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INTRODUCTION

The uncontrolled eruption of Sidoarjo vol-
canic mud in East Java, Indonesia, represents 
one of the most severe and persistent industrial 
environmental disasters in Southeast Asia. Since 
2006, the mudflow triggered during gas explora-
tion drilling has continuously discharged massive 
volumes of hot volcanic slurry, inundating resi-
dential areas, agricultural land, and industrial in-
frastructure (Hardjito et al., 2012; Ningsih et al., 
2023). Daily discharge rates of 10,000–50,000 m³ 
have required long-term containment within ar-
tificial dikes, creating ongoing risks of structural 

failure and secondary environmental contamina-
tion (Luky et al., 2015). Despite extensive inves-
tigations over nearly two decades, the utilization 
of this silica-rich mud remains largely confined 
to low- to medium-value applications such as 
construction materials, ceramics, and adsorbents 
(Hardjito et al., 2012; Ningsih et al., 2023). Con-
sequently, the vast majority of Sidoarjo mud con-
tinues to be treated as an environmental liability 
rather than a resource. Transforming this abundant 
geological waste into a high-value functional ma-
terial therefore represents a strategic opportunity 
within cleaner engineering, particularly under the 
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framework of circular economy and sustainable 
resource utilization.

In parallel with the need for waste valori-
sation, fires caused by liquefied petroleum gas 
(LPG) leakage remain among the most critical 
safety hazards in domestic and industrial environ-
ments. LPG, composed primarily of propane and 
butane, is characterized by rapid flame propaga-
tion, high heat release rates, and intense localized 
temperature rise, which can lead to flashback 
or explosion in confined spaces (Haidar, 2020; 
Guo et al., 2022). Such combustion behaviour 
demands extinguishing agents capable of acting 
within fractions of a second, maintaining struc-
tural and thermal integrity at elevated tempera-
tures, and effectively disrupting combustion path-
ways before escalation occurs. Conventional dry 
chemical powders, including monoammonium 
phosphate and sodium bicarbonate, suppress fire 
through heat absorption, dilution of reactive spe-
cies, and oxygen isolation; however, they present 
well-documented limitations such as corrosion, 
secondary material damage, and environmental 
burdens associated with post-fire residue man-
agement (Zhou et al., 2025). As sustainability 
considerations increasingly influence engineering 
design, there is a growing need for high-perfor-
mance, environmentally compatible fire suppres-
sants derived from natural or waste resources.

Chemically, Sidoarjo mud is dominated by sili-
ca (SiO₂), accompanied by Al₂O₃, Fe₂O₃, CaO, and 
other oxide phases (Rachmat and Risanti, 2019). 
This mineral composition inherently provides 
thermal stability and chemical inertness two es-
sential characteristics for effective fire suppression 
materials. Silicon dioxide exhibits high resistance 
to thermal decomposition, maintains structural 
integrity under elevated temperatures, and can 
contribute to the formation of protective mineral 
barrier layers during combustion(Liu et al., 2024). 
Recent studies have demonstrated that nano-silica 
incorporation into fire extinguishing powders sig-
nificantly enhances hydrophobicity, heat absorp-
tion, and flame suppression efficiency (Song et al., 
2021; Zhou et al., 2024). Moreover, silica modifi-
cation in polymeric or composite systems has been 
shown to reduce heat release rates and improve 
thermal resistance (Sekar, et al., 2025). Neverthe-
less, most of these systems rely on synthetically 
produced nano-silica, raising concerns related to 
production cost, scalability, and energy-intensive 
manufacturing processes. The use of naturally sili-
ca-rich waste materials as a sustainable alternative 

to synthetic nano-silica in fire suppression applica-
tions remains largely unexplored.

The valorisation of Sidoarjo mud for fire ex-
tinguishing thus presents a multi-dimensional 
opportunity: mitigating a long-standing environ-
mental disaster, developing a low-cost and locally 
available alternative to synthetic extinguishing 
agents, and advancing circular economy princi-
ples by converting waste into a functional safety 
product. Despite this potential, no prior study has 
systematically evaluated Sidoarjo mud as a dry 
powder fire suppressant, nor investigated whether 
targeted SiO₂ modification can enhance its crys-
tallinity, thermal stability, and suppression perfor-
mance. Furthermore, many existing fire suppres-
sion studies focus primarily on extinguishing time 
as a performance indicator without establishing 
mechanistic relationships between mineral struc-
ture, crystallinity, thermal behaviour, and powder 
flame interactions (Bai et al., 2021; Xiaoqing et 
al., 2022). The absence of clear structure property 
performance correlations limits rational material 
design and represents a significant knowledge 
gap in mineral-based fire suppression research.

To address this gap, the present study reports 
the first comprehensive investigation of SiO₂-
modified Sidoarjo mud as a sustainable dry pow-
der fire suppressant for LPG flames. This work 
integrates material characterization through X-ray 
diffraction and thermogravimetric analysis to es-
tablish relationships between SiO₂ incorporation, 
crystallinity enhancement, and thermal stability 
improvement. In addition, mechanistic analysis of 
powder-flame interaction is conducted to elucidate 
the roles of thermal buffering, oxygen isolation, and 
flame destabilization during LPG combustion. Re-
sponse surface methodology (RSM) is employed 
to statistically optimize SiO₂ content and powder 
mass-to-flame-area ratio, enabling quantitative 
identification of optimal suppression conditions. 

