF/Fe,Oy -10 resulted in a
lower colour removal efficiency than the GF/FeO, -2,
although the former dominantly contained Fe;Os and the
latter dominantly contained Fe;O;. The particle size of the
materials caused this. The GF/Fe,O, -10 and GF/Fe,O, -2
had microparticle and nanoparticle sizes, respectively. The
GF/Fe,O, -2 was more effective than the GF/FeO, -10
because the former had a smaller particle size, namely
nanoparticle. Graphite felt, a material composed of carbon
fibers, can adsorb methyl orange compound in the solution,

so the colour of the solution fades. The presence of iron oxide

can aid in colour removal by catalysing the breakdown of azo
bonds in methyl orange compounds (Han et al., 2015).

In this study, iron oxide's role was insignificant
compared to raw graphite felt (Figure 6b). So, in this case, the
colour removal can be inferred to be dominated by the
adsorption process. Figure 6b also shows that colour removal
was not in line with the COD removal. Concentration, color
removal, and COD removal should be in harmony in the case
of dilution but not in the case of oxidation. In this research,
methyl orange experienced oxidative degradation through a
series of breakdowns to form small organic fragments as

intermediates and CO, and H,O as the expected final

product.

d
700, G : geothite, FeOOH
800 L : lepidocrocite, FeOOH

) H : haematite, Fe,0,

5004 M M : magnetite, Fe,0,
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Figure 5. The spectrum of the control and the FexOy
modified graphite felt samples; a. XRD dan b. FTIR
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The detailed mechanism of methyl orange
degradation has been proposed by Kgatle et al., as shown in
Figure 7. Hydroxyl radical attacks the azo bond of the methyl
orange, which splits methyl orange into N-N dimethyl-p-
phenyl diamine and sulphanilic acid. The radical attacks
continue the breakdown of these intermediate compounds
into many smaller and aliphatic organic fragments. The
hydroxyl radicals are expected to oxidize all organic fragments
to carbon dioxide completely and water(Kgatle, Sikhwivhilu,
Ndlovu, & Moloto, 2021) hence eliminating COD.
However, incomplete oxidation can occur, which leaves a
high content of small organic fragments and make the COD
remain high or increase. In this case, decolourisation can be
occurred due to the change of organic compound
composition instead of dilution. Initially, methyl orange
contains a chromophore group in its structure which is
responsible for its colour that absorbs visible light. After the
breakdown, the small organic fragments may not contain the
chromophore group anymore, and thus, the colour
disappears. Herein, the resulting fade colour of the post-
oxidation solution may not mean a low COD or organic
compound concentration.

The effect of iron oxide was seen in the COD
measurement results correlated with the content of organic
compounds in the solution (Guivarch et al., 2003). The
COD

mineralization/oxidative degradation of methyl orange with

decrease  in indicated  the  presence of
hydroxyl radicals to the inorganic residue, as briefly shown in
equation 8. The expected end products are only carbon
dioxide and water. However, some other side products, such
as SO2 or acid, considered pollutant compounds, can be
emerged. Therefore, other treatments should be conducted
before effluent discharge to avoid environmental hazards.
2C1sHi4N3SO;3Na + 820H: 2 28CO, + 14H,0O + 3N, +
2SO, + 82H* 8)

The Raw-GF sample was only able to reduce COD
by 20.11 % (Figure 6b), which conforms with the work by
Yu et al. (F. Yu, Zhou, & Yu, 2015). The COD removal
capability of Raw-GF is predicted due to its adsorptive
process. Although Raw-GF also produces hydrogen peroxide
(Zhou, Zhou, Hu, Bi, & Serrano, 2014), the formation of

hydroxyl radicals for mineralisation is unfeasible due to the

lack of a catalyst. In this research, the addition of iron oxide
to graphite felt has affected the methyl orange degradation
performance. Iron oxides catalyze the Fenton reaction, which
is the breakdown of H,O, to hydroxyl radical and performs
oxidative degradation. Herein, The GF/Fe,O, -2 sample gave
the best COD reduction up to 49.84 %. This result is slightly
higher than Santana et al. work which utilized Fe;Os/MCM
for methyl orange degradation that reached 45 % of COD
removal (Sidney Santana, Freire Bonfim, da Cruz, da Silva
Batista, & Fabiano, 2021).

100+ Bl Color Removal r100
I COD Removal

81,4785
] 791507 BLEEES : 77,6891 80

F60
%COD/

,GOD,

F20

Raw-GF GFiFe,0,2 GF/Fe,0,-7 GF/Fe,0,-10

Figure 6. Performance of the iron oxide (Fe,O,) modified
graphite felt samples upon electrochemical degradation of
methyl orange waste; a. the colour of the waste before (i) and
after the process (ii — v), b. the colour and COD removal

efficiencies



Kosimaningrum et.al. / Jurnal Riset Teknologi Pencegahan Pencemaran Industri Vol 14 No 1 (2023) 8-18 15

HaC — —
AN
/N \ / N—/—=N \ / S0O3
HsC
methyl orange
HZNOsoa

l.cm
HsC
sulfanilic acid

\
N—< >—NH2
H3C/

N,N dimtehyl-p-phenyldiamine

l oH looH

H3C
)
H3C/
N,N dimethyl benzeneamine benzenesulfonic acid

o\ o

various aliphatic fragments

!

€O, + H,0

Figure 7 The proposed oxidative methyl orange degradation
(Kgatle et al., 2021)

The nanoparticle size of the iron oxide formed on the
graphite felt contributes to a better effectivity of the catalyst
in the hydroxyl radical generation to conduct mineralisation.
The GF/Fe,Oy -10 sample reduced COD by 30.73%, close to
the Jiang et al. work result that used Fe;Oj catalyst in methyl
orange degradation and reached 32 % of total organic carbon
removal(Jiang, Sun, Feng, & Wang, 2016). The GF/Fe,O, -
10 was indicated to contain iron oxide as magnetite, Fe;Os,
which has been reported as an effective catalyst in the Fenton
reaction (Prasetyo et al., 2019). However, the GF/Fe,O, -7
shows only 22.22 % of COD removal. According to its
physicochemical characterization, GF/Fe,O, -7 contains a
mixture of Fe;O3 and Fe;Oy, each having different catalytic
properties. The combination of Fe;O3 and Fe;Oy is predicted
to lead to an adverse reaction and incomplete oxidation,
leaving abundant small organic fragments and increasing the
COD in the post-treatment solution. Thus, the effectiveness
of iron oxide on the degradation of methyl orange waste
depends on the particle size, the kind, and the composition
controlled by the pH (Aghazadeh, 2019) during synthesis.

4. CONCLUSION

The pH of the precursor solution affected the
characteristics of the iron oxide (FeO,) deposited on the
graphite felt. In an acid solution (pH of 2), the iron oxide
formed indicated the dominant type of FeFOOH (goethite and
lepidocrocite) and Fe;O; (haematite) as 500 nm. The
synthesized iron oxide in neutral (pH of 7) and basic (pH of
10) solutions also indicated the type of FFOOH (goethite and
lepidocrocite) and Fe;O4 (magnetite) with a particle size of
more than 500 nm. The colour removal performances of
Raw-GF, GF/Fe,O, -2, GF/FeO, -7, and GF/Fe,O, -10 were
79.16 %, 81.39 %, 81.43 %, and 77.69 %, respectively. The
GF/Fe,Oy -2 sample gave a dominant COD reduction of up
to 49.84 %, while the GF/Fe,O, -7 and the GF/Fe,O, -10
sample reduced COD by 22.22 % and 30.73%, respectively.
The non-modified graphite felt, Raw-GF, the sample was
only able to reduce COD by 20.11 %.
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The demand for cement is increasing each year, but the manufacture of 1 tonne of cement
produces an equal number of carbondioxide (CO,) gas which is directly related to the increase
in global warming. Therefore, we need a substitute material, namely geopolymer. This material
2022 has relatively superior properties compared to cement. However, one of the drawbacks of
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geopolymers is that the production costs are relatively more expensive compared to the
manufacture of pre-cast cement because it requires chemical solutions such as sodium

Keywords : hydroxide (NaOH) and sodium silicate (Na,SiO3) to activate the precursor. This research was
Geopolymer conducted to replace a specific ratio of alkali activator with water to reduce the use of alkaline
Fly Ash hydroxide solutions and sodium silicate while reducing production costs.

Metakaolin The experiment was carried out by replacing the activator solution with water at a certain
Alkali Activator amount with a different curing method. Mechanical properties, X-Ray Diffraction (XRD), and

Sodium Carbonate Fourier Transform Infrared (FTIR) spectroscopy characterization were used to analyze the
effect of additional water in geopolymer. The compressive test result shows that the maximum
water content that can replace the activator solution is 20% by activator mass for fly ash-based
geopolymers and 30% by activator mass for metakaolin-based geopolymers, with sealed and
bare curing conditions before the compressive strength was decreased sharply. Substitution of
10% water in fly ash-based geopolymer increases the compressive strength to 17.20 MPa.
Compressive test results and characterization showed that the optimal curing condition for fly
ash-based geopolymer was sealed curing and bare curing for metakaolin-based geopolymer. The
strength increase is due to O-C-O bonds representing sodium carbonate (Na,COj3), which

affects the compressive strength of fly ash-based and metakaolin-based geopolymers.

1. INTRODUCTION

One of the primary human needs is a place to live, factories, warehouses, and other structures, is also

generally in the form of a house, or other structure, which
is used as a place of shelter and residence for a long time. In
addition, along with the times, the demand for buildings

that support productivity in earning a living, such as offices,
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increasing. Cement is one of the raw materials in the
manufacture of concrete, which in turn becomes the
building block of these structures, resulting in the demand

for cement production increasing with a ten-fold increase in

2503-5010/2087-0965© 2021 Jurnal Riset Teknologi Pencegahan Pencemaran Industri-BBSPJPPI (JRTPPI-BBSPJPPI).

This is an open acces article under the CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/).

Accreditation number : (Ristekdikti) 158/E/KPT/2021



20 Harmaji et.al. / Jurnal Riset Teknologi Pencegahan Pencemaran Industri Vol 14 No 1 (2023) 19-28

global consumption during the last 65 years [1,2]. Cement
production is a process that requires much energy because
of the high temperature required. Manufacturing 1 tonne of
cement requires 4.7 million British Thermal Unit (BTU) of
energy, equivalent to burning 400 lbs of coal, which
produces about 1 tonne of CO, [3,4]. Therefore, it is
necessary to provide a substitute material for cement that is
more environmentally friendly and has a similar compound
as cement (pozzolanic materials).

