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INTRODUCTION

	 Carbon steel has long been used as a key material in 
producing industrial equipment such as piping systems, 
cooling towers, and storage tanks because it possesses 
an excellent combination of high strength, low cost, 
and exceptional weldability [1]. However, carbon steel 
is prone to severe corrosion when exposed to corrosive 
fluids, including acidic solutions and saline water, 
resulting in high economic losses [2]. Crude oil is washed 
in desalters by water to remove salts, resulting in a huge 
amount of saline water, which is transported and stored 
to be treated later and reused. ASTM A106 Grade B pipe 
steel is commonly used in making pipelines and storage 
tanks that are used for the transportation and storage of 
saline water in the oil industry. In the above-mentioned 
process, water salinity is high, with total dissolved solids 
(TDS) reaching 35 ppt. At such a high level of salinity, 
the water is removed from the system and replaced with 
fresh water. Furthermore, in the Iraqi oil industry, the 

temperature in summer touches 50 °C, which increases 
corrosion rates in tanks and pipelines. The replacement 
cost of the damaged parts exceeds 100k American 
dollars per saline water storing system annually. Thus, 
protection against corrosion is crucially important. 
Using corrosion inhibitors is one of the most efficient 
and cost-effective ways to enhance corrosion resistance. 
Despite their effectiveness, synthetic corrosion inhibi- 
tors are infrequently used because of their high opera-
ting cost and negative environmental impacts [3]. 
Consequently, many researchers have been looking for 
eco-friendly corrosion inhibitors over the past few years 
[4]. Recently, new corrosion inhibitors have been extrac-
ted from various plant wastes. These natural corrosion 
inhibitors are costly affordable, readily available, rela-
tively simple to produce and environmentally friendly 
[5]. Silicate has been employed as a corrosion inhibitor; 
it performs as an anodic inhibitor and forms a thin pro-
tective layer on the metal surface [6]. Furthermore, 
silicate-based corrosion inhibitors are expected to be 
costly affordable, non-toxic, and ecologically benign 
than existing inorganic corrosion inhibitors, such as lead 
and chromate-based inhibitors [7]. Wheat straw, a viable 
resource for silica production, is a byproduct of wheat 
milling processes and a major agricultural waste product 
[8]. Silica obtained from natural resources such as wheat 
straw has been the subject of research in various fields. 
The effect of silica and nano-silica on anticorrosion per-
formance has shown successful [9], [10].
	 The present work aims to investigate the inhibition 
effect of nano-silicate solution extracted from wheat 
straw on the corrosion behaviour of ASTM A106 Grade 
B pipe steel used in the saline water storage system 
in the oil industry. Potentiodynamic polarization and 
Electrochemical Impedance Spectroscopy (EIS) were 
employed to study the inhibition mechanism.
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	 Carbon steel has long been used in storing the saline wa-
ter that results from oil washing in the oil industry. However, 
a high corrosion rate is reported, resulting in significant eco-
nomic losses for oil companies. In the Middle East oil field, 
the temperature touches 50⁰C in Summer, causing increasing 
in corrosion rate for saline water steel storage tanks and pi-
pes. In the present work, abundantly available wheat straw was 
used to prepare a cost-effective silicate inhibitor. The high in-
hibition efficiency of up to 94 % decreased the corrosion rate 
from severe corrosion for no-inhibitor specimen to close to low 
corrosion category for optimum inhibitor concentration spe-
cimen. The mechanism of the inhibition effect is the formation 
of a chemically adsorbed layer on the steel surface, which is 
successfully described by Langmuir isotherm. Additionally, at 
high concentrations of nano-silica, complex aggregates might 
form and be physically adsorbed on the surface of steel above 
the chemically adsorbed nano-silicate monolayer.
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EXPERIMENTAL

Materials

	 The chemical composition of ASTM A106 steel 
Grade B is shown in Table 1. The material was supplied 
in a 3 mm thick plate and was sectioned in 15 mm dia-
meter cylindrical samples via EDM. The samples were 
mechanically ground and polished in the traditional way, 
ending with 1 μm SilcoTM to have mirror-like surfaces 
with minimum residual surface damage. 

