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Abstract. This study investigated the potential of porous silica material extracted from volcanic ash
of Mount Sinabung, Indonesia, as a corrosion inhibitor. The new material was subjected to
comprehensive analysis using the X-Ray Diffraction (XRD), Fourier Transform Infrared
Spectroscopy (FTIR), Search Engine Marketing (SEM), and Atomic Absorption Spectrophotometry
(AAS). Corrosion test was conducted by coating the metal surface with synthesized silica. XRD data
showed the presence of amorphous silica, while SEM indicated a rough and irregular pore cavity.
Based on AAS characterization, the concentration of silica in the Mount Sinabung volcanic ash was
79.23 % (v/v) with a yield of 29.73 %(w/w). Furthermore, coated and uncoated iron plates, with
grit variations of 800, 1200, 1500, and 2000, were tested against HCl 15 % (v/,) and NaCl 3.5 % (*/+)
as model corrosive solutions. The SEM results showed that coated plates had fewer holes and cracks
formation while the XRD analysis of the same samples presented a slight decrease in the intensity
of iron phase. Among silica-coated iron plates, the 1500 grit variation had the lowest corrosion rate
and the highest corrosion inhibitor efficiency in both HCI 15 % (v/+) and NaCl 3.5 % (*/.) corrosive
solutions, recording efficiencies of 26.3 and 91.8 %, respectively.
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1. Introduction

Mount Sinabung is one of the active volcanoes in Indonesia, located in the North
Sumatera Province. According to The Indonesia Disaster Control Bureau (BNPB) data,
Mount Sinabung has emitted approximately 250 million tons of ash since the eruption in
2010. A previous study discovered that the main component of volcanic ash was SiO2
(74.3%) (Karolina et al, 2020; Lubis et al, 2019). Silica content is higher compared to other
volcanoes in the country, such as Mount Merapi (63.3 %) or Mount Kelud (70.6 %) (Nakada
etal, 2019).
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The abundance of volcanic ash and high silica content presents significant potential for
the production of silica-based material. Silica has various applications in the
pharmaceutical, ceramics, paints, coatings, and chemical industries. This is due to the
numerous advantageous properties, including high porosity, mechanical strength, thermal
stability, pore surface area, stability in acidic environments, non-swelling characteristics,
and resistance to microbial attack (Salleh et al, 2021; Boonmee and Jarukumjorn, 2020;
Pan, Li, and Mao., 2020; Mainier et al, 2018a; El-Fargani et al,, 2017; Verma and Khan, 2016;
Anderson and Segall, 2011). These attributes support the potential for the cost-effective
production of silica-based composite material applied by various niche (Beleuk-a Moungam
etal, 2022; Prabha et al, 2021; Silvana and Sunardi, 2020; Iguchi et al, 2012).

Several studies have reported the use of volcanic ash, including its application as a base
material for geopolymers and in the synthesis of nano-silica (Hasanah et al,, 2021; Sinuhaji
et al, 2018; Karolina et al, 2015). Investigation has been conducted on the preparation of
volcanic ash from Mount Sinabung, a basic material for creating silica-based adsorbents.
This study also comprises the characterization of volcanic ash, modification of silica
surfaces for composite material, and its application in heavy metal adsorption (Simatupang
and Devi, 2016). Based on previous work, the characterization showed that the resulting
silica gel was amorphous, with a surface area of 375 m?/g and a pore diameter of 1.5 nm
(Simatupang et al,, 2020). The substantial pore surface area renders silica gel suitable for
adsorption purposes.

The common problem faced by industrialized nations is metal corrosion, a process
driven by oxidation reactions, thereby leading to degradation in the quality of metal.
Corrosion could be caused by moisture, acids, salt, and high ambient temperatures (Pan et
al, 2020; Yeganeh, Omidi, and Eskandari, 2018; Javaherdashti, 2000). However, the process
can be controlled by slowing down oxidation (Assassi and Benharrats, 2021; Chasse,
Scardino, and Swain, 2020; Wang et al, 2020; Onyeachu et al,, 2019; Tansug et al, 2014).
The adhesion strength between the coating material and the ferrous metal surface is
influenced by the level of surface roughness. The rough iron plate specimens produced
areas with an unstable surface structure that experienced greater corrosion due to the
uneven distribution of the passive layer.

