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Abstract

This study investigates the relationship between sulfur content in commercial fuels and metal corrosion
behavior as an environmental indicator of sulfur exposure in urban and volcanic areas of East Java. The
research aims to evaluate corrosion characteristics of iron materials immersed in various commercial
fuels and to examine their potential relevance to regional sulfur-related atmospheric conditions.
Corrosion experiments were conducted using iron spheres immersed for 21 days in several fuel types,
including diesel, gasoline, Pertamax, Pertalite, and Pertasol variants. Sulfur characterization was
performed using an Oil Sulfur Analyzer based on X-ray Fluorescence (XRF) principles, while corrosion
rates were determined using the weight-loss method. The results indicate that fuels with higher sulfur
content generally produced higher corrosion rates. Diesel fuel exhibited the highest corrosion rate
(1.0300 mpy), while low-sulfur fuels such as Pertamax showed significantly lower corrosion behavior
(0.4120 mpy). Spatial interpretation of sulfur-related environmental conditions in East Java suggests
contrasting characteristics between urban regions dominated by anthropogenic fuel combustion and
volcanic areas influenced by natural sulfur degassing. Estimated sulfur dioxide emissions and their
associated radiative forcing values demonstrate that sulfur-rich fuels potentially contribute to greater
atmospheric sulfur loading and sulfate aerosol formation. Overall, the findings suggest that metal
corrosion indicators have potential applicability as supporting proxies for sulfur-related environmental
assessment.
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Introduction primarily produced by fossil fuel

combustion, industrial operations, and
Sulfur dioxide (SOz) is one of the major transportation sectors, whereas geogenic
atmospheric pollutants generated from sulfur emissions mainly originate from
anthropogenic and geogenic activities and volcanic degassing processes (Carn et al.,
plays an important role in atmospheric 2017). Geological and geotechnical
chemistry, aerosol formation, characteristics also influence
environmental degradation, and climate- environmental instability processes
related processes (IPCC, 2021; Bond et al., because  weathering  and  erosion
2013). Anthropogenic SO emissions are mechanisms may accelerate material
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degradation and increase susceptibility to
environmental disturbances under reactive
surface conditions (Firoozi et al., 2024). In

rapidly  urbanizing tropical regions
characterized by active volcanic systems,
sulfur-related environmental dynamics

become increasingly complex because
urban-industrial emissions coexist with
natural volcanic sulfur sources (Henley &
Fischer, 2021). Sulfur dioxide oxidation
processes in the atmosphere contribute to
sulfate aerosol formation and atmospheric
acidity under humid environmental
conditions (Burns et al., 2016).

East Java represents one of the most
environmentally dynamic regions in
Indonesia because it combines densely
populated urban-industrial corridors with
active volcanic systems within the same
regional environment (Ibrahim et. al.,
2025). Urban areas such as Surabaya,
Sidoarjo, and Gresik are characterized by
intensive transportation activity, industrial
fuel  consumption, and increasing
population density, all of which contribute
to anthropogenic sulfur emissions (Crippa
et al., 2020; World Bank, 2023). At the
same time, southern and eastern parts of
East Java are strongly influenced by active
volcanic systems associated with the Sunda
volcanic arc, including Mount Semeru,
Bromo, Ijen, and the Lamongan volcanic
field (Ibrahim et al., 2025). These volcanic
systems are characterized by continuous
volcanic activity, degassing processes, and
sulfur-bearing gas emissions that contribute
significantly to regional sulfur loading and
atmospheric environmental dynamics in
East Java (Carn et al., 2017; Moktikanana
et al, 2024). The -coexistence of
anthropogenic sulfur emissions from urban-
industrial activities and geogenic sulfur
emissions from volcanic systems creates a
mixed sulfur environment that potentially
influences regional atmospheric conditions
and environmental quality (Moktikanana et
al., 2024).
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Recent studies have widely investigated
sulfur emissions, sulfate acrosol formation,
atmospheric  pollution, and  urban
environmental degradation (IPCC, 2021).
Other studies have demonstrated that
sulfur-containing compounds accelerate
electrochemical degradation processes on
metallic  materials by  destabilizing
protective oxide layers and enhancing
acidic oxidation mechanisms (Gao et al.,
2022). Sulfur-bearing fuels may therefore
create  more  aggressive  corrosive
environments and increase sulfur-related
environmental exposure. In addition,
atmospheric oxidation of sulfur dioxide
contributes to sulfate aerosol formation,
which influences atmospheric radiation
scattering and environmental conditions
(Kusumaningtyas et al., 2022).