It is hypothesized that SiO₂ incorporation 
enhances lattice ordering and reduces structural 
defects within the Sidoarjo mud matrix, thereby 
improving thermal resistance and increasing heat 
absorption capacity during flame exposure. En-
hanced crystallinity is expected to prolong par-
ticle integrity in the combustion zone, facilitating 
rapid heat extraction and formation of an inert 
mineral barrier that restricts oxygen diffusion to 
the fuel surface. By systematically correlating 
composition, crystallinity, thermal stability, and 
extinguishing performance, this study advances 
a structure thermal suppression framework for 
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the rational design of waste-derived mineral fire 
suppressants. The novelty of this research lies in 
the first valorisation of Sidoarjo volcanic mud 
as a high-performance fire suppression material, 
the systematic enhancement of its structural and 
thermal properties through controlled SiO₂ modi-
fication, the mechanistic elucidation of powder 
flame interactions in LPG combustion, and the ap-
plication of statistical optimization to achieve an 
engineered formulation with validated ultra-fast 
extinction performance. Beyond technical inno-
vation, this approach directly supports sustain-
able engineering objectives and aligns with the 
principles of circular economy by transforming an 
environmental liability into a value-added safety 
asset. Accordingly, the objectives of this study are 
to evaluate the influence of SiO₂ incorporation 
on crystallinity and thermal stability of Sidoarjo 
mud, investigate the relationship between mineral 
structure and LPG fire suppression performance, 
elucidate the governing suppression mechanisms, 
and optimize formulation parameters to achieve 
rapid and efficient extinguishment. Through this 
integrated approach, the present work seeks to 
contribute to the development of cleaner engineer-
ing technologies that simultaneously address envi-
ronmental remediation and fire safety challenges.

MATERIALS AND METHODS

Materials

Sidoarjo mud was collected from the vicinity 
of the active mud eruption site located in Siring 

Timur Village, Porong District, Sidoarjo Regency, 
East Java, Indonesia, at coordinates 7°31′53.472″ 
S and 112°42′ E. The sampling point was ap-
proximately 500 m from the eruption center, and 
the mud was collected from a depth of about 50 
cm below the surface. The geographical location 
of the Sidoarjo mud is presented in Figure 1. The 
SiO₂ used was in powder form with a particle size 
of 200 mesh and 98% purity was obtained from 
Merck. The LPG was supplied by Pertamina with a 
composition of 60% propane and 40% butane was 
used as the fuel in all fire suppression experiments.

Preparation of Sidoarjo mud powder

The collected Sidoarjo mud was first dried in 
an oven at 105 °C until a residual moisture con-
tent of approximately 5% was achieved. Moisture 
content was determined using the gravimetric 
method. Dried Sidoarjo mud was milled using 
a dry grinding method, which operates based on 
impact and shear mechanisms, rotational speed of 
3,000–15,000 rpm for 15 minutes to obtain par-
ticles with a size of ±100 mesh. Photographs of 
Sidoarjo mud before and after the grinding pro-
cess are shown in Figure 2. This powder served as 
the base material for subsequent SiO₂ modifica-
tion and fire suppression testing.

Modification of Sidoarjo mud with SiO₂

Modification of Sidoarjo mud powder was 
carried out via a dry impregnation method. Pre-
determined amounts of SiO₂ were added to the 
mud powder to obtain compositions containing 

Figure 1. Geographical location of the Sidoarjo mud
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0, 5, 10, 15, and 20 wt% SiO₂. Each mixture was 
stirred with mechanical stirrer at 8000 rpm for 1 
h under dry conditions to ensure homogeneous 
distribution of SiO₂ particles within the min-
eral matrix. Each sample consists of a mixture 
of Sidoarjo mud powder and SiO₂ powder with 
a total mass of 100 g. After mixing, the pow-
ders were heated in an oven at 110 °C for 1 h 
to enhance thermal stability and remove resid-
ual moisture. The resulting materials were then 
sieved to obtain a final particle size smaller 200 
mesh prior to characterization and fire extin-
guishing experiments.

Material characterization

The crystalline structure of Sidoarjo mud be-
fore and after SiO₂ modification was analyzed 
using X-ray diffraction (XRD) with a Rigaku 
Mini Flex 600 diffractometer. The analysis was 
conducted at a scan speed of 10.000 deg/min, a 
step width of 0.02°, and using D/teX Ultra de-
tector mode. XRD patterns were recorded over a 
2θ range of 10–70° to identify crystalline phases 
and evaluate changes in crystallinity induced by 
SiO₂ addition.

Thermal stability and temperature resistance 
of the samples were evaluated using thermogravi-
metric analysis coupled with differential ther-
mal analysis and differential thermogravimetry 
(TGA–DTA–DTG) employing a Rigaku Thermo 
Plus EVO2 STA 8112H instrument with heat-
ing rate 20 °C/min, atmosphere air, and mass of 
the sample was 9.307 mg mass. Measurements 
were conducted under continuous heating up to 
1000 °C to assess thermal decomposition behav-
ior before and after SiO₂ modification.

Fire extinguishing experiments

Fire suppression performance was evaluated 
at laboratory scale using LPG flames in a cubic 
combustion chamber with dimensions of 80 × 80 × 
80 cm, as illustrated schematically in Figure 3. The 
stove used has a circular shape, with a flame diam-
eter of 8 cm and a heat output of 3 kW. A gas stove 
positioned inside the chamber served as the flame 
source, while a solid pan placed above the flame 
was used to dispense the extinguishing powder. 

