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ARTICLE INFO ABSTRACT
Keywords: In this study, green walnut husk (GWH) extract was explored as a cost-effective (waste-agricul-
Inhibition mechanism tural) and eco-friendly inhibitor to increase the corrosion resistance of carbon steel in a 1 M HCl

Steel protection

Corrosion

HCI solution

Green walnut husk extract

solution. Electrochemical impedance spectroscopy, weight change, and potentiodynamic polari-
zation (PDP) tests were utilized to examine the electrochemical behavior of steel substrates with
and without the inhibitor. Atomic force microscopy (AFM), field emission scanning microscopy,
Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) were performed to
analyze corroded surface structures with and without the inhibitor. This inhibitor was found to be
27-82 % efficient in increasing the corrosion resistance of the steel substrates. When the tem-
perature of the solution was increased from 303 to 323 K, the retardation coefficient decreased
due to the physical adsorption of GWH molecules on the surface. The results indicated that GWH
acted as a mixed inhibitor, and its adsorption on the surface followed the Langmuir model. AFM
measurements showed that the roughness of corroded surfaces decreased by approximately 22 %
when the GWH concentration was at its optimum level of 400 ppm. Thermodynamic studies
displayed a decrease in the corrosion reaction’s activation energy of about 25 %. FTIR and XRD
patterns of corroded surfaces represented that hydrated iron chloride was the dominant corrosion
product. Furthermore, the results provided insight into the GWH adsorption mechanism.

1. Introduction

A corrosion inhibitor is a chemical substance that, when present in corrosive environments in low concentrations, can effectively
reduce or prevent metal corrosion without altering the environment. Hence, using inhibitors is a practical approach to control metallic
material corrosion in various industries such as oil and gas exploration, oil refining, chemical processing, and water treatment [1-4].
However, inhibitors are often used mainly in closed environments to choose the appropriate concentration and control their amount
easily. Such conditions can be seen in circulating systems, oil production, and refining. Notably, side effects of inhibitors on the
environment and the employees’ health in the long term result in their application limitation [5-7]. Recently, much attention has been
paid to replacing them with nature-friendly materials, novel conducting polymers, nano-materials, and plant or insect extracts have
been one of the main areas of research in this field [8-11].

Green organic inhibitors, made up of heterogeneous compounds with oxygen, nitrogen, and sulfur atoms, which are sites for
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absorption on the metal surface [12-14]. Additionally, it is found that plant extracts contain polyphenols, terpenes, alcohols, car-
boxylic acids, and alkaloids in their main compounds. In this situation, eco-friendly inhibitors can effectively increase the corrosion
resistance of steel substrates in the HCl solution. Thus, some recent research was reviewed as follows,

Liao et al. [15] utilized cocamidopropylamine oxide as an inhibitor for steel substrate. They found that such a mix-type inhibitor at
the critical concentration of 450 ppm exhibited an efficiency of 90 % in 0.5 M HCI solution. Berrissoul et al. [16] evaluated the in-
fluence of Lavandula mairei extract on the corrosion feature of steel in 1 M HCI solution. Their outcomes showed that the corrosion
resistance increased to 88 % when the extract concentration was about 400 ppm. Sajadi et al. [17] studied the properties of Ranunculus
arvensis and Glycine max extracts for mild steel in 1 M HCl solution. They demonstrated that adsorption mechanism for both inhibitors
followed by the Langmuir model through physical adsorption. Hassouni et al. [18] indicated that the inhibitor efficiency for extracts of
Origanum elongatum plant decreased when the temperature increased up to 333 K. Cherrad et al. [19] extracted the oil of Cupressus
arizonica fruit and showed that the corrosion resistance of carbon steel in the HCl solution would increase when the concentration of
the oil raised from 125 to 500 ppm.

In addition, Li et al. [20,21] conducted research on the synergetic effect of potassium iodide, sodium lignosulfonate, and green
walnut husk (GWH) for protecting cold rolled steel against corrosion in trichloro-acetic and phosporic acid solutions. Wu et al. [22]
considered the effect of GWH on magnesium corrosion in NaCl solution. Therefore, based on the limited research, in this research, as a
new study, the GWH extract was used as an abundant, natural, eco-friendly, available, and low-cost inhibitor to reduce corrosion
attacks of carbon steel in 1 M HCl solution. GWH is agricultural waste, unlike other extracted green inhibitors in previous studies which
were from specific plants, thereby increasing the cost of green inhibitors. Notably, the HCl solution is an appropriate acid medium for
acid pickling of steel equipment such as pipes, tubes, and mills. Thus, electrochemical tests were conducted to determine the inhibitor’s
retardation coefficient in various concentrations. Additionally, thermodynamic and kinetics studies were carried out to identify the
optimum inhibitor concentration for st 37 steel to protect it against corrosion. Lastly, based on the obtained experimental results, an
adsorption mechanism of GWH extract molecules on the steel surface was suggested.