Fly ash is a residual material produced by burning
coal. The residual material consists of fine particles carried
by flue gas. Fly ash is also the primary component (more
than 58%) formed from coal combustion [5,6]. The
chemical content of fly ash varies depending on the coal
burned, affecting the calcium oxide (CaO) content. Fly ash
mainly consists of SiO,, Al203, and some trace oxides such
as Fe;O3 and Na,O. Metakaolin is a calcination product of
kaolinite clay-based minerals such as kaolin at a temperature
of 600°C - 850°C [7,8]. In this kaolin calcination process,
the water between the SiO; and Al20; layers will evaporate
and change the kaolin into an amorphous phase, namely
metakaolin. Both of these materials are common precursors
in the formation of geopolymers [9,10]. Geopolymer is a
zero cement material consisting of a chain or network of
mineral molecules connected by covalent bonds. These
chains generally consist of molecular units that contain
elements such as silicon (Si), aluminum Al), and oxygen
(O). The manufacturing process of geopolymer is called
geopolymerization, which is strongly influenced by
temperature and time.

The use of fly ash-based geopolymers and
metakaolin-based geopolymers as cement substitutes is
increasing because they are more environmentally friendly.
The physical, chemical, and mechanical properties of
geopolymer are almost the same as those of conventional
concrete, even relatively better, such as compressive
strength, resistance to hot and cold temperatures, and
corrosion resistance [11-15]. Geopolymer concrete (GPC)
is estimated to reduce 80% of the carbon footprint in
construction projects compared with ordinary portland

cement [16]. The disadvantage of geopolymers is that they

are relatively expensive to process because they require an
alkali solution to activate the aluminosilicate materials,
which usually consist of alkaline compounds, compared to
traditional cement-based concrete only needs water to
undergo hydration. The expensive process makes the
geopolymer final product cost 10-15% more than
conventional concrete, which only needs water to hydrate
the cement [17-19]. Several studies have already been
conducted to substitute alkali activators with other liquids,
such as seawater [20]. This study is conducted to replace a
percentage of alkali activators with water, which will reduce
the cost of the geopolymer manufacturing process. The
curing method in this study was also variated. The effect on
mechanical properties and microscopical characterization of
geopolymer was analyzed using Compressive Test, XRD,
and FTIR.

2. METHODS

The class-F fly ash was obtained from Suralaya Coal
Fired Power Plant Banten. The kaolin was obtained from
Bangka and fired at 850°C for 24 hours to obtain
metakaolin. The oxides composition of these materials is
shown in Table 1 by using X-Ray Fluorescence (XRF)
method.

et e |

Figure 1. Fly ash (left) and metakaolin (right)

Table 1. Chemical composition of fly ash and metakaolin

(mass%)
Oxide Fly Ash Metakaolin
SiO, 52.30 65.00
ALO; 26.57 33.00
CaO 6.00 0.08
FCzO3 7.28 056
Na,O 1.41 0.06
SO; 0.70 -
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Figure 2. Flowchart of Geopolymer manufacturing

Table 2. Mix Design of fly ash-based geopolymer

No Code FA MK Sand NaOH Na,SiO; Water Curing

(®) (® (® (® (® (® Method

1 FAS100 315 0 472.5 52.5 105 0 Sealed
2 FAS1090 315 0 472.5 42 84 31.5 Sealed
3 FAS2080 315 0 472.5 31.5 63 63 Sealed
4 FAS3070 315 0 472.5 21 42 94.5 Sealed
5 FAS4060 315 0 472.5 10.5 21 126 Sealed
6 FAB100 315 0 472.5 52.5 105 0 Bare
7 FAB1090 315 0 472.5 42 84 31.5 Bare
8 FAB2080 315 0 472.5 31.5 63 63 Bare
9 FAB3070 315 0 472.5 21 42 94.5 Bare
10 FAB4060 315 0 472.5 10.5 21 126 Bare

The sand for light aggregate was obtained from the

local building store in Bandung. Technical grades of sodium
hydroxide and water glass were purchased from a chemical
store in Bandung. The flowchart and mix design for
geopolymers is listed in Figure 2, Table 2, and Table 3,
respectively.

The method of determining the parameter values in
Tables 2 and 3 was based on the main objective of
substituting alkali activator solution weight from 0-40%,
because higher water content above 40% will disrupt the
geopolymerization and specimens will not be hardened. The
mass ratio of sodium silicate to sodium hydroxide was kept

constant at 2.0. The alkali activator was prepared by mixing

a NaOH solution of 12M with Na,SiO;. Geopolymer was
made by mixing fly ash or metakaolin, an alkali activator,
and water to create a slurry. It was then poured into a cubical
mold with a size of 50 mm x 50 mm x 50 mm, which was
in accordance with ASTM C109 “Standard Test Method
for Compressive Strength of Hydraulic Cement Mortars
(Using 2-in. or [50-mm] Cube Specimens)”. The specimens
were cured under air exposure without protection (bare) and
kept in a vacuum bag (sealed) conditions for 28 days. The
hardened geopolymer's compressive strength was measured
using a tensile testing machine confirmed to ASTM C-39.
Debris from compression strength was collected for

characterization purposes. The X-Ray Diffraction (XRD)



22 Harmaji et.al. / Jurnal Riset Teknologi Pencegahan Pencemaran Industri Vol 14 No 1 (2023) 19-28

and Fourier Transform Infrared (FTIR) Spectroscopy
measurement was performed at the Instrument and
Analytical Laboratory, Chemical Engineering, Institut
Table 3. Mix Design of metakaolin-based geopolymer

Teknologi Bandung. The resulting diffraction pattern was
compared to the Joint Committee on Powder Diffraction

Standards (JCPDS).

No Code FA MK Sand NaOH NaySiOs Water Curing

(® (® (® (® (® (® Method

1 MKS100 0 200 150 113 226 0 Sealed
2 MKS1090 0 200 150 102 203 34 Sealed
3 MKS2080 0 200 150 90 180 48 Sealed
4 MKS3070 0 200 150 79 158 102 Sealed
5 MKS4060 0 200 150 68 136 136 Sealed
6 MKB100 0 200 150 113 226 0 Bare
7 MKB1090 0 200 150 102 203 34 Bare
8 MKB2080 0 200 150 90 180 48 Bare
9 MKB3070 0 200 150 79 158 102 Bare
10 MKB4060 0 200 150 68 136 136 Bare

3. RESULT AND DISCUSSION
3.1. Compressive Strength

The compressive test produces data in the form of
the maximum load the sample can receive before it is
crushed, then the load is divided by the sample's surface area
to get the compressive strength of each sample. The
compressive strength obtained from the test for each
specimen can be summarized in Table 4. In contrast, the
breakdown of the effect of each precursor on the
compressive strength of the geopolymer is represented in
Figure 3 and Figure 4.

The compressive test results of fly ash-based
geopolymers are shown in Figure 3. Water substitution for
the activator decreases the compressive strength of fly ash-
based geopolymer, both in sealed and bare curing. Addition
of water will reduce the pH of activator, thereby reducing
the presence of the geopolymerization. It also decreases
pozzolanic reactivity and produces a non-solid and weak
matrix caused by the addition of void spaces and unreacted
particles. The compressive strength of fly ash-based
geopolymer with bare curing conditions is relatively lower
than the sealed cured condition, even with the same amount
of water. The low compressive strength is caused by the
surface of the geopolymer reacting with free air that has
carbondioxide (CO,) gas that reacts with sodium from the

geopolymer, producing salt on the surface.

Suppose the curing is carried out for a long time. In

that case, the reaction will not only occur on the surface but

also propagate below the surface, penetrating the
geopolymer, inhibiting the geopolymerization, and
weakening the compressive strength.
Table 4. Compressive test results
Water  Activator
No Code content  content fc (MPa)
(%) (%)
1 FAS100 0 100 34.40
2 FAS1090 10 90 27.93
3 FAS2080 20 80 16.40
4 FAS3070 30 70 1.73
5 FAS4060 40 60 0.80
6 FAB100 0 100 16.80
7 FAB1090 10 90 17.20
8 FAB2080 20 80 13.46
9 FAB3070 30 70 2.73
10 FAB4060 40 60 0.40
11 MKS100 0 100 17.60
12 MKS1090 10 90 15.60
13 MKS2080 20 80 14.70
14 MKS3070 30 70 13.86
15 MKS4060 40 60 0.46
16 MKB100 0 100 22.53
17 MKB1090 10 90 18.46
18 MKB2080 20 80 15.80
19 MKB3070 30 70 12.13
20 MKB4060 40 60 0.67
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Figure 3. Compressive strength of Fly ash based geopolymer
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Figure 4. Compressive strength of metakaolin-based
geopolymer

The compressive test results of metakaolin-based
geopolymers are shown in Figure 4. It can be concluded that
the compressive strength of the metakaolin-based
geopolymer decreased along with an increase in the water
content as an activator substitution. The compressive
strength reduction is due to the reduced pozzolanic
reactivity along with the increase in water content which
also happened to fly ash-based Geopolymers in Figure 3
[21]. There is only a slight compressive strength difference
between the bare and sealed curing method conditions,
which is higher than the compressive strength of fly ash-
based in the sealed curing condition. The difference is due
to the relatively higher SiO, content in metakaolin
compared to fly ash and relatively less content of other trace

oxides so that water does not react with other alkali oxides

(Na,O, K,O) to form salts. The less CaO content in
metakaolin means the heat generated by geopolymer will be
less than fly ash-based. Metakaolin also has a lower density
than fly ash, so in the bare curing condition, the water is
more easily released through the cavities between the
particles, resulting in higher compressive strength. This fact
also causes a less significant decrease in compressive strength
with the addition of water compared to fly ash-based

geopolymers.

3.2. XRD Analysis

XRD characterization was carried out on powders
resulting from compression testing with a total water
content of 0%, 20%, and 40% for each curing method and
type of binder. XRD characterization data that has been
processed with XPowder software for fly ash-based
geopolymers is shown in Figures 5 and 6.

Figures 5 and 6 show that there are peaks that stand
out and differ from the others. These peaks have been
compared with the characteristics of the compounds in the
XPowder software database. Symbols indicate the
compounds formed in fly ash-based geopolymers on the fly
ash-based geopolymer above the peak of the curve. The
circular symbol (O) indicates the peak characterization of
the mineral quartz, the star (¥¢) symbol indicates the peak
characterization of the compound sodium alumino silicate
hydrate or Nag(AlLSi)s.sHO, and the square symbol (L)
represents the mineral albite. Quartz is one of the
polymorph of SiO; contained in fly ash.

XRD results still show the presence of quartz
because the SiO2 content in the geopolymer comes from
sand aggregate in the most significant amount in a
geopolymer relative to the mass ratio. The compound
sodium alumino silicate hydrate (NASH) has a chemical
formula similar to the chemical formula for geopolymers in
general, thereby proving the presence of geopolymer
(Na-K)-n(Si-O-)-(Si-O-Al-) or
geopolymerization in each batch of fly ash-based

compounds

geopolymers. The result shows that even though the
amount of water is increased, the activator will still be able

to react with the binders and fillers sufficiently to form
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geopolymers, but in less activation capacity so that they
cannot produce geopolymers with high compressive
strength. Similarly, albite (NaAlSi;Os) is a mineral that
contains similar elements to a geopolymer structure, which
are Na, Al, Si, and O.