Although sulfur emissions, corrosion
mechanisms, and atmospheric sulfur
dynamics have been studied separately,
integrated studies combining fuel sulfur
characterization, laboratory corrosion
indicators, and sulfur related spatial
environmental  interpretation  remain
limited, particularly in tropical urban
volcanic systems such as East Java
(Granados-Bolafios et al., 2021). Previous
studies have mainly focused on
atmospheric monitoring, industrial
emissions, volcanic degassing, or material
corrosion independently, while
comparative environmental interpretation
integrating anthropogenic and geogenic
sulfur systems has received less attention
(Wang et al., 2024).

Metal corrosion behavior has potential
applicability as a supporting
physicochemical proxy for evaluating
sulfur-related environmental characteristics
because sulfur compounds intensify
electrochemical oxidation processes on iron
surfaces (Gao et al., 2022). Consequently,
understanding the relationship between
sulfur content, corrosion behavior, and
sulfur-related environmental patterns is
important for evaluating sulfur-related


http://journal.unhas.ac.id/index.php/geocelebes

Waulandari et al. / Jurnal Geocelebes Vol. 10 No. 2, October 2026, 160-176

environmental conditions in mixed urban—
volcanic regions.

This study aims to evaluate the corrosion
characteristics of iron materials exposed to
different commercial fuels, analyze the
relationship between fuel sulfur content and
corrosion behavior, and examine sulfur-
related environmental characteristics in
urban and volcanic regions of East Java.
Corrosion experiments were conducted
using iron sphere immersion methods
combined with sulfur -characterization
using an Oil Sulfur Analyzer based on X-
ray Fluorescence (XRF) principles. The
findings are expected to provide additional
insights into the environmental
implications of sulfur-containing fuels and
the potential use of metal corrosion
indicators as supporting proxies for sulfur-
related environmental assessment.

Materials and Methods

Study Area

This study was conducted in urban and
volcanic regions of East Java, Indonesia,
representing  environmental  systems
influenced by both anthropogenic and
geogenic sulfur sources. Urban areas
include Surabaya, Sidoarjo, Gresik, and
Mojokerto, which are characterized by high
population density, industrial activities,
transportation intensity, and commercial
fuel consumption. Volcanic regions include
Malang Regency, Batu City, Pasuruan, and
surrounding areas influenced by volcanic
systems such as Mount Semeru, Bromo—
Tengger, and Arjuno—Welirang. These
volcanic systems continuously release
sulfur-bearing gases through degassing
processes and therefore contribute to
regional atmospheric sulfur loading (Carn
etal., 2017).

The selection of East Java was based on its
environmental complexity, where urban-
industrial emissions coexist with active
volcanic sulfur emissions. This
environmental  setting  provides an
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appropriate  regional framework for
evaluating sulfur-related environmental
characteristics from an environmental

geophysics’ perspective (IPCC, 2021).

Fuel Sample Preparation

Seven commercial fuel samples were
analyzed in this study, consisting of diesel
fuel, gasoline, Pertamax, Pertalite, and
Pertasol variants (CA, CB, and CC). All
fuel samples were obtained from
commercial distributors in East Java and
stored in sealed laboratory containers to
minimize contamination and evaporation
prior to analysis.

Each fuel sample was prepared under
identical laboratory conditions to ensure
consistency during corrosion testing and
sulfur characterization. Fuel samples were
maintained at room temperature during the
experimental period following laboratory
fuel handling recommendations described
in fuel chemistry studies (Gao et al., 2022).

Corrosion Rate Measurement

Corrosion experiments were conducted
using spherical iron specimens with a
diameter of 6.35 mm. Each iron sphere was
immersed separately in individual fuel
samples for 21 days under sealed conditions
at room temperature to minimize external
environmental influences such as humidity
fluctuations and airborne contamination.
Sulfur-bearing environments may
accelerate oxidation behavior and metallic
degradation processes under reactive
conditions (Han et al., 2019).