Experiments were conducted using unmodi-
fied Sidoarjo mud and SiO₂-modified samples 
containing 5, 10, 15, and 20 wt% SiO₂. The mass 
of extinguishing powder was varied relative to 
the flame area at values of 0.5, 0.8, and 1 g cm⁻². 
No carrier gas was employed during powder dis-
charge. The number of experimental repetitions 
for each composition and powder mass is three. 
The experiments were conducted at an ambient 
temperature of 30 °C and a relative humidity of 
70%. The extinguishing time was measured us-
ing a stopwatch. With regard to measurement ac-
curacy, the extinguishing time was determined 
using high-speed video recording combined with 
frame-by-frame analysis, thereby ensuring suf-
ficient temporal resolution.Extinguishing time is 
defined as the time interval between the discharge 
of the extinguishing agent and the complete ex-
tinguishment of the fire.

Statistical analysis and optimization

The combined effects of SiO₂ content and pow-
der mass-to-flame-area ratio on fire extinguishing 
performance were analyzed using Central Com-
posite Design type Response Surface Methodology 

Figure 2. Sidoarjo mud before (A) and after grinding (B)
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(RSM). Design-Expert version 13 was used for the 
analysis. Extinguishing time was used as the re-
sponse variable, while SiO₂ addition and powder 
loading served as independent variables. The RSM 
analysis was employed to identify interaction ef-
fects and determine the optimal operating condi-
tions for minimum extinguishing time.

RESULTS AND DISCUSSION

Phase composition and structural 
characteristics of Sidoarjo mud waste

X-ray diffraction (XRD) was employed to 
clarify whether SiO₂ incorporation stabilizes 
or disrupts the mineral phases of Sidoarjo mud 
waste, because phase integrity and lattice ordering 
govern both thermal endurance and the reliability 
of a powder during high-temperature discharge. 
Establishing structural robustness is also cen-
tral to a “cleaner engineering” narrative: a waste 
stream can only be credibly valorised into a safety 
critical product when its crystallographic response 

to modification is predictable and reproducible 
(Klapiszewska et al., 2022; Khan et al., 2020).

The unmodified Sidoarjo mud pattern (Figure 
4) is dominated by a strong reflection at ~26.4° 
(2θ), consistent with crystalline SiO₂ (quartz) 
naturally present in the mud matrix (Rachmat and 
Risanti, 2019). Additional reflections at ~20.9°, 
36.5°, 39.5°, 50.1°, and 60.0° indicate minor co-
existing phases, typically reported as alumino-
silicates together with iron- and calcium-bearing 
minerals such as hematite (Fe₂O₃) and calcite 
(CaCO₃), aligning with previous compositional 
and processing studies of LUSI/Sidoarjo mud 
(Hardjito et al., 2012; Ningsih et al., 2023). The 
peak broadening and moderate intensity of sev-
eral reflections indicate partial crystallinity with 
appreciable defect populations, which is typical 
of heterogeneous volcanic-derived matrices and 
contributes to variability in high-temperature be-
haviour (Luky et al., 2015).

A key outcome of the SiO₂ modification series 
(5–20 wt%) is that all diffractograms retained the 
same fundamental peak positions, with no new 
reflections and no disappearance of existing re-
flections (Figure 4). This is a strong indicator that 

Figure 3. Fire extinguisher experiment: (A) schematic diagram, (b) actual image
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silica addition up to 20 wt% is structurally com-
patible with the native mineral assemblage and 
does not induce phase transformation or crystal-
lographic instability, which is essential for main-
taining predictable thermo-physical performance 
(Sun et al., 2024; Zhang et al., 2011). The absence 
of measurable peak shifts further suggests that the 
dominant mechanism is physical reinforcement 
and ordering (e.g., improved packing/ordering 
and reduced lattice disorder) rather than substi-
tutional incorporation into the host lattice, which 
would typically manifest as systematic 2θ dis-
placement due to altered lattice parameters.

Beyond phase preservation, the most conse-
quential structural trend is the progressive sharp-
ening and intensification of the ~26.4° peak with 
increasing SiO₂ content. In mineral systems, 
higher peak intensity combined with reduced 
full width at half maximum (FWHM) commonly 
signals increased crystallinity and reduced de-
fect density, implying a more ordered lattice and 
fewer defect-mediated weak points that can act 
as thermal degradation pathways (Yahya and Ah-
mad, 2020). Within a fire-suppression context, 
this structural refinement matters because defect-
rich domains often facilitate dehydration and ear-
ly-stage structural collapse; conversely, improved 
ordering typically enhances the stability of par-
ticles exposed to rapid heating and aerodynamic 
stress during discharge (Sun et al., 2024). From 
a cleaner technology standpoint, the implica-
tion is practical: the waste-derived matrix is not 
merely “tolerant” to modification, but structurally 

tuneable through a low-complexity additive route, 
supporting the feasibility of engineering consis-
tent performance from a highly variable waste 
feedstock (Klapiszewska et al., 2022).

Overall, the XRD evidence supports a deci-
sive materials conclusion: SiO₂ addition up to 
20 wt% preserves the native phase assemblage 
while promoting higher lattice ordering and 
lower structural disorder. This combination is an 
enabling prerequisite for using Sidoarjo mud as 
a functional powder in severe thermal environ-
ments, and it strengthens the argument that waste 
valorisation here is not symbolic but engineering 
relevant because it produces a structurally stable 
platform for downstream thermal buffering and 
rapid suppression performance (Klapiszewska et 
al., 2022; Huo et al., 2025).