2. Materials and methods
2.1. Substrate
A steel sheet (st37) with a thickness of 3 mm was used as the substrate. The sheet was cut into a dimension of 1 cm?. This steel

contained 0.16 C, 0.30 Si, 0.41 Mn, and 99.13 % wt Fe. Initially, substrates were ground with sandpaper up to 1200 grit, washed with
an acetone solution, and dried at room temperature of 303 K.

2.2. Extraction process

Green walnut husks were collected from walnut trees in Shahmirzad, Iran. They were dried in the open air and then crushed to
prepare the inhibitor substance. The produced GWH powder was extracted by Soxhlet extractor in a solution containing 70 % ethanol
and 30 % distilled water. The resulting extract was dried in an oven at 50 °C for 15 min. Finally, the powder was ground in a ball-
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Fig. 1. Schematic of GWH extracting steps and the main chemical composition of green walnut husk (GWH) extract.
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milling device to fabricate the inhibitor. The schematic steps of GWH extracting are shown in Fig. 1. Notably, the main chemical
composition of the extracted substance was ellagic and juglone acids, as displayed in Fig. 1. However, the GWH consisted of 48.4 %
crude fiber, 18.7 % ash, 17.7 % of protein, 6.9 % of lipids, and 8.3 % non-nitrogen components [20,23].

The corrosive media was produced by dilution of HCI (37 %) in distilled water to prepare 1 M HCI solution. To apply the GWH
extract, it was added into the corrosive medium in the concentration range of 100-1200 ppm. The extract dissolved completely in the
solution up to 800 ppm. However, the insignificant content of the solid was undissolved in concentrations higher than 1000 ppm.

2.3. Electrochemical measurements

Both potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) were performed through a poten-
tiostat (Organoflex model) device. A three-electrode system was also operated. A thin sheet of platinum acted as the counter electrode.
A saturated calomel electrode (SCE) behaved as the reference rod. An area of 1 cm? of the steel sheet was the working electrode. A flat
cell was used for both measurements. For Tafel polarization experiments, a DC voltage was utilized with a value of +250 mV from the
open circuit potential (OCP). The scan rate was 0.1 mv s *. In addition, an AC voltage was applied for EIS tests with a value of +£10 mV
from the value of the OCP. The range of the frequency was 10° to 10”2 Hz. The test temperature was about 30 °C. Notably, before the
test, all specimens were immersed in the 1 M HCl solution for 30 min to keep a stable state. The GWH extract concentration range in the
corrosive media was about 100-1200 ppm. For studying the adsorption mechanism of GWH extract at steel substrates, equation (1)
was used.

C/0 = 1/Ky4s + C (@D)
C is the GWH extract concentration, ¢ is inhibition efficacy (%R x 0.01), and K,qs is a constant related to the adsorption equi-
librium. Inhibition efficacy formulas were found in other research [24-27].

2.4. Chemical test and thermodynamic studies

Weight change measurements were also done to assess the long-term influence on the inhibition efficacy or the retardation co-
efficient (%R) of the utilized inhibitor. Thus, the immersion time for such a test was up to 100 h. In this test, the corrosion rate was
estimated through equation (2) [14].

A
Corrosion rate = —— (2)
At

AW is the weight change of specimens before and after the immersion in the corrosive solution at specific times, A is the specimen
surface area exposed to the solution, and t is the immersion time in the corrosive media.

In addition, three temperatures of 303, 313, and 323 K were used as the test temperature to study the thermodynamic parameters.
Therefore, equations (3)-(5) were utilized [22,26],

AG® 44 = -RTIn [1000 K] 3

AG° s is the standard free energy for the adsorption process, T is the solution temperature, and R is the gas constant [28,29].

_E*
C N1 te=A 4 4
orrosion rate exp( RT > 4)

A is the constant, and E; is the corrosion reaction activation energy for steel substrate in 1 M HCI solution [14,26].