Inhibitor preparations

Nano-silica extraction
	 The Iraqi Wheat Straw (WS) was used as a silica 
source to produce high-purity nanosilica particles by 
chemical precipitation methods. For preparation, row 
WS was washed with distilled water ten times to remove 
the dust and soluble particles, followed by drying in air 
at room temperature for 24 hours. 30 g of the washed 
WS was soaked in 250 mL of 3 mol/L HCl solution at 
80°C for 4 hours; then, the mixture refluxed in the same 
acid at room temperature for 12 hours. The resultant WS 
mixture was washed with deionized water and filtered 
ten times to raise the pH to 7. The leached WS was 
burned at 750°C in a muffle furnace for 5 h to remove 
carbonaceous materials, then left to cool down. The re-
sultant white powder is called wheat straw ash WSA.
	 Pure nano-silicate was extracted by treating twenty 
grams of WSA with 160 ml of 2.5 mol/L NaOH solution. 
The samples were stirred via a magnetic stirrer at 70 °C 
for 3 hours. Na2SiO3 was filtered through Whatman 
(No. 41 ashless) filter paper. The obtained solution 
Na2SiO3 is revealed in the below equation. 
	 SiO2 +2NaOH → Na2SiO3 + H2O

	 The residue solution was carefully washed with 
100 mL of boiling water. Then sulphuric acid 2.5 mol/L 
H2SO4 was added to precipitate the silicate solution in 
the form of white gelatinous solid SiO2 by the gelation 
process:
	 Na2SiO3 + H2SO4 → SiO2 + Na2SO4 + H2O

	 Finally, the white gelatinous solid SiO2 was washed 
with worn deionized water and dried at 70°C for 3 h. The 
process resulted in white nano-silicate powder. More 
details about nano-silica extraction and characterization 
can be found elsewhere [11], [12]. 

Corrosion inhibitor preparation
	 1.2 g of prepared nano-silica powder was dissolved 
in 100 ml of 3 mol/L NaOH to produce a sodium nano-
silicate solution according to the following equation:
	 (2NaOH)aq + (SiO2)powder → Na2SiO2 + H2O

	 The mixture was agitated via a magnetic stirrer for 
an hour, forming a cloudy solution that was left overnight 
for stabilization and became clear.

Testing solution
	 35 g of NaCl was dissolved in 1 L of deionized 
water to prepare saline water. The inhibitor was added to 
the testing solution with different nano-silicate concent-
rations named 10, 20, 40, and 80 ppm.

Corrosion investigation
	 The surfaces were electrochemically characterized 
using a standard three-electrode corrosion cell with a sa-
turated calomel electrode (SCE) as reference electrode 
(its potential vs SHE is 0.242 V), two graphitic rods 
as counter electrodes, and the material under testing as 
working electrodes. The volume of the cell was 600 mL, 
and the temperature of all tests was 55°C.

OCP and Potentiodynamic

	 As part of the test, samples were immersed in the 
solution with the assigned temperature and inhibitor con-
centration for half an hour, during which the open circuit 
potential (OCP) was recorded, followed by conducting 
Tafel tests for ± 0.25 V vs OCP at 0.5 mV/s scan rate 
for all samples. By using EZware-2013 software, corro-
sion parameters such as corrosion current density (icorr), 
corrosion potential (Ecorr) and anodic and cathodic 
slopes (βa, βc) were determined. All Tafel tests were 
repeated twice on different samples and showed good 
reproducibility.

Electrochemical impedance spectroscopy EIS

	 An Electrochemical Workstation CorrTest (CorrTest, 
China) was used to perform the EIS. All the EIS tests 
were performed after half an hour of sample immersion 
in the solution at the assigned temperature and inhibitor 
concentration. Ten points were measured per decade with 
a perturbation amplitude of 10 mV and a frequency range 
of 100 kHz to 15 mHz. Using ZView software, the data 

Tab. 1  Chemical composition of ASTM A106 Grade B

Elements C Mn P S Si Cr Mo Ni Fe

Chemical composition 0.22 1.01 0.021 0.024 0.07 0.01 0.03 0.1 Bal.
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was modelled with an appropriate electric equivalent 
circuit (EEC). The tests were repeated twice on different 
samples with good reproducibility.

