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Metal Alloys have a vital role in many technological and industrial applications; 
however, the vulnerability of alloys to corrosion inevitably has disruptive issues 
on huge economic losses and catastrophes. In this study, the green method was 
used to obtain an eco-friendly coating of a silica xerogel by various acidic and 
basic catalysts. Tetraethoxysilane (TEOS) as a precursor and organic solvent 
was then applied to carbon steel via the dip-coating method. Prepared coated 
specimens were characterized with infrared spectroscopy analysis by fourier 
transform (FT-IR), X-ray Spectroscopy (EDS), scanning electron microscopy 
in type of electrone microscopy (FE-SEM), Optical Microscope (OM), and 
gravimetric analysis. The corrosion rate was used to evaluate the corrosion 
resistance. This research was conducted to achieve the optimized parameters 
for an efficient corrosion protective coating, herein by comparison of the 
results, we concluded the 100-200 percent improvement of corrosion resistance 
against bare specimens for the same period of immersion in NaCl solution. 
The specimens with optimized parameters presented the ascending corrosion 
resistance from 0.274 mm/yr to 0.124 mm/yr which confirmed the suitability 
of the protective coating for relative applications.

1. INTRODUCTION
Corrosion poses a profound challenge 

across numerous industries, owing to its 
detrimental effects on metal surfaces when 
exposed to harsh environments characterized 
by acidity, alkalinity, oxidizing agents, salinity, 
or extreme pressures and temperatures. This 

issue has a vital point in manufactures for 
example petroleum industry, power plants, 
aerospace, transit, construction, water and 
wastewater treatment, etc., which leads to 
high economic and human costs. Annually, it 
incurs immense economic costs and significant 
safety risks, encompassing extensive 
expenditures on repairs and maintenance, 
productivity losses, and potential hazards. In 

http://creativecommons.org/licenses/by/4.0/.
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2016, the cost of corrosion has been about 
2500 Billion US Dollor which is equal to 3.4% 
of GDP (in the world). Beyond the staggering 
financial implications, neglecting the issue of 

corrosion can also result in significant human 
losses, underscoring its critical importance 
[1,2].

 
 

 
 

 
 

Figure 1. Potential benefits of silica-based coatings

One of the strategies to control and 
reduce costs is the use of coatings, which 
has different types. One of these methods 
is Chemical Conversion Coatings (CCCs), 
which are commercially used organic 
coatings based on phosphate or chromate 
[2,5-9]. While these coatings have good 
corrosion resistance due to the corrosion 
inhibitory effect of hexavalent chromium 
in the coating, hexavalent chromium has 
been recognized as a carcinogenic and toxic 
component [3,4]. The sol-gel [8-12] has 
attracted considerable attention as a green 
and environmentally friendly synthesis 
method in the past two decades due to its 
increased corrosion resistance and a number 
of beneficial properties of the coating and low 
environmental hazards compared to other 
coatings [16-21]. The potential benefits of 

silica-based coatings are illustrated in Figure 
1, which shows why they have received the 
most studies.

This method is a highly versatile synthesis 
technique which has been extensively 
employed over the past two decades for 
producing a broad variety of materials, 
including hydrogels, xerogels, aerogels, 
glasses, biomaterials, nanoparticles, and 
coatings [15]. The fundamental mechanism 
of this process involves hydrolysis and 
condensation (polymerization) reactions, 
which play an important role in forming 
an intermediate solution known as “sol”. 
Moreover, condensation reactions lead to the 
synthesis of a gel-like shape that retains an 
amount of solvent, referred to as the “gel,” as 
illustrated in Figure 2 and Figure 3 [26,27].

 
 

 
 

 
 

Figure 2. The main stages of producing the coatings by selected method [23]
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The removal of trapped solvent yields in 
the formation of a gel-like structure known 
as a xerogel, typically achieved through 
an appropriate post-treatment process. In 
addition to solvent removal steps, the rate 
and mechanisms considered in chemical 
reactions contained in sol production during 
the process, have a vital impact in determining 
the microstructure of the coating [21]. 