RT AS* -AH*
Corrosion rate =——exp | —- — 5
orrosion rate Nhexp( R )exp ( RT > (5)

N is Avogadro’s number, h is Planck’s constant, AS* is the entropy, and AH* is the enthalpy of the corrosion reaction, respectively.
2.5. Chemical composition investigation

To detect bonds in green walnut husk (GWH), a Fourier-transform infrared spectroscopy (FTIR- Shimadzu 8400S) device was
employed. The wavenumber range was about 400-4000 cm .. In addition, corrosion products were analyzed through this method. X-
ray diffraction (XRD-Bruker D8 Advance) was also applied for phase detection of corrosion products resulting from the reaction of the
steel substrate in a 1 M HCI solution with and without the GWH extract. The scan rate was about 0.2° min~!. Corrosion products were
gathered from the degraded steel surface after 14 days of immersion in the corrosive media.

2.6. Microstructural evaluations
The corroded steel surfaces after 24 h in 1 M HCl with and without the GWH extract were analyzed using field emission scanning

electron microscopy (FESEM- Zeiss- Sigma 300 VP). Such a device was appointed with energy-dispersive spectroscopy (EDS). The
utilized voltage was 15 kV. Moreover, the surface roughness of the corroded area was evaluated through atomic force microscopy
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(AFM- Full Plus- C-2M — FP). The surface scan area was about 12 x 12 pmz.
3. Results and discussion
3.1. FTIR

The results of FTIR analysis for the GWH extract before and after the drying process are presented in Fig. 2, along with the extracted
peaks which are reported in Table 1. It should be noted that no peak disappeared after the drying process, although some peaks had
their wavenumber shifted insignificantly. The highest peak was found to be correlated to the O-H bond. Such a finding was consistent
with the chemical structure, as reported in Fig. 1. The incomplete filling of Fe’s d-orbital with electrons allowed the free electron pair of
oxygen to participate in adsorption on the steel substrate, as reported in Refs. [26,27]. Furthermore, the double-bonds of C=0 and C=C
were found to be sites for the electron accumulation and adsorption at the substrate [30]. These bonds showed peaks at a wavenumber
of 1600-1700 cm . Peaks at wavenumbers 2918 and 1373 cm™! were attributed to C-H bonds, while those around 600 cm~! were
associated with the C-C bond.

3.2. OCP and PDP measurements

Fig. 3(a) presents OCP values during the exposure time for all specimens during a period of 800 s. The OCP values remained
relatively stable over time, with a range of approximately —510 to —570 mV. However, the OCP value for the steel substrate without
the GWH extract, the value of OCP was more negative than that of other specimens. This indicated that the steel substrate without the
inhibitor had a higher thermodynamic propensities undergoing a corrosion reaction compared to the other specimens with the in-
hibitor. This observation has been noted in other studies as well [24,25]. Since the value of OCP during the exposure remained
constant, it could present that no protective or passive layer was formed on the steel substrate [24].

Diagrams of log I as a function of the applied potential (E) at 303 K, representing PDP results for each specimen, are shown in Fig. 3
(b). Moreover, the data extracted from Fig. 3(b) are reported in Table 2, including anodic and cathodic Tafel slopes (3, and fS.),
corrosion potential (Ecory), corrosion current density (Icorr), and the reduction in current density of the specimen with the GWH extract
as compared to the specimen without the inhibitor (% R). The concentration range of GWH extract in 1 M HCl solution was 100-1200
ppm. Upon addition of the GWH extract to the media, the corrosion rates or I, values for steel specimens significantly reduced. The
inhibition efficiency in the presence of GWH extract ranged from 26.2 to 82.0 %. The optimum concentration of GWH extract was 400
ppm, while a higher or lower concentration could cause a reduction in the retardation coefficient. The same behavior was also found in
other studies [17,25]. The range of E.oy values for specimens with the green inhibitor was —532 to —507 mV. However, Ecq, for the
specimen without the inhibitor was —535 mV. The inhibitor used in the experiment followed as a mixed inhibitor since the change in
Ecorr with and without the inhibitor was lower than —85 mV [30]. Additionally, similar to the OCP value, the lowest and most
negative value of E.,; was related to the steel substrate without the inhibitor, indicating a higher thermodynamics tendency for
corrosion reactions. When the GWH extract was added to a 1 M HCl solution, the change in 8, was higher than in f, suggesting that the
anodic reaction of Fe dissolution (Fe= Fe?t + 2e™) was more affected than the cathodic reaction (2H' + 2e~ = H,). Thus, in this
situation, inhibitor molecules acted as physical barriers to electron diffusion and movement, thereby reducing the corrosion attack on
steel. Notably, Li et al. [20] also reported that the efficiency of GWH extract for steel substrate in 0.1 M Cl3CCOOH solution was lower
than 50 % when the inhibitor concentration decreased to 200 ppm.