RESULTS

OCP

	 Fig. 1 shows open circuit potential (OCP) as a func-
tion of time for ASTM A106 Grade B steel immersed in 
saline water at 55°C with and without adding naturally 
extracted inhibitor. In all shown cases, OCP sharply 
started decreasing at the beginning of the test, followed 
by a plateau. For a specimen without adding inhibitor, 
the OCP plateau started after 900 s at -0.488 V vs SCE. 
However, the time needed for OCP stabilization when 
adding the inhibitor decreased to less than 250 s for all 
inhibited specimens. Additionally, OCP stabilized at 
about -0.4 V vs SCE for 10 ppm and 20 ppm specimens 
and at less than -0.34 V vs SCE for 40 ppm and 80 ppm 
specimens. Adding the naturally extracted nano-silicate 
inhibitor clearly shifts OCP for ASTM A106 Grade B 
steel in saline water at 55°C toward more noble potential 
and decreases the time needed for OCP stabilization.

Potentiodynamic investigation

	 Fig. 2 shows the Tafel curves for ASTM A106 
Grade B steel immersed in saline water at 55°C with 
and without adding naturally extracted inhibitor. The 
corrosion parameters were extracted and tabulated in 
Tab. 2. The apparent shifting of the Ecorr toward anodic 
potential might suggest that the used inhibitor works as 

an anodic inhibitor [13], [14]; adding a nano-silicate in-
hibitor decreases the dissolution of ASTM A106 Grade 
B steel in saline water at 55 °C. Adding 10 ppm of the 
inhibitor to saline water caused decreasing in icorr by 
more than half.  Moreover, icorr exhibits more decrease 
with further natural inhibitor being added to saline water; 
note that icorr is one order of magnitude less when adding 
80 ppm nano-silicate inhibitor to saline water compared 
to that when there is no inhibitor added. The inhibition 
efficiency IEtafel (%) is determined based on icorr using the 
following equation:

(1)

where icorr and icorr are the corrosion current densities in 
the absence and presence of the inhibitor. The signifi-
cant enhancement in corrosion behaviour of ASTM 
A106 Grade B steel immersed in saline water at 55°C 
with adding nano-silicate solution inhibitor is apparently 
associated with increasing inhibition efficiency to ulti-
mately reach 94% when 80 ppm of the inhibitor was 
added (Tab. 2 and Fig. 3). 

0

Po
te

nt
ia

l (
V 

vs
. S

C
E)

–0.50

–0.45

–0.40

–0.35

–0.30

–0.25

20
Time (s)

400 600 1000 1200 1400 1600 1800800

0 ppm
10 ppm
20 ppm
40 ppm
80 ppm

Fig. 1.	 OCP as a function of time for ASTM A106 Grade B 
steel in saline water at 55 °C with and without adding nano-
-silicate inhibitor
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Fig. 2.	 Tafel plots for ASTM A106 Grade B steel in saline 
water at 55 °C with and without adding nano-silicate inhibitor
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Tab. 2  Corrosion parameters derived from Tafel plots for ASTM 
A106 Grade B steel in saline water at 55 °C with and without 
adding nano-silicate inhibitor

Sample Ecorr 
(V)

icorr 

(A cm-2) × 10-5
βa 

(mV)
βc 

(mV)
CR 

(mm/y)
IETafel 
(%)

0 ppm –0.48 4.23 ± 0.08 55 1056 0.49 –
10 ppm –0.43 1.92 ± 0.10 79 492 0.226 46
20 ppm –0.41 1.44 ± 0.06 106 432 0.17 67
40 ppm –0.35 0.63 ± 0.02 120 191 0.076 85
80 ppm –0.32 0.27 ± 0.01 89 137 0.031 94
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EIS investigation