XRD characterization data that has been processed
with XPowder software for metakaolin-based geopolymers
is shown in Figures 7 and 8. Similar to the characterization
results on fly ash-based geopolymers, some peaks stand out
more than others, and these peaks are identified using X-
Powder software as certain compounds. The Quartz,
NASH, and Albite are used as indicators for the formation
of geopolymers or the occurrence of geopolymerization with
two different binders.

Both metakaolin and fly ash are aluminosilicate

compounds with almost the same Si:Al ratio (2:1), so the
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Figure 5. XRD diffractogram of fly ash-based geopolymer

with sealed curing
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Figure 7. XRD diffractogram of metakaolin-based

geopolymer with sealed curing

compounds formed after the geopolymerization process are
similar. SiO, compounds were still detected because the
amount of Si in the composition of the mixture that formed
the metakaolin-based geopolymer is large. It contains
metakaolin, sodium silicate, and also from sand. The
intensity of SiO, was increased along with the addition of
water content in the activator caused by the non reactant of
the remaining SiO, compounds from metakaolin and sand,
thereby reducing the compressive strength of the
geopolymer. Figure 5-8 shows that quantitatively, the
geopolymer with a pure alkali activator has a more
amorphous phase than the geopolymer that uses water as a
partial alkali activator replacement. The result explains why
both compressive strengths generally decreased because

water increased the crystallinity of the resulting geopolymer.
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Figure 6. XRD diffractogram of fly ash-based geopolymer

with bare curing
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Figure 8. XRD diffractogram of metakaolin-based

geopolymer with bare curing
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3.3. FTIR Analysis

The result of FTIR is transmittance data for a
wavelength. Each functional group or bond will have a
characteristic of absorbing a specific wavelength. The
resulting bonds for fly ash and metakaolin-based
geopolymers were summarized in Table 5, while the
wavelength versus transmittance was presented in Figure 9,
Figure 10, Figure 11, and Figure 12. FTIR results have
proven that the geopolymerization has successfully occurred
due to Si-O-Si and Si-O-Al bonds in the samples.

The stretching Si-O-Si/Si-O-Al on fly ash base
material is at wavenumber 1076.08 ¢cm-1, while on fly ash
based geopolymer with sealed curing or bare curing
conditions, stretching  Si-O-Si/Si-O-Al appeared at
wavenumber 1012-1024 cm-1. This wavenumber shift
indicates the dissolution of Si and Al elements or can be
considered as geopolymerization. This result strengthens the
previous XRD analysis that even though the water replaces
the activator up to 40%, geopolymerization will still occur
but not as well as the pure alkali activator and also explains
why the compressive strength of the hardened sample is
reduced.

The FAS4060 and FAB4060 samples can be seen
to have different wavenumber values from other samples for
stretching —OH that was caused by the excess water content

in the batch, which was 40% of the weight of the activator

Table 5. Summartized FTIR test results

solution, so it had a —OH bond that looked different from
the others, which is the O-C-O bond. The formation occurs
due to the reaction of geopolymer with CO, from free air
when the geopolymer is treated by bare curing. The peak
formed at FTIR results for the bare cured has a sharper peak
at a wavenumber of about 1400 cm-1 than the sealed cured
sample. The sharpness of this peak proves that the presence
of O-C-O bonds is more significant in the bare cured
sample because the sample interacts directly with free air.
Adding water and bare curing conditions will
reduce the compressive strength due to excess -OH bonds
and O-C-O bonds, both of which have compressive
strength below the compressive strength of the Si-OSi and
Si-O-Al  geopolymer chains. The metakaolin-based
geopolymer samples showed peaks in the wavenumber
around 1000 cm-1, which indicated the presence of
stretching Si-O-Si/Si-O-Al. There are also peaks in the
wavenumbers range of 500-700 cm-1, indicating symmetric
vibration Si-O-Al. The bending vibration Si-O-Si & O-Si-
O appeared at wavenumber 400 cm-1. This result proves
that a geopolymerization reaction has occurred, although

the quantitative value is unknown.

No Code Stretching Bending Stretching Stretching Symmetric Bending
OH- H-O-H 0O-C-O Si-O-Si/ Vibration Vibration
(cm™) (cm™) (cm™) Si-O-Al Si-O-Al Si-O-Si &
(cm™) (cm™) 0O-Si-O
(cm™)
1 FAS100 3450,65 1656,85 1413,82 1014,56 771,53 453,27
2 FAS2080 3450,65 1656,85 1413,82 1012,63 771,53 449,41
3 FAS4060 3448,72 1647,21 1406,11 1016,49 775,38 455,20
4 FAB100 3450,65 1647,21 1440,83 1016,49 775,38 447,49
5 FAB2080 3450,65 1656,85 1417,68 1016,49 773,46 457,13
6 FAB4060 3448,72 1637,56 1417,68 1024,20 775,38 447,49
7 MKS100 3448,72 1656,85 1404,18 1010,70 684,73 441,70
8 MKS2080 3448,72 1654,92 1406,11 1006,84 686,66 451,34
9 MKS4060 3450,65 1656,85 1400,32 1020,34 688,59 443,63
10 MKB100 3450,65 1656,85 1415,75 1010,70 682,80 451,34
11 MKB2080 3448,72 1656,85 1433,11 1010,70 688,59 443,63
12 MKB4060 3448,72 1656,85 1450,47 1026,13 686,66 457,13
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Figure 9. FTIR test results of FAS100, FAS2080, and FAS4060, left to right
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Figure 10. FTIR test results of FAS100, FAB2080, and FAB4060, left to right
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Figure 11. FTIR test results of MKS100, MKS2080, and MKS4060, left to right
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The increase in —OH and H-O-H bonds are due to
the reaction with water from the free air and the water
content in the activator solution in the bare curing and
water-containing batch. Trona or sodium bicarbonate is
also formed, indicated by stretching O-C-O in each sample.
This bond most likely occurs due to the interaction of the
sample with CO, gas contained in the free air. These bonds
were detected in all samples at the wavenumber of around

1400 cm-1 on the bare cured metakaolin-based geopolymer

Figure 12. FTIR test results of MKB100, MKB2080, and MKB4060, left to right

sample. It has sharper peaks than the geopolymer cured by
the sealed method. The sharper peak indicates a more
significant O-C-O bond due to the bare curing condition,

which reacts directly with free air.

4. CONCLUSION
From this study, it can be concluded that the
compressive test results have shown that the maximum

water replacement for the activator solution in fly ash-based
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geopolymer was 20% under both curing conditions since
the addition of higher water content will sharply decrease
the compressive strength. However, the activator solution in
metakaolin-based geopolymer can be substituted by water
up to 30% before undergoing a significant compressive
strength decrease. Generally, when water partially replaces
the alkali activator, the compressive strength of metakaolin
and fly ash-based geopolymer will decrease, except for
substituting 10% water in fly ash-based geopolymer, which
increases the compressive strength to 17.20 MPa. The
difference is due to water having lowered the molarity of
NaOH, which is better suited for the fly ash for
geopolymerization than a pure alkali activator.

The fly ash-based and metakaolin-based
geopolymer compression tests showed that the sealed curing
condition resulted in higher compressive strength. The
geopolymerization is proven by the XRD characterizations,
which showed the formation of NASH and Albite
compounds. FTIR characterizations showed the presence of
O-C-O bonds as the representation of Trona formed,

reducing the compressive strength of Geopolymers.
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The increasing use of fossil fuels will cause the world's oil reserves to be depleted. In this case,
it is necessary to increase the use of alternative renewable fuels, one of which is biodiesel waste
cooking oil (WCO). The method used is an experimental test with a mixture of used cooking
oil biodiesel and fuel. Before testing, the temperature of each fuel is increased to determine the
effect of temperature on the density and viscosity values. The highest density value is found in
B50 fuel at 26 °C, with a density of 0.854 gr/ml, while the lowest density is found in diesel fuel
at 60 °C, with a density of 0.822 gr/ml. The highest viscosity value is found in B50 fuel at 26
°C and 60 °C, which is 3.26 cSt. After that, testing was carried out on a diesel engine, which
produced the highest thermal efficiency value of 21.16% on B50 fuel with a temperature of 60
°C at 1000 rpm rotation and a load of 4000 watts. The lowest thermal efficiency of 6.43% was
found in B50 fuel with a temperature of 26 °C at 800 rpm and a load of 1000 watts. The lowest
consumption was found in B30 with a temperature of 60 °C at 1200 rpm, which was 420.78
gr/kWh. From the results of the tests that have been carried out, it can be concluded that the
lower the density and viscosity of the fuel, the better the performance of the diesel engine on
average. High temperatures effectively make the engine performance value better than normal
temperatures (26 °C), and the performance of diesel engines is better with WCO fuel, especially

in SFC.

1. INTRODUCTION

The purpose of machines is to facilitate and support
work activities to meet human needs. With the passage of
time, the need for machines is increasing, especially in the
fields of industry and transportation. The known types of
engines are gasoline engines and diesel engines. In the world
of marine transportation, such as ships, the engine can
function as a generator or as a prime mover system. In
principle, diesel engines and gasoline engines (internal
combustion engines) can be interpreted as energy converters
that convert the energy from fuel combustion into
mechanical energy (effective work) (T'schoeke, 2006).

Diesel engines have different characteristics from

other internal combustion engines because the method of
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ignition in the combustion chamber on a diesel engine does
not use spark plugs, but instead fuel is injected into the
combustion chamber and then compressed with high-
pressure air (T'schoeke, 2006). This has an impact on the
level of thermal efficiency of the diesel engine or
compression ignition engine (CI engine), which is better
than that of the gasoline engine or spark ignition engine (SI
engine), resulting in higher fuel efficiency (Fil & Akansu,
2022). However, even though the level of fuel use is quite
efficient, the use of diesel engines has greatly increased, and
the amount of diesel fuel used is also increasing, which, on
the other hand, is depleting fossil fuel supplies. Therefore,

many efforts have been made to find renewable and
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environmentally friendly fuels. One of these is biodiesel,
which is a renewable biofuel and has more environmentally
friendly properties (Duhovnik, 2008).

Currently, Indonesia is implementing the EURO-
4 standard regarding engine exhaust emission restrictions,
to reduce the level of environmental pollution caused by
engine exhaust gases (Kementerian ESDM, 2021). Several
studies have been carried out related to fuel modification to
produce low emissions. One study found that the mixing of
Methanol into biodiesel fuel can reduce engine exhaust
emissions (Fathallah et al., 2022). Another study states that
the addition of Methanol is effective in reducing
hydrocarbon levels and carbon monoxide emissions because
the fuel can burn completely when injected into the
combustion chamber (Panda & Ramesh, 2021).
Considering the fact that petroleum is increasingly scarce,
biodiesel has the potential to replace fossil fuels in the
future.

