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he corrosion inhibition of carbon
steel in hydrochloric acid solution by using ginger
roots extract

H. S. Gadow *a and M. M. Motaweab

The inhibitive effect and adsorption behavior of ginger roots extract (GRE) on the corrosion of carbon steel in

1.0MHCl solution at different temperatureswere investigated. Themethods usedwere electrochemical studies

(potentiodynamic polarization, electrochemical impedance spectroscopy, and electrochemical frequency

modulation), chemical methods (weight loss measurements), surface analysis (atomic force microscopy

[AFM]), and solution analysis (UV-visible spectrophotometric methods, such as Fourier transform infrared

[FT-IR]). The analysis of the results showed that the inhibition efficiency increased with increasing the

concentration of the inhibitor and decreased with temperature. The corrosion rate of carbon steel

decreased in the presence of GRE. The corrosion inhibition efficiency increased with GRE concentration to

attain 94% efficiency with 200 ppm at 25 �C. The thermodynamic activation parameters that govern the

process were deduced from the temperature dependence. Potentiodynamic polarization curves indicated

that the extract behaves as a mixed-type inhibitor. The extract was adsorbed on the carbon steel surface

following the Langmuir adsorption isotherm. The adsorption free energy of GRE on carbon steel revealed

a physical adsorption of GRE on the metal surface. The results from atomic force microscopy, Fourier

transform infrared and UV-visible spectrophotometry analyses support the above inferences.
1. Introduction

The study of carbon steel corrosion and its inhibition in
hydrochloric acid is very important in the eld of engineering
and in industries involving electrochemical process.1 As an
example, the rening of crude oil results in a variety of corrosive
conditions. Renery corrosion is generally caused by a strong
acid attacking the equipment surface. The other important
elds of application are acid pickling, industrial cleaning, acid
descaling, oil-well acid in oil recovery, and petrochemical
processes. Among the acid solutions, hydrochloric acid is one of
the most widely used agents. Acid corrosion inhibitors are
organic compounds containing oxygen and sulfur, and nitrogen
atoms containing multiple bonds in their molecules through
which they can adsorb on the metal surface. The use of inhib-
itors is one of the best methods of preventing metals against
corrosion, especially in acidic media.2–7 Inhibition of these
organic compounds is attributed to the interactions between
the carbon steel surface and the inhibitor molecules via their
adsorption. Efforts are now being directed toward the devel-
opment of safe inhibitor, and in this regard plant extracts have
become important as eco-friendly, readily available, econom-
ical, renewable sources of effective corrosion inhibitors.8–14
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This study aimed to investigate the inhibitory effect of ginger
roots extract (GRE) as a corrosion inhibitor for carbon steel in
1.0 M HCl. We used electrochemical and weight loss methods,
and surface and solution studies. Adsorption isotherms and
thermodynamic parameters were also calculated and are dis-
cussed herein.
2. Materials and methods
2.1 Materials

The chemical composition of the used carbon steel (weight%) was
0.08 Cr, 0.11 Mo, 0.22 W, 0.40 Mn, 0.06 Cu, and the rest Fe. First,
the samples were mechanically cut and prepared into ve strips,
each of dimensions, 20 � 20 � 1 mm. The exposed area of the
electrode was abraded using different grades of emery papers
(grades 320–1200), polished with Al2O3 (1 mm and then 0.3 mm
particle sizes), washed with tap water followed by distilled water,
degreased with acetone, dried, and nally stored in a desiccator.
The corrosivemedium (1.0MHCl) was prepared from a stock 5.0M
HCl solution by dilution with bi-distilled water from a concentrated
acid solution (37%, Merck). The concentration of the stock acid
solution was checked through a standard solution of Na2CO3.
2.2 Chemical composition of ginger roots extract

Ginger has been extensively studied and its chemical compo-
sition is well known. Using methanol for the solvent extraction,
This journal is © The Royal Society of Chemistry 2017
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the main constituents were found to be gingerol, zingiberene, a-
farnesene, b-bisabolene, shogaol, and b-sesquiphellandrene.15

2.3 Preparation of ginger roots extract

The GRE was obtained directly from the powder of the dried
roots. The GRE was soaked in methanol and le standing for 7
days. The solution was ltered, and distilled at 40 �C to remove
the methanol from the extracts, then concentrated to dryness.
Then, 1 g was taken from the extract and dissolved in 1000 mL
of water to give a concentration of 1000 ppm. The corrosive
medium was 1 M HCl solution. Different volumes from the
stock solution of GRE (1000 ppm) were taken to prepare
different concentrations by extraction with 1.0 M HCl.

