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Corrosion mitigation of mild steel 
in hydrochloric acid solution using 
grape seed extract
Fatemeh Marhamati1, Mohammad Mahdavian2* & Saeed Bazgir1

Plant extracts have gained a lot of attention due to their ecofriendly nature for corrosion inhibition. 
In this study, we examined the inhibition performance of grape seed extract as an eco-environmental 
inhibitor for mild steel in hydrochloric acid medium. Electrochemical impedance spectroscopy, 
potentiodynamic polarization, and electrochemical noise techniques were employed to study mild 
steel’s electrochemical behavior in the hydrochloric acid solutions containing grape seed extract. 
Results depicted that grape seed extract could successfully inhibit the corrosion of mild steel. 
Besides, water droplet contact angle, field-emission scanning electron microscopy coupled with 
energy dispersive spectroscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, 
X-ray photoelectron spectroscopy, and atomic force microscopy were utilized to study the surface 
of mild steel specimens after dipping in acidic solutions. Electrochemical impedance results showed 
a corrosion efficiency of about 88% in 300 ppm of grape seed extract. Also, results revealed more 
compact corrosion products with improved integrity in the presence of grape seed, which confirmed 
electrochemical test results.

The metallic substrate’s corrosion leads to high costs in various industrial sectors. Mild steel (MS) has been 
extensively utilized as an inexpensive constructional substrate. Due to its low cost and high mechanical perfor-
mance, it is used in a variety of applications, including chemical and refining processes, petroleum production, 
construction, and marine  applications1,2. Various endeavors have been made to reduce the corrosion rate of MS 
using different methods like coatings, corrosion inhibitors, etc.3,4. Corrosion inhibitors have been utilized for 
diminishing the corrosive influence of acid pickling, cleaning, and descaling of MS in industries.

Venomous organic compounds comprising N, O, and S are extensively used as corrosion inhibitors owing to 
their prominent protective performance. The protection provided by the traditional organic inhibitors is through 
an absorption mechanism that prevents contact between the metallic surface and the corrosive environment. 
However, synthetic organic compounds are non-eco-friendly and expensive, which dramatically reduces their 
usage for practical applications. Over the last decade, an extensive focus has been given to the so-called “green 
inhibitors” to overcome the limitations of the traditional synthetic inhibitors due to their cost-effective and envi-
ronmentally friendly aspects. Green inhibitors have been extracted from the various sections of plants, such as 
flowers, leaves, stems, roots, shells, seeds, and fruits. They can form a protective film on the metal surface, causing 
an increase in inhibition efficiency (IE %). In other words, they have polar groups containing heteroatoms and 
aromatic rings that can interact with metal cations (like  Fe2+) on the surface, restricting aggressive ions attacks.

Many plant extracts, including Lagerstroemia speciosa leaf5, Persian liquorice6, Lavandula angustifolia7, Thymus 
vulgaris8, Juglans regia green fruit shell9, Saraca ashoka10, Matricaria recutita11, Tamarindus indiaca12, Thymus 
vulgaris8, Sunflower seed hull13, Longan seed/peel14, Allium sativum15, Salvia officinalis16, Bambusa arundinacea 
leaves17, Eucalyptus leaf18, Carum carvi19, Thymus algeriensis20, Tagetes erecta21, Esfand seed22, Turmeric23, Dacryo-
dis edulis24, Eriobotrya japonica lindl25, Egyptian licorice26, Neem27, Saffron28, ginger29, Valeriana wallichii30, Menthe 
pulegium31, have been reported to have corrosion inhibition performance.

A large amount of grape residue remains in the wine industry every year. Vitis vinifera is the prevalent grape-
vine, domestic to southwestern Asia, from Morocco and Portugal north to southern Germany, the Mediterranean 
region, central Europe, and east to northern Iran. Vitis vinifera is about 5% of the fruit weight, which annually, 
more than 3 million tons of them are throwing away. Grape seeds have a variety of properties, including the 
ability to reduce cardiovascular disease, cholesterol, hypertension, and swelling caused by injury, as well as to 
heal eye diseases and may have anti-cancerous properties. Figure 1 shows some of the main components of the 
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grape seed extract (GSE) containing a significant amount of flavonoids such as catechin, epicatechin, and some 
phenolic acids.