Various types of food, such as soybeans and corn,
can serve as raw materials for the production of biodiesel
fuels, as evidenced by studies conducted by Bernard
Freedman (1986) and Lang et al. (2001). Additionally,
waste cooking oil (WCO) and palm oil waste can also be
utilized as viable alternatives for biodiesel fuel production.
In Indonesia, the use of WCO as a raw material for biodiesel
production shows significant potential as it falls under
alternative renewable fuels. Furthermore, this biodiesel can
be a viable substitute for diesel fuel due to its comparable
composition and properties. Given the high domestic
demand for cooking oil in Indonesia, which amounts to
78,294 tons every 14 days (Kementerian Perindustrian R,
2022), the use of WCO for biodiesel production can
potentially mitigate waste and provide an alternative fuel
source.

There are five major palm oil producing countries
in the world, with Indonesia ranking first. Southeast Asian
countries, namely Indonesia, Malaysia, and Thailand, as
well as two other countries, namely Colombia and Nigeria,
dominate palm oil production (Indexmundi, 2022).
Indonesia's oil palm plantation areas expand annually,

resulting in an increase in palm oil production, which

indirectly contributes to the increasing amount of WCO.
Indonesia alone produces approximately 6.46-9.72 million
kiloliters of WCO per year (Direktorat Jenderal EBTKE,
2022). Apart from its relatively abundant availability, the
waste of WCO in the environment can cause environmental
pollution in the form of an increase in Chemical Oxygen
Demand (COD) and Biochemical Oxygen Demand
(BOD) in water bodies, which can lead to a foul odor
(Hosseinzadeh-Bandbatha et al., 2022; Prasetyo, 2018).
Transesterification is a chemical process that is
carried out to convert triglycerides in vegetable oil into
biodiesel. This process removes the triglycerides and results
in a lower viscosity of the biodiesel (SRS Biodiesel, 2022).
The viscosity and density of the fuel are crucial factors to
consider for proper distribution to the injector for injection.
High viscosity can cause the engine to work harder. The
viscosity grade of fuel for diesel engines should be between
2 mm?*/s to 5 mm?/s, and the density should be between 815
kg/m’ to 880 kg/m’ (Direktorat Jenderal ESDM, 2020).

2. METHODS

This research is based on references from Google
Scholar  (Google Scholar, 2022) and ScienceDirect
(ScienceDirect, 2022) that are related to the process of
producing and using WCO biodiesel and measuring engine
performance using WCO biodiesel. Two methods will be
used in this research, namely the transesterification method
(Suzihaque et al., 2022) for the production of WCO
biodiesel and an experimental method to test the
performance of diesel engines. Based on previous research
on fuel temperature variations, it has been shown that
increasing fuel temperature has a positive effect on engine
performance because it improves fuel spraying and
evaporation, resulting in better flame and engine efficiency,
and lower exhaust emissions (Choi et al., 2022).

In this study, six fuel samples were prepared. The
six samples including 100% diesel oil at room temperature
(26 °C) and 60 °C, 30% WCO biodiesel with temperature
variations of 26 °C and 60 °C, and 50% WCO biodiesel
with temperature variations of 26 °C and 60 °C. The use of

temperature variations of 26 °C and 60 °C is intended to
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increase the viscosity level of the fuel, thereby optimizing
the fuel injection process and improving the process of fuel
atomization and combustion in the engine cylinder.

Upon completion of the biodiesel production
process, the fuel underwent viscosity and density testing
according to the domestic diesel fuel specifications
standards outlined by the Ministry of Energy and Mineral
Resources Republic of Indonesia (Direktorat Jenderal
ESDM, 2020). Subsequently, the performance of WCO
biodiesel fuel was directly tested on a 4-stroke diesel engine,
where a generator and lights were utilized as a load. Engine
power, torque, Specific Fuel Oil Consumption, and
Thermal Efficiency were among the parameters assessed.
The Yanmar TF 85-MH 4 Stroke diesel engine (YANMAR
Indonesia, 2022) was employed for the test. Although other
vegetable oils such as corn oil, coconut oil, candlenut oil,
and animal fat-derived oils are available, this research
primarily focuses on the use of WCO or used cooking oil.
The abundance of WCO as a raw material and its potential
to reduce waste are some of the reasons for this emphasis.

The research setting is presented in Figure 1.

Stages of testing are carried out in four stages, such as:

a) The test was carried out in three variations of engine
speed, namely (800 Rpm, 1000 Rpm, and 120 Rpm)

b) For each variation of engine speed, the lamp load
used when testing the machine will be determined
(the load is carried out in stages starting from zero
load or no lights are on, 1000 watts of load, 2000
watts of load, 3000 watts of load, and 4000 watts of
load)

¢) The more the load increases, the engine speed
decreases, so during the loading process, the engine
speed must be set at 800 Rpm or 1000 Rpm, or 1200
Rpm.

d) In the process of running the engine, measurements
of voltage, current, amount of fuel consumption, fuel

consumption time, and engine speed are measured.

1. Diesel Oil 100%

2. Biodiesel WCO 30%
3. Biodiesel WCO 50%

/_\

Diesel Oil 100% Diesel Oil 100%
Biodiesel WCO 30% Biodiesel WCO 30%
Biodiesel WCO 50% Biodiesel WCO 50%

Running Engine

amount of fuel consumption (mf)
‘éﬂ':g: e 011) re) five primary data from diesel
Power (kW) engine running results

fuel consumption time (Second)

Engine performance

Figure 1. Rescarch Setting

a). strain the
WCO so that
dirt disappears

b). dissolving c). mix catalyst
methanol liquid fluid with WCO
with caustic soda at50° C

d). precipitate the wco
for 24 hours to separate
from the glycerol

f). 100% e). after precipitating,
biodiesel wco wash the wco with
has been finished warm water

Figure 2. WCO biodiesel Manufacturing Process
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Figure 3. Graphics The results of density and viscosity
testing on diesel, B30, and B50 with variations
temperature 26 °C and 60 °C

Before biodiesel is tested on a diesel engine, the
process of making biodiesel WCO is carried out first. The
process for making WCO biodiesel can be seen in Figure 2.
The process of producing biodiesel from WCO begins with
filtering WCO to separate oil and frying residue, in this
study the amount of WCO used is 1 liter, the next step is to
dissolve the catalyst methanol (CH30H) and caustic soda
(NaOH) as much as 200 ml. The filtered WCO is then
heated until the temperature reaches 50 °C and mixed with
the catalyst liquid that has been made previously. The
filtered WCO is then heated until the temperature reaches
50 °C and mixed with the catalyst liquid that has been made
previously, after that, the WCO is then allowed to stand for
24 hours to separate the oil and glycerol (fat), then the
WCO oil that has been precipitated for 24 hours is
separated from glycerol and washed using warm water. The
washing process is carried out two to three times to obtain

WCO biodiesel which is clearer and lighter in color.

3. RESULT AND DISCUSSION
3.1. Testing the Density and Viscosity of Diesel and
Biodiesel Fuels with Variations of Heating

The viscosity and density of the fuels were tested
using a viscometer and aerometer. Table 1 shows the results
of the density and viscosity tests for Diesel Oil, WCO B30,
and WCO B50 at both 26 °C and 60 °C.

The graph of the test results of the properties of
Diesel oil, B30, and B50 fuels in two temperature variations
26 °C and 60 °C can be seen in Figure 3.

The graph depicted in Figure 3 demonstrates that

viscosity and density values of the fuel decrease as the fuel

temperature rises. Additionally, the density and viscosity
values of the fuel are influenced by the quantity of WCO
mixture used, whereby increasing the amount of WCO
mixed raises the density and viscosity of the fuel. It should
be noted that the density value obtained from the
aforementioned tests remains within the range of limits set
by the Ministry of Energy and Mineral Resources Republic

of Indonesia, as detailed in Table 2 below.

3.2. Engine Testing

This stage is conducted to evaluate the performance
of the diesel engine using conventional fuel, namely diesel.
In this study, a 4-stroke Yanmar TF 85-MH diesel engine
with 1 cylinder was utilized (YANMAR Indonesia, 2022).
The complete specifications of the diesel engine used in the
experiment can be found in Table 3.

The experimental setting of engine used can be seen

in Figure 4.

Table 1. Properties of Diesel Oil, B30, and B50 with variations
temperature 26 °C and 60 °C

D H V. . S
Fuel Oil  Temperature ensity iscosity (cSt or

(gr/ml) mm?/s)
Diesel 26°C 0.832 4.01
B30 26°C 0.845 4.53
B50 26°C 0.854 4.89
Diesel 60°C 0.822 3.26
B30 60°C 0.836 3.77
B50 60°C 0.844 4.15

Table 2. Biodiesel Specifications set by Ministry of Energy and

Mineral Resources Republic of Indonesia

Min Max
Characteristic ~ Unit Methods
Value Value
Densi /ml 0.815 0.88 ASTM
sty grm B ' D4052/1298
cSt or
Viscosity 5 2 5 ASTM D445
mm?/s

(Source : Direktorat Jenderal ESDM, 2020)
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Table 3. Diesel Engine specifications

Main Engine Value Unit
Model 1 cylinder, 4 Stroke Vertical
Type Yanmar, TF 85 MH
Continous Power 7,5 Kw
Engine Speed 2200 Rpm
Displacement 493 cc
Compression Ratio 18
Dimention 672x330x496 mm
Weight 87,0 Kg
Main Engine Value unit

(Source : YANMAR Indonesia, 2022)

Torque Comparison Analysis with Load at 800 RPM
Based on the test results data above, it can be
calculated the torque generated on the diesel engine with the

following equation:

P=2 (mn/60) T (D)
Where:
P = Power (W)
n = Engine speed (Rpm)
T = Torque generated (Nm)

So to get the torque value, the equation is:

T = (P x 60)/(2mn) (2)

With the above equation, it can be calculated
torque as follows:

T = ((258.85) x 60)/(2(3.14)(800))
T = 3.0886 Nm

Based on the calculations above, a graph of the
comparison between torque and load at 800 RPM rotation
with fuel variations is obtained, namely diesel fuel, B30, and
B50 in 26 °C and 60 °C temperatures as shown in Figure 5

below:

Fuel Qil Tank

Generator

Diesel Engine

Figure 4. Schematic diagram of diesel engine testing
(Source : Suardi, 2019)

11.0 I I
100 = Torque 800 Rpm
9.0 /t
= 80 /
E |
2 70 / .
o 7 + Diesel Oil
g 60 ] B Diesel Oil 60'C
= 50 4 B50 in 60'
4.0 X B50 normal
- * B30 in 60'
3.0 © B30 normal
2.0 ] ]
0 1000 2000 3000 4000 5000
(@) Load (Watt)
16.0 I I
14.0 ——— Torque 1000 Rpm 4!
_ 120
E |
g 100 / " eDieseloil |
2 80 ¥ m Diesel Oil 60'C |
g P 4 B50 in 60"
6.0 / X B50 normal
4.0 * B30 in 60"
' T © B30 normal
2.0 | |
0 1000 2000 3000 4000 5000
(b) Load (Watt)
25.0 I I
Torque 1200 Rpm
200 +————
E 15.0 4
'u:',' + Diesel Oil
g 10.0 ' m Diesel Oil 60'C |
= A B50in 60’
5.0 % B50 normal
* B30 in 60'
© B30 normal
0.0 :
0 1000 2000 3000 4000 5000
(C) Load (Watt)