	 Fig. 4 and Fig. 5 show the EIS spectrum for all tes-
ted specimens in Nyquist and Bode plot format, respec- 
tively. Nyquist plots reveal a semicircle with the centre 
depressed below the x-axis, which indicates a non-per-
fect capacitive behaviour for the surface layer. At high 
frequencies, the semicircles intersect the x-axis, resulting 
in the solution resistance Rs. When the semicircle inter-
sects the x-axis at very low frequencies, it gives the 
solution resistance plus the total surface resistance 
(Rs + Rsl). At intermediate frequencies, the imaginary 
part of the impedance begins to increase, indicating a ca- 
pacitive behaviour. The Bode plot, on the other hand, 
shows a plateau at high and low frequencies, giving Rs 
and (Rs + Rsl), respectively. In all studied cases, the curve 
is a straight line with a slope of roughly –1 at interme-
diate frequencies. Similarly, the phase shift plot shows 

a near zero phase shift at low and high frequencies, 
whereas it peaks at intermediate frequencies as the ima-
ginary component of the impedance increases. 
	 Nyquist plots are mainly represented by a single 
capacitive loop, indicating that the corrosion of all tested 
specimens is primarily controlled by the charge transfer 
process [15]. At low frequencies, however, an inductive 
loop can be observed in 10 and 20 ppm inhibitor spe-
cimens. Increasing the concentration of the inhibitor to 
40 ppm resulted in the appearance of a Warburg diffusion 
element tail with less than 45° slope. Furthermore, at 
80 ppm inhibitor concentration, neither inductive loop 
nor diffusion tail is observed. The semicircle size in-
creases with increasing the concentration of the inhibitor 
showing the enhancement in the surface charge transfer 
resistance. 
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Fig. 4.	 EIS spectra for ASTM A106 Grade B steel in saline 
water at 55 °C without and with adding nano-silicate inhibitor 
in Nyquist format
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Fig. 3.	 Corrosion current density icorr and inhibitor efficiency 
for ASTM A106 Grade B steel in saline water at 55 °C with 
and without adding nano-silicate inhibitor
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Fig. 5.	 EIS spectra for ASTM A106 Grade B steel in saline 
water at 55 °C without and with adding nano-silicate inhibitor 
in Bode plot format

b)

a)



Using green corrosion inhibitor to reduce maintenance cost for...	 Namus R. M., Abass M. H., Alali M., Zedin N. K.

KOM – Corrosion and Material Protection Journal  68  43-50 (2024)         DOI: 10.2478/kom-2024-0005	 47

	 Phase shift Bode plot (Fig. 5b) reveals changes 
in the characteristic features of ASTM A106 Grade B 
steel immersed in saline water at 55°C at high and low 
frequencies when adding nano-silicate inhibitor. A clear 
shifting in the phase shift peak toward higher frequen-
cies for all specimens tested in electrolyte with inhibi-
tor compared with free inhibitor electrolyte specimen. 
Moreover, the phase shift peak angle increases with a 
higher inhibitor concentration. All these indicate forming 
an adsorbed layer on the surface and improving the 
corrosion resistance of the surface by adding a nano-si-
licate inhibitor.
	 EIS data was modelled using “Randle’s equivalent 
electric circuit” shown in Fig. 6. This circuit was used 
because the current work concerns enhancing the corro-
sion resistance. The inductive loop and the diffusion tail 
were used as indicators for the surface events, as will 
be discussed in the discussion section. The circuit is the 
solution resistance Rs in series with a parallel combina-
tion of constant phase element QSL, and the resistance RSL 
of the surface layer. The Chi-squared for all the fitting 
was in the range of 10-3 with a fitting error for each 
element less than 2 %.
	 All the results of EIS data modelling are tabulated in 
Tab. 3. RSL increased with adding a nano-silicate inhibitor. 
The inhibition efficiency IEEIS (%) is determined based 
on RSL using the following equation:

(2)

where RSL and RSL are the charge transfer resistance 
after and before adding a nano-silicate inhibitor. 
	 The capacitance value of the surface layer is cal-
culated using the following equation [16], [17]:

(3)

	 The capacitance values of all specimens are repor-
ted in Tab. 3. 
	 A sharp decrease in the surface capacitance of 
ASTM A106 Grade B steel immersed in saline water 
at 55° C was observed when adding the inhibitor to 
the solution (Fig. 7). The surface capacitance exhibi-
ted a plateau over all tested specimens with different 
concentrations of inhibitor. However, charge transfer re- 
sistance continuously increased with higher concent-
rations of inhibitor. 