The properties of final product are not 
solely determined by the nature of the 
chemical precursors used [11,12,17], but also 
by factors such as the type of catalyst (acidic 
or basic) [21] and solvent employed during 
the synthesis [13,18], as well as the reaction 
temperature [16], sol aging time [13,19-20], 
stirring speed, mole of water to mole of 
precursors ratio, solvent, catalyst, and the 
number of deposited layers [12,18]. 

In this study, various effective parameters 
in the chosen method were investigated. 
Additionally, the impact of these parameters 
on the synthesized zero gel and the coating 
surface layer created by changing the 
determined parameters was investigated.

2. Materials and Methods
2.1. Materials and specimen preparation

The synthetic grades of organically 

modified silica (Tetraethoxysilane (TEOS)) 
were obtained from Couple Shimi Sepahan. 
Ethanol (96%), ammonium hydroxide (25%) 
(Mojallali), hydrochloric acid (37%) (Mojallali), 
nitric acid (65%) (Mojallali), and acetic acid 
(industrial grade) were used in the synthesis 
of the sols. The Carbon steel coupons were 
provided and abraded with 800 grades SiC 
sandpapers and degreased and rinsed as 
substrate pretreatment by acetone and 
deionized water, respectively.

2.2. The sol-gel organically modified silica 
coating synthesis 
2.2.1. Acidic catalysts for sol-gel synthesis

 To prepare the solution, 5 mL of the 
precursor was added in a blend of ethanol as 
solvent and distilled water. The components 
(HCl: EtOH: TEOS: H₂O) were 0.001:18.6:1:4 
(in mole ratio) mixed at ambient temperature 
for one hour. The specimens were held to dry 
for 10 minutes at 25°C, and then all specimens 
were cured at 100°C for 3 hours. The catalyst 
amounts used in the process are specified 
below. For the process with HCl, mole ratio 
of HCl: EtOH: TEOS: H₂O was 0.001:18.6:1:4, 
with approximately 0.3 mL of HCl used to 
achieve a pH of 3. The same molar ratio of the 
components was used.

 
 

 
 

 
 Figure 3. The main mechanisms of sol-gel for preparation of xerogels through. [22]
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Figure 4. A general view of organically modified silica coating procedure by sol-gel method

between 400–4000 cm−1 to ensure the desired 
networks will be explained further. 

The micro surface configuration of the silica 
coated specimens was studied by FE-SEM to 
depicted structure of coating on carbon steel 
as a substrate.

The anlaysis of degredation or corrosion 
was expolited on specimens coated by silica in 
solution of NaCl as a synthetic sea water (SAW) 
concentration during various immersion 
times by gravimetric analysis. Weight loss 
measurement was conducted and the results 
showed the descending rate of the corrosion 
of specimens. 

3. Results and Discussion
3.1. FT-IR 

The FT-IR spectra of the silica coatings by 
using the TEOS precursor are shown in Figure 5.

As depicted in Figure 5 and categorized 
in Table 1, the Si-O bending vibration [25], 
adsorbed water as an absorption band, C–H 
stretching vibrations of CH2 groups [25], Si-O-
Si stretching vibration [24] which remains firm 
across both hydrolysis durations, indicating 
the development of identical Si chains within 
the solution. Moreover, the absorption of Si–
OH groups and a wide absorption peak as the 
Hydroxide stretching vibrations of unreacted 

For the process with nitric acid, (HNO₃: 
EtOH: TEOS: H₂O) was also 0.001:18.6:1:4 (in 
mole ratio), with 3.43 mL of HNO₃ solution 
added to maintain a pH of 3. Lastly, for the 
process with acetic acid as the organic acidic 
catalyst, the components (CH₃COOH: EtOH: 
TEOS: H₂O) were 0.001:18.6:1:4 (in mole 
ratio), to achieve a pH of 3. The mixture was 
severely stirred at 25°C for 1 hour, after 10 
minutes drying at 25°C. All samples were 
subsequently heated at 100°C in duration of 
3 h. The following analysis techniques were 
used to determaine the catalyst effect on the 
structure of coating. The process schematic is 
shown in Figure 4.