Several materials previously used as corrosion inhibitor, include polyaniline, metal
alloy, and imidiazole. Furthermore, inhibitor material characteristics are surface area, small
pore size and heteroatom with N and O, lone pair electrons, as well as metal with lower
potential reduction standard (Mulyani et al, 2023; Ningrum et al, 2023; Riyanto et al,
2023; Assassi and Benharrats, 2021).

Sodium silicate is a chemical compound that is often used as corrosion inhibitor due to
its environmentally friendliness and low cost (Mulyani et al,, 2023; Da-Silva, Saji, and Aoki,
2022; Saji, 2019). In coating application, a mixture of silica from natural sand and rice husk
ash serves as a natural inhibitor for reinforcing concrete structures (Marzorati, Verotta, and
Trasatti, 2019; Awizar et al,, 2013). This study was conducted specially to optimize the use
of Sinabung volcanic ash as silica precursor and coating material for corrosion inhibitor to
protect the ferrous metal from corrosion.

2. Methods

2.1. Preparation of Silicate from Volcanic ash
The preparation of silicate comprised soaking 20 g of volcanic ash in 37 % (v/v) HCI
(E-Merck) for 2 hours at a temperature of 95°C with continuous stirring. After filtration,



882 Sustainable Porous Silica Material Extracted from
Volcanic Ash of Mount Sinabung Indonesia as Corrosion Inhibitor

the residue was rinsed in distilled water until reaching pH 7, then dried in an oven at 120
°C for 6 hours. The dried volcanic ash was extracted with a 4, 6, or 8 M NaOH solution (E-
Merck) and boiled while stirring until the mixture thickened. The mixture was then placed
in a furnace at 750 °C for 3 hours. After cooling, 200 mL of distilled water was added, and
the mixture was left overnight before being filtered. A total of 20 mL of Na2SiO3 solution
was placed into a plastic container, and a few drops of 3M HCI solution were added while
stirring to form a white gel and neutral pH. Silica gel was filtered and rinsed with distilled
water, followed by drying in an oven at 120 °C. Silica yield from volcanic ash was calculated

using Equation 1.
0% silica = ZLEALMAST AR | 451y, (1)

final mass ash
The schematic representation of the preparation of silica from volcanic ash is shown in
Figure 1.
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Figure 1 A Schematic Representation of the Preparation of Silica from Volcanic Ash

Atomic Absorption Spectroscopy (AAS)Z-2000 series was performed to determine
silica content in the Na2SiOs solution. FTIR SHIMADZU, Rigaku ZSX, XRD Perkin Elmer
3110 Shimadzu XRD 6000, and SEM Zeiss type EPOMH 10 Zss were used to characterize
the physicochemical properties of material.

2.2. Corrosion Testing of Iron Samples

[ron plate 3 x 3 cm? with a thickness of 3 mm was used for corrosion testing. The
samples were pre-treated with sandpaper of varying grit numbers 800, 1200, 1500, and
2000 to smoothen and remove scratches on the surface. Each iron plate grit was soaked in
Inhibitor for 5 days. Subsequently, the uncoated and coated iron plates were dipped in a
corrosive solution containing 15 % (v/v) HCl and 3.5 % (¥/v) NaCl for 96 hours. The HCl
solution represents an acidic environment while NaCl represents a salty atmosphere
conducive to corrosion. Sets of silica-coated and uncoated iron plates were analyzed using
SEM and XRD before and after corrosion tests.

3. Results and Discussion

Peaks at 3356.89 cm, 3454.12 cm1, and 3446.02 cm1, showed the presence of OH
strain vibrations from Si-OH, as presented in Figure 2. Furthermore, Si-O asymmetric
stretching vibrations in Si-O-Si were characterized by band absorptions at 1184.45 cm-!
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and 1095.57 cm, represented by a wide and sharp peak in the 1000-1100 cm?
wavenumber range. A peak was observed at wave numbers 796.42 cm-1 and 789.21 cm-l,
which showed Si-O-Si stretching vibrations. The presence of the Si-O-Si functional group
was confirmed by the peaks observed at 326.46 cm-1, attributed to the bending vibration,
in both 6M and 8M NaOH solutions.