The corrosion mitigation of MS by GSE has not been divulged so far. Therefore, the corrosion inhibition of 
GSE as a cheap, eco-friendly by-product of the wine industry was evaluated in this study. Various electrochemical 
tests have been set up to determine the extent and mechanism of corrosion inhibition.

Moreover, after corrosion experiments, the surface analysis has been applied to prove the interactions of 
inhibitive species with metal surfaces and/or protective film formation. Furthermore, the specimens’ physical 
chemistry features were evaluated by measuring the contact angle (CA).

Experimental
Materials. The GSE was purchased from Ebnemasouye Co. The MS plates (8 cm × 3 cm) were acquired from 
the Foolad Mobarake Co. The elemental composition of the MS plates is provided in Table 1. Surface preparation 
was implemented prior to electrochemical tests to eliminate the surface contaminations and attain a convenient 
surface profile. The MS surface was carefully abraded using sandpapers. Subsequently, the MS plates were soni-
cated in acetone and methanol to eliminate the surface contaminations. The GSE was added to the hydrochloric 
acid (1 M) to prepare test solutions (0, 100, 200, and 300 ppm).

Techniques. The potentiodynamic polarization and EIS (electrochemical impedance spectroscopy) were 
implemented on a 1  cm2 exposure area to assess the inhibition efficiency of the GSE. The Ivium software was 

Figure 1.  Chemical structure of grape seed extract.
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used to record the electrochemical tests. Zsimpwin software was employed to fit the EIS data. The classical three-
electrode system (the working electrode, the Ag/AgCl/3 M KCl reference electrode, and the graphite counter 
electrode) was used in the electrochemical cell. The EIS measurements were implemented within the frequency 
range from 10,000 to 0.01 Hz at 10 mV perturbation. The polarization was measured at 1 mV  s−1 within ± 200 mV 
(cathodic to anodic side) versus open circuit potential. A cell containing two equal working electrodes and the 
reference electrode (silver/silver chloride) was utilized to acquire the EN (electrochemical noise) signals. The 
duration of measurements was 1800s, and the sampling interval was 0.2 s. Triplicate samples were arranged for 
each electrochemical test to ensure reliability. All the electrochemical measurements were conducted at 25 °C. 
However, EIS was also carried out at 50 °C.

After exposure to the test solutions, the samples were rinsed with water and dried. The dual scope DME C-26 
model of AFM (Atomic Force Microscopy, Semilab Germany GmbH) was used to assess the topography of the 
exposed samples. The elemental composition and morphology of the surface film formed on the MS specimens 
subjected to the test solution were assessed by EDS (energy-dispersive X-ray spectroscopy) and SEM analysis. 
Surface wetting properties were investigated through contact angle measurement using a homemade contact 
angle measuring system.

Raman confocal and Fourier transform infrared (FTIR) spectroscopies were performed on the MS samples 
after exposure to the test solutions. After being exposed to the test solution, the film formed on the MS surface 
was examined by X-ray photoelectron spectroscopy (XPS). XPS (Bes Tec/Germany) was measured in a vacuum 
chamber of  10–10 mbar under 1253.6 eV. Origin 8.0 software was utilized to fit the experimental data with the 
Gaussian function.

UV–Vis spectroscopy was used to show the emergence of a complex between grape seed extract with iron 
cations.

