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Abstract

The Haloxylon salicornicum (HS) extract ability to prevent carbon steel alloy (CS) from
corroding in 1 M HCI was investigated. Research methodologies included electrochemical
techniques like potentiodynamic polarization (PDP) and electrochemical impedance
spectroscopy (EIS) techniques as well as chemical method like weight loss (WL). The extract
provides 94.1% inhibitory efficiency (IE) to carbon steel (CS) submerged in a one molar HCI
solution at 300 ppm, according to the gravimetric method. The inhibition efficiency of the HS
extract increases with increasing the concentration and decreases with temperature, from 25 to
45°C. Polarization (PDP) study revealed that the extract was a mixed type of inhibitor. The
obtained results from EIS revealed that the gradual increase in the HS concentration and time
of immersion leads to progressive increase in IE. Impedance responses showed that the
corrosion process occurred under diffusion control. The HS’s adsorption adhered to the
Langmuir adsorption isotherm, and the extract species’ mixed kind (both physical and chemical)
of adsorption on the metal surface was suggested by the adsorption’s free energy. The adsorbed
film on CS surface was confirmed using atomic force microscope (AFM) and X-ray
photoelectron spectroscopy (XPS) techniques and was supported by electrochemical studies.
Activation parameters were determined in the presence and absence of HS. Hence, HS extract
has good corrosive inhibitive effect on carbon steel in HCI solution. It turned out that all methods
used were consistent with one another.

Received: January 16, 2024 Published: April 24, 2024 doi: 10.17675/2305-6894-2024-13-2-6

Keywords: corrosion inhibition, carbon steel, HS extract, HCI, Langmuir isotherm.

1. Introduction

Natural processes such as corrosion, which can be classified as chemical or electrochemical
in nature, destroy metal and alloys’ metallic qualities and render them unsuitable for use in
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particular applications. Metal corrosion is a serious industrial issue that has generated a lot of
study and inquiry. This is because metal is more vulnerable to corrosion when exposed to
hostile media (such as acid, base, or salt) due to industrial operations including acid cleaning,
pickling, and etching. Several measures have been taken to lessen the threat posed by industrial
facilities corroding. Nevertheless, using corrosion inhibitors is one of the greatest methods for
preventing metal from corroding. In the industrial sector, corrosion inhibitors are commonly
used to lower the rate at which metals and alloys corrode when exposed to harsh environments.
The majority of corrosion inhibitors are costly, synthetic compounds that pose serious
environmental risks. Finding corrosion inhibitors that are harmless for the environment is
therefore desired [1-7]. Organic compounds with p-electrons in triple or conjugated double
bonds and electronegative functional groups make up the majority of the most well-known
corrosion inhibitors. The main adsorption centers for this family of inhibitors are the presence
of aromatic rings and heteroatoms (such S, N, O, and P) in their structures. Numerous
inhibitors have been produced and employed to prevent mild steel from corroding in acidic
environments; nevertheless, several of these inhibitors pose a threat to the environment.
Natural products derived from plants have been demonstrated to include a variety of organic
compounds, the majority of which are known to have inhibitory effects. “These chemicals
include alkaloids, tannins, pigments, and organic and amino acids”. A review of the literature
has revealed that the phytochemical molecules found in plants adsorb on the metal’s surface
[8-10], obstructing the metal’s surface and preventing the corrosion process from occurring.
This is the reason for the inhibitory action of some plant solutions. HS is believed to prevent
corrosion because it contains molecules of arabinogalactan, oligosaccharides,
polysaccharides, glycoprotein and triterpenoids [11] that contain oxygen and nitrogen atoms
which considered as centers of adsorption [12]. The extract components are also thought to be
the primary source of the plant’s anti-inflammatory, hepatoprotective, and antioxidant
properties. Green corrosion inhibitors don’t include heavy metals or other harmful materials,
are inexpensive, and biodegrade. Several research groups have found success using naturally
occurring chemicals to avoid metal corrosion in both acidic and alkaline environments. In light
of this, it has been shown that ethanol or plant-based aqueous extracts can effectively prevent
some metals from corroding. Thus, the goal of this study is to find out how well ethanol
extracts of HS stop CS from corroding in a 1 M hydrochloric acid solution. In addition to its
many other advantageous qualities, carbon steel is used in many different sectors due to its
simple availability, low cost, ease of manufacture, and strong tensile strength. When it comes
into contact with acid solutions during chemical procedures such as de-scaling, acid storage,
acid cleaning, and acid transportation, it corrodes severely. Currently, industry uses some
organic compounds as corrosion inhibitors to stop or slow down metal corrosion in acidic
solutions. These compounds are expensive and hazardous, thus it’s important to find less
expensive and ecologically acceptable inhibitors [13-16]. HS, a member of the
Amaranthaceae family of plants, has therapeutic use. This shrub is native to the desert and
may be found in the following countries: Afghanistan, Pakistan, Saudi Arabia, Kuwait, Oman,
Israel, Jordan, and Egypt. It is an almost leafless shrub that branches to a maximum height of
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60 cm. The plant has pale stalks with small triangular cup-shaped scales that have fuzzy
interiors and membrane edges, but it lacks wide foliage-type leaves. Blooms are produced on
short spikes up to 6 cm long. This plant grows on sand dunes, sandhills, and other arid places
with huge, spreading shrub with irregularly angled glabrous branches. The blossoms have a
vivid yellow hue. This plant has a large number of beneficial chemical components. HS has a
wide range of therapeutic uses, including antibacterial, antioxidant, antidiabetic, antiulcer,
anthelmintic, anticancer, and assistance with liver damage [17-21].