Daily visual observations were performed
to identify changes in surface appearance,
oxidation intensity, and deposit formation.
After the immersion period, the iron
specimens were removed, cleaned using
distilled water and ethanol, dried under
controlled laboratory conditions, and
weighed using a digital analytical balance.
Corrosion processes on metallic materials
are strongly influenced by acidic sulfur-
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bearing environments that accelerate
electrochemical oxidation reactions.

The corrosion rate was determined using
the weight-loss method based on ASTM
G31 standard principles for laboratory
immersion corrosion testing. The corrosion
rate equation is expressed as (ASTM G31-
21,2021):

CR (Corrosion Rate) = pK ':Vt (1)

where:

CR  :corrosion rate (mm.year™)

K : conversion constant (8.76 x 10* for
mm.year”' when W is expressed in
grams)

W : mass loss of the metal due to
corrosion (g)

p : metal density (g.cm™)

A : exposed surface area of the metal
(cm?)

t : exposure time (h)

The corrosion rate values were used as
physicochemical indicators representing
the relative influence of sulfur-containing
fuel environments on metallic degradation
processes (Gao et al., 2022; ASTM G31-21,
2021).

Sulfur Characterization using Oil Sulfur
Analyzer

Sulfur characterization of fuel samples was
conducted using an Oil Sulfur Analyzer
based on X-ray fluorescence (XRF)
spectroscopy principles. This method
enables qualitative to semi-quantitative
identification of sulfur concentrations
within liquid hydrocarbon matrices.

The XRF method operates through
excitation of sulfur atoms by primary X-
rays, producing secondary characteristic
fluorescence emissions whose intensities
are proportional to sulfur concentration
(Skoog et al., 2017). The obtained sulfur
concentration values were used to compare
sulfur characteristics among different fuel
types and to support interpretation of
corrosion behavior.

© 2026 Dept. of Geophysics Hasanuddin University

The sulfur measurements in this study were
intended for comparative environmental
assessment rather than absolute
atmospheric sulfur quantification.

Sulfur Emission Estimation

Potential sulfur dioxide (SO;) emissions
were estimated theoretically based on
sulfur concentrations measured in fuel
samples. The estimation assumes complete
oxidation of sulfur during combustion
processes according to stoichiometric
sulfur oxidation principles described in
atmospheric chemistry studies. The SO:
emission estimation is expressed as
(Seinfeld & Pandis, 2016):

S0,Emissions = Sulfur Content x 2.1073 (2)

The total mass of sulfur dioxide emitted
(Mso2) was subsequently estimated by
multiplying the calculated SO> emission
value by the volume of the fuel sample used
in the experiment. This simplified sulfur
emission estimation approach follows
sulfur mass balance concepts commonly
applied in atmospheric environmental
assessments, expressed as (IPCC, 2021):

Total emissions of SO,(MS0,) =

SO,Emissions x sample volume = ---. g
3)
The estimated sulfur dioxide emissions
were then converted into simplified sulfur-
related radiative forcing indicators using
sulfur aerosol forcing coefficients adapted
from atmospheric aerosol forcing studies.
The  simplified  radiative  forcing

relationship is expressed as (Haywood &
Boucher, 2021):

_ _Mso, _ 2
RF = Tx10° x (—0,3)W/m 4)
where:
Mso2 : mass of SO: released
(grams)
—0.3W/m? : approximate global mean

negative radiative forcing
coefficient associated with
anthropogenic sulfate
aerosols derived from SO:
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emissions (IPCC, 2021)

The negative radiative forcing coefficient
reflects the cooling effect produced by

sulfate ~ aerosols  formed  through
atmospheric oxidation of sulfur dioxide,
which increases shortwave radiation

scattering in the atmosphere (Seinfeld &
Pandis, 2016). The resulting values
therefore represent simplified relative
sulfur-related atmospheric indicators rather
than direct atmospheric SO: measurements
or comprehensive climate-scale radiative
transfer calculations (Loveridge et al.,
2025).

This estimation approach was adapted from
simplified sulfur emission relationships
commonly used in atmospheric
environmental assessments and aerosol
forcing interpretation studies (IPCC, 2021).

Spatial Environmental Interpretation

Spatial interpretation of sulfur-related
environmental conditions was conducted
using regional sulfur distribution maps,

population  density information, and
volcanic distribution data in East Java.
The sulfur distribution maps were

interpreted as supporting environmental
datasets to qualitatively compare sulfur
characteristics between urban-industrial
regions and volcanic regions. Population
density data used in this study were
obtained from the Ministry of Home Affairs
of the Republic of Indonesia to support
urban spatial interpretation and regional
demographic analysis (Ministry of Home
Aftairs of the Republic of Indonesia, 2022).
Volcanic distribution data were interpreted
based on regional geological and volcanic
frameworks of Java Island (van Bemmelen,
1949).