Result and discussion
Electrochemical performance. EIS. EIS was employed to assess the electrochemical properties of MS 
in the presence and absence of GSE in 1 M HCl solution. Nyquist and Bode diagrams are depicted in Fig. 2. 
Nyquist curves in Fig. 2a show an increase in the semi-circle diameter with an increment in the GSE concen-
tration. Low-frequency impedance (at 10 mHz) also indicates an increasing behavior with an increase in the 
GSE concentration, reflecting increasing adsorption of the GSE on the steel surface. The equivalent circuit was 
employed to fit the EIS data is displayed in Fig. 3. This circuit contains electrolyte resistance (Rs), charge transfer 
resistance (Rct), and the constant phase element of the double layer  (CPEdl). The electrochemical parameters 
derived from the fittings are provided in Table 2. The effective capacitance of the electrical double layer (Cdl) was 
calculated using Eq. (1)32,33.

where n and Y0,dl, demonstrate the exponential and the admittance terms of CPE, respectively.

(1)Cdl = Y
1/n
0.dl (RctRs/(Rct + Rs))

(1−n)/n

Table 1.  Chemical composition of MS based on weight percentage.

Fe Mn Si C Cu Co Cr Mo P S

wt% 97.7 1.39 0.415 0.19 0.0481 0.0429 0.026 0.018 0.005 0.005

Figure 2.  The Nyquist (a) and Bode (b) diagrams of MS samples immersed in 1 M HCl solution at different 
concentrations of GSE at 25 °C.
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As per Table 2, an increment in the GSE concentration resulted in the decrease of double-layer capacitance 
and charge transfer resistance increment, indicating an increase in the extent of GSE adsorption on the MS 
surface.

The inhibition efficiency (η) of the grape seed extract was computed using Eq. (2)34.

where Rct and Rct,i respectively represent charge transfer resistance in the absence and presence of GSE. Besides, 
surface coverage (θ) was computed based on the variation of double-layer capacitance, according to Eq. (3)33.

where Cdl and Cdl,i respectively represent double layer capacitance in the absence and presence of GSE. The surface 
coverage and inhibition efficiency results are provided in Fig. 4. The extent of surface coverage reflects the change 
in the electrical double layer thickness and relative permittivity. In comparison, the extent of inhibition efficiency 
demonstrates the active surface blocking by the inhibitor. It has been shown that a higher surface coverage than 
inhibition efficiency indicates the vertical alignment of the inhibitor molecules at the steel-electrolyte interface. 
In contrast, higher inhibition efficiency than surface coverage discloses horizontal orientation on the inhibitor 
 molecules33,34. In this work, higher inhibition efficiency than surface coverage shows effective surface blocking 
of the GSE molecules by the horizontal alignment on the metal surface.

The effects of temperature changes were investigated on the inhibitory effect of GSE in acidic solution. The 
results are provided in Supplementary Information (Fig. S1, Fig. S2, and Table S1). Physically adsorbed species 
usually desorb at elevated temperatures leading to a decrease in inhibition  efficiency35,36. A glance at these results 
reveals that by increasing the temperature, the inhibition efficiency of GSE on mild steel was increased, indicating 
chemisorption of GSE on MS surface.

Potentiodynamic polarization. The corrosion inhibition mechanism of MS dipped for 3 h in hydrochloric acid 
solution at 0–300 ppm of GSE was assessed by the polarization technique. Figure 5 shows fitted polarization 
curves of MS immersed for 3 h in the GSE-containing solution. Wagner-Traud equation (Eq. 4) was used to fit 
the curves and extract the electrochemical  parameters37.

(2)η(%) = (1− Rct/Rct.i)× 100

(3)θ(%) = 100×

(

1−
Cdl.i

Cdl

)

Figure 3.  The equivalent electrical circuit employed for fitting EIS data shown in Fig. 2.

Table 2.  The electrochemical parameters extracted from EIS data of MS specimens dipped for 3 h in 
hydrochloric acid solution at different concentrations of GSE at 25 °C.