| —Befor drying —After drying I
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Fig. 2. FTIR patterns for the extract of walnut husk before and after the drying process.
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Table 1
Extracted peaks from FTIR patterns in Fig. 2.
Peak position before drying (cm™") 3382 2920 1596 1714 1398 1056 599
Peak position after drying (cm™) 3417 2918 1699 1616 1373 1080 609
Related bond O-H C-H C=0 C=C C-H Cc-0 C-C
-420
(@)
—Blank —100ppm —150ppm —200ppm 400ppm
-450 —600ppm  —800ppm 1000ppm 1200ppm
~-480 -
E
~-510
=¥
@)
© -540
-570
-600

Fig. 3. (a) Diagrams of OCP during the exposure time for various
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specimens, and (b) diagrams of log I versus the potential at 303 K, as results of

PDP tests.

Table 2

Extracted data from Fig. 3(b) for PDP measurements.
Inhibitor concentration (ppm) Ba (mV decade™ ) fe (mV decade™ ) Ecorr (mV) ILeorr (MA cm™2) %R
0 209 —198 —535 4.4 -
100 186 —205 —-519 3.2 27.3
150 136 -171 —525 1.4 68.2
200 114 —152 —-507 1.3 70.5
400 99 —146 —520 0.8 82.0
600 101 —-137 —520 0.9 79.5
800 131 —180 —516 1.1 75.0
1000 151 —-174 —532 1.2 72.3
1200 119 —-174 —-527 1.5 65.9

3.3. EIS results

The results of EIS test are presented through Nyquist, Bode, and phase angle plots for all specimens at 303 K, as displayed in Fig. 4.
Fig. 4(a) illustrates that the shape of the Nyquist diagrams for all specimens, with and without the inhibitor, was the same. However,
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Fig. 4. Diagrams of (a) Nyquist, (b) Bode, and (c) phase angle for various specimens at 303 K.

impedance values increased for specimens with the inhibitor. The Nyquist plots contained a one-semi-ring curve that could show
polarization behavior. Fig. 4(b) also describes that impedance modules (Z) were higher for specimens with the inhibitor.

The specimen with a 400 ppm concentration of the GWH extract in the corrosive media showed the highest Z value. By increasing
the inhibitor concentration from 100 to 400 ppm, values of Z increased. However, increasing the GWH extract concentration from 600
to 1200 ppm, insignificantly decreased the Z values. Fig. 4(c) displays that the lowest phase angle was attributed to the mentioned
specimen, with a value of —47°. It was noticeable that the minimum peak shifted insignificantly to the lower frequency when the
inhibitor was mixed with the corrosive media. The same electrochemical behavior for carbon steel in 1 M HCI solution was also found
in other research [19].

To propose a suitable electrical circuit, a ZView software was utilized. The selected circuit for extraction of the EIS data is shown in
Fig. 5. It consisted of three components: solution resistance (Rs), polarization resistance (Rp), and a constant phase element for the
double-layer (CPEq;). Notably, the capacitor of the double-layer would be changed by CPE. Due to micro-inhomogeneity on steel
surfaces, the specimens’ surface was not entirely flat. To quantify the surface’s inhomogeneity, a parameter called "n" was introduced.
When the roughness of the steel was high, the value of n was close to zero, and whenever the surface roughness was low, n became 1
[25]. The same electrical circuit was also found in other studies [27,31].

Table 3 reports the data extracted from EIS measurements. The R values for all specimens were about 1.9-3.0 Q cm?. This low
resistance of the corrosive solution was also observed in other studies [24]. The % R shows the increase in polarization resistance of
specimens with the GWH extract compared to the specimen without the inhibitor. This value increased as the inhibitor concentration

CPEa

Rp

Fig. 5. A suggested circuit for fitting EIS data.
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Table 3

Extracted data from EIS measurements.
Inhibitor R, (Q cm?) R, (Q cm?) CPEg (mF ecm™?) n %R
Concentration (ppm)
0 2.1 6.2 0. 33 0.83 -
100 2.3 9.5 0. 33 0.85 34.8
200 2.1 14.4 0. 28 0.86 56.7
400 3.0 24.2 0. 27 0.89 74.2
600 2.6 20.7 0.21 0.87 70.0
800 1.9 19.5 0. 27 0.87 68.2
1000 2.0 15.6 0. 28 0.86 60.1
1200 2.3 15.5 0. 33 0.85 59.9

increased from 100 to 400 ppm. The range of such increase was about 34.8-74.2 %. The highest R, value was related to the specimen
with the GWH extract at a concentration of 400 ppm. The value of CPEq4 was also changed when the inhibitor was added to the
corrosive media. For most inhibitor concentrations, the value was lower compared to the blank specimen. Based on the capacity
formula [20], the double-layer thickness would increase in the presence of the GWH extract. Additionally, the surface roughness was
reduced based on the lower surface area.