The spatial interpretation in this study was
performed  qualitatively and  semi-
quantitatively to distinguish anthropogenic
sulfur signatures in urban regions from
geogenic sulfur influences in volcanic
regions. This approach emphasizes
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comparative environmental interpretation
based on sulfur-related spatial patterns
rather than applying complex atmospheric
dispersion simulations, which generally
require detailed meteorological parameters,
advection—diffusion modeling, and
computational ~ atmospheric  transport
analysis (Leel6ssy et al., 2018; Erfani &
Mitchell, 2026). Therefore, the spatial
assessment presented in this study was
intended to support environmental
characterization of sulfur-related
conditions in East Java rather than conduct
comprehensive  atmospheric  dispersion
modeling (Granados-Bolafios et al., 2021).

Results and Discussion

At a regional scale, population density
dynamics play a crucial role in shaping the
interaction between anthropogenic
activities, energy consumption, and
atmospheric geophysical ~ processes.
Uneven population growth intensifies the
demand for transportation, industrial
operations, and commercial fuel usage,
particularly in densely populated areas,
thereby increasing the potential release of
sulfur dioxide (SO.) into the atmosphere.
From a geophysical environmental
perspective, population distribution
functions as an important indicator of
anthropogenic pressure on atmospheric
composition, as high-density regions
generally correspond to elevated emission
intensities and altered atmospheric
chemical processes. Consequently,
population density mapping provides a
critical demographic framework for
interpreting SO spatial distribution and
proxies for assessing regional sulfur
dynamics in East Java (Gao et al., 2022).

Based on the 2022 population density
distribution map of Java Island shown in
Figure 1, population concentration forms a
continuous west—east urban corridor
extending from the Jakarta metropolitan
region in West Java to Surabaya and its
surrounding industrial belt in East Java.
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The highest density clusters are visible in fossil  fuel  consumption,  thereby
the  Jakarta—Bekasi—-Karawang  area, intensifying anthropogenic air pollutant
Bandung Basin, Semarang, and the emissions (United Nations, 2022; World
Surabaya — Gresik — Sidoarjo corridor, Bank, 2023). The strong coupling between
reflecting strong metropolitan expansion, urban density and emission intensity has
industrial agglomeration, and also been emphasized in recent emission
transportation network intensity. Recent inventory studies showing that densely
demographic and wurban assessments populated megacities contribute
indicate that rapid urban concentration in disproportionately to regional sulfur
Southeast Asia, including Indonesia, dioxide (SO.) loading (Crippa et al., 2020).

significantly increases energy demand and

Population density of Java and Madura by subdistrict (2022)
Kepadatan penduduk Pulau Jawa dan Madura per kelurahan (2022)
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Figure 1. Distribution of population density in Java Island 2022 (Ministry of Home Affairs of the Republic of
Indonesia, 2022).