2.4 Weight loss method

The corrosion rates of carbon steel were calculated by consid-
ering the total affected sample area and immersion time. The
test samples were weighed and immersed in 50 mL of 1.0 MHCl
in the absence and presence of varying concentrations of GRE
(50–200 ppm), taken in a beaker at temperatures of 25–55 �C,
with the temperature maintained in a thermostat water bath.
The carbon steel strips were weighed and suspended in the
beaker with the help of hooks. Each piece was taken out of the
test solution, rinsed, and dried according to the standard
method.16 The difference in weight for an exposed period of 30–
150 min was taken as the total weight loss. In order to get good
results, the experiments were carried out in triplicate. From the
average weight loss results, the corrosion rate, the percentage of
inhibition efficiency (%IE), and the degree of surface coverage
(q) were calculated using the following equations:17

Corrosion rate ¼ DW/At (1)

(%IE) ¼ q � 100 ¼ [(W1 � W2)/W1] � 100 (2)

where DW is the weight loss in mg, A is the area of the specimen
in cm2, t is the exposure time in min, and W2 and W1 are the
weight losses for the carbon steel sample in the presence and
absence of the inhibitor.

2.5 Electrochemical measurements

All the electrochemical measurements were carried out using
a conventional cell with three electrodes. The carbon steel was
used as a working electrode, the counter electrode was a Pt wire
electrode, and the reference electrode was a saturated calomel
electrode (SCE). As mentioned before, the working electrode
was rst polished and cleaned.

The electrochemical measurements were performed using
Gamry Instrument (PCI300/4) Potentiostat/Galvanostat/ZRA.
This includes a Gamry framework system based on the ESA
400. Gamry applications included DC105 soware for the
potentiodynamic polarization measurements, EIS300 soware
for the electrochemical impedance spectroscopy, and EFM 140
soware for the electrochemical frequency modulation
measurements along with a computer for collecting data.
Echem Analyst 6.03 soware was used for plotting, graphically
This journal is © The Royal Society of Chemistry 2017
displaying, and tting the data. Tafel polarization plots were
obtained using a scan rate of 1 mV s�1 in the potential range
from�700 to +700 mV with respect to the open circuit potential
(Eocp). Electrochemical impedance spectroscopy was studied at
corrosion potentials, Ecorr, over a frequency range of 105 Hz to
0.2 Hz with a signal amplitude perturbation of 5 mV.

The electrochemical frequency modulation technique was
performed by applying a potential perturbation signal with an
amplitude of 10 mV with two sine waves of 2 and 5 Hz. The
choice for the frequencies of 2 and 5 Hz was based on three
arguments.18

2.6 FT-IR analysis

FT-IR analysis was carried out to determine the functional
groups present in the GRE solution (200 ppm extract + 1.0 M
HCl) before and aer immersion of the carbon steel for 24 h. FT-
IR analysis was carried out using the FT/IR-4100 type A, Serial
Number B117761016.

2.7 UV-visible spectroscopy

The UV-visible absorption spectra of 1.0 M HCl solution con-
taining 200 ppm of GRE before and aer immersion of the
carbon steel for 24 h were studied.

2.8 AFM analysis

Atomic force microscopy (AFM) analysis is one of the major
analysis methods to study a surface, and was used here for the
further investigation of the formation of a protective lm on the
surface of the carbon steel. AFM was used to investigate the
topography image of the carbon steel surface in the absence and
presence of 200 ppm of GRE before and aer immersing the
carbon steel in for 24 h (Table 1).

3. Results and discussion
3.1 Weight loss measurements

The values of the corrosion rate were plotted against different
concentrations of the extract in 1.0 M HCl, and the results are
shown in Fig. 1. The corrosion rate of carbon steel decreased
when the concentration of the extract was increased, while the
magnitude of surface coverage and adsorption by the extracts
on carbon steel surface increased with the concentration of the
extract. From Fig. 2, it can be seen that the inhibition efficiency
increases with increasing the concentration of the extract.
Tables 2 and 3 show the experimental data for the weight loss
(DW), percentage of inhibition efficiency (%IE), corrosion rate
(C.R.), and the degree of surface coverage (q) for carbon steel in
1.0 M HCl in the absence and presence of various concentra-
tions of GRE at different temperatures.

3.2 Adsorption isotherms

Adsorption isotherm values are vital to explain the mechanism
of corrosion inhibition of organo-electrochemical reactions.
The adsorption mode is dependent on several factors, such as
the type of metal and the nature of its surface, the structure
RSC Adv., 2017, 7, 24576–24588 | 24577
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Table 1 Names, structural formulas, and molecular weights for of the investigated extract

Comp. Chemical structure Name
Molecular
weight %Composition

1
(5S)-5-Hydroxy-1-(4-hydroxy-3-methoxyphenyl)-
decan-3-one (Gingerol)

294.39 25

2
(5R)-5-[(1R)-1,5-Dimethylhex-4-en-1-yl]-
cyclohexa-1,3-diene (Zingiberene)