CPE

Rct (Ω  cm2) Y0 (Ω−1  cm−2sn) N Cdl (F  cm−2)

0 ppm 41.2 1.02 ×  10–4 0.92 5.84 ×  10–5

100 ppm 243.9 4.56 ×  10–5 0.93 2.68 ×  10–5

200 ppm 392.4 3.56 ×  10–5 0.92 1.8 ×  10–5

300 ppm 510.4 5.22 ×  10–5 0.83 1.23 ×  10–5
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where the corrosion potential, corrosion current density, cathodic, and anodic Tafel slopes were respectively 
represented by Ecorr, icorr, βc, and βa. The inhibition efficiency of the GSE was computed using Eq. (5)2.

where i◦corr icorr and icorr respectively represent corrosion current density in the absence and presence of GSE. All 
fitted parameters and calculate inhibition efficiency are depicted in Table 3. From this table, it can be discovered 
that the icorr diminished from 2260 μA/cm2 for the neat solution (0 ppm GSE) to 87.2 μA/cm2 for 300 ppm GSE 
 solution38. The Ecorr switches to more negative values by a rise in the GSE concentration. Depression in both 
cathodic and anodic branches is evident in Fig. 5a. The corrosion potential in the polarization diagrams shifted 
to zero potential to have a better comparison of the data at the same extent of polarization. The results are given 
in Fig. 5b. Considering that both anodic and cathodic branches were depressed in the presence of GSE, it can be 
deduced that this extract mainly acts as a mixed-type  inhibitor32.

(4)i = icorr

[

exp

(

E − Ecorr

βa

)

−

(

Ecorr − E

βc

)]

(5)η = (1− icorr/i
◦

corr) ∗ 100

Figure 4.  Surface coverage (θ%) and inhibition efficiency (η%) acquired from EIS data of MS specimens dipped 
for 3 h in hydrochloric acid solution at different concentrations of GSE at 25 °C.

Figure 5.  Polarization plot of the MS specimens dipped in HCl solution containing different concentrations of 
GSE at 25 °C: as recorded (a) and shifted to Ecorr = 0 V (b). Pale-colored curves are fitting curves according to the 
Wagner–Traud equation.
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Noise measurement. The GSE inhibitory effectiveness was also assessed by EN (electrochemical noise) analysis. 
Figure 6 shows the UWT (undecimated wavelet transform) spectrum of ECN (electrochemical current noise) 
signals within a span of 1800s, excluding the smooth signals, of the samples dipped for 3 h in 1 M HCl solution 
in the presence and absence of GSE. The primary ECN signal is shown behind the spectrum with the relative 
amplitude. From Fig. 6, it is clear that the low-frequency signals in the UWT spectrum of the neat specimen 
(containing no inhibitor) have higher relative intensities than those in the GSE sample. In Fig. 7, the relative 
energy distribution of each detail crystal for both specimens is depicted to better assess the contribution of 
low- and high-frequency transients in the measured ECN. Looking at Fig. 7, the corrosion mechanism for both 
samples is non-localized general corrosion. However, the relative energy contribution of detail crystals d1–d4 of 
the GSE sample is more significant than that of the blank specimens meaning that an adsorbed layer of GSE has 
been formed on the MS surface and the corrosion occurred on the uncovered areas of the adsorbed layer. The 
total energy of detail crystals (ET) was measured as per Eq. (6)6,39.

(6)ET =

∑8

j=1

∑n

k=1
d2j.k

Table 3.  Electrochemical data obtained from polarization measurements of the MS specimens dipped in HCl 
solution containing different concentrations of GSE at 25 °C.

Ecor (mV) icor (μA/cm2) βa (mV/dec) − βc (mV/dec) η (%)

0 ppm − 389 2260 48 51 –

100 ppm − 500 324 30 47 85

200 ppm − 547 92.5 27 44 95

300 ppm − 583 87.2 130 52 96

Figure 6.  The ECN signals of MS dipped for 3 h in the acid solution containing (a) 0 ppm, and (b) 300 ppm of 
GSE.

Figure 7.  Energy distribution of d-crystals of current noise signals for the MS specimens in the presence and 
absence of GSE.
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The ET values were 4.52, 0.21  pA2 for blank and GSE samples, respectively. The lower ET was acquired for the 
GSE sample in comparison with the neat one, revealing the lower ECN signal energy in the presence of GSE and, 
consequently, the inhibitory effect of GSE.