2.2.2. Using the basic catalyst for sol-gel 
synthesis

While the mixture was blended at room 
temperature, the ammonia solution as the 
basic catalyst in the process which was used 
in synthesis, was about 1 mL to make pH=9. 
Samples were needed to keep at ambient for 
10 min and at a hundred degree centigrade 
for three hours. 

2.3. Characterization Methods
The silica bonding networks and structures 

which were investigated through FT-IR  in 
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components and adsorbed moisture are shown in Figure 5 and Table 1.
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Figure 5. FTIR spectra of solution

Table 1. Descriptions of FT-IR spectra of solution

3.2. Optical Microscopy analysis
Optical microscopy was employed as the 

initial method to analyze and compare the 
microstructure of the coatings, as shown 
in Figure 6. This was followed by detailed 
examination of the coating morphology using 
FE-SEM and EDS micrographs. The optical 
microscopy images revealed the presence of 
micro-cracks in the coatings synthesized with 
a basic catalyst. The extent of these cracks 
decreased with the use of various acidic 
catalysts, such as hydrochloric acid, nitric 
acid, and acetic acid, in that order. Notably, 
the quantity of cracks and their uniformity 
increased when hydrochloric acid was used as 
the catalyst.

However, the coating synthesized with 
nitric acid as the catalyst exhibited fewer 
cracks, although the uniformity was superior 
in the coating synthesized with hydrochloric 
acid.

3.3. FE-SEM and EDS analysis
SEM and EDS were employed as secondary 

analyses to further examine and compare 
the microstructure of the coatings, as shown 
in Figure 8. The substrate of the specimen 
displayed fewer micro-cracks and enhanced 
uniformity when catalyst hydrochloric acid 
was used in the process. After assessing the 
effect of the catalyst on coating structure 
and examining it via optical microscopy, the 

Spectral Range (cm-1) Functional groups Description 

600–800 Oxygen single bond connected to silicone Silica network bending 

900–950 Hydroxide single bond connected to silicone Sol Net. Silanol bonds  

1075 Si single bond connected to Si–O Density of interlinking of solution network 

1500-1700 Adsorbed water Presence of water molecules 

2984 C–H CH₂ groups in organic modifiers 

3300–3700 O–H Adsorbed moisture and unreacted silanol groups 
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coating synthesized with hydrochloric acid 
was chosen as the most uniform compared to 

the other coatings. 
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 Figure 6. The micrographs of the surface of the specimens coated with films by Optical Microscopy with catalysts: (I) Ammonia hy-

droxide, (II) Hydrochloric acid, (III) Nitric acid, (IV) Acetic acid

The microstructures created on the 
coated surfaces depend on the drying and 
heating process, which, as seen in Figure 
7, has microstructures that are affected by 
parameters such as the drying process, the 
kind of catalyst employed in the procedure. 
Moreover, according to the comparisons 
made by the optical microscope method, 
the effect of the catalyst on the cracks was 
investigated, and in this section, the influence 
of the drying on the protective layer, including 
the formation of microcracks that result in 
a non-uniform surface, can be observed. 
According to the results of the previous 
section, the acidic catalyst hydrochloric acid 
was investigated and as expected, a reduction 
in microcracks and an increase in surface 
uniformity are evident (Figure 7a).

For further comparison, FE-SEM and EDS 
were used for an in-depth analysis, revealing 
a uniform silica coating, as depicted in Figure 
7b. EDS analysis clearly showed the existence 
of elements Si, Fe, C, N and Cl on the coating 
surface.

3.4. Gravimetric analysis
3.4.1. Corrosion test

Corrosion involves four key components: an 

anode, a cathode, an electrolyte, and a return 
current path. In steel, anodes and cathodes 
arise from different elements present in the 
steel and surface impurities. Atmospheric 
moisture serves as the electrolyte, completing 
the current path [33].

The carbon steel specimens were 
submerged in containers filled with corrosive 
solutions for 10 days at 25 °C. The initial 
weight of the plates (W1) was recorded 
before the immersion. After 10 days, distilled 
water and then acetone were used to 
wash the samples. Finally, weight (W2) was 
measured, and the decremetal trend of the 
specimens was calculated, as shown in Table 
2 and Figure 8.