204.357 9

3
(4S)-1-Methyl-4-(5-methyl-1-methylenehex-4-en-1-yl)-
cyclohexene (b-Bisabolene)

204.357 4

4
(3E,6E)-3,7,11-trimethyldodeca-1,3,6,10-tetraene
(a-Farnesene)

204.357 11

5
(4E)-1-(4-Hydroxy-3-methoxyphenyl)dec-4-en-3-one
(Shogaol)

276.376 18

6
(3R)-3-[(1S)-1,5-Dimethylhex-4-en-1-yl]-
6-methylenecyclohexene (b-Sesquiphellandrene)

204.357 9
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molecules of the extract, the nature of the corrosion medium,
the temperature, and the electrochemical potential of the
metal–solution interface. The degree of surface coverage (q) of
the extract must be calculated to obtain the adsorption
Fig. 1 Corrosion rates of various concentrations of ginger roots
extract on carbon steel in 1.0 M HCl at 25–55 �C

24578 | RSC Adv., 2017, 7, 24576–24588
isotherm. A number of mathematical expressions have thus
been developed to take into consideration the non-ideal
effects.19–22 The most frequently used isotherm is the Lang-
muir isotherm. In Fig. 3, according to the Langmuir isotherm,
Fig. 2 Variation of the inhibition efficiency with the ginger roots
extracts concentration of carbon steel in 1.0 M HCl solution.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Data from weight loss of carbon steel in 1.0 M HCl for various concentrations of ginger roots extracts after 90 min, at 25 �C and 35 �C

Conc., ppm

25 �C 35 �C

DW, mg
cm�2 q %IE

C.R., mg
cm�2 min�1 DW, mg cm�2 q %IE

C.R., mg
cm�2 min�1

Blank 10.65 0.1180 22.265 0.2474
50 1.11 0.895 89.5 0.0120 00.037 0.848 84.8 0.0375
100 0.80 0.925 92.5 0.0088 00.076 0.899 89.9 0.0758
150 0.55 0.948 94.8 0.0060 00.065 0.928 92.8 0.0648
200 0.53 0.949 94.9 0.0059 00.055 0.940 94.0 0.0549

Table 3 Data of the weight loss of carbon steel in 1 M HCl for various concentrations of ginger roots extract after 90 min at 45 �C and 55 �C

Conc., ppm

45 �C 55 �C

DW, mg
cm�2 q %IE

C.R., mg
cm�2 min�1 DW, mg cm�2 q %IE

C.R., mg
cm�2 min�1

Blank 40.02 1.3340 56.56 0.6285
50 7.19 0.820 82.0 0.2397 25.37 0.551 55.1 0.2819
100 4.39 0.890 89.0 0.0488 10.51 0.586 58.6 0.1168
150 3.32 0.917 91.7 0.0369 9.90 0.610 61.0 0.1100
200 2.81 0.930 93.0 0.0312 20.99 0.6288 62.8 0.2332
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the degree of surface coverage (q) evaluated from the weight loss
method was related to the inhibitor concentration as:23

Cinh./q ¼ 1/Kads + Cinh. (3)

where Cinh. is the inhibitor concentration, q is the fraction of the
surface coverage, and Kads is the adsorption equilibrium
constant. From the intercepts and slopes of the straight lines of
the Langmuir isotherm curves, the values of the equilibrium
constant (Kads) were calculated, and the results are given in
Table 4. From the obtained data, it can be seen that the values of
Kads decrease with increasing temperature. This demonstrates
that the strength of adsorption decreases with the increasing
temperature and the inhibitor species are then more readily
removed from the carbon steel surface.24–26 Kads can be related to
the free energy of adsorption (DGads) by the following equation:

Kads ¼ 1/55.5 exp[�DG
�
ads]/RT (4)
Fig. 3 Langmuir isotherm for GRE adsorption on carbon steel in 1 M
HCl at different temperatures.

This journal is © The Royal Society of Chemistry 2017
The thermodynamic parameters for adsorption of the
investigated GRE on the carbon steel surface at various
temperatures were recorded and are listed in Table 4. From the
data in Table 4, it was found that the negative data for
DG

�
ads reect that the adsorption of the studied extract on

carbon steel in 1.0 M HCl solution was a spontaneous process.27

The obtained values of DG
�
ads (11.93–12.22 kJ) suggest that the

adsorption of the GRE on the carbon steel surface is mainly
through physical adsorption. The thermodynamic adsorption
parameters, such as the enthalpy of adsorption DH

�
ads and the

entropy of adsorption DS
�
ads, can be deduced from the inte-

grated version of the van't Hoff equation as expressed by28

ln Kads ¼ (�DH
�
ads/RT) + (DS

�
ads/R) + ln(1/55.5) (5)

The negative sign of DH
�
ads indicates that the adsorption of

GRE on carbon steel surface is an exothermic process. The
negative DS

�
ads values are accompanied with an exothermic

adsorption process. This agrees with the expected result,
whereby, when the adsorption is an exothermic process, it must
Table 4 Langmuir adsorption parameters for the adsorption of GRE
on the carbon steel surface in 1.0 M HCl

Temp.