Figure 5. Torque comparison graph with load for each
RPM (a) 800 RPM, (b) 1000 RPM, (c) 1200 RPM.
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Table 4. Torque in various RPM and Load

RPM Load Torque (N.m)
(Watt) Diesel Oil Diesel Qil (60°) B50 (26°) B50 (60°) B30 (26°) B30 (60°)
1000 3.09 3.15 3.08 2.68 3.05 3.18
900 2000 5.72 5.82 5.52 5.15 5.66 5.88
3000 7.66 7.40 7.32 6.86 7.56 7.95
4000 8.59 9.20 8.31 9.01 8.38 9.32
1000 4.27 4.26 4.22 4.10 4.22 4.29
1000 2000 8.01 7.98 7.89 7.75 7.96 8.11
3000 11.21 11.17 10.99 10.83 11.03 11.33
4000 13.90 13.77 12.82 13.01 13.26 13.77
1000 5.18 5.25 5.18 5.10 5.18 5.26
1200 2000 9.63 9.98 9.43 9.67 8.22 9.83
3000 12.52 14.08 11.20 13.42 12.34 13.78
4000 16.29 17.57 12.25 15.91 15.78 16.67

The calculation results for torque at load variations
and RPM can be seen in Table 4.

Table 4 presents the torque-to-load ratio of diesel,
B30, and B50 fuels at 800 RPM rotation and variations in
temperature, namely 26°C and 60°C. The highest torque
value is obtained from the B30 fuel at a temperature of 60°C
and a load of 4000 watts, with a torque value of 9.32 Nm
for 1000 RPM rotation. The highest value is found in the
diesel fuel graph at 26°C with a load of 4000 watts and a
torque value of 13.90 Nm for 1200 RPM rotation. The
graph of diesel fuel with a temperature of 60°C at a load of
4000 watts yields the highest value, with a torque value of
17.57 Nm.

Based on the graph and table above, it can be
inferred that there is a direct proportionality between the
magnitude of load applied and the corresponding increase
in torque. This observation is consistent with other studies
on engine performance, which also report that increasing
engine load leads to a corresponding increase in torque
(Fathallah et al., 2022; Panda & Ramesh, 2021). The
highest average torque value across all RPM ranges is
observed in diesel fuel with a temperature of 60°C, which
measures 9.14 Nm. Conversely, the lowest average torque
value is seen in B50 fuel with a temperature of 26°C, which
measures 8.19 Nm. This observation aligns with visual

observations of diesel engines, which often produce higher

vibration and noise, and exhibit unstable engine speed at

lower torque values.

Comparative Analysis of SFC with Load at 800 RPM
Based on the data from the research above, it can be
calculated the SFC generated in the diesel engine with the

following equation:

SFC = mf/P 103 3)
Where:
SFC = Specific Fuel Consumption (g/kWh)
mf = Fuel flow rate (kg/hour)
P = Power generated (kW)

In which case, the value of the fuel flow rate can be

calculated by the following equation:

mf = (p.vf)/tf x 3600 (4)
Where:
= Density (kg/liter)
v = Volume of fuel (liters)
tf = Time for fuel consumption as much as vf (hours)

With the above equation, it can be calculated SFC

as follows:
mf = ((0.832). (0.02))/(175 x 3600)
mf = 0,3423
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then get the value of SFC

SFC = 1030.3423/0.2589
SFC = 1322.42 gr/kWh
Based on the above calculations, a comparison

graph between SFC and load at 800 RPM rotation with fuel
variations is obtained, namely diesel fuel, B30, and B50

with 26 °C and 60 °C temperature as shown in Figure 6

below:
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Figure 6. Comparison graph of SFC with Load for each
RPM (a) 800 RPM, (b) 1000 RPM, (c) 1200 RPM

The calculation results for SFC on load variations
and RPM can be seen in Table 5.

Figure 6 and Table 5 present a comparison of
specific fuel consumption (SFC) to the load with variations
in diesel fuel, B30, and B50 at 26 °C and 60 °C and 800
RPM rotation. The graph shows that the highest SFC value
is found in the B50 fuel graph with a temperature of 60 °C
at a load of 1000 watts with an SFC value of 1461.83
gr/kWh. Meanwhile, for 1000 RPM rotation, the highest
SEC value is found on the graph of B30 with 26 °C at a load
of 1000 watts with an SFC value of 1051.25 gr/kWh. For
1200 RPM rotation, the highest SFC value is found on the
graph of diesel fuel at a load of 4000 watts with an SFC
value of 1056.55 gr/kWh.

Based on the graph and table above, it can be
concluded that lower SFC values are generally achieved at
engine speeds of 1000 RPM and above. This is consistent
with previous research on engine performance, and the
current study also demonstrates that biodiesel is more
efficient than Diesel Oil. Furthermore, the thermal
efficiency of the diesel engine can be calculated using the
data obtained from the engine running results with the

following equation:

t=W/Ep x100% ®))
Where :
W = Work done by the engine (k])
Ep = Fuel energy in a given time (k)

Meanwhile, the chemical potential energy of the
fuel can be calculated by the formula:
Ep=mf X LHV X t (6)
Where LHV is the lower calorific value of the fuel
in kJ/kg. It is known that the LHV value of Diesel Oil is
41,915 kJ/kg, B30 is 39,735 kJ/kg, and B50 is 38,283
kJ/kg.
So, the equation of thermal efficiency becomes as
follows:
t = W/Ep x 100%
= 100% (P.t)/(mf.LHV)
= 100% (P.3600)/(mf.LHV)
Where P is in units of kW, mf is in units of kg/hour,
and LHV is in units of k]/kg.
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Table 5. SFC in various RPM and Load

RPM Load SFC (gr/kWh)
(Watt) Diesel Oil Diesel Oil (60°) B50 (26°) B50 (60°) B30 (26°) B30 (60°)
1000 1028.55 1239.65 1201.15 1461.83 1228.75 1146.39
400 2000 714.07 830.40 800.18 885.52 828.09 757.29
3000 647.86 805.26 667.74 759.04 773.96 686.69
4000 616.56 706.03 669.22 651.26 780.19 628.02
1000 904.00 1048.74 958.32 1030.66 1051.25 988.56
1000 2000 713.72 716.15 585.93 625.82 715.51 628.19
3000 622.01 588.31 489.87 531.50 584.98 517.89
4000 587.76 512.51 444.42 455.85 497.83 439.19
1000 1056.55 926.42 806.41 871.03 924.32 835.83
1200 2000 668.61 568.56 503.73 555.58 676.89 497.40
3000 585.48 490.58 474.56 461.36 537.45 456.06
4000 531.95 459.60 481.05 445.57 511.09 420.78
Table 6. Efficiency in various RPM and Load
RPM Load Eff thermal (%)
(Watt) Diesel Oil Diesel Qil (60°) B50 (26) B50 (60°) B30 (26) B30 (60°)
1000 8.35 6.93 7.83 6.43 7.37 7.90
200 2000 12.03 10.34 11.75 10.62 10.94 11.96
3000 13.26 10.67 14.08 12.39 11.71 13.19
4000 13.93 12.16 14.05 14.44 11.61 14.45
1000 9.50 8.19 9.81 9.12 8.62 9.16
1000 2000 12.03 11.99 16.05 15.03 12.66 14.42
3000 13.81 14.60 19.20 17.69 15.49 17.49
4000 14.61 16.76 21.16 20.63 18.20 20.63
1000 8.13 9.27 11.66 10.80 9.80 10.84
1200 2000 12.85 15.11 18.67 16.93 13.38 18.21
3000 14.67 17.51 19.82 20.38 16.86 19.87
4000 16.15 18.69 19.55 21.10 17.73 21.53

With the above equation, it can be calculated

thermal efficiency as follows:

0.259 kW

t=—"""" % 41915 kJ/kg X 3600 x 100
0.342 kg/jam J/kg

t=6.49%

Based on the calculations presented above, a graph
was generated to compare thermal efficiency with load at
800 RPM rotation using different fuel variations, including
diesel fuel, B30, and B50 at temperatures of 26°C and 60°C.
The resulting graph is shown in Figure 7.

The calculation results for Thermal Efficiency on
load variations and RPM can be seen in Table 6.

Based on the results presented in Figure 7 and
Table 6, it can be observed that the highest thermal
efficiency values are obtained when using B30 and B50 fuels
with temperatures of 60°C and load of 4000 watts.
Specifically, the B30 fuel with 60°C temperature shows the
highest thermal efficiency value of 14.45% at 800 RPM
rotation. At 1000 RPM rotation, the B50 fuel with 60°C
temperature and load of 4000 watts shows the highest
thermal efficiency value of 21.16%.
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Figure 8. Comparison between torque, sfc, and thermal
efficiency between Diesel oil and WCO

Based on the graph presented in Figure 7, it can be
inferred that an increase in fuel temperature results in higher
thermal efficiency values. This can be attributed to the
decrease in fuel density and viscosity, leading to enhanced
fuel combustion and improved efficiency. The maximum
average thermal efficiency value was recorded for B30 fuel
at a temperature of 60 °C across all RPM ranges, at 15.30%,
while the minimum was found in diesel fuel at 26 °C, with
a value of 11.46%. These findings are consistent with prior
research investigating the use of biodiesel derived from palm
oil mill effluent (POME), which yielded comparable results,
with higher thermal efficiency values recorded for POME
biodiesel compared to diesel oil, and an increase in thermal
efficiency with increasing fuel temperature (Suardi et al.,
2022).

In order for a fuel to be suitable for distribution, it
must undergo testing for its properties and engine
performance. In this study, B30 and B50 were used and
their results were found to be within the standards set by the
Biodiesel Specifications set by the Ministry of Energy and
Mineral Resources of the Republic of Indonesia, particularly
in terms of viscosity and density. Engine testing also showed
good performance values in terms of torque, power, SFC,
and thermal efficiency. These results suggest that using
waste cooking oil (WCO) in biodiesel has potential for
further development as a diesel engine fuel in the future.

