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Abstract 
The high toxicity of industrial metal corrosion inhibitors raises various environmental 
and health problems. Thus, the study of metals and alloys corrosion inhibition, in acidic 
media, by eco-compatible organic compounds, has become a very attractive research 
field. In this paper, garlic (Allium Sativum) extract inhibition efficiency (IE) against 
API X60  carbon steel (CS) and 316L stainless steel (SS) corrosion, in a 1 M sulphuric 
acid (H2SO4) solution, has been investigated using electrochemical techniques, 
including potentiodynamic polarization (PPD) and electrochemical impedance 
spectroscopy (EIS). The experimental results showed the remarkable corrosion 
inhibitive performance of garlic extract (GE). The corrosion IE, which depends on the 
inhibitor concentration, increased up to 90%, for SS, and 67% for CS, as shown from 
the PPD tests. EIS analysis showed that the corrosion resistance (CRST) was increased 
in the medium with GE, indicating the properties improvement of the passive films 
formed on the steels surfaces.  
 
Keywords: corrosion, steel, H2SO4, green inhibitor and GE. 
 
 
Introduction 
Metals corrosion phenomena are responsible for numerous losses, mainly in the 
industrial field. Corrosion prevention processes include several measures, such as 
cathodic protection, surface treatments, or the control of aggressive environments 
by inhibitors, of which desired performances are assessed in terms of metallic 
and environmental protection.  
Due to the high toxicity of industrial corrosion inhibitors, such as chromate, 
phosphate and some organic compounds, which are related to various 
environmental and health problems, their use has been restricted. This is the main 
reason why many studies have been made to develop the so-called green 
inhibitors, from plant extracts, essential oils and purified compounds [1-3]. Some 
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works report that plants have a complex composition and various organic and 
inorganic compounds that can inhibit steel corrosion [4-6].  
The organic compounds include phenols, alcohols, ketones, steroids, saponins, 
aldehydes, proteins, etc. [7-9]. They form a protective hydrophobic film through 
the chemisorbtion mechanism of molecules onto the metal surface, which 
provides a barrier against its dissolution in the electrolyte [10, 11]. This 
phenomenon is due to the presence of polar functional groups with oxygen, 
nitrogen or sulphur atoms, heterocyclic compounds and pi-electrons, which are 
the reaction centre for the onset of the adsorption process, by transferring 
electrons to the metal, and forming a covalent coordinate bond [1, 12].  
Garlic is known as one of the richest plants, since it contains  high concentrations 
of organic sulphur (S) compounds, such as allin, allicin, ajoene, allylpropyl, 
diallyl, trisulphide, sallylcysteine and vinyldithiines. Furthermore, it contains 
amino acids and their glycosides, several minerals, such as selenium (Se), zinc 
(Zn), iron (Fe) and magnesium (Mg), and enzymes, such as allinase, peroxidase 
and myrosinase [13-15]. The composition of one garlic species may vary 
according to geographical location, climatic conditions, harvest period, the part 
of the plant, etc.  
Allicin, the major garlic compound, has revealed antibacterial, antiviral and 
antiparasitic effects [16, 17]. It has been claimed that it can help to prevent 
cancer risk and platelet aggregation, reduce cholesterol and triglyceride levels, 
and decrease blood pressure [17, 18].  The use of Allicin as a corrosion inhibitor 
has been tested for aluminum in acidic [13] and basic [20] media.  
Barreto et al. [21] reported that the peeled GE has effectively inhibited 1020 CS 
corrosion in 0.5 M H2SO4. These results become even more relevant for 
industrial applications, once they have been generalized on other steels and 
environments.  
H2SO4 is one of the most widely used inorganic acids for metallic pickling and 
descaling in industrial processes, as well as in the leaching of many metals from 
their ores. However, it is highly corrosive for metals and their alloys, especially 
for CS, which is widely used as an engineering material [19].   
Contrary to this class of steel, the presence of a minimum of 10.5% chromium in 
316L SS gives it the CRST property. 316L is the common austenitic grade that 
has a wide range of medical, food and industrial uses. Generalized corrosion 
occurs when 316L is in contact with an acidic medium, and localized corrosion 
mostly takes place when it is in a neutral chloride environment.   
The aim of the present work was to study an eco-compatible corrosion 
inhibitor obtained from natural and available raw materials. The effect of GE, 
at different concentrations, on the behaviour of API X60 carbon and 316L SS 
in a 1 M H2SO4 solution, has been studied by means of different 
electrochemical techniques, such as PPD and EIS.  
 