Langmuir

log K Slope R2 �DG
�
ads Kj �DH

�
ads Kj �DS

�
ads jK

�1

25 �C 2.33 1.034 0.99998 12.05 53.42 57.51
35 �C 2.07 1.029 0.99763 12.15
45 �C 1.83 1.022 0.96635 12.22
55 �C 1.43 1.020 0.98579 11.93

RSC Adv., 2017, 7, 24576–24588 | 24579
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Table 5 Kinetics parameters for the Arrhenius equation and transition
state equation

Conc. ppm E*
a kJ mol�1

�DH*
kJ mol�1

�DS*
J mol�1 K�1

Blank 51.08 41.17 122.2
50 66.11 63.89 65.87
100 72.39 70.27 36.86
150 74.00 71.22 43.32
200 75.18 72.95 39.10
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be accompanied by a decrease in the entropy change and vice
versa (Fig. 4).29

3.3 Effect of temperature on the inhibition efficiency

From Tables 2 and 3, it can be seen that the data show that the
inhibition efficiency decreases with a rise in temperature. This
suggests that the GRE is adsorbed on the carbon steel surface
physically. Also the data in Tables 2 and 3 reveal that the weight
loss of carbon steel increases with increasing the temperature,
indicating that the rate of corrosion of metal increases with
increasing the temperature. The dependence of the rate of
corrosion (C.R.) on the temperature can be expressed by the
Arrhenius equation:

C.R. ¼ A exp(�E*
a/RT) (6)

where A is a pre-exponential factor and E*
a is the apparent acti-

vation energy for the corrosion process. The Arrhenius plots in
Fig. 5 show the corrosion of carbon steel in 1.0 M HCl solution
with and without different concentrations of GRE. The linear
regression (R2) is close to 1, which indicates that the corrosion
of carbon steel in 1.0 M acidic medium can be determined by
using the kinetics model. Table 5 gives the data for E*

a, which
indicates that E*

a increases in the presence of GRE more than in
its absence. Hence, from these data we can say that the mole-
cules of GRE are adsorbed on the carbon steel surface physi-
cally. The entropy and enthalpy of activation (DH* and DS*) of
Fig. 4 Log Kads vs. (1/T) curves for the corrosion of carbon steel in 1 M
HCl in the absence and presence of different concentrations of GRE.

Fig. 5 Arrhenius plots (log C.R. vs. 1/T) for carbon steel in 1.0 M HCl
without and with different concentrations of GRE.

24580 | RSC Adv., 2017, 7, 24576–24588
the corrosion process were calculated from the transition state
theory, as given from the following equation:

C.R. ¼ (RT/Nh)exp(DS*/R)exp(�DH*/RT) (7)

where h is Planck's constant and N is Avogadro's number. A plot
of log(C.R./T) vs. 1/T for carbon steel with different concentra-
tions of GRE gave straight lines, as shown in Fig. 6. Here, the
values of DH* were negative. This means that the activation
process is an exothermic corrosion process. The values of DS*
were also negative, but with an increase in the GRE concentra-
tion, DS* becomes less and less negative. This indicates that the
activated complex is less ordered in the presence of GRE. Table
5 reports the parameters (DH* and DS*) for the activation of
carbon steel corrosion without and with various concentrations
of GRE.

3.4 Open circuit potential measurements

The variation of the open circuit potential (OCP) of carbon steel
electrodes as a function of time was measured against a satu-
rated calomel electrode (SCE) in the absence and presence of
various concentrations of the GRE, as indicated in Fig. 7. It is
evident from the gure that the corrosion potential (Ecorr) of the
carbon steel electrode in 1.0 M HCl solution trends rst toward
more negative values, giving rise to a short step. In the presence
of (GRE) solutions, the open circuit potential values shied
towards more positive potentials during the immersion. This
can be explained by the adsorption of (GRE) on the carbon steel
Fig. 6 Plots of log C.R./T vs. 1000/T for carbon steel in 1.0 M HCl
without and with different concentrations of GRE.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Potential–time curves for carbon steel in 1.0 M HCl solution in
the absence and presence of different concentrations of GRE at 25 �C

Fig. 8 Anodic and cathodic polarization curves for carbon steel in
1.0 M HCl in the absence and presence of different concentrations of
GRE at 25 �C.
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surface. Aer that, the values tended to stabilize, demonstrating
that the adsorption and desorption of (GRE) molecules had
reached a dynamic balance.30,31 This suggests that the kinetics
of the anodic reaction of carbon steel in 1.0 M HCl solution was
affected more strongly in the presence of the GRE.
3.5 Potentiodynamic polarization