DISCUSSION  

	 Adding nano-silicate inhibitor to saline water re-
sulted in a significant reduction in corrosion rate and 
high inhibitor efficiency up to 94 % (Tab. 2 and Fig. 3 
for ASTM A106 Grade B in saline water at 55°C. The 
shifting in Ecorr and OCP toward more noble potentials 
associated with the noticeable reduction in Tafel cathodic 
slope βc (Tab. 2) for all tested specimens indicates that 
the naturally extracted nano-silicate works as a mixed 
inhibitor [18]. According to these results, nano-silicate 
inhibitor reduced anodic dissolution by blocking oxy-
gen from reaching steel surfaces and retarded cathodic 
reactions via reducing anions diffusion. With high inhi-
bitor concentrations of 40 and 80 ppm, Ecorr shifted by 

Tab. 3  EIS data modling results

Inhibitor 
concentration

QSL

(F.Sα-1 cm-1) × 10-5 αSL
RSL 

(Ω cm2)
IEEIS

(%)
C

(F cm-2) × 10-5

0 ppm 101 0.8 867 0 98
10 ppm 9.8 0.82 1171 26 6.18
20 ppm 9 0.83 1495 42 6.13
40 ppm 14.7 0.73 2316 62 9.9
80 ppm 8.8 0.81 4228 79 6.97
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Fig. 6.	 Equivalent electric circuit EEC used
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Fig. 7.	 RSL and C versus inhibitor concentration for ASTM 
A106 Grade B steel in saline water at 55 °C without and with 
adding nano-silicate inhibitor
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more than 85 mV toward anodic potential indicating 
the predominant anodic effect of the inhibitor at these 
concentrations [5], [19]. More importantly, using nano-
silicate inhibitor successfully reduces the corrosion rate 
from severe corrosion category to close to low corro- 
sion category for ASTM A106 Grade B in saline water at 
55 °C according to NACE standard [20] The dual effect 
of the inhibitor on the anodic and cathodic reactions is 
possibly because of forming an adsorbing layer on the 
surface of ASTM A106 Grade B steel. Surface atoms 
with unsaturated bonds attract active species from the 
surrounding gas or liquid media through adsorption. 
Quite possibly, this phenomenon plays a significant 
role in corrosion by affecting cathodic reaction, anodic 
dissolution, or passive film formation. Adsorption of in-
hibitor on the surface could modify the cathodic reac-
tion by altering the anions availability on the interface. 
Inhibitor adsorption might also affect the anodic reaction 
by covering the surface with a compacted adsorbed layer, 
which partially or totally blocks the cation diffusion.
	 The capacitance of the surface layer was determi-
ned (Fig. 7 and Tab. 3) and found to significantly decrea-
se by ten times from 9.8 µF·cm-2 for the free inhibitor 
specimen to less than 1 µF·cm-2 for all specimens with 
inhibitor. The capacitance value shows a plateau over all 
tested inhibitor concentrations, which strongly suggests 
that an adsorbed layer covers the surface. Additionally, 
the thickness of the surface layer can be associated with 
the capacitance according to the Helmholtz model [21], 
[22]. 

(4)

where d denotes the film thickness, A is the active area, 
ε0 vacuum permittivity (8.85 × 10-14 F·cm-1), and ε is the 
film dielectric constant. Therefore, the decrease in C 
when adding the inhibitor to the testing solution can be 
attributed to the change in dielectric constant (forming 

the adsorbed layer) and the increase in the thickness of 
the surface layer. Furthermore, the adsorption of nano-
silicate on the ASTM A106 Grade B steel surface in 
saline water at 55 °C can be described by the adsorption 
isotherm [23]. The plateau of the capacitance suggests 
forming a uniform adsorbed surface layer following 
Langmuir adsorption isotherm [24]. Based on this mo-
del, the surface is covered with a single monolayer. It 
is therefore possible to reach saturation at equilibrium 
when there is no further adsorption or desorption. In 
other words, no further adsorption occurs after a certain 
threshold. To examine the adsorption isotherm, the de-
gree of the surface coverage θ was determined based 
on the capacitance values extracted from EIS data as 
follows [25]:

(5)

where Cdl and Cdl are the surface capacitance for free 
inhibitor and with inhibitor specimens, respectively. 
Langmuir isotherm is given by the following equation 
[26], [27].