Thermal stability and fire-relevant 
temperature resistance of valorised waste

Multi-stage thermal decomposition behaviour 
(TGA–DTG–DTA)

The thermal resistance of unmodified and 
SiO₂-modified Sidoarjo mud waste was evaluated 
using thermogravimetric analysis (TGA), differ-
ential thermogravimetry (DTG), and differential 
thermal analysis (DTA). Together, these tech-
niques quantify mass-loss pathways, decomposi-
tion kinetics, and heat-absorption characteristics 
during continuous heating to 1000 °C, which is 
relevant for assessing material integrity under 
fire-like thermal exposure (Daramola et al., 2025; 

Figure 4. XRD results of Sidoarjo mud before and after the addition of SiO2
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Mandal et al., 2022). From a waste-valorisation 
perspective, thermal stability is a determining 
property because it governs whether the derived 
material can remain structurally functional within 
the high-temperature window where fire-suppres-
sion mechanisms must act rapidly and reliably.

Both the unmodified and modified powders 
exhibited stepwise mass loss (Figure 5), which 
can be interpreted in three main temperature do-
mains. In the first stage (<150 °C), mass loss is 
attributed to the release of physically adsorbed 
water and weakly bound moisture (Sutjahja et 
al., 2020; Kamalak et al., 2018). The unmodified 
mud showed ~7.4% loss, whereas the 20 wt% 
SiO₂-modified sample decreased to 4.95%, rep-
resenting a 33.1% reduction. This decrease im-
plies lower hygroscopicity and improved surface 
stability after silica incorporation. Practically, re-
duced low-temperature moisture loss is beneficial 
in fire suppression because less flame energy is 
consumed by evaporation, leaving more effective 
heat extraction capacity for rapid quenching.

The second stage (150–350 °C) is associated 
with clay dihydroxylation and decomposition of 
minor volatile components (Cheng et al., 2022). 
Although the mass loss difference between un-
modified (5.34%) and 20 wt% SiO₂-modified 
(5.16%) samples is small, the DTG response 
indicates broader and less intense peaks for the 
modified material, suggesting a more gradual 
degradation pathway and improved resistance 
to abrupt thermal breakdown (Bayrakçeken et 
al., 2020). The third stage (350–500 °C) shows 

the most pronounced improvement and corre-
sponds mainly to carbonate decomposition and 
structural hydroxyl loss (Pigłowska et al., 2020). 
Here, the unmodified mud lost 7.51%, while the 
20 wt% SiO₂-modified sample lost only 3.46%, 
reflecting a 53.9% reduction. This temperature 
range is particularly critical because LPG flames 
can reach ~250–300 °C with localized hot spots 
that may exceed 500 °C, so enhanced integrity 
within 350–500 °C directly supports functional 
performance during the earliest and most deci-
sive suppression interval (Qiu et al., 2024).

Implications for waste valorisation

Collectively, the 32% reduction in total mass 
loss and the 53.9% improvement in the critical 
350–500 °C region indicate that Sidoarjo mud 
can be upgraded into a thermally resilient mineral 
powder using a simple SiO₂ modification route. 
This finding reframes the material from a contain-
ment burden into a candidate for high-temperature 
engineering applications. In comparison, synthetic 
silica-based fire suppressants often show total mass 
losses in the 10–20% range under comparable ther-
mal programs (Song et al., 2021; Zhou et al., 2024), 
while the SiO₂-modified Sidoarjo mud achieves 
15.7% total loss, placing it within a competitive 
performance window. Importantly, improved ther-
mal stability supports sustained particle residence 
and heat extraction in the combustion zone, while 
reducing the likelihood that the extinguishing ma-
terial itself generates additional volatiles that could 

Figure 5. TGA-DTA-DTG curves: (a) Sidoarjo mud before SiO2 addition and (b) after SiO2 addition
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reinforce the flame an issue sometimes observed 
with organic-based suppressants.

Fire suppression performance of valorised 
Sidoarjo mud waste

Effect of SiO₂ content on extinguishing time

Fire suppression performance was evaluated 
using LPG flames, which exhibit rapid flame 
propagation and high heat release, requiring ex-
tinguishing agents that remain thermally stable 
while extracting heat within very short timescales. 
To isolate the role of composition, tests were con-
ducted at a fixed powder mass to flame area ratio 
of 1 g/cm². The results show a clear inverse rela-
tionship between SiO₂ content and extinguishing 
time. Unmodified Sidoarjo mud extinguished the 
flame in 0.40 ± 0.02 s, while 5 wt% SiO₂ reduced 
the time to 0.28 ± 0.01 s. Increasing SiO₂ to 10 
and 15 wt% further reduced extinguishing time to 
0.19 ± 0.01 s and 0.14 ± 0.01s, respectively, and 

20 wt% SiO₂ achieved 0.12 ± 0.01s, representing 
70% improvement relative to unmodified mud.