The specimen with 400 ppm inhibitor exhibited the highest value for n (0.89) and the lowest surface roughness. This indicates that
the corrosion attack was the weakest for this specimen. The metal dissolution caused by the corrosion reaction resulted in a rough
surface; however, this was not the case for the specimen with 400 ppm inhibitor. Similar results were reported in other investigations
[24-26].

3.4. Weight change measurements

Plots of weight change (WC) versus short exposure time (up to 4 h) at a temperature of 303 K are presented in Fig. 6 (a). The highest
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Fig. 6. Plots of weight change (WC) versus the exposure time at a temperature of 303 K (a) for a short time and (b) for a long time of exposure.



M. Akbari Shahmirzadi and M. Azadi Heliyon 10 (2024) 29962

weight changes were related to the blank specimen without the inhibitor. However, adding GWH extract to the corrosive media les to a
significant decrease in weight changes. The lowest weight change also corresponded to the specimen when the concentration of the
inhibitor was 400 ppm. The plot of the slope in Fig. 6 showed the corrosion rate of the specimens [32]. Table 4 shows such data for
various specimens. It was notable that based on values of R? (the coefficient of correlation [33]) located in Fig. 6(a), weight changes of
all specimens versus the time were linear. The range of R values for specimens with the inhibitor was 27.0-43.2 %. R values explained a
decrease in the corrosion rate of specimens with the inhibitor compared to specimens without the inhibitor, based on WC data. The
effect of a longer time on the corrosion characteristics with and without GWH extract was investigated and the results are as presented
in Fig. 6(b).

Similar to Fig. 6(a), the highest and lowest weight changes were attributed to the specimen without and with the inhibitor (with a
concentration of 400 ppm), respectively. Notably, the corrosion rate for all specimens increased with the exposure time, indicating that
the shelf life of the inhibitor adsorbed on the metal surface decreased with time. In this situation, the detachment of GWH extract from
the metallic surface occurred slowly over time. Therefore, the range of R value for specimens with the inhibitor decreased to 13.5-26.9
%. However, based on R? values, the plots of the weight change of specimens versus long exposure time followed a logarithmic
function.

To investigate the effect of higher temperatures on the retardation coefficient of the GWH extract molecule on the steel surface, the
weight change of specimens was measured after a duration of 4 h at temperatures of 313 K and 323 K, as described in Fig. S1. The
weight changes were found to increase significantly with increasing temperature. This increase in weight change would result in an
increased corrosion rate, as reported in Table 4. The range of R values for steel substrates with inhibitor was 5.6-40.4 %. However, at
the temperature of 323 K this range was from 7.5 to 31.0 %. Due to values of R, plots of the WC of specimens versus the short exposure
time at high temperatures were followed by a linear function.

Fig. 7 displays plots of corrosion rate versus three different temperatures for various specimens. The corrosion rates at 323 K and
313 K were about 3.6-4.9 and 2.4-3.4 times higher compared to the corrosion rate at 303 K, respectively. For all specimens, both with
and without the inhibitor, the WC values of specimens obeyed a linear function during short exposure times, based on values of R% The
highest and lowest corrosion rates for all temperatures corresponded to specimens without and with the inhibitor (at a concentration of
400 ppm), respectively.

3.5. Adsorption mechanism and thermodynamic calculation

Since types of metal surface, corrosive media, and inhibitor molecules were parameters to change the adsorption mechanism, there
were many models to describe the adsorption mechanism of inhibitor molecules, such as Langmuir, Temkin, Flowery-Huggins, Bockris-
Swinkels, and Frumkin [20,28]. Fig. 8 shows plots of inhibitor concentration (C) compared to the C/0 ratio. When the plot was linear, it
demonstrated that the adsorption mechanism of the utilized green inhibitor was Langmuir. Based on the R? value for all specimens, it
should be noted that the adsorption of GWH molecules on the metallic surface in a 1 M HCl solution followed the Langmuir model. This
model assumed that each site on the surface would be occupied by a single inhibitor molecule. Once the critical inhibitor concentration
was reached, desorption occurred at a higher concentration. The slopes of plots in Fig. 8 indicated the reverse of (K,q), according to
equation (1). Four values of calculated K,q are reported in Table 5, since § was measured through PDP, EIS, and WC at 303 K. The
adsorption free energy (AG°,q) was also calculated using equation (2) and is reported in Table 5. The GWH extract molecule adsorption
on the metallic surface was determined to be spontaneous. They physically adsorbed on the surface, as the AG°,q value was lower than
—20 kJ/mol. This meant that the physisorption of inhibitor molecules on the surface would occur. Thus, the inhibitor desorption from
the metallic surface at higher temperatures was predictable since in physical adsorption, a weak bond of van der Waals or electrostatic
bond was formed between Fe atoms of the surface and organic molecules of the inhibitor. As a result, high temperature resulted in
higher activation of GWH extract molecules, and their movement caused desorption from the metal surface. Notably, the same value of
AG°,q for other green corrosive inhibitors was found for mild steel in 1 M HCI solution [17].