The addition of WCO biodiesel to diesel fuel oil
has an impact on the torque, power, Specific Fuel
Consumption (SFC), and thermal efficiency of the diesel
engine. The performance of the diesel engine increases with
the increase in the blend of biodiesel from WCO to B30.
Figure 8 shows that the highest torque value is found in
diesel fuel with a temperature of 60 °C at 1200 Rpm with a
load of 4000 watts, which is worth 17.57 Nm, while the
lowest value is found in B50 fuel at 800 Rpm with a load of
1000 watts at 26 °C, which is 2.68 Nm. The lowest Specific
Fuel Consumption (SFC) value is found in B30 fuel with a
temperature of 60 °C at 1000 rpm rotation with a load of
4000 watts, which is 439.19 gr/kWh, while the highest SFC
value is found in B50 fuel with 26 °C at 800 Rpm with a
load of 1000 watts, which is 1461.83 gr/kWh. Meanwhile,
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the highest thermal efficiency value is found in B50 fuel
with a temperature of 60 °C at 1000 rpm rotation with a
load of 4000 watts, which is 21.16%, whereas the lowest
efficiency value is found in B50 fuel with 26 °C at 800 rpm
rotation with a load of 1000 watts, which is 6.43%. Torque
and engine power with diesel fuel are still higher than those
with WCO fuel, but the SFC and thermal efficiency of
engines with WCO fuel are better than those with diesel
fuel.

4. CONCLUSION

Based on the engine performance testing, the results
indicate that WCO biodiesel can be used as an alternative
fuel for diesel engines. B30 and B50 biodiesel properties are
still within the standards set by the Ministry of Energy and
Mineral Resources of the Republic of Indonesia for biodiesel
fuel properties. Fuel temperature variations affect the fuel
density and viscosity, with higher fuel temperature resulting
in lower density and viscosity values. The density values of
diesel fuel oil, B30, and B50 at 26 °C are 0.832 gr/ml, 0.845
gr/ml, and 0.854 gr/ml, respectively, while the viscosity
values are 4.01 cSt, 4.53 ¢St, and 4.89 cSt. The highest
torque value is observed in diesel fuel oil at 60 °C with a
value of 17.57 Nm, the lowest SFC value is found in B30 at
60 °C fuel with a value of 439.19 gr/kWh, and the highest
thermal efficiency value is found in B50 at 1000 RPM
rotation and 60 °C fuel with a value of 21.16%. Therefore,
this study demonstrates that WCO biodiesel fuel exhibits
better performance in terms of specific fuel consumption

and thermal efficiency.
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The objective of this study was to optimize the operating conditions for an electrocatalytic
method of producing biodiesel from local used frying oil (UFO). The effects of electrical
voltages (5-30 V), methanol-to-oil molar ratios (4:1-8:1), KOH catalyst concentrations (0.5-

highest biodiesel yield of 95.3% was obtained at a voltage of 30 V, methanol-to-oil molar ratio
of 6:1, catalyst concentration of 1% w/w, and electrolysis time of 120 min. A regression model

was developed to predict the optimum operating conditions, resulting in a maximum biodiesel

I;(iz}?dwi::lls‘ yield of 95.54%. The predicted optimum operating conditions were a voltage of 24.4 V,

Blectrocatalyst methanol-to-oil molar ratio of 5.8:1, catalyst concentration of 1% w/w, and electrolysis time

of 120 min. The net profit of the biodiesel business using local UFO as a feedstock was

Methano? ) estimated to be IDR 738,000 per month based on a simple economic calculation. These

gsclj Frying Oil findings demonstrate the potential for using electrocatalytic methods to produce biodiesel from
1€

local UFO, and the economic feasibility of producing biodiesel in small-scale industries.

1. INTRODUCTION

The high demand and consumption of fossil fuels
around the world have attracted the attention of researchers
to look for alternative energy sources because the availability
of fossil fuels is decreasing and emissions resulting from the
burning of fossil fuels are one of the causes of environmental
pollution. Therefore, it is necessary to find alternative
energy sources that are renewable, economically
competitive, technically feasible, and environmentally
friendly. Biodiesel, a renewable alternative liquid fuel
derived from triglycerides, is one of the most promising
fuels to meet the diesel oil need.

The year 2005 is a crucial year and the beginning
of a massive biodiesel research development in Indonesia. At

that time, the price of fossil fuels raises more than 100%,
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which was from 60 to 148 USD per barrel. Furthermore,
the Indonesian government is looking for alternative fuels.
The government issued the Presidential Regulation
Number 5 Year 2006 concerning the national energy policy
and DPresidential Instruction Number 1 Year 2006
concerning the provision and utilization of biofuels as
alternative fuels, thereby further spurring the development
of biodiesel research in Indonesia. The government has
gradually set the mandatory use of biodiesel in blends with
diesel, which are B10 in 2015, B20 in 2018, and B30 in
2020. Furthermore, the government will increase the
mandatory use of biodiesel in the coming year with a target
of B80 in 2030 which is in line with Indonesia's
commitment to reduce greenhouse gas (GHG) emissions by
41% in 2030.
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Biodiesel, containing mono-alkyl esters of long
chain fatty acids, is an alternative fuel resulting from
vegetable oils or animal fats. It can be used as a fuel for diesel
engines. The high price of crude vegetable oil as a raw
material for biodiesel can increase production costs. Overall,
around 75-90% of the price of biodiesel fuel comes from
the purchase of crude vegetable oil. In addition, the use of
crude vegetable oil as biodiesel feedstock can increase the
cost of the food chain. Therefore, the use of wastes as raw
materials for biodiesel can reduce production costs so that it
is more effective in the industrialization and
commercialization of biodiesel fuel. An increase in biodiesel
fuel demand significantly encourages efforts to produce
biodiesel from wastes. One of the potential wastes, that can
be utilized as a raw material for biodiesel, is used frying oil
(UFO). This waste is often dumped directly into the
environment by restaurants and other similar facilities.

The selection of biodiesel production technology
plays a major role in determining the overall economic
feasibility. Therefore, the use of UFO as a biodiesel
feedstock can be considered a more economical and
sustainable solution. Production of biodiesel from the UFO
has been carried out by several researchers through the
process  of  transesterification and  acid-catalyzed
esterification, heterogeneous base-catalyzed
transesterification, transesterification by enzymatic process,
transesterification via non-catalyzed subcritical methanol,
microwave-assisted transesterification, ultrasonic wave-
assisted transesterification, and electrolysis method. The
alkaline-catalyzed process has low catalyst and energy
efficiencies. The acid-catalyzed process has a low reaction
rate and can form by-products. The enzymatic process is
expensive. The process via non-catalyzed subcritical
methanol is expensive and complicated and requires high
pressure and temperature. The microwave-assisted process
results in low yields. The ultrasonic wave-assisted process is
expensive and cannot be run at room temperature.
Compared to the other methods, the electrolysis method has
many advantages in which it has lower energy consumption
because it can be operated at room temperature, it needs a

short reaction time when using co-solvents, it eliminates the

waste oil refining and dewatering steps, it reduces water
consumption in biodiesel washing, and it produces less
waste.

This study employed local used frying oil (UFO)
obtained from the Student Dormitory of Vyatra PEM
Akamigas (Cepu, Blora, Central Java, Indonesia) as a
biodiesel feedstock. As the UFO has not undergone any
treatment, it was used as it is in this study. The electrolysis
method for producing biodiesel is affected by various factors
such as electrical voltage, molar ratio of methanol-to-oil,
catalyst concentration, and electrolysis time. Therefore,
optimization of the operating conditions is required to
enhance the production of biodiesel using local UFO as a
feedstock. This study presents a novel approach, as it is the
first to optimize the operating conditions in the electrolysis
process for producing biodiesel from local UFO. The study
aimed to investigate the effect of electrical voltage, molar
ratio of methanol-to-oil, catalyst concentration, and
electrolysis time on the production of biodiesel using the
electrolysis method. Additionally, optimization was carried
out to predict the optimal conditions that would result in
maximum biodiesel yield using a regression model. A simple
economic analysis was performed to estimate the net profit

of producing biodiesel from local UFO.

2. METHODS
2.1.  Materials

The local UFO was collected from the Student
Dormitory of Vyatra PEM Akamigas, in Cepu, Blora
Regency, Central Java, Indonesia. Chemicals such as KOH,
acetone  (99.9%), TetraHydroFuran (99.9%), and
methanol (99.9%) were purchased from Merck (Germany).

2.2, Experimental set-up

The equipment used included graphite anode-cathode,
magnetic stirrer, hotplate, power direct current (DC)
supply, oven, glass beaker, separating funnel, analytical
balance, measuring cylinder glass, stative, and clamps. The
experimental set-up of the biodiesel production reactor can

be seen in the Figure 1.
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(b) DC power supply
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Figure 1. The design of the biodiesel production reactor.

(a) a series of tools (b) components that make up the tool.

2.3. Research procedures

This research was conducted at the Laboratory of
Fundamentals and the Laboratory of Downstream Oil and
Gas at PEM Akamigas (Cepu, Blora, Central Java,
Indonesia). The local UFO was utilized as the feedstock for
biodiesel production via the electrolysis method, which
involved variations in electrical voltage, molar ratios of
methanol-to-oil, catalyst concentrations, and electrolysis
times. Graphite electrodes were employed in the electrolysis
process as they are inert. The inter-electrode distance was
maintained at 1 cm. The catalyst employed in the process
was KOH, which was mixed with CH;OH until completely
dissolved. The research flow chart is presented in Figure 2,

which is described in detail in sections 2.3.1 to 2.3.3.

FFA>2%

—
Filtration of Used . Esterification Electrolysis
) . | FFA Analysis [—
Frying Oil Process Process

Separation of Products

Biodiesel - Biodiesel
. Biodiesel A
Analysis Washing

and Impurities

Figure 2. Research Flowchart.

2.3.1.  Preparation of biodiesel feedstock
Initially, a vacuum filter was assembled, and a filter
paper with a diameter of 125 mm was positioned on a
buchner funnel. Subsequently, the local UFO was poured
into the buchner funnel, and the vacuum pump was
switched on until the local UFO screening process was
finished. The filtered local UFO was then collected and

stored in a bottle.

2.3.2.  Analyzing the feedstock

5 grams of local UFO and 50 ml of KOH solution
were put into the erlenmeyer flask and then stirred. The
mixture was heated to 40 oC. Then, 2-3 drops of PP
indicator were added. Furthermore, the mixture was titrated
with 0.1 N KOH solution until the colour of the mixture
turned pink and did not disappear for 30 seconds. Finally,
the free fatty acid content (%FFA) of local UFO was

calculated using equation (1).

25.6 X Titrant Volume xTitrant Normality

%FFA =
% Weight of the UFO

(1)

2.3.3. Electrolysis process

First, a solution of KOH (1% w/w oil) was
prepared by mixing it with methanol. A solution of acetone
(10% w/w oil) was also prepared by mixing it with distilled
water (2% w/w oil). Next, 50 grams of local UFO were
mixed with the KOH-methanol solution and the acetone-
water solution in a beaker glass. The molar ratio of methanol
to oil was varied from 4:1 to 8:1. The electrolysis process
was carried out at different voltages (5, 10, 20, and 30 V)
with an agitation speed of 300 rpm, using graphite
electrodes as both cathode and anode. The anode-cathode
distance was maintained at 1 cm. The electrolysis process
was carried out for 30, 60, 90, and 120 minutes. The
resulting biodiesel was separated using a separatory funnel
and left to stand for 24 hours. The biodiesel was then
washed with hot distilled water at a temperature of 50 °C
until the last wash was clean. The water content of the
biodiesel was reduced by heating it in an oven at 110 °C for
approximately 2 hours. Finally, the yield of biodiesel was

calculated.