In East Java specifically, the Surabaya creates a dual-source sulfur environment in
metropolitan region exhibits high-density East Java (Figure 2). Recent atmospheric
clustering consistent with industrial and chemistry assessments emphasize that
port-centered development, which is interactions  between  anthropogenic
closely linked to transportation-related fuel emissions and natural volcanic inputs can
combustion. Contemporary air quality amplify localized sulfate aerosol formation
evaluations in Indonesian urban regions and alter regional radiative balance (IPCC,
confirm that transportation and industrial 2021). Consequently, the 2022 population
fuel use remain dominant contributors to density pattern across Java Island provides
SO, wvariability in major cities (World an essential demographic framework for
Health Organization, 2021). In contrast, interpreting  spatial  SO:  variability,
areas such as Malang and Pasuruan display particularly when distinguishing purely
moderate to high population densities but urban emission signatures from mixed
are situated along active volcanic corridors urban—volcanic atmospheric systems.
associated with Mount Semeru, Bromo, and
Arjuno-Welirang. In these regions, The distribution of volcanoes in East Java
atmospheric sulfur dynamics are influenced and Central Java Provinces follows a well-
not only by anthropogenic combustion but defined  east-west  alignment  that
also by persjstent volcanic degassjng, COI‘I‘GSpOl’ldS to the active Sunda volcanic
which has been identified as a major natural arc formed by the subduction of the Indo-
contributor to regignal SO, emissions in Australian Plate beneath the Eurasian Plate
Indonesia (Bani et al., 2022). (Wandono et al., 2025). This tectonic
setting results in a high concentration of
The coexistence of dense urban populations Quaternary volcanoes extending from
and active volcanic systems therefore Central Java (e.g., Merapi—Merbabu
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volcanic complex) through East Java,
including major volcanic systems such as
Semeru, Bromo—Tengger, Kelud, Ijen, and
Raung. These volcanoes are predominantly
located along structural zones such as the
Kendeng Zone and the Southern
Mountains, where magmatic ascent 1is
facilitated by crustal weaknesses (Berghuis
et al., 2022). The spatial clustering of active
and potentially active volcanoes in these
regions makes them significant natural
sources of sulfur dioxide (SO>),
continuously contributing to the regional
atmospheric sulfur background through
volcanic  degassing. This geological
configuration  provides a  critical
geophysical context for interpreting sulfur
anomalies observed in East Java, as
illustrated by the elevated SO:
concentrations mapped in the volcanic
sector shown in Figure 3, where the
correspondence between volcanic locations
and high sulfur intensity highlights the
strong influence of geogenic emissions on
atmospheric sulfur distribution (Blessing et
al., 2025).

The sulfur distribution patterns illustrated
in Figure 3 reveal a clear spatial
differentiation between urban areas and
regions influenced by volcanic activity in
East Java, which is closely related to

variations in emission sources and fuel
characteristics. As shown in Figure 1, urban
centers such as Surabaya and Sidoarjo are
characterized by relatively low SO> column
densities, indicated by cooler color
gradients. This pattern suggests that sulfur
accumulation in these areas remains
comparatively controlled despite high
levels of industrial and transportation
activity, reflecting the influence of low-
sulfur fuel standards and improved
combustion efficiency in  urban
environments (Anastasopolos et al., 2023).

A more detailed spatial representation in
Figure 3 highlights localized increases in
sulfur concentrations within several
suburban and peri-urban industrial zones,
indicating mixed contributions from local
anthropogenic emissions and regional
atmospheric transport. In contrast, the
southern and highland regions associated
with volcanic systems particularly around
Malang, Malang City, and Batu City
consistently exhibit elevated sulfur levels.
The dominance of warmer color tones in
these areas signifies substantial sulfur
loading driven primarily by continuous
volcanic degassing processes, which
contribute significantly to the regional
atmospheric sulfur background.
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Figure 2. Distribution of Volcanoes in East Java and Central Java Provinces (modified from van Bemmelen,
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The experimental data presented in Table 1
and Figure 4 reveal distinct variations in
corrosion rates among the tested fuel types,
underscoring their differing impacts on iron
degradation and their relevance as
supporting indicators of sulfur-related
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environmental exposure. The measured
corrosion rates (CR) range from 0.4120 to
1.0300 mpy, with diesel fuel exhibiting the
highest value (1.0300 mpy), followed by
Pertasol CC (0.8930 mpy) and Pertasol CA
and CB (0.8240 mpy). Figure 4 clearly
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illustrates this trend, showing a progressive
increase in corrosion intensity from low-
sulfur fuels toward sulfur-rich fuels. The
graphical distribution highlights diesel fuel
as the dominant corrosive medium, while
Pertamax exhibits the lowest corrosion
behavior among all tested samples. These

differences reflect variations in sulfur
concentration among commercial fuels and
support the interpretation that corrosion
behavior may provide physicochemical
information  regarding  sulfur-related
environmental conditions (Cao et al, 2023).

Table 1. Corrosion rate values for each fuel sample.

Type of Diameter Areas T (Hour) Initial Final Am Cr
Material (cm) (ecm?) (21 Days) Mass (gr)  Mass (gr) (gr) (mpy)
Pertasol CA 0.635 1.266 504 1.0311 1.0299 0.0012  0.8240
Pertasol CB 0.635 1.266 504 1.0311 1.0305 0.0012 0.8240
Pertasol CC 0.635 1.266 504 1.0311 1.0298 0.0013  0.8930
Diesel 0.635 1.266 504 1.0311 1.0301 0.0015 1.0300
Gasoline 0.635 1.266 504 1.0311 1.0210 0.0010 0.6870
Pertamax 0.635 1.266 504 1.0311 1.0305 0.0006 0.4120
Pertalite 0.635 1.266 504 1.0311 1.0301 0.0010 0.6870
1.2
E
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Figure 4. Graph of corrosion rate per fuel (mpy).