The XRD pattern, as presented in Figure 2, showed that silica gel produced from the 3
variations of NaOH was amorphous, characterized by a broad peak at 20 = 23.36° 20 =
22.68°% 20 = 23.40°, with the highest intensity being 20 = 23.40°. The diffraction pattern,
with a peak, widened around 260 = 20-24°, indicated a low crystallinity amorphous structure
(Simatupang et al, 2018).

SEM image showed the existence of rough and irregular pore cavities, as presented in
Figure 3. The presence of amorphous silica was also confirmed by the XRD results. Non-
crystalline or amorphous silica possesses pores with atoms or molecules arranged in
random and irregular patterns, as well as complex spherical structures.
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Figure 2 (1) FTIR spectra of silica gel prepared using (A) 4M NaOH, (B) 6M NaOH, and (C)
8M NaOH, and (2) XRD pattern spectra of silica gel prepared using (A) 4M NaOH, (B) 6M
NaOH, and (C) 8M NaOH
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Figure 3 SEM Image of Silica Gel Prepared Using (a) 4M NaOH, (b) 6M NaOH, (c) 8M NaOH

The concentration of NaOH and the length of the extraction time affect silica formation
process. The AAS data showed that the highest silica content was discovered when volcanic
ash was extracted with 8M NaOH solution. This concentration resulted in a 79.23% (v/v)
Na2SiO3 and a gel yield of 29.73% (w/w). The purpose of using 8M NaOH is due to the higher
concentration of NaOH, leading to greater extraction power.
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The sets of silicate-coated and uncoated iron plates were subjected to corrosion test
using a corrosive solution containing 15 % HCI (v/v) and 3.5 % NaCl (¥/v). The results were
analyzed using SEM (Figures 4 and 5).

The morphology of an uncoated 800-grit iron plate soaked in 15 % HCI (V/v) showed
many holes in the pores due to corrosion. The surface of iron plate was also uneven, and
many cracks were observed. Similar trends were observed for iron plates with 1200 and
2000 grit, which had lumps and relatively large holes on the surface due to corrosion. The
surface of the 1500 grit iron plate was smoother compared to the 800, 1200, and 800 grit.
When a 1500-grit iron plate without a coating is soaked in 15 % HCI (V/v), a few small holes
were observed in the surface pores.
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Figure 4 (1) SEM images grit of iron plate uncoated before treatment (a) 800 (b) 1200 (c)
1500 (d) 2000; (2) SEM images uncoated, in HCI 15 % (V/v); (3) SEM images uncoated, in
NaCl 3.5 % (¥/v)

The corrosive solution of 3.5 % NaCl used for each grit of the uncoated iron plate,
caused the holes, lumps, and cracks on the surface due to deposits from the reaction of Fe
with a salt electrolyte solution. The reaction time is directly proportional to the precipitate
produced. Pitching corrosion can be observed in cases where chloride ions accumulate
locally on the rougher surface in amounts greater than the threshold value (Riyanto et al,
2023).
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Figure 5 (1) SEM images of grit of iron plate coated before treatment, showing (a) 800, (b)
1200, (c) 1500, and (d) 2000 grit levels; (2) SEM images of coated iron plate after exposure
to 15 % HCI (v/v); and (3) SEM images of coated iron plate after exposure to 3.5 % NaCl
/)"
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Figure 5 shows the morphology of iron plate after coating with silicate. The 1500-grit
iron plate has the smoothest surface compared to the other grits, which results in a more
even thickness of silicate layer. The morphology appeared to be less perforated and fewer
lumps were formed compared to uncoated iron plates with inhibitor. This is in accordance
with the theory that samples with the addition of inhibitor will crack less, showing a smaller
corrosion rate (Devianto et al, 2023; Goyal et al, 2020). Based on the analysis data, it was
observed that silicate is effective as corrosion inhibitor.