A Tafel plot is a technique for determining the corrosion rate
from the experimental polarization curves. The electrochemical
parameters, anodic Tafel constant (ba), cathodic Tafel constant
(bc), corrosion potential (Ecorr), corrosion current density (icorr),
and the corresponding inhibition efficiencies for the corrosion
of carbon steel in 1.0 M HCl solution without and with different
concentrations (50–200 ppm) of GRE at 25 �C are illustrated in
Table 6. Fig. 8 shows the anodic and cathodic potentiodynamic
polarization curves for the previous tests. The Tafel lines can be
seen to be shied to more negative andmore positive potentials
with respect to the blank curve when increasing the concen-
tration of the investigated extract. These observations indicate
that the GRE is a mixed-type inhibitor for the corrosion of
carbon steel in 1.0 M HCl.32,33 From Table 6 the values of Ecorr
can be seen to be slightly shied to more positive potentials
when increasing the concentration of GRE. These results
suggest that this extract acts as a mixed-type inhibitor that acts
predominately on the anodic dissolution of the metal.34 These
results demonstrate that an increase in extract concentration
leads to a decrease in the corrosion current density (Icorr), as
indicated in the potentiodynamic polarization curves, which
Table 6 Potentiodynamic polarization parameters for carbon steel corr
trations of GRE at 25 �C

Conc., ppm
�Ecorr, mV
vs. SCE RP, ohm icorr, mA cm�2 b

Blank 448 3.10 464.0 1
50 441 5.02 47.7 1
100 437 5.72 42.9 1
150 430 6.08 42.0
200 431 6.40 35.9

This journal is © The Royal Society of Chemistry 2017
can be explained by the adsorption of organic compounds, such
as heteroatoms, at the carbon steel surface. The Tafel slopes (ba
and bc) are approximately constant, indicating that the retar-
dation of the two reactions (cathodic hydrogen reduction and
anodic metal dissolution) were affected without changing the
dissolution mechanism.35–37 The degree of surface coverage (q)
and the inhibition efficiency (h) were calculated using eqn (8):

% h ¼ q � 100 ¼ [1 � (I/I�)] � 100 (8)

where I� and I are the current densities in the absence and
presence of the extract, respectively.
3.6 Electrochemical impedance spectroscopy

From the EIS technique, we can gain information on the resis-
tive and capacitive behavior at the interface and this made it
possible to evaluate the performance of the test compound as
a corrosion inhibitor.38–40 The interface of the metal surface and
aqueous electrolyte is a complex environment consisting of
a line of positive and negatively charged ions. Also it can
contains a coating or lm formation on surfaces, capacitance
due to an electrical double layer (Cdl), charge transfer resistance
(Rct), solution resistance (Rs),and various impedances due to the
diffusion of ions, the movement of charge in or away from the
metal surface, and from the adsorption of cations and anions.
Table 7 shows the data for the impedance of carbon steel in
1.0 M HCl without and with various concentrations of GRE.
osion in 1.0 M HCl in the absence and presence of different concen-

a, mV dec�1 �bc, mV dec�1 q %IE mpy

23.0 195.2 — — 212.1
06.8 198.5 0.897 89.7 21.81
13.5 195.6 0.908 90.8 19.6
91.1 198.1 0.910 91.0 19.21
94.7 187.1 0.923 92.3 16.41

RSC Adv., 2017, 7, 24576–24588 | 24581
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Table 7 EIS parameters for the corrosion of carbon steel in 1.0 M HCl in the absence and presence of different concentrations of GRE at 25 �C

Conc., ppm Rct, U cm�2 RS, U cm�2 Y0 � 106, ohm�1 Sn cm�2 n Cdl � 10�2, mF cm�2 q %IE

Blank 83.81 � 0.527 1.189 � 35.2 � 10�3 686.8 � 6.87 0.859 � 0.0049 2.840 — —
50 730.8 � 9.172 1.796 � 16.1 � 10�3 306.2 � 2.29 0.737 � 0.002 1.794 0.885 88.5
100 737.1 � 8.87 2.229 � 18.92 � 10�3 268.0 � 3.86 0.749 � 0.002 1.560 0.886 88.6
150 761.1 � 8.87 1.963 � 17.44 � 10�3 242.0 � 3.44 0.752.0 � 0.002 1.390 0.890 89.0
200 891.50 � 11.84 2.074 � 17.78 � 10�3 290 � 3.94 0.744 � 0.002 1.820 0.906 90.6
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Impedance diagrams (Nyquist and Bode plots) obtained for
carbon steel in the presence of various concentrations of GRE
are depicted in Fig. 10 and 11. The diameter of the semicircle
and hence charge transfer resistance Rct of the corrosion reac-
tion increase with the increasing extract concentration.41,42 This
was attributed to the high resistance shown by the adsorbed
extract components at the metal–solution interface.43 The
decrease in Cdl compared with that in the blank solution
(without different concentrations of the extract). This results
from a decrease in the local dielectric constant and/or an
increase in the thickness of the electrical double layer. This
happens when the extract molecules are adsorbed at the metal–
solution interface.44 The obtained impedance diagrams have an
almost semicircular appearance, indicating a charge transfer
process, which mainly controls the corrosion of carbon steel.45

The EIS data were simulated using the equivalent circuit shown
in Fig. 9. This circuit includes constant phase elements (CPEs)
in place of capacitors to represent various types of non-
Fig. 9 Equivalent circuit proposed to fit the EIS experimental data.