Diesel fuel demonstrates the most
pronounced corrosive effect, consistent
with its highest mass loss (Am = 0.0015 g),
indicating a more aggressive sulfur-bearing
chemical environment (Nguyen & Vu,
2019). The sharp increase in corrosion rate
observed in Figure 4 for diesel fuel suggests

stronger  electrochemical  degradation
processes compared to gasoline-based
fuels. This behavior is associated with

elevated sulfur fractions that may undergo
oxidation to form sulfur dioxide (SO2) and
sulfur-derived acidic compounds under
oxidizing and humid conditions, thereby
accelerating electrochemical reactions at
the metal surface (Schmitz & Linderholm,
2018). Sulfate ions may enhance
electrochemical activity by increasing ionic
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conductivity and accelerating interfacial
charge transfer kinetics on metallic surfaces
under reactive conditions (Reddy et al.,
2025). These electrochemical processes
intensify metallic degradation behavior and
indicate a potential relationship between
sulfur-containing fuels, corrosion
mechanisms, and sulfur-related
environmental loading.

Similarly, Pertasol CA, CB, and CC exhibit
intermediate to high corrosion rates
(0.8240-0.8930 mpy), consistent with their
relatively higher sulfur characteristics
compared to gasoline-based fuels. Figure 4
demonstrates that the Pertasol fuels form a
clustered corrosion pattern below diesel but
substantially above Pertamax and gasoline
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fuels, indicating moderate-to-high
corrosive characteristics. Although Pertasol
CA and CB present identical mass losses
(Am = 0.0012 g), the slightly greater mass
reduction in Pertasol CC (Am = 0.0013 g)
produces a measurable increase in
corrosion rate, emphasizing the sensitivity
of metallic corrosion processes to subtle
sulfur—metal chemical interactions. This
trend is consistent with corrosion studies
showing that sulfur-containing
environments accelerate oxidation kinetics
and electrochemical degradation processes
on iron surfaces (Gao et al., 2022).

In contrast, low-sulfur fuels such as
Pertamax and Pertalite display substantially
lower corrosion rates, 0.4120 mpy and
0.6870 mpy respectively, accompanied by
minimal mass loss (Am = 0.0006—0.0010
g). Figure 4 further emphasizes the distinct
reduction in corrosion intensity for
Pertamax, which appears significantly
lower than all other fuel samples. These
findings indicate relatively improved
chemical stability toward metallic materials
and correspond to stricter sulfur regulation
standards applied to modern fuel products.
Low-sulfur fuels such as Pertamax and
Pertalite exhibited lower corrosion rates,
indicating 1mproved chemical stability
toward metallic materials and reduced
sulfur-related degradation potential (Gao et
al., 2022). Previous studies have
demonstrated  that  sulfur-containing
compounds promote anodic dissolution and
destabilize protective oxide films on iron
surfaces (Ottosson et al., 2018). Sulfur-

derived 1ionic species may enhance
electrochemical reaction kinetics by
increasing interfacial charge transfer

activity and ionic conductivity at the metal—
fuel interface under reactive conditions
(Reddy et al., 2025). Prolonged exposure to
sulfur-bearing fuels may therefore intensify
localized metallic degradation processes,
including pitting corrosion and micro-
galvanic interactions on iron surfaces.
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The corrosion characteristics identified
experimentally in Table 1 and visualized
comparatively in Figure 4 can be
qualitatively associated with the sulfur-
related spatial patterns shown in Figure 3.
Urban-industrial regions such as Surabaya
and Sidoarjo display moderate sulfur-
related  anomalies  associated  with
transportation activity, industrial
combustion, and intensive commercial fuel
utilization. In contrast, volcanic regions
surrounding Malang, Pasuruan, and the
Bromo—Semeru volcanic corridor exhibit
relatively stronger sulfur-related spatial
anomalies, which are interpreted as
environmental indications of additional
geogenic sulfur influence from volcanic
degassing systems (Bani et al., 2022).