Diagrams of In (corrosion rate) versus the inverse of temperature for various specimens are displayed in Fig. 9(a). The slope of these
plots presented the activation energy (E,*) as calculated using equation (3). As Table 6 shows, E;* of the corrosion reaction on the steel
surface without the inhibitor was lower than on the surface with the inhibitor. This explained that the rate of corrosion reactions was
faster without the inhibitor. However, an increase in E,* would decrease the corrosion rate of the metallic surface in the presence of the

Table 4

Extracted data based on WC measurements.
Inhibitor Temperature of 303 K (Short Temperature of 303 K (Long Temperature of 313 K (Short Temperature of 323 K (Short
Concentration time) time) time) time)
(ppm) Corrosion rate (mg %R Corrosion rate (mg %R Corrosion rate (mg %R Corrosion rate (mg %R

em2h7Y) em2h71) em2h 1) em2h7Y)

0 3.7 - 113.6 - 8.9 - 13.2 -
200 2.5 32.4 99.4 13.5 8.4 5.6 12.2 7.5
400 2.1 43.2 84.8 26.9 5.3 40.4 9.1 31.0
600 2.3 37.8 858 250 6.8 23.6 10.2 22.7
800 2.5 324 975 192 7.6 146 114 13.6
1000 2.6 29.7 93.7 17.3 7.7 13.4 11.6 121
1200 2.7 27.0 926 154 79 11.2 118 10.6
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Fig. 8. Plots of C/0 versus C to show the Langmuir adsorption mechanism of the GWH extract based on PDP, EIS, and WC test results.

Table 5
Extracted data from Fig. 8.
Kaa (1/ppm) AG°3q (kJ/mol)
Based on PDP 0.69 —16.45
Based on EIS 0.63 —16.24
Based on WC-short time 0.26 —13.97
Based on WC- long time 0.15 —12.65

GWH extract in the corrosive media. Notably, the increase in values of E,* by adding the inhibitor was about 15-25 %. Other research
has also found a similar trend in E,* changing with and without the inhibitor [14].

Based on equation (4), the AH* and AS* of corrosion reactions with and without the GWH extract could be calculated. Thus, in
diagrams of In(corrosion rate/T) versus 1000/T, the plot slope was - AH*/2.303R and the intercept was R/Nh + AS*/2.303, as
represented in Fig. 9(b). The measured values of these two thermodynamic factors are also reported in Table 6. The AH* for all
corrosion reactions was negative, indicating an exothermic reaction. However, AH* values for reactions with the inhibitor were more
negative than without the inhibitor. The most negative value of AH* was related to the specimen when the concentration of the GWH
extract was 400 ppm. Values of AS* for reactions with the inhibitor became negative. Such an event showed a higher molecule order at
the metal surface. However, the disordering of molecules at the metal surface was high without the inhibitor since AS* was a positive
value. The value of E,* was higher than the absolute value of AH*, indicating that corrosion reactions were accompanied by a gas
evolution. In this case, the production of hydrogen gas is the relevant reaction [9].

Overall, AH* was found to be the effective parameter to lower the corrosion rate of steel substrates in 1 M HCI solution with the
GWH extract as a green inhibitor. The addition of the inhibitor to the corrosive media led to a change in the value of AH* by about 46
%.
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Fig. 9. Diagrams of (a) In (corrosion rate) versus 1000/T, and (b) In (corrosion rate/T) versus 1000/T to extract thermodynamic calculations with

and without inhibitor.

Table 6

E,*, AS*, and AH* values of corrosion reactions for various specimens.