2.4.  Analysis
2.4.1.  Free Farty Acid (FFA)
Ten grams of the local UFO were placed into a 250
ml Erlenmeyer flask containing 50 ml of 95% ethanol. The
mixture was heated to boiling on a hot plate and allowed to
cool to room temperature. Next, phenolphthalein was
added to the cooled solution for titration with 0.1 N KOH

to the equivalence point.
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2.4.2.  Kinematic Viscosity

The kinematic viscosity was carried out by
measuring the time required to drain the local UFO in a
capillary tube from “a” to “b”. The sample was placed in a
viscometer and placed on a thermostat. The liquid was then
drawn into the viscometer above the “a” mark using a
pump, and allowed to flow down to point “b”. The time
taken for the liquid to flow from point “a” to point “b” was
recorded using a stopwatch. The viscosity test was
conducted at a temperature of 40 °C using an Ostwald
viscometer. The principle of the test was to compare the
viscosity of the sample with that of a reference fluid, in this

case, distilled water (aquadest).

2.4.3.  Density
Density testing was performed using the measuring
cylinder glass method. A clean and empty 10 mL measuring
cylinder glass was first weighed, and then 5 mL of the local
UFO was added to the cylinder using a digital balance
measuring instrument. The density of the local UFO was

then calculated.

3. RESULT AND DISCUSSION
The FFA level in the local UFO was 1% (Table

1). If the FFA value < 2%, the esterification process does not
required. The esterification process is only needed to reduce
the free fatty acid content contained in the raw material
because it affects the yield of biodiesel. The results of the

local UFO characteristics can be seen in Table 1.

Table 1. Characteristics of the local UFO

Parameters Values

FFA (%) 1.0
Kinematic Viscosity (cST) 80.55
Density (g/cm?) 0.912

3.1.  The effect of the electrical voltage
The increase in electrical voltage in the electrolysis
process increased the energy content in the reaction, so the

reaction rate increased. The hydroxyl ions (OH-), which

were produced during electrolysis, also increased along with
the increase in electrical voltage. Methoxide ions can be
formed when methanol reacted with the hydroxyl ions, so
the higher the electrical voltage, the more the methoxide
ions were formed and the more the biodiesel yield was
produced. Based on the Figure 3, the highest biodiesel yield
was obtained at a voltage of 20 V, which was 95%. When
the voltage was increased to 30 V, the biodiesel yield
remained at 95% because there was no increase in the OH-
ion concentration, so the reaction rate remained constant.
Figure 3 shows the biodiesel yield at various electrical
voltages, while Figure 4 shows the biodiesel yield obtained
at various electrical voltages.

In this study, an increase in electrical voltage can
increase the electrical current flowing in the cell. According
to previous research, hydroxide ions were continuously
formed at the cathode during the electrolysis process. The
interaction between hydroxide ions and methanol facilitated
the transesterification of the oil, indicating that the oil
transesterification reaction occurred near the cathode.
Reyero et al reported that biodiesel yield increased with an
increase in the OH- ion concentration, but decreased with
a decrease in voltage. Results from other studies also showed
that increasing the electrolysis voltage led to a significant
increase in biodiesel production. Consistent with the result
of this study, a previous study reported that the biodiesel
yield increased from 88% to 93% with increasing
electrolysis voltage from 20 to 40 V. The result of this study
was better than the previous study, which might be caused
by differences in the free fatty acid contents of the raw

materials used.

3.2, The effect of the molar ratio of methanol-to-oil
Based on Figure 5, the optimal methanol-to-oil
molar ratio is 6:1. Increasing the methanol-to-oil molar
ratio from 4:1 to 6:1 resulted in an increase in the biodiesel
yield from 93% to 95.1%. However, when the molar ratio
was increased to 7:1 and 8:1, the biodiesel yield decreased
t0 95% and 91%, respectively. Excess methanol acted as an
emulsifier, causing some of the biodiesel to enter the water

phase during washing, which reduced the biodiesel yield.
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The methanol-to-oil molar ratio is one of the most
significant factors in biodiesel production. An increase in
the ratio has a positive impact on yield during the biodiesel
production process. The excess methanol resulted in an
increase in the methanol content in the final product.
During the settling step, a layer of excess methanol formed
on top of the oil. The optimum point of the molar ratio of
triglyceride to methanol was found to be 1:6 as not all the
methanol added reacted with the triglycerides in the oil.
Figure 5 shows the biodiesel yield obtained at different
molar ratios of methanol-to-oil, while Figure 6 displays the
biodiesel obtained for the variation of the methanol-to-oil
molar ratio. Previous research reported that the optimum

methanol-to-oil molar ratio was 7:1. When the ratio

9%

95
94
92 92

90

Yield (%)

88 88
86

84
5 10 20 30

Electrical voltage (V)

Figure 3. Effect of electrolysis voltages on biodiesel yield.
Molar ratio of methanol-to-oil = 6:1, catalyst = 1 %w/w,

time = 120 minutes.

exceeded 7:1, the electrical conductivity decreased, as the
catalyst concentration was determined by the weight of the
oil. Furthermore, an increase in the methanol-to-oil molar
ratio resulted in a decrease in biodiesel yield, which may be
due to the dilution of the oil reactant by methanol.
However, other studies reported that a maximum biodiesel
yield of 98% was obtained at a molar ratio of methanol-to-
oil of 4:1, using a NaOH catalyst concentration of 1% v/v.
Similarly, a maximum biodiesel yield of 97% was obtained
at a molar ratio of methanol-to-oil of 21:1. The difference
in the optimum molar ratio of methanol-to-oil between the
previous studies and this study might be due to the different

free fatty acid contents in the raw materials used.

95 g 95

o9l 91
I

>

4 5 6 7 8
Molar rasio of methanol : oil

Figure 4. Biodiesel yield at various electrolysis voltages.

Figure 5. Effect of methanol-to-oil molar ratio on biodiesel
yield. Voltage = 20 V, catalyst = 1 %w/w, time = 120

minutes.

Figure 6. Biodiesel yield at various methanol-to-oil ratios.
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3.3. The effect of the catalyst concentration

The transesterification reaction is difficult to occur
without the help of a catalyst. The biodiesel yield reaches
the optimal value when the KOH concentration is at the
right level. The mechanism of transesterification of the local
UFO oil with an alkaline catalyst can be seen in Figure 7.
The entire process is a series of three reaction sequences and
a reversible reaction, in which di- and mono-glycerides are
produced as intermediates. The first step (Equation 2) is the
reaction between the base and the alcohol, which produces
an alkoxide and a protonated catalyst. Nucleophilic attack
of the alkoxide on the carbonyl group of the triglyceride
produces an intermediate (Equation 3), which results in the
formation of an alkyl ester and a triglyceride anion
(Equation 4). In the final step, deprotonation of the catalyst
occurs, which produces a new active catalyst (Equation 5).
The catalyst reacts again with other alcohol molecules until
monoglycerides are formed, and undergo the same reaction
to produce alkyl esters and glycerol (Schuchardt et al.,
1998).

The presence of the KOH catalyst facilitated the
reaction to move more quickly towards equilibrium and
increased the oil conversion. The catalyst enhanced the
solubility of methanol, thereby increasing the reaction rate,
leading to an increase in biodiesel production with an
increase in the KOH concentration. However, the amount
of catalyst had to be optimized to avoid soap formation, as
it could cause two problems: reduction of biodiesel yield
and difficulty in separating biodiesel from glycerol.
According to Figure 8, increasing the catalyst concentration
from 0.5 to 1%w/w resulted in an increase in biodiesel yield
from 93 to 95%. But, exceeding a catalyst concentration of
1%w/w led to a reduction in biodiesel yield. This was due
to an increase in the saponification reaction caused by the
catalyst concentrations above 1%w/w. The formation of
soap increases the solubility of the produced methyl ester,
resulting in the formation of an emulsion between the two
phases and increased viscosity of the reactants, leading to
difficulties in separating the two phases and reducing the
biodiesel yield. Figure 8 shows the biodiesel yield at various

concentrations of the KOH catalyst, while Figure 9 shows

the biodiesel produced at varying catalyst concentrations.
Previous studies reported similar results as this study, where
the maximum biodiesel yield was obtained at a catalyst
concentration of 1%w/w. Adding more catalysts to the
system will cause the unwanted saponification reaction to
develop further, reducing the yield. Other previous studies
reported the maximum biodiesel yield at a catalyst
concentration of 1%w/w using an ultrasonic-assisted reactor
with a value of 97.12% and using a microvace-assisted
reactor with a value of 90%. Based on the findings of these
studies, the presence of ultrasound during the process can
increase biodiesel yield. Hence, an ultrasonic-assisted
reactor for the local UFO can be employed in the future to
enhance biodiesel yield.

In the saponification reaction, triglycerides react
with alkali (potassium hydroxide), causing the bonds
between the oxygen atoms in the carboxylate group and the
carbon atoms in the glycerol to break apart. The oxygen
atom then binds to potassium from the potassium
hydroxide, causing the end of the carboxylic acid chain to
dissolve in water. This potassium salt of the fatty acid is
what is then referred to as soap. Meanwhile, the OH group
in the hydroxide will bond with the glycerol molecule, and
if the three fatty acid groups are released, the saponification
reaction is considered complete. Figure 10 illustrates the

saponification reaction.

3.4.  The effect of electrolysis time

The longer the reaction time, the longer the contact
between the catalyst, methanol, and oil, which increases the
conversion of oil into biodiesel. The reaction involved in
biodiesel production is reversible. Therefore, when the
equilibrium is reached, the synthesis process should be
stopped to ensure efficient energy use. This is supported by
the fact that when the reaction was continued for up to 120
minutes, the biodiesel yield conversion tended to be
constant compared to the reaction time of 90 minutes
(Figure 11). The yield value was constant because the
reversible transesterification reaction had reached an
equilibrium state. Figure 11 shows the biodiesel yield at

various electrolysis times, while Figure 12 shows the
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biodiesel produced at various electrolysis times. A previous
study [21] also reported that the optimal time to complete
the reaction was 120 minutes, so the results of this study
corroborate the previous study. Furthermore, another study
[15] stated that the maximum biodiesel yield (34.2%) from

used frying oil was obtained at a chitosan catalyst

- -+
ROH + B RO + BH 2)
R'OCO ROCO—
R"OCO _ ROCO-|{  OR
OCR" + RO =—= —O0—C—R" (3)
(o] o
R'0C01 R'OCO—
R'0CO OrR R"O00—]
619:11" -_— —0_ + ROOCR™ (4)
0
§0C0 R'OCO—
OCO - + R"OCO—]
0+ BH T oH + B (5)
Figure 7. Reaction Mechanism for the Stage of Biodiesel
Formation.
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Figure 8. Effect of catalyst concentration on biodiesel yield.
Voltage=20 V, Methanol-to-oil = 6:1, time = 120 minutes.