Materials and methods 
Material and solutions preparation 
API X60 and 316L steels have been used throughout the experiments. Their 
chemical compositions are illustrated in Table 1. 
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Table 1. Chemical composition of API X60 and 316 L steels. 

Elements in wt% C Mn Si S P Cr Mo Ni 
API X60 0.57-0.65 0.4-0.7 0.15-0.35 0.035 0.035 / / / 

316L ≤ 0.03 ≤ 2 ≤ 1 ≤0.01 ≤0.04 16.5-18.5 2-2.5 10-13 

 

The garlic material was obtained from a bulbous root of a local (Algerian) 
species. The freshly harvested plant was kept in the shade, in a dry and ventilated 
place. The garlic cloves were dried in the oven, at a temperature of 45 ºC. After 
that, they were ground to obtain the garlic powder, of which 20 g were added to 
100 mL of a hydro alcoholic mixture (30 mL of methanol + 70 mL of distilled 
water) [22]. 
In order to optimize flavour transfer, the mixture was subjected to continuous 
agitation, using a magnetic stirrer, at a temperature of 45 ºC, until the garlic 
powder was completely impregnated in it (approx. 2 h), and then left at room 
temperature, for 24 h, to allow the isolation of the maximum active products, and 
to preserve their possible synergy. The obtained liquid (solute) was filtered, to 
remove the insoluble residues.  
An evaporation phase, by means of a slight heating, was performed, to totally or 
partially remove the solvent. The obtained form, of which active principles are 
very concentrated, was stored at 4 ºC. The unimolar H2SO4 was prepared by 
dilution of an analytical grade of H2SO4 (98%) with distilled water, and used as 
the corrosive test environment.   
All experiments have been carried out without and with 20, 50, 100, 150 and 
200 mg L-1 of GE concentrations. The solution tests were prepared before each 
experiment. 
 
PPD 
PPD measurements were carried out at approx. 24 ºC ambient temperature, in a 
conventional three-electrode cell. A saturated calomel electrode (SCE) and 
platinum electrode were used as reference and auxiliary electrodes, respectively. 
The working electrode (WE) was a conductor wire soldered with a steel coupon 
of 0.32 cm2.  
The isolation was obtained with an epoxy resin. Before each measurement, the 
surfaces were mechanically polished under water, with emery papers from 400 to 
1200 mesh, then degreased in acetone, and rinsed with distilled water. 
Experiments were conducted by a Voltalab Radiometer Analytical set based on a 
PGZ 301 potentiostat, and controlled by Volta Master 4 acquisition software.  
The PPD was carried out in the cathodic-anodic direction, from -0.25 to 2 V/Ecorr 

(corrosion potential), at the scan rate of 1 mV s-1, after a stabilization period of 
the abandoning potential (30 min). Corrosion current densities (icorr) were 
obtained from the PPD curves by linear extrapolation of the Tafel curves. The 
IE% was calculated using the icorr values, according to the following equation: 
 
 𝐼𝐸(%) = ቀ

௜೎೚ೝೝ
∗

 ି௜೎೚ೝೝ

௜೎೚ೝೝ
∗ ቁ × 100                   (1) 

 
where icorr and i*corr are the corrosion rates with and without GE, respectively. 
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EIS 
EIS has been performed with the same equipment used for the linear polarization. 
Measurements were made around the equilibrium potential, using a sinusoidal 
signal, with an amplitude of 10 mV. The frequency was varied from 100 kHz to 
10 mHz. The impedance diagrams are given in the Nyquist and Bode 
representations. Experiments were repeated three times, to ensure the 
reproducibility. 
 