Table 1 shows how several authors used herbal extracts as inhibitors to reduce metal
corrosion in a variety of common industrial solutions [22-30].

Table 1. List of plant sources utilized for dissolution inhibition studies.

Plant Metal* Corrosive medium %IE Ref.
Bacopa monnieri LCS 0.5 M NaOH 80.0 [22]
Camellia sineniss CS 3.5% NaCl 80.0 [23]
Dioscorea septemloba CS 1 M HCI 72.0 [24]
Euphorbina heterophylla llinneo MS 1.5M HCI 69.0 [25]
Ipomoea batatas GS 1 M HCI 64.0 [26]
Cola acuminata extract LCS 1 M HCI 74.0 [27]
Admi_xture of rosemary and MS 0.5 M H2S04 and 99.21, [26]
cinnamon cassia oil HCI 97.69
Orange pee Mg NaCl 85.7 [29]
Rosemary and myrtle Cu NaCl 925 [30]
Harmal leaves CS 0.25 M H2S0O4 98.0 [31]
Mikania micrantha 1060 Al 1 M HCI 97.0-93.6 [32]
Chromolaena Odorata leaf MS 1 M HCI 83.3 [33]

*LCS = low carbon steel, CS = carbon steel, MS = mild steel, GS = galvanized steel.

In this work, potentiodynamic polarization, electrochemical impedance spectroscopy
(EIS) and gravimetric methods were used to examine the adsorption and corrosion inhibition
effect of HS extract in one molar HCI. The surface morphology of the CS samples was tested
using different techniques.