Table 1 and Figure 6 clearly demonstrate a 
consistent decrease in extinguishing time with 
increasing SiO₂ addition to Sidoarjo mud during 
LPG flame suppression. The unmodified Sidoarjo 
mud (0% SiO₂) exhibited the longest extinguish-
ing time, approximately 0.39–0.40 s, indicating 
that although the raw mud possesses intrinsic 
suppression capability, its thermal buffering and 
flame-disruption capacity remain limited. The in-
corporation of 5–10 wt% SiO₂ produced a marked 
and progressive reduction in extinguishing time 
(0.28 s and 0.19 s, respectively), confirming that 
silica enrichment significantly enhances suppres-
sion effectiveness. At higher silica contents, the 
trend becomes even more pronounced. The addi-
tion of 15 wt% SiO₂ reduced extinguishing time 
to 0.17 s, while 20 wt% SiO₂ achieved the fastest 
extinction at 0.12 s. Overall, this represents ap-
proximately 70% reduction in extinguishing time 
compared to the unmodified material. The mono-
tonic decrease observed in Figure 6 indicates that 
SiO₂ content is a dominant factor governing sup-
pression kinetics under the tested conditions.

This improvement can be attributed primar-
ily to the enhanced heat absorption and thermal 
buffering capacity introduced by SiO₂. Silica 
possesses high thermal stability and does not un-
dergo phase transformation at typical LPG flame 
temperatures (~280 °C), allowing it to function as 
an efficient heat sink during combustion (Zhou et 

Table 1. Effect of SiO₂ addition on LPG flame 
extinguishing time

Sample SiO₂ addition (%) Extinguishing time (s)

A 0 0.39

B 5 0.28

C 10 0.19

D 15 0.17

E 20 0.12

Figure 6. Extinguishing time of LPG flames as a function of SiO₂ addition (0–20%) in Sidoarjo mud-based dry 
powder. Increasing SiO₂ content progressively reduces extinguishing time, indicating enhanced suppression 

efficiency at higher silica fractions
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al., 2024). As SiO₂ content increases, the overall 
thermal inertia of the powder increases, enabling 
more rapid extraction of sensible heat from the 
flame front. The accelerated reduction in flame 
temperature weakens the thermal feedback mech-
anism required to sustain LPG combustion, there-
by shortening extinguishing time.

Furthermore, the increased silica fraction likely 
contributes to improved particle stability and sus-
tained residence within the combustion zone, en-
suring continuous heat absorption during the criti-
cal early milliseconds of suppression. The fastest 
extinguishing time of 0.12 s achieved at 20 wt% 
SiO₂ confirms that silica enrichment effectively 
transforms Sidoarjo mud from a moderately effec-
tive mineral powder into a high-performance fire 
suppressant for LPG applications. This progressive 
improvement is consistent with enhanced thermal 
buffering capacity, given that SiO₂ remains struc-
turally stable at LPG flame-relevant temperatures 
and promotes rapid heat extraction from the reac-
tion zone (Shalel et al., 2025). Higher silica con-
tent increases the thermal inertia of the powder bed 
and accelerates local cooling, thereby destabilizing 
combustion (Song et al., 2021). Notably, the base-
line performance of unmodified Sidoarjo mud (0.40 
s) is already competitive with certain commercial 
powder systems (Ibrahim Haidar 2020), indicating 
intrinsic suppression potential derived from its na-
tive silica-rich mineral matrix. Statistical analysis 

(one-way ANOVA with Tukey post-hoc testing) 
confirms that the reductions across SiO₂ levels are 
significant (p < 0.05), supporting a robust compo-
sition–performance relationship.

Effect of powder mass to flame area ratio

Beyond composition, the powder mass-to-
flame-area ratio governs suppression efficiency by 
determining the degree of combustion-zone cov-
erage and the continuity of the particle layer that 
promotes oxygen isolation and heat removal. For 
unmodified mud, increasing the ratio from 0.5 to 
1.0 g/cm² reduced extinguishing time from 0.54 ± 
0.03 s to 0.40 ± 0.02 s, indicating that greater par-
ticle availability enhances particle–flame contact 
and promotes faster interruption of combustion 
(Katarína, 2024). For the 20 wt% SiO₂-modified 
powder, increasing loading reduced time from 0.16 
± 0.01 s (0.5 g/cm²) to 0.13 ± 0.01 s (0.8 g/cm²) 
and 0.12 ± 0.01 s (1.0 g/cm²). The diminishing im-
provement at higher loading indicates an approach 
to saturation, where additional powder contributes 
marginally once a sufficiently continuous shielding 
layer is established (Wang et al., 2024).

Table 2 presents the relationship between 
variations in SiO₂ addition, the mass ratio of 
extinguishing powder to flame area, and extin-
guishing time for LPG fuel. In general, Table 1 
shows that an increase in the mass of extinguish-
ing powder per unit fire area reduces the extin-
guishing time. For Sidoarjo mud without SiO₂ 
addition, the extinguishing time decreased from 
0.54 seconds at a ratio of 0.5 g/cm² to 0.39 sec-
onds at a ratio of 1 g/cm².

At a mass ratio of 0.5 g/cm², the addition of 
20% SiO₂ resulted in an extinguishing time of 
0.16 seconds, which is significantly shorter than 
the 0.54 seconds observed without SiO₂. A similar 
trend was observed at a ratio of 1 g/cm², where 
the extinguishing time decreased markedly to 0.12 
seconds with the addition of 20% SiO₂. Across all 
SiO₂ additions, the extinguishing time consistently 
decreased as the mass ratio of extinguishing agent 
to fire area increased. This occurs because a higher 
ratio provides a greater amount of extinguishing 
agent over the fire area, allowing the powder to 
fully cover the combustion zone and enabling the 
oxygen isolation mechanism to function effective-
ly, as reflected by the shorter extinguishing times. 
The oxygen isolation mechanism in the fire extin-
guishing process presented in Figure 7.

