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Abstract

This study was conducted to investigate the potential of using sodium silicate with nanosilica as a treatment to inhibit the
progress of corrosion in steel specimens that are already corroded. Steel specimens measuring 16 mm in diameter and 4
mm in thickness were prepared and subjected to pre-corrosion by immersion to 3.5% NaCl solution. Two sets of
specimens were then dip-coated with sodium silicate containing nanosilica. One set was coated with 1% nanosilica, and
the other was coated with 2.5% nanosilica. The coated specimens were then subjected to Complex Impedance
Spectroscopy (CIS) at 20 Hz to 20 MHz frequency range. Compared with the sodium silicate coating with 1% nanosilica,
the sodium silicate coating with 2.5% nanosilica had a larger semi-circle curve in the Nyquist plot. Similarly, the sodium
silicate coating with 2.5% nanosilica also showed larger magnitudes of impedance at the low-frequency region and larger
phase angles at the high-frequency regions in the Bode plot. These results imply that the sodium silicate coating with
2.5% nanosilica coating demonstrated better capacitive behavior. In addition, equivalent circuit modelling results also
showed that the sodium silicate coating with 2.5% nanosilica had higher coating resistance and lower coating capacitance
as compared to the sodium silicate coating with 1% nanosilica.
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1. Introduction

Corrosion is an electrochemical action that is primarily due to chloride ingress. Corrosion of structural elements
affects different structures in various ways. In reinforced concrete structures, corrosion products or rust accumulate as
corrosion-causing contaminants enter the concrete and reach the reinforcing steel bars. These accumulated corrosion
products cause internal stress which leads to concrete cracking or spalling. Corrosion in steel structures causes
reduction in the area of the structural members, leading to lower resistance to stresses [1]. On a global scale, damages
that are caused by corrosion are approximately $276 billion per year [2]. An example of which was the repair and
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demolition of Silver bridge in Ohio, USA, in 1967 [3]. With a 17.8% increase in the price index of steel from 2012 to
2018 [4], protection of existing structures against corrosion damages has been the more viable option over
reconstruction.

The most commonly used method in treating corroded steel is through the use of blasting and application of epoxy
coating. Blasting uses abrasive materials to remove the existing rust produced by corrosion, therefore effectively
cleaning the steel substrate [5]. It is also effective in removing contaminants on the steel surface, such as oil and
grease. Furthermore, blasting creates a profile on the steel surface that is suitable for applying the protective coating.
After blasting, application of the protective coating follows. Coatings such as epoxy coating act like a barrier
preventing the intrusion of harmful elements like chlorides that causes corrosion of the steel. It also provides a resistant
media between the anodic and cathodic portions found on the steel surface [6-7]. This protective property of coating is
important because defects on a coated steel surface are difficult to prevent. Once a defect is formed on the coated
surface, corrosion process can occur between the defect area and the sound portions. The progress of this type of
corrosion process will be dependent on the resistance of the coating used [8-9].

Inorganic material-based nanoparticles have been extensively studied as effective and more environmentally
friendly coating components for the past years. Past research works explored the use of various nanoparticles, such as
Fe»03, ZrO,, ZnO, and SiO,, to enhance the mechanical properties of anti-corrosion composite coatings [10-13]. In a
study by Khan et al. [14] for epoxy-based coatings, it was found out that among the nanoparticles, nanosilica increased
the hardness and elastic modulus the most by 71% and 26%, respectively.

Nanosilica has been used to enhance the properties of composites due to its structure and morphology [15]. Rice
Hull Ash (RHA), an agro-industrial waste from rice production, contains over 90% nanosilica thereby making
extraction of nanosilica from RHA highly cost-efficient [16-17]. Studies also have shown that nanosilica can prevent
corrosion through the formation of a silicate network [18]. Its nanoscale size allows it to penetrate small voids formed
by corrosion products. Moreover, high surface area causes nanosilica to be easily dissolved in a media that contributes
to silicate network formation's uniformity [19]. The silicate network forms thin layers that can act as a physical barrier
that prevents chlorides and contaminants that may initiate corrosion. Alkali silicate anti-corrosion coating is also
known as silicate conversion coating. It is one example of an alkali-treated anti-corrosion coating. The structure of the
coating contains polymeric particles such as silanol groups (Si-OH) and siloxane bridge (Si—O-Si) [20]. During the
curing process, the polymerization continued and more siloxane groups were converted to siloxane bridges [21].