Results and discussion   
316L SS PPD 
Fig. 1 shows the cathodic and anodic polarization curves obtained for SS in a 1 
M H2SO4 solution with and without GE.  
PPD curves show that the solution with different GE concentrations displayed a 
decrease in the anodic and cathodic current densities (CD), and an Ecorr towards 
more anodic values (˃ 85 mV) than those of  uninhibited H2SO4, which reveals 
that the extract primarily acted as an anodic inhibitor [23, 24]. 
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Figure 1. PPD curves for 316L SS in 1 M H2SO4 with different GE concentrations. 

 
The cathodic curves are characterized by straight lines, according to Tafel linear 
law, whatever the GE concentration in the solution, which confirms that the 
inhibitor did not modify the proton discharge mechanism. The anodic branches 
of the PPD curves show the active-passive and passive-transpassive transitions in 
the uninhibited solution. In inhibited H2SO4, the current did not decrease, but 
there was a window of potential within which it slightly increased, displaying a 
pseudo-passive behaviour. According to Gonzalo et al. [25], this is obtained 
when the system is only partially passivated, or when the protective layer does 
not cover the entire surface. Indeed, the anodic PPD curves shape is strong 
related to the formation kinetics of the protective layer. Compared with the 
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anodic curve obtained without inhibitor, the transpassivation corresponding to a 
sharp increase in the current is obtained at much higher potentials, which 
indicates that the passive layer is more resistant. From such behaviour, it is 
difficult to unambiguously define the critical current (icc) and passivation 
potential (Epp) values. The electrochemical parameters obtained from PPD 
curves, such as SS icorr, Ecorr and rupture potential (Erup), as well as the GE IE%, 
at different concentrations, are given in Table 2.  
 
Table 2. Electrochemical parameters for 316L SS in 1 M H2SO4, without and with GE, 
at different concentrations. 

GE concentration  
(mg L-1) 

icorr 

(µA/cm2) 
Erup 

(V) 
Ecorr 

(mV) 
IE 

(%) 
- 91.51 0 ,98 -263 - 

20 3.72 2.01 -47 95,93 
50 2.08 2,15 -28 97.72 

100 5.60 1.95 -98 93.88 
150 2.90 1,95 -29 96.83 
200 3.69 1.85 -92 95.96 

 

These parameters reveal a significant difference in SS corrosion rate (CR) values 
in H2SO4 with and without inhibitor. In the solution without GE, the CD was 
about 91.5 μA/cm2. CDs decreased in H2SO4 with GE, at different 
concentrations, particularly when they were equal to 50 mg/L-1. As a result, the 
IE was significantly increased, reaching a maximum value of 97.72%, at that 
concentration. GE corrosion inhibition compounds tend to slow down the charge 
transfer reaction (CTR) through interaction with the steel surface, and/or 
adsorption onto it.  
To explain the inhibition mechanism, we have adopted one of two approaches: 
(1) the chemical (chemisorption) or physical (physisorption) approach that results 
from the interaction of the inhibitor polar centres with the metal active sites, 
which leads to the organic molecules adsorption onto the steel surface, with the 
formation of a protective layer; and (2) the formation of metal complexes when 
the inhibitors molecules react with the potential corrosion products in the media.  
Theoretical calculations in a previous study by Rodriguez-Clemente et al. [26], 
on CS inhibition by allicin, showed the formation of donor-accepter surface 
complexes between π-electrons, O and S atoms of the inhibitor molecules and the 
Fe unoccupied orbital ([Fe-Inh]ads

2+). The adsorption of these complexes usually 
involves the replacement of water molecules absorbed onto the metal surface. As 
the concentration of the inhibitor increases, a compact complex with the metal 
ions is formed, so that the resulting adsorbed intermediate will be unreadily 
soluble in the acidic medium, which subsequently protects the metal from 
oxidation. With an increase in the inhibitor concentration greater than 50 mg/L-1, 
more inhibitor molecules are available on the metal surface, and the [Fe-Inh]2+ 
complex is desorbed from it, which removes its protection [26, 27].  
 