From an environmental geophysics’
perspective, the coexistence of
anthropogenic sulfur emissions from fuel
combustion and natural volcanic sulfur
emissions creates spatially variable sulfur
exposure conditions across East Java. The
laboratory corrosion results therefore
provide  supporting  physicochemical
evidence that fuels characterized by higher
sulfur content possess greater potential to
contribute to sulfur-related environmental
loading under both urban and volcanic
atmospheric systems (Cao et al., 2023).
Figure 4 particularly supports this
interpretation by demonstrating a consistent
relationship between fuel type and
corrosion intensity, where sulfur-rich fuels
systematically produce greater metallic
degradation compared to low-sulfur fuels.

However, it is important to emphasize that
the corrosion experiment conducted in this

study represents a laboratory-scale
physicochemical assessment and does not
directly measure  atmospheric = SO:
concentration or atmospheric  sulfur

dispersion. Consequently, the sulfur-related
spatial interpretation presented in Figure 3
should be regarded as supporting
environmental context rather than direct
validation of corrosion measurements.
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The simplified sulfur-related atmospheric
indicators calculated in this study show a
consistent  dependence on sulfur
concentration, indicating that fuels with
higher sulfur content possess greater
potential to contribute to sulfur-related
atmospheric loading through sulfate aerosol
formation. Diesel fuel (950 ppm sulfur)
produced the highest estimated sulfur

dioxide emission potential (0.0009500
mol/m?) and the largest relative sulfur-
related atmospheric indicator (=5.7 x 1071°
W/m?), whereas low-sulfur fuels such as
Pertamax (18.6 ppm) generated
substantially lower estimated sulfur
emissions (0.0000186 mol/m?) and weaker
atmospheric indicator values (—1.1 x 107!
W/m?), as presented in Table 2.

Table 2. Radiative forcing value of each fuel sample (W/m?)

Material Sulfur Content Emissions Total SO: Radiative Forcing
Type (ppm) SO: (mol/m?) Emissions(mol/m?) (W/m?)
Pertasol CA 182.2 0.3644 0.0001822 -1.093 x 1071
Pertasol CB 259.9 0.5198 0.0002599 -1.559 x 1010
Pertasol CC 306.3 0.6126 0.0003063 -1.837 x 10°1°
Diesel 950.0 1.9000 0.0009500 -5.700 x 10710
Gasoline 176.6 0.3532 0.0001766 -1.059 x 1010
Pertamax 18.6 0.0372 0.0000186 -1.116 x 107!
Pertalite 56.6 0.1132 0.0000566 -3.396 x 10°!!

This trend is consistent with atmospheric
chemistry principles indicating that sulfur
dioxide may undergo oxidation processes
to form sulfate aerosols, which can increase
shortwave  radiation  scattering and
contribute to atmospheric cooling effects
(Seinfeld & Pandis, 2016). At the global
scale, sulfate aerosol forcing associated
with anthropogenic sulfur emissions has
been estimated to produce net negative
radiative forcing on the order of —0.3 W/m?
(IPCC, 2021), demonstrating that sulfur-
derived aerosols influence atmospheric
radiative balance.

However, the forcing-related values
calculated in this study should not be
interpreted as direct atmospheric radiative
forcing measurements or comprehensive

climate-scale forcing simulations.
Atmospheric dispersion and radiative
processes generally require complex
advection—diffusion modeling,

meteorological parameter integration, and
large-scale atmospheric transport analysis
to produce quantitative predictions
(Alrammah et al., 2022; Leeldssy et al.,
2018). Therefore, the obtained values in
this study represent simplified relative
environmental indicators derived from
theoretical sulfur emission estimations
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based on fuel sulfur content and are
intended only for comparative
interpretation among fuel types rather than
quantitative climate prediction (Darwish et
al., 2025).

From a regional environmental perspective,

fuels characterized by lower sulfur
concentrations  demonstrate  relatively
smaller sulfur-related atmospheric

influence compared to sulfur-rich fuels
(Dudziak et al., 2023). Reduced sulfur
content may decrease sulfur dioxide
emission potential and limit sulfate aerosol
formation, thereby minimizing possible
atmospheric and material degradation
impacts under sulfur-related environmental
exposure conditions (Liu et al., 2025).