(6)

where cinh is the bulk solution concentration in mol/L, 
and Kads is the affinity of the adsorbate molecules toward 
the adsorption surface. Thus, plotting cinh/θ versus cinh 
should yield a straight line for Langmuir isotherm. 
A very nice fit is obtained with R2 equals 0.99 and slope 
equals unity (Fig. 8), confirming Langmuir adsorption 
isotherm.
	 Additionally, the constant Kads is related to the ener-
gy of adsorption [28], [29]

(7)

in which R is the gas constant (8.314 J/mol.K), T is the 
temperature in K and csolvent is the molar concentration 
of the solvent, which can be considered here as water 
(55.56 mol/L). ΔGads is –46 kJ/mol; such a high value 
of ΔGads strongly indicates the occurrence of chemisorp-
tion of nano-silicate on the surface of ASTM A106 Grade 
B steel in saline water at 55 °C.
	 The appearance of the inductive loop at 10 and 
20 ppm inhibitor concentration in the Nyquist plot at 
low frequencies might be ascribed to the relaxation 
processes of adsorption of the inhibitor on the surface 
of ASTM A106 Grade B steel [30], [31]. Increasing the 
concentration of the inhibitor to 40 ppm resulted in the 
appearance of a Warburg diffusion element tail with less 
than 45° slope suggesting forming a porous inhibitor 
film on the surface [32] and possibly bilayer electrode 
geometry [33]. Furthermore, at 80 ppm inhibitor con-
centration, neither inductive loop nor diffusion tail is 
observed, which indicates the formation of a compacted 
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adsorbed layer of the nano-silicate on the surface of 
ASTM A106 Grade B steel. Moreover, it has been shown 
that as the concentration of the nano-silicate increases 
in the solution, a more complex distribution is observed 
by forming dimers, trimers, oligomers, and even higher 
aggregate [34], [35]. Besides, the presence of polymeric 
silicate in the silicate solution has been confirmed at high 
concentration of SiO2 [36]. Therefore, the appearance 
of the inductive loop at 10 and 20 ppm nano-silicate 
specimens, diffusion element at 40 ppm specimen, and 
disappeared of both of them at 80 ppm specimen (which 
is associated with continuous increase in the semicircle 
size with silicate concentration (Fig. 4)) may be attri-
buted to the form of complex aggregates as the nano-
silicate concentration increases. These aggregates might 
physically be adsorbed over the chemically adsorbed mo- 
nolayer of nano-silicate on the surface of carbon steel as 
schematically shown in Fig. 10. The chemically adsorbed 
monolayer of nano-silicate causes a capacitance plateau 
over all tested inhibitor concentrations (Fig. 8), while 
the changes in the Nyquist plot EIS spectra (Fig. 5) with 
inhibitor concentration can be attributed to the physical 
adsorption of complex aggregate.

CONCLUSIONS

●	An abundant agricultural waste was successfully em-
ployed to produce green nano-silicate inhibitor.

●	With 94 % inhibitor efficiency at 80 ppm inhibitor 
concentration, the corrosion rate enhanced from 
0.94 mm/y (severe corrosion) to 0.031 mm/y (close to 
low corrosion).

●	The inhibition mechanism is forming an adsorbed 
layer covering the surface from water molecules and 
chloride ions penetration and blocking the cation 
diffusion.

●	The adsorption process is described using Langmuir 
adsorption isotherm.

●	 Increasing the inhibitor’s efficiency with a higher con-
centration of nano-silicate was ascribed to forming 
complex aggregates of nano-silicate, which might 
physically be adsorbed over the chemically adsorbed 
monolayer of nano-silicate on the surface of carbon 
steel.
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