Fig. 10 Nyquist plots for the corrosion of carbon steel in 1.0 M HCl in
the absence and presence of different concentrations of GRE at 25 �C.

24582 | RSC Adv., 2017, 7, 24576–24588
homogeneities typical of corroding electrodes, such as surface
roughness, insufficient polishing, grain boundaries, and
surface impurities.46 The impedance of this element is
frequency dependent, and can be mathematically expressed
using two parameters: Yo and n, by:47

ZCPE ¼ Yo
�1(ju)n�1 (9)

where Yo is the magnitude of CPE, j2 ¼ �1 is an imaginary
number, and u is the sine wave modulation angular frequency
(u ¼ 2pf, where f is the ac frequency). In actual experimental
conditions, the values of n are between 0 and 1 due to the
inuence of different factors, such as the electrode roughness,
surface heterogeneity, and the dielectric constant.48 The double
layer capacitance, Cdl, was calculated from eqn (10):49

Cdl ¼ Y0u
n�1/sin[n(p/2)] (10)

The degree of surface coverage (q) and the inhibition effi-
ciency (% h) were calculated from the EIS data using eqn (11):

% h ¼ q � 100 ¼ [1 � (R
�
p/Rp)] � 100 (11)

where Rct and Rs are the charge transfer resistances with and
without the inhibitors, respectively. q and % h are also listed in
Table 7.

3.7 Electrochemical frequency modulation measurements

The electrochemical frequency modulation (EFM) technique
has many features, such as, it is a rapid test, directly gives values
Fig. 11 Bode plots for the corrosion of carbon steel in 1 M HCl in the
absence and presence of different concentrations of GRE at 25 �C.

This journal is © The Royal Society of Chemistry 2017
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of the corrosion current without a prior knowledge of Tafel
constants needed, and is a non-destructive technique.50 Like
EIS, it is a small signal ac technique. Unlike EIS, however, two
sine waves (at different frequencies) are applied to the cell
simultaneously. Because the current is a non-linear function of
potential excitation, the current response contains not only the
input frequencies, but also contains frequency components,
which are the sum, difference, and multiples of the two input
frequencies. The two frequencies may not be chosen at random.
They must both be small, integer multiples of a base frequency
that determines the length of the experiment. Table 8 shows the
corrosion kinetic parameters, such as inhibition efficiency,
corrosion current density (mA cm�2), Tafel constants (ba, bc),
and causality factors (CF-2, CF-3) at different concentrations of
extract in 1.0 MHCl at 25 �C. The inhibition efficiency, % IE and
the degree of surface coverage (q) of GRE were calculated using
eqn (12):

% IE ¼ q � 100 ¼ [1 � (icorr/i
�
corr)] � 100 (12)

where i
�
corr and icorr are the corrosion current density in the

absence and presence of GRE. From this table, the corrosion
current densities decreases and the inhibition efficiencies
increase when increasing the concentration of the extract. The
great strength of the EFM is the causality factor, which serves as
an internal check on the validity of the EFM measurement.51

The values of causality factors given in Table 8 indicate that the
measured data are of good quality. The standard values for CF-2
and CF-3 were 2.0 and 3.0, respectively. If the causality factors
differ signicantly from the theoretical values of 2.0 and 3.0,
then it can be deduced that the measurements are inuenced by
noise. Whereas, if the causality factors are approximately equal
to the predicted values of 2.0 and 3.0, it indicates that there is
a causal relationship between the perturbation signal and the
response signal. Then the data is assumed to be reliable.52

Fig. 12 shows the corresponding current response in the inter-
modulation spectrum.
3.8 Atomic force microscopy

Atomic force microscopy (AFM) or scanning force microscopy
(SFM) is a very high-resolution type of scanning probe micros-
copy, with demonstrated resolution in the order of fractions of
a nanometer, more than 1000 times better than the optical
diffraction limit.53,54 The morphology of the surface of carbon
steel aer immersion for 24 h in 1.0 MHCl solution without and
with 200 ppm of GRE was examined in the light of an atomic
Table 8 Electrochemical kinetic parameters obtained by EFM technique

Conc., ppm icorr, mA cm�2 ba, mV dec�1 �bc, mV de

Blank 585.5 94.37 137.2
50 48.46 109.1 201.6
100 42.45 96.57 185
150 36.59 100 175.8
200 36.26 89.04 160.2