2. Experimental Measurements

2.1. Materials and solutions

For every experiment an acidic medium (1 M HCI) was created by diluting analytical grade
HCI reagent (37%) with double-distilled water. CS composition (in weight %) is C = 0.2,
Mn = 0.37,P = 0.026, Si = 0.002, and Fe is the balance. The CS samples were polished using
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various emery sheets ranging in grade from 400 to 1200. After that, they were cleaned with
acetone and allowed to dry at room temperature. After being gathered, the HS was dried,
chopped into small pieces, and then dried for 72 hours in the shade before being milled into
a powder. In a Soxhlet system, 10 g of dry powder was extracted with methanol for three
hours. It was discovered that the extract’s concentration ranged from 50 to 300 ppm. The
fragments of HS that had just been harvested were first dried and pounded into a powder.
Once the extraction process was finished, the extract was filtered and boiled to 55°C in a
water bath until the majority of the methanol evaporated. The inhibitor test solutions with
concentrations ranging from 50 to 300 ppm were made from the stock solution (1 g/L) by
diluting with doubly distilled water. Chromatographic separation of HS extract’s primary
constituents is depicted in Figure 1 [34].
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Figure 1. Main components in the Haloxylon salicornicum plant.

2.2. Weight loss (WL) method

After precisely weighing and preparing carbon steel 2x2x0.2 cm, the samples were placed
in 100 mL solutions of an acidic corrosive medium with varying concentrations of HS extract
(50, 100, 150, 200, 250, and 300 ppm) and allowed to dip for 30, 60, 90, 120, 150, and
180 minutes. It is possible to compute the corrosion rate (CR) as follows:

CR=AW/At 1)

where AW is WL (mg), A is the surface area of the CS parts in cm?and t is the engagement
time in minutes.

2.3. Electrochemical tests

A three-electrode glass cell including a working electrode which made from CS sheet
insulated with araldite with one cm? area, a reference electrode (SCE), and an auxiliary
electrode (Pt) was used for the electrochemical measurements. In order to achieve a stable
state, the electrode was submerged in the test solution at open circuit potential (OCP) for
30 min prior to measurement. Curves of PDP were recorded between —500 and +500 mVsce
against OCP at a scan rate of 0.2 mV-s. Each test was performed on a freshly cleaned



Int. J. Corros. Scale Inhib., 2024, 13, no. 2, 750-774 755

electrode utilizing a freshly prepared electrolyte. Measurements were made of the corrosion
parameters, including the Tafel slopes (B. and Ba,), corrosion potential Ecor, and corrosion
current density icorr. Using a three-electrode cell assembly, AC impedance spectra were
collected in the same apparatus for polarization research. For a range of frequencies, the real
and imaginary parts of the cell impedance were measured in ohms. The values of the double-
layer capacitance (Cq) and charge transfer resistance (R.) were calculated. EIS
measurements were carried out in the frequency range of 50 kHz to 0.1 Hz with amplitude
of 10 mV peak-to-peak. All the electrochemical tests were carried out at 25°C. %IE and 6
were determined from chemical and electrochemical measurements” as shown in Table 2.

Table 2. Equations to determine the %IE.

Technique Equation
WL [35] %IE =[1-(W,/W,)]-100 (2)
PDP [36] UIE =1 (i /1% ) |10 3)
EIS [37] %IE =[1-(RS/R, ) |-100% 4)

where W, weight of the samples without HS extract; W; is the weight of the samples with HS
extract; icor iS the current density in the presence and absence of extract; while RS and Ry
are the data of resistance in the absence and presence of HS extract, correspondingly. At
least three replications of each experiment were conducted in order to assess reproducibility.

2.4. Surface analysis

The morphology of the CS surface was examined using AFM and XPS before and after
24 hours of immersion in a corrosive acidic environment without and with 300 ppm (highest
dose) HS. Atomic force microscopy is an effective method for studying the surface
morphology of CS alloys at the Nano or micro scale. Electronic X-ray spectroscopy (XPS)
measurements were carried out using an ESCALAB 250Xi, Thermo-Scientific, USA [38].

3. Results and Discussion

3.1. Gravimetric method

The rate at which a metal (CS) dissolves in solution describes its corrosion behavior in an
agueous environment. The test environment’s corrosiveness and the rate at which material
loss from corrosion happens are both determined by corrosion rate measurements [39, 40].
The traditional method for evaluating corrosion rates is the gravimetric test. This method
precisely evaluates the ability of HS to protect surface of CS from corrosion. Optimizing the
usage of the inhibitor becomes simple with this procedure. This method has proven to be the
most accurate method for determining inhibitor effectiveness (%IE) and corrosion rate (CR).
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Figure 2. WL—time curves for the dissolution of CS in 1 M HCI in the presence and absence
of altered doses of HS extract at temperature of 25°C.