Dela Cruz et al. [22] studied the use of nanosilica and polyaniline (PANI) composites in epoxy coated steel
specimens. The study showed that all percent combinations of nanosilica and PANI composites in the epoxy coating
have better corrosion protection performance compared to that of pure epoxy coated steel by yielding higher coating
resistance and lower coating capacitance. Among the different percent combinations of nanosilica-PANI, the 40-60%
combination of nanosilica and PANI exhibited the highest coating resistance and lowest coating capacitance. In
another study, the group of Ruzgal [23] investigated the effect of nanosilica when used as a coating enhancer for cold-
rolled steel. Their study demonstrated that nanosilica-enhanced coating reduced soil-to-metal friction and soil adhesion
for cold-rolled steel by 24% and 36%, respectively.

To evaluate the performance of coatings and corrosion activity in steel, researchers use a non-destructive technique
called Complex Impedance Spectroscopy (CIS). Through CIS technique, the impedance at different frequencies can be
measured. The impedance data, particularly those found at the low-frequency region, can characterize the coating
resistance and capacitance. At the same time, the impedance data can be used to determine the rate of corrosion of the
substrate steel underneath the coating and the failure mechanism of coating systems. The CIS technique was used in
this study.

Research on the use of sodium silicate with nanosilica, synthesized from RHA, as a treatment for corroded steel is
scarce. This study aims to contribute knowledge and understanding on the potential capability of sodium silicate, with
nanosilica from RHA, in treating corroded steel by inhibiting further progress of corrosion. The specific objectives of
the study are: (1) to characterize the effectiveness of sodium silicate coating with nanosilica applied to pre-corroded
steel by examining the generated Nyquist and Bode plots and (2) to determine the resistance and capacitance of sodium
silicate coating with nanosilica using Equivalent Circuit Modelling.

This paper is structured as follows: materials and methods are discussed in section 2. It is in this section where the
material properties, preparation of specimens and test methods are presented in detail. In section 3, the results of
Nyquist and Bode plots are presented and discussed together with the results of the equivalent circuit modelling.
Section 4 presented the conclusions of the study.

2. Materials and Methods

In this study, the corrosion inhibition of sodium silicate with nanosilica synthesized from RHA was evaluated by
using CIS in coated steel specimens. The steps for evaluation are shown in Figure 1.
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Prepare steel disk specimens: Prepare the sodium silicate coating:
a. Cut the steel disk from steel bars a. acquire nanosilica from RHA
b. Clean the steel sample b. prepare sodium silicate solution
c. Analyze steel specimen surface using atomic  force c. determine crystallography of nanosilica
microscopy using X-ray diffraction
d. Characterize steel specimen using X-ray Diffraction

l

Expose the steel disk sample to 3.5% NaCl solution

Apply sodium silicate solution to pre-corroded steel specimens

|

Perform complex impedance spectroscopy on coated specimens:

a. Nyquist plot
b. Bode plot
c. Equivalent circuit modelling

Figure 1. Flowchart of the research methodology

2.1. Materials Used
2.1.1. Steel

Round steel bars that are locally and commercially available were used in the study. Initially, round bars of 16 mm
diameter were cut into 4mm thick coupons and were subjected to surface preparation in accordance with ASTM G1
standard method [24]. Briefly, existing rusts, dirt, and oil were removed by mechanical abrasion with using no. 100
sand paper and subsequently washing with distilled water and acetone. Representative sample specimens used in this
study are shown in Figure 2.

Figure 2. Sample steel specimen used

Morphological and topographic nanoscale analysis were done using the XE-70 atomic force microscope in non-
contact mode on the steel specimen's surface. Non-contact cantilever with resonant frequency of 330 kHz, force
constant of 42 N/m, length of 125 um, mean width of 30um and thickness of 4um were used in the analysis. Various
scanning areas of 45x45 um in size at different portions of the steel specimen surface were obtained at a scan rate of
0.30 Hz.

The analysis of the steel specimen (Figure 3) showed uniform striations and a smooth surface. It was also observed
that there are grooves present on its surface, possibly caused by surface preparation through mechanical abrasion using
SiC abrasive paper. Presence of bulbous material was immediately observed possibly indicating that a rapid corrosion
formation on the carbon steel surface was taking place. This phenomenon is frequently observed on an air-exposed
steel surface.
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Figure 3. AFM analysis of clean steel specimen

X-ray diffraction analysis was done to further characterize the steel specimen. Shimadzu XRD-6100 equipped
with an x-ray source with a copper target (wavelength 1.540598 A) and has an accelerating voltage of 30 kV with a
scan rate of 2° per minute and a scan range of 2° to 90° was used. Post-run analyses were done using X’Pert
HighScore Plus software. Figure 4 shows the X-ray diffractogram of a clean steel sample.
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Figure 4. X-ray diffractogram of clean metal disc sample

2.1.2. Nanosilica

The nanosilica, shown in Figure 5, was synthesized from RHA using the technology developed by the group of Dr.
Engelbert Peralta from the College of Engineering and Agro-Industrial Technology of the University of the
Philippines Los Bafios. The physical properties of nanosilica are summarized in Table 1.