XC60 CS linear polarization   
When examining the overall PPD curves shown by Fig. 2, one notes that the GE 
addition, at different concentrations, to the 1 M H2SO4 solution, has not, in 
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general,  a significant effect on the overall curves shape, as only a slight increase 
in the passivation potential occurs. The electrochemical parameters deduced from 
these curves are represented in Table 3.   
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Figure 2. PPD curves for API X60 CS in 1 M H2SO4, at various GE concentrations. 

 
Table 3. Electrochemical parameters for API X60 CS in 1 M H2SO4, at different GE 
concentrations. 

GE concentration  
(mg L-1) 

icorr 

(µA/cm2) 
Erup 

(V/SCE) 
Ecorr 

(mV/SCE) 
IE 

(%) 
- 418.9 1.62 -452.0 - 

20 141.5 1.65 -461.5 66.22 
50 136.4 1.65 -457.0 67.43 

100 195.3 1.66 -458.0 53.37 
150 121.4 1.64 -422.0 71.01 
200 210.2 1.64 -439.0 49.82 

 

The Ecorr slightly fluctuated between lower and higher values, for higher and 
lower GE concentrations, respectively, without exceeding 85 mV, which 
suggests that it acted as a cathodic and anodic inhibitor [23, 24]. 
It can be seen, from PPD curves in Fig. 2, that the passivation stage kept 
practically the same passivation current value (ipass) and Erup. Moreover, with GE, 
the CS icorr gradually decreased from 418.9 mA/cm2 to 121.4 mA/cm2, at the 
inhibitor concentration of 150 mg/L-1, at which its CR was substantially lowered, 
thus giving the highest IE of 71.01% (Table 3). 
The IEs were found to decrease as GE concentrations were increased from to 
49.82% to 71.01%. This behaviour can suggest a probable desorption of the GE 
layer from the CS surface. It is not easy to explain this behaviour, since the 
inhibitor effect and layer stability are directly related to its middle constitution, as 
well as to its acting mechanisms. Generally, the inhibition mechanism can be a 
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competition between chemisorption onto the metal and a combination between 
inhibitor ions and the metallic surface [28, 29]. As it was previously mentioned, 
the adsorbed inhibitor molecule (Inhads) may then combine with generated Fe2+ 
ions to form metal-inhibitor ([Fe-Inh]ads

2+ complexes on the steel surface.  
 
EIS measurements for 316L SS 
Fig. 3 shows Nyquist impedance diagrams plotted at open circuit potential, for 
316L SS in 1 M H2SO4 with different GE concentrations. Impedance diagrams 
show a series of capacitive loops, indicating that CTR controlled SS corrosion. 
The semicircle shape did not change with GE addition, which means that the 
corrosion mechanism has not changed [26].   
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Figure 3. Nyquist plots of 316L SS in 1 M H2SO4 with different GE concentrations. 

 
In fact, GE enhanced the charge transfer resistance (Rtc) value in H2SO4. The 
capacitive loop diameter was larger than that of the uninhibited solution, and 
reached its maximum size with 50 mg L-1 of GE, starting to decrease at higher 
inhibitor concentrations. 
The bode magnitude plots (Fig. 4-a) show that SS total impedance magnitudes at 
the lowest frequencies increased with GE, which indicates a higher CRST, due to 
the formation of a protective film. From the respective bode phase angle plots 
(Fig. 4-b), one can distinguish two peaks maxima that confirm the presence of 
two overlapping capacitive loops, in the Nyquist plots for SS treated with GE. 
The peak at high frequencies is due to the organic layer formed on the metal 
surface [30, 31], which results from the precipitation of various species naturally 
present in GE, such as S, amino acids and other organic compounds. The peak 
corresponding to the low frequency range is attributed to the oxide film formed 
due to the CTR on SS. 
The Nyquist plot was expected to be a semicircle with its centre on the x-axis. 
However, the observed plots represent circle arcs with their centre located below 
the x-axis. These depressed semicircles can be explained by the heterogeneous 
nature of the SS surface or by the dispersion of some physical properties values 
of the system [31-33]. Consequently, the layer at the interface cannot be 
considered as an ideal capacitor, and the constant phase element (CPE) is often 
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used as a substitute for the latter. Therefore, the relevant impedance (ZCPE) is 
defined as: 
 