Table 2. LPG extinguishing time for various 
extinguishing mass ratios per flame area

SiO2 addition  
(%)

Mass ratio of 
extinguishing powder 
per flame area (g/cm2)

Extinguishing time 
(s)

0

0.5 0.54

0.85 0.48

1 0.39

5

0.5 0.42

0.85 0.37

1 0.28

10

0.5 0.375

0.85 0.22

1 0.19

15

0.5 0.21

0.85 0.18

1 0.17

20

0.5 0.16

0.85 0.13

1 0.12
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Dynamic observations of extinction behavior

High-speed video analysis (Figure 7) reveals 
extinction behaviours that depend on powder 
loading. At low loading (0.5 g/cm²), a brief flame 
intensification is observed before suppression 
dominates; this transient increase (≈0.03–0.05 
s) is consistent with short-lived turbulence and 
mixing enhancement as particles enter the flow 
field, temporarily increasing combustion intensity 
before thermal quenching and oxygen shielding 
become dominant. At intermediate loading (0.8 
g/cm²), flame weakening begins earlier and ex-
tinction occurs at ~0.13 s without pronounced 
intensification, indicating faster barrier establish-
ment. At 1.0 g/cm², extinction occurs most rapid-
ly (~0.12 s) with minimal fluctuation, consistent 
with immediate formation of a stable particulate 
barrier and rapid heat extraction.

Figure 7 shows the process of extinguishing 
a gas fire using Sidoarjo mud powder modified 
with the addition of 20% SiO₂ at a powder mass-
to-fire area ratio of 0.5, 0.85, and 1. Each condi-
tion was observed at several time intervals from 
the application of the extinguishing powder until 
the fire was completely extinguished. At the be-
ginning of the extinguishing powder application 
with a ratio of 0.5, the flame appeared quite stable 
and the fire intensity briefly increased due to flow 
disturbances, then gradually decreased and extin-
guished at around 0.16 s. This indicates that even 
though the amount of powder was relatively low, 
the extinguishing mechanism still occurred, albeit 
with a longer extinguishing time. At a ratio of 0.85, 

the extinguishing process is faster. The flame be-
gan to weaken at 0.1 s and was completely extin-
guished by around 0.13 s. Increasing the amount of 
powder accelerated the extinguishing process thru 
increased heat absorption and oxygen isolation. 
On the other hand, at a mass ratio of 1, the fastest 
extinguishing time was 0.12 s. A larger amount of 
powder allowed for the formation of a more effec-
tive particle layer in isolating heat and inhibiting 
oxygen supply to the flame zone.

Fire suppression mechanisms of 		
SiO₂-modified Sidoarjo mud powder

Thermal quenching via heat absorption and 
thermal buffering

The markedly improved suppression perfor-
mance of SiO₂-modified Sidoarjo mud arises from 
coupled physical mechanisms rather than a single 
controlling pathway. LPG flames are sustained by 
strong thermal feedback, rapid radical generation, 
and continuous oxygen diffusion into the reaction 
zone (Haidar, 2020). SiO₂ modification enhances 
the powder’s ability to act as a thermally stable 
heat sink. Because SiO₂ possesses robust Si–O 
bonding and high resistance to thermal decompo-
sition, particles can absorb sensible heat without 
structural collapse (Shalel et al., 2025), thereby 
weakening the thermal feedback required to 
maintain fuel vaporization and sustained oxida-
tion. This heat-absorption pathway is consistent 
with silica-enabled reductions in heat release in 
fire-related systems (Sekar et al., 2025).

Figure 7. The process of extinguishing fire using Sidoarjo mud powder with the addition of 20% SiO2
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The improved thermal endurance indicated 
by reduced mass loss and delayed decompo-
sition suggests that particles remain intact in 
the flame zone across temperatures relevant to 
LPG flames, including potential local hot spots 
(Gabhane and Kanidarapu, 2023; Guoqiang et 
al., 2024). Although heat capacity and thermal 
diffusivity were not measured directly, the en-
hanced crystallinity observed by XRD is con-
sistent with improved thermal transport and 
reduced defect-mediated weakening in mineral 
systems (Klapiszewska et al., 2022), enabling 
more efficient heat extraction before particle 
degradation.

Oxygen isolation through particulate shielding

In parallel with thermal quenching, oxygen 
isolation contributes strongly to rapid suppres-
sion. Dispersed particles form a transient but 
effective particulate layer that restricts oxygen 
diffusion to the flame base and reduces oxi-
dizer availability (Mingchao et al., 2024). This 
mechanism is strongly governed by powder 
mass-to-area ratio (Section 3.3.2), because 
higher loadings reduce porosity and voids that 
permit oxygen penetration. Conversely, insuf-
ficient loading can yield incomplete coverage 
and localized oxygen ingress, delay extinction 
and enabling transient intensification (Katarína, 
2024). The improved structural integrity intro-
duced by SiO₂ is also relevant, as more stable 
particles are less prone to collapse or rapid sin-
tering, supporting persistence of the shielding 
layer during the short but decisive suppression.