This journal is © The Royal Society of Chemistry 2017
force microscope. The three-dimensional (3D) AFMmorphology
and the AFM cross-sectional prole for polished carbon steel
surface (reference sample), carbon steel surface immersed in
1.0 M HCl (blank sample), and the carbon steel surface
immersed in 1.0 M HCl containing 200 ppm GRE are shown in
Fig. 13–15. Table 9 is a summary of the Sq, Sa, and P–V values for
the carbon steel surface immersed in different environments.
Whereas, Sq is root-mean-square roughness (the average of the
measured height deviations taken within the evaluation length
and measured from the mean line), Sa is the average roughness
(the average deviation of all points' roughness prole from
a mean line over the evaluation length), and the P–V value is the
maximum peak-to-valley height values (largest single peak-to-
valley height in ve adjoining sampling heights). Fig. 13
displays the surface topography of the un-corroded metal
surface. The value of Sq, Sa, and the P–V height for the polished
carbon steel surface (reference sample) are 24.792, 20.628, and
137.07 nm, respectively. The slight roughness observed on the
polished carbon steel surface was due to atmospheric corrosion.
Fig. 14 displays the corroded metal surface in the absence of the
GRE immersed in 1.0 M HCl. The Sq, Sa, and P–V height values
for the carbon steel surface are 590.07, 497.92, and 3932 nm,
respectively. These data suggest that the carbon steel surface
immersed in 1.0 M HCl has a greater surface roughness than
the polished metal surface. Fig. 15 displays the steel surface
aer immersion in 1.0 M HCl containing 200 ppm of GRE. The
Sq, Sa, and P–V height values for the carbon steel surface are
558.25, 430.5, and 3592.7 nm, respectively. The Sq, Sa, and P–V
height values are considerably less in the inhibited environ-
ment compared to the uninhibited environment. These
parameters conrm that the surface is smoother. The smooth-
ness of the surface is due to the formation of a compact
protective lm of Fe2+–GRE complex on the metal surface;
thereby, inhibiting the corrosion of carbon steel.55,56
3.9 Analysis of the FT-IR spectra

To identify the functional groups present in GRE, we used FT-IR
analysis. The FT-IR spectra of the extract and the corrosion
products are presented in Fig. 16. The results obtained show
that corrosion inhibition takes place through an adsorption
process. The spectrum of the 200 ppm of GRE in 1.0 M HCl.
Fig. 16 shows that broad peaks appeared at 3396, 1628, 1422
and 2296 cm�1, which correspond to the O–H, C]O, C]C and
aliphatic C–H stretching vibration frequencies, respectively.
Thus, GRE was characterized by IR spectroscopy.57 There was
a shi in the spectra of the extract when carbon steel was
for metal in1 M HCl solutions with GRE at 25 �C

c�1 CF-2 CF-3 q %IE mpy

1.99 2.79 267.5
2.02 2.83 0.917 91.7 22.15
2.19 2.60 0.927 92.7 19.4
3.8 2.19 0.9375 93.75 16.72
1.78 2.40 0.938 93.8 16.57
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Fig. 12 Intermodulation spectra for steel in 1.0 M HCl in the absence
and presence of various concentrations of GRE in 1.0 M HCl at 25 �C.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
5:

43
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
immersed in it to form a corrosion product, as shown in Fig. 17.
This shows that there is an interaction between the extract and
the carbon steel substrate, which resulted in inhibition. The
24584 | RSC Adv., 2017, 7, 24576–24588
shis in the spectra are considered to be a result of the inter-
action between the extracts and carbon steel through the
functional groups presents in them. So, it can be affirmed that
the functional group has coordinated with Fe2+ formed on the
metal surface, resulting in the formation of an Fe2+ extract
complex on the metal surface, which promotes the inhibition of
the metal sample.

3.10 UV-visible analysis

Visible absorption spectra obtained from 1.0 M HCl solution
containing 200 ppm GRE before and aer the carbon steel
immersion are shown in Fig. 18. The spectra conrmed the
possibility of the formation of an inhibitor–Fe complex. The
electronic absorption spectra of GRE before immersion have an
absorption maximum at 215 nm, which can be attributed to p–

p* and n-transitions. Aer 24 h immersion of the carbon steel,
the change in the position of the absorption maximum or the
change in the absorbance values indicates the complex forma-
tion between two species in solution. Furthermore, there is no
change in the shape of the absorption spectra. These experi-
mental ndings provide evidence for the formation of
a complex between Fe2+ and GRE and conrm the inhibition of
steel from corrosion.58,59

3.11 Mechanism of inhibition

For the corrosion of carbon steel in HCl solution, the anodic
(metal dissolution) and cathodic (hydrogen evolution) half
reactions are:60–63