 𝑍஼௉ா+      =

ଵ

ொ(௝ఠ)೙
  (2) 

 
where Q is the CPE constant (-1/cm-2 sn). For n = 1, the CPE can be identified as 
the capacitance, and n is its exponent, such that 1 ≥ n ≥0.  
Since n <1, the capacitance can be calculated from the CPE parameters, and Rct is 
experimentally determined using the following equation [34]: 
 

 𝐶 =
(ொோ೎೟)

భ
೙

ோ೎೟
     (3) 
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Figure 4. (a) Bode magnitude plots and (b) Bode phase angle plots of 316L SS in 
1 M H2SO4 for different concentrations of GE. 
 

The electrical circuit used to describe 316L SS exposed to H2SO4 with GE, taking 
account of the contribution of each phenomenon, such as CTR and protective 
film formation, is represented in Fig. 5. 

 

 

 

 
 
 
 
Figure 5. Equivalent circuit diagram for 316L SS exposed to H2SO4 with various GE 
concentrations. 
 
where Re is the electrolyte solution resistance, Rct is the resistance associated 
with the CTR between the metal and the acidic medium, and Cdl is the non-ideal 
double layer capacitance, used in order to consider the interface roughness. R0 

(a) (b) 

Re 

R0 

Q0 
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and Q0 are the parameters used when a protective inhibitor film is formed at the 
metal/solution interface.  
The IE obtained from the Rtc is calculated by: 

 
 𝐼𝐸% = ቀ1 −

ோ೟೎
∗

ோ೟೎
ቁ × 100  (4) 

 
where R୲ୡ

∗    and Rtc are the transfer resistances with and without inhibitor, 
respectively. Impedance parameters obtained using the Z-view software are 
summarized in Table 4.  
 
Table 4. Fitting parameters of impedance spectra for 316L SS exposed to H2SO4 with 
and without GE. 

Concentration 
(mg L-1) 

Re 

(Ω cm-2) 
Cdl 

(Ω-1cm-sn).105 
n Rtc 

(Ω cm-2) 
Ceq 

(µF m-2) 
Ro 

(Ω cm-2) 
Co 

(nFcm-2) 
IE 

(%) 
blank 4.87 15.8 0.88 826.4 119 / / / 

20 199.8 0.56 0.71 5813 1.38 858.7 28.83 85.77 
50 155.3 0.56 0.63 8453 0.93 1529 26.31 90.22 

100 108.2 1.68 0.51 3967 1.12 684.9 29.29 79.16 
150 204.9 0.66 0.64 5763 1.05 1197 16.5 85.65 
200 216.2 0.80 0.63 5227 1.24 994.8 31.66 84.18 

 

The inhibited 316L SS sample shows higher Rtc values (8453 cm-2,  at 50  mg/L-1 GE) 
than the inhibited one (826.4 /cm-2). The above results may indicate that the inhibitor 
modified the 316L SS passive oxide film properties. The inhibited metal seems to 
have a quite high CRST, and, consequently, it obtains better corrosion protection (a 
probably more thick and compact layer) than the uninhibited one [35].  
The surface inhomogeneity coefficient (n) values decrease with higher GE 
concentrations, due to the inhibitor molecules adsorption onto the SS surface. 
Moreover, the capacitance value (Ceq) obtained for the inhibited sample (≈ 1 µF/cm-2) is 
lower than that for the uninhibited one (119 µF/cm-2). Generally, the decrease in Ceq 

may be related to the growing metal surface thickness due to the formation of a 
protective layer created by the inhibitor compounds adsorption onto SS [35, 36].  Also, 
the replacement of the adsorbed water molecules, at the surface metal, by the 
inhibitor, which has a lower dielectric constant, may be considered as another 
reason for the Ceq decrease [37].  
 