Figure 9. Biodiesel Yield on Variable % wt KOH Catalyst.

concentration of 10%w/w and an electrolysis time of 4
hours, but the yield decreased by 5.1% as the electrolysis
time increased to 6 hours. The result of this study was much
better than the previous study, which might be due to the

different free fatty acid contents in the raw materials used.

H:c-o-g-m H,C-OH
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triglyceride glycerol soap

Figure 10. Saponification Reaction.
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Figure 11. Effect of electrolysis time on biodiesel yield.
Voltage = 20 V, Methanol-to-oil = 6:1, catalyst = 1 %w/w.

Figure 12. Biodiesel Yield on Variable Electrolysis Time.
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3.5.  Mathematical model

In this study, four affecting factors in biodiesel
production (electrical voltage, methanol:oilmethanol-to-oil
molar ratio, catalyst concentration, and electrolysis time)

were examined. The summary of the experimental results in

Table 2. Experimental results

this study is shown in the Table 2. The correlation between
the affecting factors and the biodiesel yield can be expressed
using a regression model. By using the Microsoft Excel
software, the regression model was found and written in

equation (0).

Electrical voltage (V) ~ Methanol : oil

Catalyst concentration (Y%ow/w)

Time (minutes)  Biodiesel yield (%)

Run X1 X2 X3 X4 Y
1 5 6 1 120 88
2 10 6 1 120 92
3 20 6 1 120 95
4 30 6 1 120 95
5 20 4 1 120 93
6 20 5 1 120 94
7 20 6 1 120 95.1
8 20 7 1 120 95
9 20 8 1 120 91
10 20 6 0.5 120 93
11 20 6 0.75 120 94
12 20 6 1 120 95
13 20 6 1.25 120 94
14 20 6 1 30 90
15 20 6 1 60 92
16 20 6 1 90 95.1
17 20 6 1 120 95.3

Y = 38.454 + 0.938X; + 8.975X, + 21.361X; + 0.150X, — 0.019XZ — 0.772X% — 11.113X% — 0.0006X? (6)
Where :

Y = Biodiesel Yield (%)
X; = Voltage (V)
X> = Methanol-to-oil molar ratio

The model can predict the biodiesel yield with a
high R2 value which was 0.9515. The correlation between
the experimental data dan modeled data is shown in the
Figure 13. Therefore, the model was very potential to be
used to predict the optimum condition in the biodiesel
production of the local UFO in this study.

The regression statistics are shown in Table 3.
Furthermore, the significance of the model to the biodiesel
yield can be determined by the value of "significance F" in
Table 4. If the "significance F" value is less than 0.05, then

X; = Catalyst concentration (%w/w)

Xy = Electrolysis Time (minutes)

the biodiesel yield is significantly affected by the model
presented in equation (6).

Moreover, the test of significance of each factor on
the response (biodiesel yield) is shown in Table 5. The
factors, having a p-value < 0.05, had a significant effect on
the predicted biodiesel yield obtained using the model.
Based on Table 5, all factors (X, Xz, X5, X3) had a p-value
< 0.05. It means that all factors were significant in the model
in predicting the response (biodiesel yield). The less the p-

value, the more significant the factors are. Therefore, the
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factors of X; (electrical voltage) and X> (molar ratio of
methanol-to-oil) gave more significant effects in the model
in predicting the biodiesel yield than the factors of Xj

(catalyst concentration) and X (electrolysis time).

97
96
95
94
93 P
92
91
90
89
88
87
86
86 88 90 92 94 96 98
Experimental yield data

Modeled yield data

Figure 23. Correlation between the experimental yield data
dan modeled yield data

Table 3. Regression Statistic

Multiple R 0.975463
R Square 0.951527
Adjusted R Square 0.903055
Standard Error 0.657417
Observations 17

Table 4. Test of significance of the model on the response
(biodiesel yield)

ar 55 MS Significance
F
) 67.87 8.484 19.630
Regression 8 0.000172

301 126 20303

4 0.432
Residual 8 3457 3
581 198
1.
Total 16 71.33
059

3.6.  Prediction of the optimum conditions

The model shown in the equation (6) was able to
make resulted in goodmore accurate predictions compared
to the experimental biodiesel data, as shown in the Figure
13. Based on the Table 3, the model resulted in a high R2
value of 0.9515. Furthermoreln addition, based on the

Table 4 demonstrate that the 4, the model can significantly

predict the biodiesel yield significantly because it had awith
a “significance F* value < 0.05. Therefore, the model can
be confidently utilized to forecast the optimal conditions for
maximum biodiesel yield within the constraints presented
in Table 6. These constraints were obtained from the
minimum and maximum values of each factor examined in
this study, as shown in Table 2.

By using the model with the constraints shown in
the Table 6, the maximum biodiesel yield was successfully
predicted with a help of MS. Excel. The predicted
maximum yield was 95.54% which was obtained at
optimum conditions of a voltage of 24.4 V, molar ratio of
methanol:oilmethanol-to-oil  of  5.8:1, a  cartalyst
concentration of 1 %w/w, and an electrolysis time of 120

minutes.

3.7.  Economic analysis

Financial analysis or feasibility of biodiesel
production from the local UFO was analyzed in this study
for small-scale business production. The analysis was based
on several assumptions regarding production scale and other
factors, and included a summary of the feasibility indicators
of small industrial-scale biodiesel production businesses
designed by the author. The indicators used were as follows:
biodiesel production was calculated based on the local UFO
volume per month, with an average price of IDR 3000/L
from the collector. The study found that 0.5 L of local UFO
can be converted to 0.477 L of biodiesel. 100 L of local
UFO was needed per day, or 3000 L per month, to produce
2.862 L of biodiesel per month. The selling price of
biodiesel was IDR 9,000/L, with additional income
potential from selling glycerol at a price of IDR 20,000/L.

Investment Cost

Investment cost calculation is as follows: Drum (oil storage
area) = IDR 200,000. One set of 10 L capacity biodiesel
reactor = IDR 8,000,000. Total cost = IDR 8,200,000.

Fixed cost
Fixed costs are costs that must be incurred and the amount

is not affected by the number of products produced. Fixed
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costs for producing biodiesel from used cooking oil are as
follows: Electricity = IDR 1.000,000. Manpower (1 man) =
IDR 2,500,000. Total cost = IDR 3,500,000.

Variable cost

Variable costs are those whose amount is influenced by the
number of products produced. The variable costs are as
follows: Cooking oil 100 L @ IDR 3,500 x 30 days = IDR
10,500,000. Potassium hydroxide (KOH) 1 kg @35.000 x
30 days = IDR 2.400,000. Methanol 10 L x @35.000 x 30
days = IDR 10,500,000. Total cost = IDR 23,400,000.

Total production costs

Total production costs = fixed costs + variable costs = IDR

3,500,000 + IDR 23,400,000 = IDR 26,900,000.

Income and Profits

The by-product in the form of glycerol can be another
source of income. Biodiesel 2.862 L @ IDR 9,000 = IDR
25,758,000. Glycerol 98 L @ IDR 20,000 = IDR
1,960,000. Total income = IDR 27,718,000.

Profit = Total income — Total production cost = IDR

Business Feasibility Analysis

The business feasibility analysis used the break even point
(BEP), and the pay back period (PBP). BEP is utilized to
determine the sales volume required for a company to cover
all costs and break even without incurring losses or profits.
It is achieved when the total production cost is equal to the
selling value of biodiesel from used cooking oil. The BEP is
formulated as follows: BEP = total production costs per
month / selling price per liter = IDR 26,900,000 per month
/ IDR 9,000 per liter = 2,989 liters per month. The
calculated BEP indicates that producers will break even if
they sell 2,989 liters of biodiesel per month at a selling price
of IDR 9,000 per liter. The estimated PBP value can be
calculated to show the payback period for an industrial
investment. PBP is the expected time required by the
industry to recover the invested capital. An industry is
deemed feasible if its PBP value is lower than the project's
economic life. PBP can be calculated using the formula:
PBP = investment value + profit per month = IDR
8,200,000 + IDR 818,000 per month = 10.02 months.

Table 6. Constraints in optimization

27,718,000/month — IDR 26,900,000/month = IDR Factors Minimum  Maximum
818,000/month Electrical voltage 5 30
Methanol-to-oil molar ratio 4 8
Catalyst concentration 0.5 1.25
Electrolysis time 30 120
Table 5. Test of significance of each factor in the model on the response (biodiesel yield)
Coefficients Standard Error t Star P-value Lower 95% Upper 95%
Intercept 38.45409 7.296649 5.27010 0.000755 21.62799 55.2802
X; 0.938234 0.125629 7.46828 7.1393E-05 0.648533 1.227935
X 8.975848 1.653184 5.42943 0.000623761 5.163599 12.7881
X; 21.36066 7.453212 2.86596 0.020958374 4.17352 38.54779
Xy 0.150728 0.052133 2.89121 0.020161411 0.030509 0.270947
X7 -0.01922 0.003636 -5.2846 0.000742059 -0.0276 -0.01083
X7 -0.77299 0.136672 -5.655 0.000478199 -1.08815 -0.45782
X7 -11.1139 4.328551 -2.5675 0.033252885 -21.0955 -1.13221
X7 -0.00061 0.000323 -1.8858 0.096034088 -0.00135 0.000136
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4. CONCLUSION

The local UFO contains triglycerides and FFA
content <2%, allowing it to be directly electrolyzed with
methanol to produce biodiesel. This study evaluated the
effects of various factors on biodiesel yield, including
electrical voltage, molar ratio of methanol-to-oil, catalyst
concentration, and electrolysis time. Results showed that
increasing the voltage from 5 to 20V increased the biodiesel
yield from 88% to 95%, but higher voltages did not
improve yield. Similarly, an increase in the methanol-to-oil
molar ratio from 4:1 to 6:1 increased the yield from 93% to
95.1%, but ratios above 6:1 decreased the yield to 91%. The
highest biodiesel yield (95%) was obtained with a 1%w/w
KOH catalyst concentration, and using lower or higher
concentrations decreased yield. Yield increased with longer
electrolysis times, with the highest yield (95.54%) obtained
at 120 minutes. The model developed had an R2 0£0.9515,
and predicted optimum conditions were a voltage of 24.4
V, a methanol-to-oil molar ratio of 5.8:1, a catalyst
concentration of 1%w/w, and an electrolysis time of 120
minutes, resulting in a maximum biodiesel yield of 95.54%.
Small-scale production utilizing 300 liters of local UFO per
month generated a monthly profit of IDR 818,000.
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