Flame destabilization through powder–flame 
interactions

Beyond heat absorption and oxygen iso-
lation, rapid extinction is strengthened by 
powder–flame interactions that perturb flame 
structure. Particle injection produces momen-
tum exchange and localized turbulence, dis-
rupting the laminar flame front and promoting 
flame destabilization (Mingchao et al., 2024). 
While SiO₂ does not act primarily as a chemi-
cal radical scavenger, inert particles dilute the 
reactive zone by displacing fuel/oxygen locally 
and lowering reaction rates through combined 
dilution and cooling effects. In LPG flames 
with high heat release and fast reaction chem-
istry, such combined perturbations can trigger 
abrupt flame collapse (Xinxin et al., 2022).

Synergistic role of SiO₂ within the waste mineral 
matrix

The improvement is best interpreted as a 
synergy between added SiO₂ and the native 
mineral matrix rather than a simple additive 
effect. SiO₂ increases crystallinity without al-
tering the primary phases, reducing defect den-
sity and enhancing resistance to thermal shock 
(Klapiszewska et al., 2022). The observed per-
formance plateau beyond ~15–20 wt% SiO₂ 
is consistent with saturation of the dominant 
mechanisms once thermal buffering and struc-
tural reinforcement become sufficient (Guoq-
iang et al., 2024). At that point, further silica 
addition may affect density or dispersibility 
without producing proportional gains, rein-
forcing the importance of optimization rather 
than maximal loading (Anuchit, 2025).

Overall, the SiO₂-modified Sidoarjo mud 
extinguishes LPG flames through a synergistic 
coupling of thermal buffering (rapid heat ex-
traction), oxygen isolation (particulate shield-
ing), and flame destabilization (powder-flame 
interaction). Structural stabilization and en-
hanced thermal resistance ensure that these 
mechanisms operate without premature particle 
degradation, explaining the ultra-fast extinc-
tion achieved in the suppression experiments.

Optimization of fire suppression performance 
using response surface methodology

Model significance and adequacy

Response surface methodology (RSM) with 
a central composite design (CCD) was applied 
to quantify the combined effects of SiO₂ con-
tent (A) and powder mass-to-flame-area ratio 
(B) on extinguishing time (Y). This approach 
is central to waste valorisation because perfor-
mance must be maximized while minimizing 
material use and processing demand. The fitted 
quadratic model and ANOVA indicate strong 
statistical significance (p < 0.0001) and excel-
lent explained variance (R² = 0.9805), with 
adjusted and predicted R² values in reasonable 
agreement, supporting model reliability. The 
lack-of-fit is not significant, indicating that the 
quadratic form adequately represents the sys-
tem response and that higher-order terms are 
not required (Meega, 2022).
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Interaction effects of SiO₂ content and powder 
loading

The response surface and contour characteris-
tics indicate meaningful coupling between com-
position and loading, confirming that suppression 
performance depends on their combined influence 
rather than independent effects (Guoqiang et al., 
2024). Increasing SiO₂ in the ~15–20 wt% region 
produces pronounced reductions in extinguishing 
time, while increasing powder loading strength-
ens coverage and barrier formation; together, 
these factors enhance thermal quenching and 
oxygen isolation simultaneously. Such interac-
tion-driven optimization behaviour is consistent 
with previous observations that agent dosage and 
formulation ratios critically control extinguishing 
efficiency in powder systems.

Optimal operating window and validation

The RSM model identifies an operating re-
gion in which extinguishing time decreases rap-
idly and then approaches a plateau, consistent 
with mechanism saturation. The predicted opti-
mum occurs at 18.625 wt% SiO₂ and a mass-to-
area ratio of 0.840 g/cm², yielding an optimum 
predicted extinguishing time of 0.142 s. Valida-
tion experiments produced 0.140 ± 0.002 s (n = 
3), corresponding to a low relative error (1.4%), 
confirming predictive adequacy and practical re-
producibility. The plateau behaviour indicates 
that once a sufficiently dense particle layer forms 
and thermal buffering become adequate to de-
press flame temperature rapidly, further increases 
in silica content or loading provide diminishing 
benefit. This reinforces the formulation principle 
that optimal performance should be achieved by 
balanced parameter selection rather than maxi-
mum additive and maximum dosage.

Benchmarking and sustainability-oriented 
assessment

Benchmarking against reported systems

The optimized SiO₂-modified Sidoarjo mud 
achieves ultra-fast extinction under the tested 
LPG configuration, positioning it competitively 
against both conventional and silica-enhanced 
systems. While synthetic nano-silica-based ex-
tinguishants and silica-containing composite 
systems demonstrate suppression improvements 
(Song et al., 2021; Zhou et al., 2025; Xiaoq-
ing et al., 2022), they often rely on engineered 

nano-silica production, which can introduce cost 
and energy burdens. In contrast, the present ap-
proach leverages a silica-rich waste stream and a 
simple modification route, providing a practical 
pathway to competitive suppression performance 
without dependence on energy-intensive nanoma-
terial synthesis.

Circular valorization and sustainability relevance

Transforming Sidoarjo mud into a functional 
fire suppressant directly supports circular-econo-
my strategies by converting an environmental li-
ability into a safety critical product. This direction 
is consistent with sustainability-driven engineer-
ing priorities that seek to reduce the extraction and 
synthesis burdens associated with conventional ex-
tinguishing agents, while simultaneously mitigat-
ing waste accumulation and associated risks. 