EIS measurements for API X60 CS 
Figs. 6 and 7 show Nyquist impedance and Bode diagrams of API X60 CS in 
1 M H2SO4 with GE, at different concentrations. As observed in Nyquist 
diagrams, one great capacitive semicircle can be observed over the whole 
frequency range.  
As illustrated by Fig. 7a, at a low frequency region, magnitude values 
corresponding to the Rtc increase, with GE. Consequently, GE has a beneficial 
influence on the CS CRST.  
The phase angle presents only one peak maximum (between 102 and 103 Hz), 
which leads to the use of a simple Randles circuit, for fitting the data, as shown 
by Fig. 8.  
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Figure 6. Nyquist plots of API X60 CS in 1 M H2SO4 at various GE concentrations. 
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Figure 7. (a) Bode magnitude plots and (b) Bode phase angle plots of API X60 CS in 
1 M H2SO4 at various GE concentrations. 

 

 

Figure 8. The equivalent circuit diagram for API X60 CS exposed to 1 M H2SO4 at 
various GE concentrations. 
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indicating a modification in the oxide film properties formed on the CS surface. 
This can be explained by the increase in the film thickness and/or compactness, 
which is related to the decrease in its permittivity. These results are in good 
agreement with those determined from the PPD curves. 
 
Table 5. Fitting parameters of impedance spectra for API X60 CS exposed to H2SO4 
with and without GE. 

Concentration
(mg L-1) 

Re 

(Ω cm-2) 
Cdl 

(Ω-1cm-2sn).105 
n Rtc 

(Ω cm-2) 
Ceq 

(µF m-2) 
IE 

(%) 
- 0.76 27 0.89 25.39 146.2 - 

20 0.77 14 0.93 39.93 94.8 36.41 
50 0.78 12 0.94 57.49 87.5 54.89 

100 0.78 23 0.93 29.92 158 15.14 
150 0.91 10 0.94 77.08 73.5 67.06 
200 2.24 16 0.93 39.99 109.5 36.50 

 

Conclusions 
The GE effect on API X60 CS and 316L SS corrosion, in a 1 M H2SO4 solution, 
was studied. A comparative analysis was carried out on the inhibited and 
uninhibited samples, using two electrochemical techniques. The results obtained 
from the PDP show that GE inhibited both anodic metal dissolution and cathodic 
hydrogen evolution, and corroborate the EIS results. It was shown that this 
inhibitor decreased CR and increased charge transfer and polarization resistances 
for both metals, as time elapsed until a certain period, after which the protective 
film started to desorb from the steel surfaces.  
Complex impedance plots exhibited one and two deformed capacitating semi-
circles for API X60 CS and 316L SS, respectively. In the first case, a circuit with 
a single time constant represented the interface. However, an equivalent circuit 
with two time constants indicated that the protective film (organic compounds) 
recovered the metal, in addition to the CTR occurring on the SS/solution 
interface.  
The IE increased significantly, exceeding 90% and 65%, for 316L SS and API 
X60 CS corrosion, respectively. This favourable behaviour can be related to the 
protective layer formed by several organic compounds existing in the garlic, 
which work as a barrier between the steels and H2SO4. Consequently, GE mainly 
acts as a good corrosion inhibitor for the studied steels and, eventually, as a 
promising green inhibitor for others systems. More investigations are still 
needed, to determine whether the action of the compounds is synergetic, or just 
the superimposition of the individual effect. 
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