Inhibitor concentration (ppm)

E,* (kJ/mol)

AS* (J/K.mol)

AH* (kJ/mol)

0

200
400
600

51.9
64.8
59.8
60.9

3.8

-19.3
—24.2
—39.2

—57.8
—83.6
—84.6
-72.8

3.6. AFM images

AFM images (3D and 2D) of degraded surfaces after 24 h exposure time are represented in Fig. S2. In addition, extracted data from
Fig. S2 are summarized in Table 7. The surface roughness of the degraded surface without the inhibitor was higher as compared to the
surface with the GWH extract. This observation could show that corrosion attacks were lower when the inhibitor was present in the
corrosive media, with a concentration of 400 ppm. The average surface roughness reduction was about 22 % compared to the blank
specimen. A similar reduction was also reported in other research papers [24-26].

Table 7
Extracted data from Fig. S2.

Inhibitor concentration (ppm)

Average roughness (nm)

RMS roughness (nm)

Peak to valley roughness (nm)

0
400

45
35

61
44

424
273
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3.7. FESEM images

Fig. 10(a—d) reveal the corroded surface of substrates with and without the GWH extract. Corrosion products accumulated on some
surface area of the blank specimen and appeared in a protruding shape, as displayed in Fig. 10(a). Moreover, grain boundaries
appeared for this specimen after corrosion reactions. Grain boundaries were possible active sites for corrosion attacks compared to
grains. In addition, there were some pits on the corroded surface of the specimen without the inhibitor, as shown in Fig. 10(b).
However, Fig. 10(c) and (b) explain that when the GWH extract was added to the corrosive solution, accumulated corrosion products
decreased, and no pits formed on the corroded surface. In this case, the severity of corrosion attacks decreased based on the GWH
extract adsorption on the surface. A similar corroded surface for carbon steel was also found in other research [19,34].

For more details, EDS results (in two modes of map and dot state) are displayed respectively in Fig. 11(a—c) and 12 (a-d), and
Table 8, for corroded surfaces after an exposure time of 24 h for the steel substrate with and without the inhibitor. The corrosion
products that comprised Fe and O atoms were distributed on the surface homogeneously, as shown in Fig. 11 (b) and (c). However,
when the GWH extract was added to the corrosive media, the inhibitor molecules were adsorbed on the corroded surface. This event
could be followed by the C element, as presented in Fig. 12 (d).

As reported in Table 8, the amount of O element as a main component of corrosion products on the steel substrate decreased when
the corrosive media included the inhibitor. However, the weight percent of the C element, as a component of inhibitor molecules,
increased significantly. This observation indicated the adsorption of GWH extract molecules on the surface of the metallic substrate.
Notably, the presence of the C element for the corroded surface without the inhibitor was related to the carbon in the steel.

3.8. FTIR results of corroded surfaces

FTIR patterns for corrosion products of metallic substrates without and with the GWH extract in two concentrations of 400 and 600
ppm are presented in Fig. S3. In addition, Table 9 reports extracted peaks from FTIR patterns. There was no significant change in the
FTIR pattern for all specimens. However, the intensity of the peak around 3400 cm ™! was high when 600 ppm of the GWH extract was
added to the corrosive media. Such an event showed the GWH extract adsorption on the surface since the highest peak of GWH extract
was found around the mentioned wave number. For selected specimens, two peaks were found for corrosion products. The peak around
wavenumber 3400 cm ™! was attributed to the hydrated corrosion product of iron chloride. Additionally, a peak around 1650 cm™!
could be ascribed to the HyO molecule adsorption by the Fe substrate. A similar corrosion product was also reported for metallic
substrate in the HCI solution [25].

3.9. XRD patterns of corroded surface

Fig. 13 shows XRD patterns of corrosion products for various specimens after 14 days of exposure time. For all specimens, the
highest peak at 20 = 44° was related to the Fe phase based on a low thickness of corrosion products collected on the metallic substrate.
However, the intensity of such a peak was highest for the specimen without the inhibitor, and such an event indicated a higher
corrosion product thickness on the surface. The dominant phase in the corrosion product was FeO (Cl, OH). Moreover, by adding the
GWH extract, the height of this peak was remarkably reduced. A similar event was also found in other investigations [25,27]. Other
peaks with lower intensity on all specimens have corresponded to a-FeO(OH) and o—Fe;O3 phases. When the GWH extract was added
to the corrosive media an organic phase of C14H;205 was also found that was associated with GWH extract molecules. Such an event
indicated the inhibitor adsorption on the steel substrate. The same corrosion products were also found for other green inhibitors [25,
28].