Figure 5. Powdered amorphous nanosilica synthesized from RHA
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Table 1. Physical properties of the nanosilica used in the study

Property Value
Average Particle Size 24.39+£0.38 nm
Surface Area ~260 — 300 m?/g
Pore Radius ~16 — 19 Angstrom
Pore Volume ~0.246 cclg

The crystallography of the nanosilica was determined through X-ray Powder Diffraction (XRD). In contrast to the
crystallographic analysis of crystalline silica, which peaked at 22°, the crystallographic analysis of the powdered
nanosilica used in this study (Figure 6) showed no peak at 22°. This means that the powdered nanosilica used in this
study is highly amorphous. In addition, the presence of other contaminants was not observed, which means that the
powdered nanosilica used in this study was also highly pure.
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Figure 6. Crystallographic analysis of the powdered nanosilica used in the study

2.2. Pre-corrosion of Test Specimens

The cleaned steel samples were pre-corroded by exposing them to 3.5 (weight to volume) % NaCl solution. The
samples were submerged in the solution for three days and then air-dried for one day. The pre-corroded steel sample
specimen is shown in Figure 7.

Figure 7. Pre-corroded steel specimen

2.3. Preparation Of Sodium Silicate Solution

The nanosilica was oven-dried for 24 hours at 150°C to remove existing moisture. It was then cooled to room
temperature. Desiccators were used to ensure a dry environment for the nanosilica. While cooling the nanosilica, a 3M
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NaOH solution was formulated. Two 100mL NaOH solutions were used to dissolve 1.0 and 2.5 grams of nanosilica.
The solutions were heated for 20 minutes at 80°C. The solutions were then cooled to room temperature.

2.4. Application of Coating in Test Specimen

The specimens were coated with sodium silicate containing nanosilica using dip-coating method with a submersion
time of 30 minutes. The coated specimens were then oven-dried at 100°C for 20 minutes.

2.5. Impedance Measurement using CIS

Using an Impedance Analyzer shown in Figure 8, the test specimen’s real and imaginary impedance components
were measured and recorded at varying frequencies (20 to 20 MHz). The impedance spectra evolution through time
was derived from the assessment of the coating’s impedance using CIS. The total impedance was measured and noted
which follows Ohm’s law defined by Equation 1.

YW _ . ;
Z(w) = Tw) Zrcal (W) + Zimg (W) ] (1)
CIS was used to generate the Nyquist and Bode plot of the respective coatings. The Nyquist plot was formed by
plotting the imaginary impedance component in the y-direction and the real impedance component on the x-direction.
On the other hand, the Bode plot was obtained by plotting in a logarithmic scale the total impedance measured at
varying frequencies from 20 Hz to 20 MHz. The total impedance was computed using Equation 2.

|Z(W)| = \/Zreal (W)2 + Zimg (W)Z (2)

Figure 8. Impedance Analyzer used in the study

ECM was used to quantify the coating resistance and coating capacitance using EC Lab as the fitting software and
Igor as the plotting software. From the total impedance components measured using CIS, the Nyquist plot was
generated. Using the Z-fit feature of EC Lab 10.40, the ECM’s graph was fitted to the actual Nyquist plot. The
equivalent circuit used to determine the values of each electrical component, particularly the coating resistance and
capacitance, is shown in Figure 9.

Q2
ANN
/7

Wy

R, W

Figure 9. Equivalent circuit used in the study
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3. Results and Discussion
3.1. Nyquist Plot

CIS was employed to evaluate the corrosion inhibition of the sodium silicate coating with 1% and 2.5%
concentration of nanosilica. The real and imaginary values of the impedances were plotted to obtain the Nyquist plots.
Using the Nyquist plot, the coating performance can be interpreted through the position and size of the diameter of the
semi-circle formed. The semi-circle plot showing an almost vertical behavior near the vertical axis, and that with a
larger diameter signifies better coating performance.