The weight loss data from corrosion 
measurements indicated severe corrosion 
in nitric acid, sulfuric acid, aqua-regia, and 
hydrochloric acid, while the corrosion in 
the NaCl solution (referred to as SAW) was 
moderate. To obtain the resistance of the 
applied coating on carbon steel, NaCl solution 
was prepared using distilled water according 
to ASTM B117 standards. The specimens were 
immersed in these solutions for 10 days, as 
shown in Table 3 and Figure 9.
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(a) 

 

 

(b) 

 
 
 

Figure 7. (a) FE-SEM micrographs, (b) EDS images (line and point) of the surface of the specimens coated with films for hydrochloric 
acid catalyst

Table 2. Corrosion of bare CS in corrosion environments

Spectral Range (cm-1) Functional groups Description 

600–800 Oxygen single bond connected to silicone Silica network bending 

900–950 Hydroxide single bond connected to silicone Soln. Net. Silanol bonds  

1075 Si single bond connected to Si–O Density of interlinking of solution network 

1500-1700 Adsorbed water Presence of water molecules 

2984 C–H CH₂ groups in organic modifiers 

3300–3700 O–H Adsorbed moisture and unreacted silanol groups 

 
 
 

Corrosion solutions 
Initial weight  

(W1) 
 Final weight  

(W2) 
Weight loss 

(ΔW) 
 

Corrosion rate (mm/yr) 

SAW 1.533 1.521 0.0034 0.274 

Aqua-regia 1.547 1.361 0.1861 4.388 

H2SO4 1.575 1.377 0.1976 4.579 

HCl 1.536 1.401 0.1351 3.209 

HNO3 1.536 1.337 0.1989 4.72 

 
 
 

No. Corrosion rate of coated carbon steel (mm/yr) Improved corrosion resistance (%) 

1 0.1240 220.96 

2 0.1362 201.17 

3 0.1433 191.20 

4 0.1505 182.05 

5 0.1935 141.60 

 



39Journal of Oil, Gas and Petrochemical Technology  2024(11): 32-42,  Winter and Spring 2024

Bahrami Gargari M. & Karimzadeh R. / Effectiveness of sol-gel organically modified silica

 
 
 
 

 
 
 
 

0

2

4

6

SAW Aqua-regia H2SO4 HCl HNO3

Corrosion solutions

C
or

ro
si

on
 ra

te
 (m

m
/y

r)

0.274 0.274 0.274 0.274 0.274

0.124
0.1362 0.1433 0.1505

0.1935

0

0.05

0.1

0.15

0.2

0.25

0.3

1 2 3 4 5

corrosion rate for bare CS(mm/yr) corrosion rate for coated CS(mm/yr)

No.  of  Experiments

C
or

ro
si

on
  r

at
e 

(m
m

/y
r)

Corrosion rates of bare & coated carbon steel (mm/yr)

Figure 8. Corrosion of bare CS in corrosion environments

3.4.2. Corrosion rate (CR) Equations
The immersion test is a commonly used 
method for measuring the Corrosion Rate 
(CR). This technique typically assumes that the 
initial surface area of the corroding material 
remains constant over the testing period. In 
this research, the CR is calculated using the 
formula outlined in Equation (3.1), a widely 
recognized approach in academic studies.

CR= α×m                                                            (3.1)
Where:

•	 k,  constant, 8.76 × 10⁴,
•	 m, loss of mass [g] for each sample during 

t [hr],
•	 A, specimen immersed area [cm²],
•	 ρ, density [g/cm³].