3.10. Suggested corrosion inhibition

Based on the obtained results, the suggested inhibition mechanism for steel substrate without and with the GWH extract is
schematically represented in Fig. 14. When there was no inhibitor in the corrosive media, ions of the HCI solution and H>0 molecules
could be adsorbed on the Fe surface, as arranged in Fig. 14(a). Since Fe had some unfilled D-orbitals from electrons, chloride anions,
and H,0 molecules from the oxygen side could be adsorbed on the Fe. Moreover, based on the presence of iron cations on the surface,
these anions could move toward the metallic surface. Additionally, based on free electrons of Fe atoms, hydrogen cations were
adsorbed on the surface to occur the hydrogen evolution reaction (2H"+2e~ = Hy), as the cathodic reaction. In this situation, the total
corrosion reaction was mentioned by reaction (1),

Fe + 2HCI = FeCl, +H, (€9)]

However, other possible corrosion reactions would have been done through the following reactions (2-4)

Fe. HO + Cl™ = [FeCIOH] 3qs + ¢ + H' (@)
[FeCIOH] 45 = FeCIOH + e~ 3)
FeCIOH + H' = H,0 + CI~ + Fe?*4) )

Thus, the solid corrosion product would be hydrated iron chloride that was unstable in the acidic solution. The same corrosion
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Fig. 10

Fig. 11. (a) FESEM images, (b) and (c), Map EDS results for the corroded surface after 24 h exposure time for the steel substrate without the
inhibitor, contained Fe and O elements.

mechanism was also found in other research [35-37].
However, when the GWH extract was present in the corrosive media, the reaction (5) would also happen.

[GWH]sol + [HZO]ads = [GWH]ads + [HZO]sol (5)

In this case, H,0 molecules desorbed from the Fe surface when GWH extract molecules were physically adsorbed on the metallic
surface. Fig. 14(b) demonstrates this. The GWH extract molecules were able to get adsorbed through the cyclic carbon group and
oxygen in their structure towards the Fe surface due to their accumulated electrons (Fig. 14(c)). When the GWH extract molecules
reached the metal surface, they acted as barriers for other species like hydrogen cations, which slowed down the reduction reaction. In
this manner, the carbon steel corrosion rate would be significantly reduced.

4. Conclusions
In this research, the inhibitory efficiency of GWH extract against the corrosion of carbon steel in 1 M HCl solution was evaluated.

12
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SRR

Fig. 12. (a) FESEM images, (b), (c) and (d) Map EDS results (contained Fe, O, and C elements, respectively) for the corroded surface after 24 h
exposure time for the steel substrate with the GWH extract when the inhibitor concentration was 400 ppm.

Table 8
Weight and atomic percent of elements on corroded surfaces after 24 h (a) without, and (b) with the inhibitor.
Elements Weight % Atomic % Elements Weight % Atomic %
Fe 91.3 81.0 Fe 84.7 58.0
o 4.9 11.2 O 3.6 8.6
C 1.5 4.5 C 9.6 30.9
Cl 2.3 3.3 Cl 2.1 2.5
Table 9
Extracted peaks from FTIR patterns in Fig. S3.
Peak position for blank(cm ') Peak position for 400- ppm(cm 1) Peak position for 600- ppm (cm ') Related bonds
3398.34 3419.56 3431.13 Fe-Cl (O-H)
1649.07 1647.09 1649.02 H,0
300
AFeO(OH, Cl) @ a-Fe203 ma-FeO(OH)
Fe @®Ci:H120s
" " >R 0 oeo
—Blank
—400ppm
—600ppm
ROt Y PN
A -
——— " -
f Y f

60 70 80 90
20 (Degree)

Fig. 13. XRD patterns of corrosion products for various specimens.
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Fig. 14. Schematic images of molecular adsorption at the steel substrate surface in the HCl solution (a) without, (b), and (c) with the GWH extract.

The study found that the inhibitor’s efficiency improved to 82 % when the GWH extract concentration increased to 400 ppm, and the
temperature was reduced to 303 K. However, increasing the GWH extract concentration to 1200 ppm could lead to a reduction in the
inhibitor’s efficiency to 65 %. The adsorption of the extracted GWH molecules on the carbon steel was controlled by the Langmuir
isotherm mechanism, and the adsorption mode was physical. The addition of GWH extract to the solution increased the activation
energy of corrosion reactions by 15-25 %. However, the change in the enthalpy value was about 46 % when the inhibitor concen-
tration was 400 ppm. The images obtained through FESEM and AFM techniques have confirmed that the inhibitor formed a barrier
layer, which resulted in a significant decrease in the roughness of the surface. about 22 %.
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