Figure 10 shows the Nyquist plots of sodium silicate coated steel obtained with 1 and 2.5% nanosilica. The Nyquist
plot for the sodium silicate coated steel containing 2.5% nanosilica show more vertical behavior and larger diameter
thus demonstrating better quality compared to the coating with 1.0% nanosilica. It illustrates the capacitive behavior of
the coating commonly observed in coated steel substrate that is not experiencing corrosion. On the other hand, the
Nyquist plot for the sodium silicate coated steel containing 1.0% nanosilica shows a more depressed loop. A Warburg
impedance started to appear as a diagonal line at the end of the loop which demonstrates diffusion induced behavior.
With this observation, it is important to include a Warburg element in the equivalent circuit model during curve fitting.
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Figure 10. Nyquist plot of coated steel specimens
3.2. Bode Plot

The Bode plot was generated by plotting the logarithm of the impedance modulus and the phase angle displacement
as functions of the logarithm of frequency. The impedance modulus and phase angle displacement at different
frequencies are shown in Figures 11 and 12, respectively. It can be observed that the coating with 2.5% nanosilica
exhibited higher impedance values at the low-frequency region and higher phase angle at the high-frequency region as
compared to the coating with 1.0% nanosilica. Therefore, the coating with 2.5% nanosilica exhibited a more capacitive
behavior compared to the coating with 1.0% nanosilica.
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Figure 11. Bode plots of coated steel specimens
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Figure 12. Phase angle data generated from CIS

3.3. Equivalent Circuit Model

Equivalent circuit model-fitting has been used as a powerful technique to get insights into the properties of a variety
of materials [25]. The CIS data of the coating systems were fitted graph of the equivalent circuit in order to calculate
the values of coating capacitance (Cc) and coating resistance (Rc). The curve fitting is shown in Figure 13 while the
computed values of the coating capacitance and coating resistance are shown in Table 2. The sodium silicate coating
containing 2.5% nanosilica showed lower capacitance than the 1% nanosilica coating. This indicates that the coating
with 2.5% nanosilica has a lower electrolyte intake and is less porous than the 1% nanosilica coating. In addition, a
higher coating resistance was observed for the sodium silicate coating containing 2.5% nanosilica. The increase in
resistance was found to be one order in magnitude. This indicates that the coating with 2.5% nanosilica has a better

corrosion inhibition for the steel substrate.
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Figure 13. Curve fitting using the equivalent circuit model

Table 2. Coating capacitance and resistance values

Cc (Farads) Rc (Ohms)
1.0% NanoSiO, 2.37 E-09 4.38 E+04
2.5% NanoSiO, 2.93 E-10 1.16 E+05

In this study, the steel substrate was already subjected to corrosion prior to application of sodium silicate with
nanosilica as coating. Therefore, it is important to note that the surface of the substrate is already non-uniform and
contains crevices and voids as a consequence of the induced corrosion. Without a barrier protection, these crevices and
voids will serve as venues where local corrosion can occur and progress.

The sodium silicate coating used in this study formed a thin layer of hardened paste on the surface of the corroded
steel substrate. This finding is in congruence with the work of Ruzgal et al. [23] where the hardened paste composed
of silica hydrates had a tendency to be accumulated and deposited in the crevices of the steel substrate. The tendency
of the sodium silicate hydrate to fill the crevices present in the steel substrate is due to its high surface area-volume
ratio. The accumulation of silica in the crevices provides an indicative explanation why the coating with 2.5%
nanosilica exhibited better corrosion inhibition performance compared with the coating with only 1% nanosilica.

4. Conclusion

The study investigated the performance of sodium silicate on preventing the progress of corrosion in pre-corroded
steel specimens. CIS technique was used to evaluate and compare the coating performance of sodium silicate with 1
and 2.5% nanosilica derived from RHA. Both the Nyquist plot and Bode plots provided evidence that the sodium
silicate with 2.5% nanosilica derived from RHA has prevented the progress of corrosion in coated steel plates. The
Nyquist plot for the sodium silicate with 2.5% nanosilica exhibited a semi-circle with a larger diameter than the semi-
circle plotted using the coating with only 1% nanosilica. These results exemplify a capacitive coating behavior. In
terms of the Bode plot, the sodium silicate with 2.5% nanosilica exhibited a higher magnitude of impedance at the
low-frequency region and larger phase angles at the high-frequency regions, which are also indicators of a capacitive
behavior. Equivalent circuit modelling enabled the comparison of the values of coating resistance and coating
capacitance of sodium silicate with nanosilica derived from RHA. Sodium silicate with 2.5% nanosilica had a higher
coating resistance by one order in magnitude. In terms of coating capacitance, the coating with 2.5% nanosilica also
showed lower capacitance indicating that it has lower electrolyte intake and is less porous compared to the coating
with only 1% nanosilica. The study therefore has provided evidence that sodium silicate with nanosilica derived from
RHA can inhibit the further progress of corrosion in steel substrate. In addition, sodium silicate with 2.5% nanosilica
derived from RHA performs better than a sodium silicate with only 1% nanosilica derived from RHA in inhibiting the
progress of corrosion in steel substrate.
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