When compared with the sulfur-related
spatial patterns presented in Figure 3, the
relative atmospheric indicator results
demonstrate qualitative consistency with
observed sulfur anomaly distributions in
East Java. The volcanic sector shown in
Figure 3(b) exhibits relatively stronger
sulfur-related  anomalies, particularly
within the Malang—Pasuruan and Bromo—
Semeru volcanic corridor, which is
spatially associated with active volcanic
sulfur degassing systems (Carn et al., 2017;
Ibrahim et al., 2025). These volcanic
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emissions contribute natural geogenic
sulfur input capable of increasing regional

sulfur background conditions
independently of anthropogenic fuel
combustion.

In contrast, the urban-industrial sector
shown in Figure 3(a) demonstrates
relatively  moderate  and  spatially
fragmented sulfur-related patterns across
Surabaya and Sidoarjo. These spatial sulfur
characteristics are interpreted as being
associated with anthropogenic emission
intensity driven by transportation density,
industrial activities, and fuel consumption
patterns in urban environments. Similar
spatiotemporal emission studies have
shown that urban atmospheric pollutant
distributions are strongly influenced by
human activities, industrial development,
traffic density, and emission variability
across metropolitan regions (Lou et al.,
2025).

The comparison between urban and
volcanic regions therefore illustrates a dual-
source sulfur system in East Java, where
anthropogenic  fuel combustion and
volcanic degassing jointly contribute to
regional  sulfur-related environmental
characteristics. Sulfur-rich fuels potentially
increase localized sulfur-related
atmospheric influence, while volcanic
systems contribute persistent natural sulfur
background conditions that may enhance
sulfate aerosol formation processes
(Nwankwo & David, 2025).

From an environmental geophysics’
perspective, the integration of corrosion
behavior, sulfur characterization,
simplified atmospheric indicators, and
sulfur-related spatial interpretation
provides a comparative framework for
understanding sulfur-related environmental
dynamics in East Java (Granados-Bolafios
et al., 2021; Li et al., 2024). Nevertheless,
it should be emphasized that the
relationship established in this study is
qualitative to semi-quantitative and does
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not represent direct atmospheric sulfur
dispersion modeling or comprehensive
radiative transfer simulation.
Consequently, the interpretation presented
here should be regarded as a supporting
environmental assessment approach rather
than a direct climate-scale atmospheric
evaluation (Nistico et al., 2025).

Conclusion

This study demonstrates that sulfur content
in commercial fuels influences metallic
corrosion behavior and contributes to
sulfur-related environmental characteristics
in East Java. Experimental results show that
fuels with higher sulfur concentrations
generally produced greater corrosion rates,
with diesel fuel exhibiting the highest
corrosion intensity (CR = 1.0300 mpy),
while low-sulfur fuels such as Pertamax
and Pertalite displayed substantially lower
corrosion behavior. These findings support
the interpretation that sulfur-bearing
compounds contribute to electrochemical
degradation processes on iron surfaces
under sulfur-containing fuel environments.

The integration of sulfur characterization,
corrosion measurements, simplified sulfur-
related atmospheric indicators, and spatial
environmental interpretation suggests that
East Java represents a mixed sulfur system
influenced by both anthropogenic fuel
combustion and geogenic  volcanic
emissions (Ibrahim et al., 2025). Urban-
industrial regions such as Surabaya and
Sidoarjo are primarily associated with
transportation and  industrial  sulfur
emissions, whereas volcanic regions
surrounding  Malang and  Pasuruan
demonstrate additional sulfur influence
related to volcanic degassing activity. The
qualitative consistency between laboratory
corrosion behavior and sulfur-related
spatial patterns indicates that corrosion
indicators may have potential applicability
as supporting physicochemical proxies for
comparative sulfur-related environmental
assessment (Gao et al., 2022). In addition,
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fuels characterized by lower sulfur
concentrations demonstrated relatively
smaller sulfur-related atmospheric

implications, suggesting the importance of
fuel sulfur reduction for minimizing
environmental and material degradation
effects. Nevertheless, this study represents
a qualitative to  semi-quantitative
environmental assessment approach and
does not constitute direct atmospheric
sulfur dispersion modeling or
comprehensive radiative transfer analysis
(Haywood & Boucher, 2021). Future
studies integrating direct atmospheric SO-
observations, satellite-based monitoring,
and atmospheric transport modeling are
recommended to improve understanding of
sulfur-related environmental dynamics in
mixed urban—volcanic systems.
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