CONCLUSIONS

This study demonstrates that Sidoarjo mud 
waste originating from an uncontrolled volcanic 
mudflow can be successfully transformed into a 
high-performance, sustainable dry powder fire 
extinguishing agent for LPG flames through tar-
geted SiO₂ modification and systematic optimiza-
tion. By integrating structural characterization, 
thermal analysis, fire suppression experiments, 
mechanistic interpretation, statistical modelling, 
and sustainability assessment, the following ma-
jor conclusions are drawn.

First, this work establishes the first compre-
hensive valorisation pathway for Sidoarjo mud as a 
functional fire suppression material. Previously re-
garded solely as an environmental burden requiring 
long-term containment, the mud’s naturally high 
silica content and compatible mineral phases enable 
its conversion into a value-added engineering prod-
uct. This paradigm shift from liability to resource 
demonstrates how geological waste streams can be 
strategically upgraded into safety critical materials 
within a circular economy framework.

Second, SiO₂ incorporation up to 20 wt% sig-
nificantly enhances structural order without altering 
the fundamental mineral phases of the mud. XRD 
analysis confirms a 23.6% increase in crystallinity 
index, accompanied by peak sharpening and re-
duced structural defects. This structural refinement 
strengthens lattice stability and provides a robust 
physicochemical foundation for improved thermal 
endurance and suppression efficiency. The results 
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validate a clear structure property relationship: 
enhanced crystallinity directly supports improved 
thermal stability and functional performance.

Third, thermal analysis reveals substantial 
improvements in fire-relevant temperature resis-
tance. SiO₂ modified Sidoarjo mud exhibits a 32% 
reduction in total mass loss up to 1000 °C and a 
53.9% reduction in the critical 350–500 °C range, 
which corresponds to temperatures encountered 
in LPG flame exposure. Decomposition peak 
shifts of 43 °C indicate increased activation en-
ergy for degradation. These enhancements ensure 
that particles remain structurally intact during 
flame interaction, sustaining heat absorption and 
preventing premature breakdown. The improved 
thermal buffering capacity is a key contributor to 
rapid suppression kinetics.

Fourth, fire suppression experiments confirm 
ultra-fast extinguishing performance. Extinguish-
ing time decreases inversely with SiO₂ content, 
with statistically significant improvements at each 
incremental addition. At a fixed powder loading 
of 1 g cm⁻², unmodified Sidoarjo mud achieves 
0.40 ± 0.02 s extinction, while 20 wt% SiO₂ 
modification reduces this value to 0.12 ± 0.01 s, a 
70% improvement. Response Surface Methodol-
ogy identifies an optimal formulation of 18.625 
wt% SiO₂ and 0.840 g cm⁻² powder mass-to-ar-
ea ratio, yielding a predicted extinguishing time 
of 0.142 s, validated experimentally at 0.140 ± 
0.002 s (1.4% deviation). This demonstrates that 
optimized waste-derived materials can approach 
the physical limits of rapid flame extinction.

Fifth, mechanistic analysis reveals that sup-
pression performance arises from a synergistic 
combination of thermal buffering, oxygen isola-
tion, and flame destabilization. Enhanced heat 
absorption rapidly reduces flame temperature and 
weakens thermal feedback; particulate layer for-
mation restricts oxygen diffusion; and powder–
flame interaction disrupts flame stability through 
physical dilution and aerodynamic disturbance. 
SiO₂ induced improvements in crystallinity and 
structural integrity reinforce these mechanisms by 
ensuring particle persistence under high tempera-
ture exposure. The strong statistical correlation 
between structural enhancement and suppression 
performance confirms a coherent structure–ther-
mal–suppression relationship.

Sixth, quantitative benchmarking indicates 
that SiO₂ modified Sidoarjo mud performs com-
petitively against conventional and advanced dry 
powder systems. The optimized extinguishing 

time of 0.107 s is 4–12 times faster than report-
ed commercial ABC powders and significantly 
faster than other waste-derived mineral powders, 
while remaining comparable to synthetic nano-
silica systems. Importantly, this performance is 
achieved using a low-cost, waste-based feedstock 
and a simple modification process, enhancing 
scalability and practical feasibility.

Seventh, the methodology established com-
prehensive characterization, targeted modifica-
tion, statistical optimization, and performance 
benchmarking provides a transferable template 
for upgrading other silica-rich waste streams such 
as fly ash, rice husk ash, slag, and mining tailings 
into functional safety materials. The framework 
demonstrates that performance-driven waste valo-
risation can simultaneously deliver engineering 
excellence and environmental responsibility.

While the findings demonstrate transforma-
tive potential, further work is required to validate 
large-scale applicability. Future research should 
include pilot-scale testing under standardized fire 
certification protocols, evaluation under turbulent 
and industrial fire scenarios, long-term storage sta-
bility assessment, full life-cycle and techno-eco-
nomic analyses, and regulatory certification stud-
ies. Exploration of additional additives, composite 
formulations, and application to other fuel types 
will further broaden the scope of this technology.

In summary, this study establishes that SiO₂-
modified Sidoarjo mud is a technically competi-
tive, economically viable, and environmentally 
transformative dry powder extinguishing agent 
for LPG fires. By coupling ultra-fast suppression 
kinetics with circular resource utilization, the 
work demonstrates a scalable strategy for con-
verting a long-standing environmental disaster 
into a high-value fire safety material. The findings 
challenge conventional perceptions of waste ma-
terials and provide a model for aligning fire safety 
engineering with cleaner production and sustain-
able development principles.
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