The reaction mechanism scheme is shown in Figure 6. Sodium silicate has an anodic
inhibitory capacity in a neutral medium. This implied that the SiO2 species migrated to the
anode region of the metal surface, reacting with Fe2* ions and forming a protective layer of
iron silicate (FeSiO3). Silicate was effective as inhibitor by reacting with OH-, thereby
reducing corrosion reaction in neutral solutions and decreasing corrosion rate. The new
peak that appeared after immersion at 20 = 30-40° was FeOOH- (Ningrum et al., 2023).
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Figure 6 Mechanism of silicate inhibition reaction

XRD patterns for all grit both uncoated and coated iron plates in NaCl 3.5% (w/v) can
be seen in Figure 7 showing that the peak on iron plate was lower in intensity than the
peak on iron plate before treatment.
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Figure 7 XRD patterns diffractogram of uncoated iron plate and coated iron plate immersed
in NaCl 3.5 % (¥/v)

The existence of a lower intensity peak after immersion in corrosion solution showed
sediment. The Fe peak of the 2000 grit iron plate at 26 = 40-50° was sharper compared to
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the 1200 and 1500 grit. Furthermore, the level of surface smoothness affected corrosion
rate, with a new peak appearing at 20 = 20-30° for the series of samples after immersion in
NaCl 3.5% (%¥/v). The intensity of each iron plate showed a reduction in iron corrosion rate
and a slight decrease in grit size variation, showing effective inhibition by silicate inhibitor.
Corrosion test of iron plate was analyzed for corrosion rate using the weight-loss
method (Malaret, 2022). Where the CR is corrosion rate (mpy), W is mass loss (g), 4 is
surface area (cm?), t is the exposure time (hour), D is density (g/cm3), C is constant 3.45 x

106.
CR=<% (2)

D.At

. - . . CR non additives—CR additives

inhibitor efficiency = — (3)
CR non Additives

Based on Table 1, the 1500 grit iron plate, whether silica-coated or uncoated, had
lowest corrosion rate of 3.399 mpy and 0.006 mpy, alongside highest inhibitor efficiency
0f 26.3% and 91.1% respectively. These results surpass those of a previous study utilizing
tobacco extract and sodium silicate as inhibitor in a3.5% NaCl (w/v) corrosive solution,
which achieved efficiencies of 24 - 69% and 79.55%, respectively.

Table 1 Data of Corrosion Rate and Inhibitor Efficiency for each Grit of Iron Plate

Corrosion Corrosion rate Corrosion rate Inhibitor
No Grit . uncoated iron silicate-coated iron Efficiency
Solution o
(mpy) (mpy) (%)
1 800 0.559 0.483 13.5
2 1200 o 0.560 0.451 19.4
3 1500 HC115% 0.542 0.399 26.3
4 2000 0.546 0.467 14.4
5 800 0.183 0.037 79.7
6 1200 0 0.090 0.024 83.3
7 1500 NaCl3.5% 0.076 0.006 91.1
8 2000 0.077 0.010 87.0
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Figure 8 Corrosion Rate and Inhibitor Efficiency for each Grit of Iron Plate uncoated silica
inhibitor and coated silica inhibitor in corrosive solutions
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4. Conclusions

In conclusion, the highest silica content from volcanic ash of Mount Sinabung was
observed when 8M NaOH was used, with a Na2SiO3 concentration of 79.23 v% (/v) and a
yield of 29.73v% (W/w). According to the characterization results by FTIR, the synthesized
silica gel has -OH and Si-O functional groups from Si-OH and Si-O-Si, respectively. XRD
analysis suggested that the as-synthesized silica gel had an amorphous structure.
Micrograph SEM showed rough and irregular pore cavities, while the effect of surface grit
variations on the performance of sodium silicate inhibitor synthesized in 15 % HCI (V/v) and
3.5 % NaCl (v¥/v) solutions, was lower corrosion rates. The lowest corrosion rate was
observed on the 1500 grit iron plate, and the addition of silica as inhibitor reduced the rate
in HC1 15 % (v/v) and NaCl 3.5 % (%/v) corrosive solutions, leading to inhibitor efficiencies
of 26.3 % and 91.8 %, respectively.
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