Surface analysis. SEM–EDS. The specimens’ surface film composition subjected to the test conditions 
for 3 h is provided in Fig. 8. An increment in GSE concentration resulted in a decrement in the percentage of O, 
revealing a decline in the extent of corrosion. Furthermore, as shown in Fig. 9, an increase in GSE concentra-
tion resulted in the establishment of a smoother surface with fewer cracks, indicating less corrosion damage and 
improved surface film  integrity25,40. The SEM–EDS results are consistent with the electrochemical test results, in 
which an increase in the GSE concentration resulted in a reduction in the reaction area, a phenomenon known 
as the blanketing effect of corrosion inhibitors on the metal  surface41.

AFM. According to 3D AFM images provided in Fig. 10, by increasing the concentration of GSE, the surface 
roughness has been decreased, which is in good accordance with SEM results where a smoother surface was 
detected at higher concentrations of GSE. A list of the acquired roughness parameters is shown in Table  4. 
According to this table, the average height distribution (Sa) of the blank sample was 95.3 nm, which was reduced 
to 72.2, 56.1, and 42.8 nm in the presence of 100, 200, and 300 ppm of GSE, respectively. It has been reported 
that corrosion inhibitors can reduce the surface  roughness30,31, which is in good agreement with the outcomes 
of this work.

Contact angle. Figure 11 shows the contact angle of water droplets on MS substrate exposed to the test solu-
tions for 3 h. The contact angle of samples showed an increase with an increase in the GSE concentration, reach-
ing the highest at 300 ppm, which was about 83°. The contact angle results indicated that GSE led to an increase 
in MS surface hydrophobicity, which can be connected to the less oxygen content of the surface layer due to the 
lower corrosion rate in the presence of  GSE32,37, which was proved by EDS analysis.

FTIR. FTIR spectrum test of MS immersed for 3 h in the acid solution in the presence and absence of 300 ppm 
of GSE are provided in Fig. 12. Also, a complex between  Fe3+ and GSE was fabricated to assess the chemical 
composition of mild steel after exposure to the GSE solution. To this end, a mixture of GSE and  FeCl3 solution 
at 1:1 weight ratio was prepared in distilled water. The mixture was centrifuged to obtain the settled residue. 
Finally, the precipitated solid was dried (4 h at 70 °C) and denoted as GSE-Fe. Stretching vibration of hydroxyl 
groups appeared at 3240–3440   cm−1 for all  samples42,43. The C–H asymmetric stretching vibration occurred 
at 2920  cm−142,44.  H2O bending vibration for all samples appeared at around 1620 and 1700  cm−1, overlapping 
C=C and C=O stretching vibrations for GSE and GSE-Fe45,46. The absorption peaks that occurred at 1100, 1240, 

Figure 8.  Energy dispersive X-ray (EDX) after exposure to (a) 0; (b) 100, (c) 200, and 300 (d) ppm GSE.
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and 1440  cm−1 are ascribed to C–O stretching vibration, O–H, and C–H bending vibrations,  respectively44,47,48. 
Absorption peaks relevant to Fe–O in bending modes appeared below 1000  cm−145,46. As seen in Fig. 12, in the 
presence of GSE as that observed in the GSE-Fe complex, the peak has been shifted to higher wavenumbers 
confirming the chemical bonding of GSE with the metal surface.

Raman. Figure 13 represents the Raman spectra of MS samples exposed for 3 h to the acid solution with and 
without 300 ppm of GSE. Similar to the FTIR section of the MS, the Raman spectrum after exposure to the GSE 
solution was compared to that obtained from the GSE-Fe complex. The peaks related to C=O and C=C func-
tions’ stretching vibrations appeared at 1315 and 1534  cm−1 attributed to the aromatic rings of GSE  structure48, 
which confirmed the adsorption of GSE on the metal surface. The Raman shift observed at 739   cm−1 for the 
blank sample, attributed to Fe–O bond, was shifted to 678  cm−1 in the presence of GSE. This peak’s shift was 
evident for GSE-Fe (at 618  cm−1), which confirmed the chemical bonding of GSE and MS surface. The Raman 
results confirmed the FTIR results indicating the chemisorption of GSE on the MS surface.