𝛼𝛼 = 𝑘𝑘
𝐴𝐴 × 𝑡𝑡 × 𝜌𝜌 
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Table 3. Comparison of corrosion for bare carbon steel and coated carbon steel in SAW solution

Spectral Range (cm-1) Functional groups Description 

600–800 Oxygen single bond connected to silicone Silica network bending 

900–950 Hydroxide single bond connected to silicone Soln. Net. Silanol bonds  

1075 Si single bond connected to Si–O Density of interlinking of solution network 

1500-1700 Adsorbed water Presence of water molecules 

2984 C–H CH₂ groups in organic modifiers 

3300–3700 O–H Adsorbed moisture and unreacted silanol groups 

 
 
 

Corrosion solutions 
Initial weight  

(W1) 
 Final weight  

(W2) 
Weight loss 

(ΔW) 
 

Corrosion rate (mm/yr) 

SAW 1.533 1.521 0.0034 0.274 

Aqua-regia 1.547 1.361 0.1861 4.388 

H2SO4 1.575 1.377 0.1976 4.579 

HCl 1.536 1.401 0.1351 3.209 

HNO3 1.536 1.337 0.1989 4.72 

 
 
 

No. Corrosion rate of coated carbon steel (mm/yr) Improved corrosion resistance (%) 

1 0.1240 220.96 

2 0.1362 201.17 

3 0.1433 191.20 

4 0.1505 182.05 

5 0.1935 141.60 

 

4. Conclusion
The selection of catalysts in the synthesis of 
SiO₂ by the sol-gel method affects the gelation 
time and microstructure. Basic catalysts 
like NH₄OH result in higher condensation 
and less hydrolysis, while acidic catalysts 
(HNO₃, HCl, CH₃COOH) promote slower 
condensation, forming compact, microporous 
structures. HCl and acetic acid yielded crack-
free microstructures, ideal for the corrosion 
resistance.
Anticorrosive coatings using TEOS via the sol-
gel method effectively protect steel alloys, 
producing uniform films. Key factors include 
the H₂O/TEOS molar ratio, heat treatment, 
and sol aging. Optimal results were achieved 
with a 4:1 H₂O/TEOS ratio and heat treatment 
at 100 °C.
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محیط زیست 
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چکیده مشخصات مقاله

آلیاژهای فلزی در بسیاری از کاربردهای تکنولوژیکی و صنعتی نقش حیاتی 
دارند، با این حال آسیب‌‌پذیری آلیاژها در برابر خوردگی به طور اجتناب ناپذیری 
این  ایجاد می‌‌کند. در  بزرگ  اقتصادی  را در خسارات و فجایع  مسائل مخربی 
مطالعه از روش سُل-ژل برای تهیه پوشش سازگار با محیط‌‌زیست یک زیروژل 
سیلیکا توسط کاتالیزورهای مختلف اسیدی و قلیایی استفاده شد. تترااتوکسی 
بر روی فولاد کربنی  به عنوان پیش‌‌ساز و حلال آلی سپس   )TEOS(سیلان
با  شده  پوشش‌‌داده  نمونه‌‌های  می‌‌شود.  استفاده  پوشش‌‌دهی  روش  طریق  از 
الکترونی روبشی نشر میدانی)FE-SEM(، طیف سنجی پراش  میکروسکوپ 
FT-( فوریه  تبدیل  قرمز  مادون  سنجی  طیف   ،)EDS( ایکس  اشعه  انرژی 
IR(، میکروسکوپ نوری)OM(  و آنالیز گرانشی مشخص شدند. نرخ خوردگی 
به  برای دستیابی  تحقیق  این  استفاده شد.  به خوردگی  مقاومت  ارزیابی  برای 
و  شد  گرفته  کار  به  کارآمد  خوردگی  محافظ  پوشش  برای  بهینه  پارامترهای 
خوردگی  به  مقاومت  درصدی   ۱۰۰-۲۰۰ بهبود  به  نتایج  مقایسه  با  اینجا  در 
محلول  در  غوطه‌‌وری  مشابه  مدت  برای  پوشش  بدون  نمونه‌‌های  برابر  در 
خوردگی  مقاومت  بهینه‌‌شده  پارامترهای  با  نمونه‌‌ها  گرفتیم.  نتیجه   NaCl
نشان  سال  در  میلی‌‌متر   ۰.۴۲۱ به  سال  در  میلی‌‌متر   ۰.۴۷۲ از  را  بیشتری 
دادند که مناسب بودن پوشش محافظ برای کاربردهای مربوطه را تأیید کرد.
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