Fe / Fe2+ + 2e�

2H+ + 2e� / H2[

The overall corrosion reaction equation is:

Fe + 2H+ / Fe2+ + H2[

The dissolution of iron was demonstrated according to the
following equations:64

Fe + Cl� / (FeCl�)ads

(FeCl�)ads / (FeCl)ads + e�

(FeCl)ads / (FeCl+) + e�

(FeCl+) / Fe2+ + Cl�

The hydrogen production occurs via two successive steps: to
begin with, the initial discharge of hydrogen ions to adsorbed
monoatomic hydrogen:65

H+ + e / H0
This journal is © The Royal Society of Chemistry 2017
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Table 9 Morphology data of the surface of carbon steel after immersion for 24 h in 1.0 M HCl solution without and with 200 ppm of GRE was
examined in the light of an atomic force microscope

Samples Sq (nm) Sa (nm)
Maximum peak-to-valley
height (nm)

1 – Polished carbon steel 24.792 20.628 137.07
2 – Carbon steel immersed in 1 M HCl (blank) 590.07 497.92 3932
3 – Carbon steel immersed in 1 M HCl + 200 ppm GRE 558.25 430.52 3592.7

Fig. 13 Surface of polished carbon steel electrode as viewed by atomic force microscopy.

Fig. 14 Surface of steel electrode as viewed by atomic force microscopy after 24 h immersion in 1.0 M HCl.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
5:

43
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Aer that, the chemical or electrochemical recombination of
monoatomic hydrogen to molecular hydrogen:

2H0 / H2[

H+ + H0 + e / H2[

In HCl solution, transition of the metal–solution interface
was attributed to the adsorption of the inhibitor molecules at
the metal–solution interface, forming a protective lm. The rate
of adsorption is usually rapid, and the reactive metal surface is
shielded from the HCl solution solutions.66 The adsorption of
the extract components depends on the nature and charged
surface of the metal, its chemical structure, its molecular
This journal is © The Royal Society of Chemistry 2017
structure, its molecular size, and the distribution of charge over
the whole extract molecule. The adsorption process can occur
through the replacement of solvent molecules from the metal
surface by ions and from molecules accumulated near the
metal–solution interface. Ions can accumulate at the metal–
solution interface in excess of those required to balance the
charge on the metal at the operating potential. The exact nature
of the interaction between a metal surface and an aromatic
molecule depends on the relative coordinating strength toward
the given metal of the particular groups present.67 Generally,
two modes of adsorption were considered. In one mode, the
neutral component molecules of the GRE can be adsorbed on
the surface of the carbon steel through the chemisorption
mechanism, involving the displacement of water molecules
from the carbon steel surface and the sharing of electrons
RSC Adv., 2017, 7, 24576–24588 | 24585
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Fig. 16 FT-IR spectrum of GRE before adsorption on a carbon steel surface.

Fig. 15 Surface of steel electrode as viewed by atomic force microscopy after 24 h immersion in 1.0 M HCl and 200 ppm of GRE.
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between the heteroatoms and iron. The inhibitor molecules can
also adsorb on the carbon steel surface based on donor–
acceptor interactions between p-electrons of the aromatic/
heterocyclic ring and the vacant d-orbitals of the surface iron.
In the other mode, since it is well known that the steel surface
bears the positive charge in acidic solutions,67 it is difficult for
the protonated component molecules extract to approach the
Fig. 17 FT-IR spectrum of GRE after adsorption on a carbon steel surfa

24586 | RSC Adv., 2017, 7, 24576–24588
positively charged carbon steel surface (H3O–metal interface)
because of electrostatic repulsion. Since chloride ions have
a smaller degree of hydration, they could bring excess negative
charges in the vicinity of the interface and favor more adsorp-
tion of the positively charged inhibitor molecules and the
negatively charged metal surface.
ce.

This journal is © The Royal Society of Chemistry 2017
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Fig. 18 UV-visible spectra of the solution from 1.0 M HCl containing
200 ppm GRE before and after 24 h of carbon steel immersion.
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4. Conclusions

The results obtained show that GRE is a good corrosion inhib-
itor for carbon steel under acidic conditions. An excellent
agreement between the inhibition efficiencies calculated using
different techniques was obtained. The data obtained from
the wt. loss showed that the inhibiting action increased with the
increase in extract concentration and decreased with higher
temperature. The adsorption of the GRE onto the steel surface
was characterized by a decrease in the cathodic and anodic
current densities observed in the potentiodynamic polarization
curves carried out in the presence of GRE. The adsorption
behavior of the GRE is consistent with Langmuir adsorption
isotherm. GRE was adsorbed on the carbon steel surface
following a physisorption mechanism. The results of the
polarization indicated that GRE is of a mixed type. A good
agreement was obtained between all the investigated electro-
chemical techniques and the other techniques.
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