XPS. The surface analysis of the MS specimens exposed to the GSE solution was also assessed by XPS. Fig-
ure 14 depicts the C 1s and O 1s high-resolution spectra along with the survey spectrum of mild steel exposed 
to GSE solution. The survey spectrum (Fig. 14a) indicated the existence of oxygen, carbon, and iron as the main 
elements. The high resolution C 1s spectra (Fig. 14b) revealed the peaks at 282.3, 285, 285.5, 286.8, and 288.2 eV 
attributed to the C=C, C–C, C–OH, C–O–C, and OC=O groups,  respectively49–51. Figure 14c revealed the peaks 
at binding energies of 530.8 and 531.6 eV respectively attributed to Fe–OC and Fe–OH bonds on the MS surface, 
indicating GSE-Fe chemical  bonding52. In addition, the binding energies at 532.5 and 533.7 eV were respectively 
connected to C–OH and C–O bonds of the GSE components. The XPS results confirmed the FTIR and Raman 
results indicating the chemisorption of GSE on the MS surface.

Interaction of GSE with  Fe3+ cations. The possible interaction of GSE with steel surface was scrutinized 
by UV–Vis analysis in the solution phase between GSE and  Fe3+ cations. The UV curves are presented in Fig. 15. 
Looking at this figure, an absorbance peak appeared in 218 and 278 nm regions for GSE solution indicating the 
existence of π–π* and n–π* transition, respectively, for C=C and C=O organic  groups22,32.  FeCl3 solution showed 
absorption peaks at 224 and 340 nm related to the d-d intra-orbital transitions in ferric cation  curves53,54. In the 
presence of  Fe3+ cations (GSE-Fe), the adsorption bands shifted to 224 nm, indicating the occurrence of  LMCT1 

Figure 9.  SEM images of MS samples after exposure to (a) 0; (b) 100, (c) 200, and 300 (d) ppm GSE.
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Figure 10.  2D and 3D images of AFM from MS immersed for 3 h in the acid solution containing 0 ppm (a), 
100 ppm (b), 200 ppm (c), and 300 ppm (d) GSE.
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(the intramolecular transfer of electrons from a ligand to an organic compound which is called Ligand-to-Metal 
Charge Transfer)54–57. Besides, a shoulder formed at 265 nm for the GSE-Fe solution, which broadened the π–π* 
transition and indicated the complex formation  (LMCT2). A scheme showing the interaction of GSE and  Fe3+ 
cations is provided in Fig. 16. The photo illustrates the coordinated complex between the cation’s empty d-orbital 
with pair of non-bonding electrons on the oxygen atoms in hydroxyl groups. This complex has low solubility, 
as depicted in Fig. 17. Such complex can be easily formed on the mild steel surface upon exposure to GSE solu-
tion. The UV–Vis results showing the chemical bonding of GSE and  Fe3+ cations confirmed the surface char-
acterization results based on FTIR, Raman, and XPS, indicating the chemisorption of GSE on the MS surface. 

Table 4.  Surface roughness parameters from AFM images from MS after 3 h dipping in the acid solution at 
different GSE concentrations.

0 ppm 100 ppm 200 ppm 300 ppm

Sy (nm) 773 685 645 494

Sz (nm) 720 647 522 382

Sa (nm) 95.3 72.2 56.1 42.8

Figure 11.  Water droplet contact angle for MS subjected to different concentrations of GSE solutions.

Figure 12.  FTIR spectrum of MS immersed for 3 h in the test solution with and without GSE; the GSE-Fe 
complex is provided as a reference spectrum.
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Figure 13.  Raman spectroscopy of MS specimens dipped for 3 h in the acid solution with and without 300 ppm 
of GSE; the GSE-Fe complex is provided as a reference spectrum.

Figure 14.  XPS survey spectrum (a) along with C 1s (b) and O 1s (c) high-resolution spectra for MS exposed to 
the GSE solution for 3 h.
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Furthermore, according to the result of EIS and SEM–EDS, it is clear that the chemisorption of the inhibitor led 
to the formation of a film of GSE on the metal surface, restricting available reaction areas, know as blanketing 
 effect41,58,59.

Economic study of grape seed extract. Research is ongoing to achieve environmentally friendly and 
cost-effective inhibitors. Grapes are one of the most popular fruits in the world, and they are primarily used to 
make wine and fruit juices. Obviously, the resulting waste contains grape skin and seeds. The grape seed was 
commonly used in the oil industry, but its use increased in the pharmaceutical industries due to antioxidants’ 
presence in its composition. The use of grape seed as a by-product of the alcohol and wine industry makes it 
very cheap.

In general, grape waste produced in the wine industry is 20%. Due to its high volume as a by-product and 
valuable substances such as flavonoids, their use as green inhibitors in the corrosion industry is more reasonable 
than other green inhibitors. Table 5 provides a comparison between green inhibitors in acidic media with grape 
seed extract. As we studied in this article, grape seed extract’s inhibition efficiency at only 300 ppm reaches 92% 
in an acidic environment, which is exceptional. In fact, most reports have reached a high percentage of inhibition 

Figure 15.  UV–Vis for GSE, metal cations  (FeCl3), and GSE complex with metal cations (GSE-Fe).

Figure 16.  Schematic of complex formation of Fe cation and GSE.
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by using a high concentration of inhibitors. Therefore, grape seed extract is a cost-effective corrosion inhibitor 
for acid  inhibition6.

Conclusion

1. GSE was employed as an effective corrosion inhibitor for mild steel in acidic solution. The extract has het-
eroatoms that can interact with the iron cations on the mild steel surface. FTIR, Raman, and XPS indicated 
that GSE chemically adsorbs on the MS surface. The formation of a complex between GSE and  Fe3+ cations 
was also confirmed by UV–Vis spectroscopy.

2. Increasing the inhibitory concentration and reducing charge transfer confirmed the adsorption of the GSE 
on the mild steel surface. The maximum inhibition efficiency (η %) in the presence of 300 ppm inhibitor was 
about 92%. Increasing the temperature revealed an increasing trend in the inhibition efficiency indicating 
chemisorption of inhibitive species of GSE, which was in accordance with the surface analysis and UV–Vis 
results.

3. Investigation of surface morphology with and without GSE indicated that corrosion products and surface 
roughness decreased with increasing inhibitor concentration, indicating improvement in the integrity of the 
surface film in the presence of GSE.

Received: 8 May 2021; Accepted: 25 August 2021

Figure 17.  Stability of samples taken from HCl solution and complexes at different interval times.

Table 5.  Comparison of the price and inhibition efficiency of the plant extracts in hydrochloric acid solution.

Sort of corrosion inhibitor Concentration (ppm) Cost in 1 kg ($) Max corrosion inhibition (EI %) Metal References

Grape seed extract (GSE) 300 30 92 Mild steel –

Tabernaemontana divaricata 500 229 89.4 Steel Rose et al.60

Morus alba pendula leaves (MAPLE) 4000 129 93 Carbon steel Jokar et al.61

Clove seed 800 35 93 Mild steel Ali Dehghani et al.12

Ginkgo seed 2000 120 90 X70 steel Qiang et al.62

Urtica dioica leaves 800 168 92 Mild steel Ramezanzadeh et al.63

Thymus vulgoris 200 70 62.15 Stainless steel 304 Ehsani et al.8

Punica granatum 1000 40 88 Mild steel Behpour et al.64

Glycyrrhiza glabra leaves 800 40 88 Mild steel Eiman Alibakhshi et al.40
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