Table 3. CR, 0 and %IE for various doses of HS at 25°C.

Conc., ppm CR-10%, mg-cm=2-min! 0 %IE
Blank 630 — -

50 67 0.894 89.4

100 57 0.910 91.0

150 52 0.917 91.7

200 46 0.927 92.7

250 40 0.937 93.7

300 37 0.941 94.1

The WL test is usually selected since the quantity calculated is directly related to the
precision level. In HCI acid that is both uncontrolled and inhibited, the linear relation of WL
with time (Figure 2) shows that there are no insoluble surfaces layers caused by corrosion,
where the HS is first adsorbed on the surface of the CS alloy and then reduced the CR and
hence increase the %IE. Table 3 shows that the maximum %IE of 94.1% was reached at
300 ppm. and that increasing the extract’s concentration further did not significantly alter
the %IE’s performance. The validation was that the concentration achieved the whole
surface covering, and any additional after that did not result in a rise in the percentage of IE
[41].

3.2. Temperature effect

WL experiments were utilized to examine the effects of temperature on CR and %IE of CS
in HCI with and without doses of HS in the temperature range (from 25 to 45°C) and results
obtained are given in Table 4. The CR rose and the extract’s percentage IE dropped as the
temperature rose (Table 4). The explanation for this was that a temperature rise impacted the
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adsorption/desorption ratio rate. As desorption occurred more quickly than adsorption, the
percentage of IE decreased as a result [42]. The activation energy of the corrosion process
in the presence of extract was often enhanced by the drop in %IE with an increase in
temperature [43, 44].

Table 4. The results of WL technique (CR, 6 and %IE) for CS in the presence and absence of HS extract
after 120 min, at (30, 35°C).

Conc. 30°C 35°C 40°C 45°C
bpm CR %IE CR %IE CR %IE CR %IE
Blank 0.082 - 0.1130 - 0.1550 - 0.1730 -

50 0.0088 880 00148 860 00230 845 0.0305 82.4
100 00081 889 00135 872 00204 862 0.0277 84.0
150 00073 899 00119 886 00185  87.4 0.0266 84.6
200 0.0064 910 00103 900 00172 883 0.0241 86.1
250 0.0057 918 00092 910 00151 896 0.0212 87.7
300 0.0046 932 00078 922 00121 915 0.0174 89.9

The estimates of E," for corrosion of CS in uninhibited and inhibited acid corrosive
medium were computed by employing Arrhenius expression [45]:

logCR =—E; /2.303RT +log A (5)

where A is the pre-exponential Arrhenius multiplier. Straight lines were achieved by drawing
log CR versus 1/T without HS and at different doses of HS (Figure 3) with a slope of
( —E, /2.303R). The entropy (AS”) and enthalpy (AH") of the CS corrosion process in an
aggressive acidic environment in the absence and presence of altered doses of HS were
calculated using next Equation [46]:

(—AH*/RT)

CR=RT/Nh-exp®S/R) .exp (6)

where h represents Planck’s constant. Plotting log CR/T vs. 1/T with and without an adjusted
dose of HS yielded straight lines (Figure 4). Table 6 displays the highest values of E, and
AH" when HS is absent, suggesting that chemical adsorption of Haloxylon salicornicum
takes place on the CS surface. Positive values for AH™ indicate endothermic adsorption of
HS molecules on the CS. A negative AS™ value means that the extract transfers the reactants
to the active compound by reducing them [47, 48].
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Figure 3. Plotting log CR versus 1/T for CS in the presence and absence of altered doses of

HS extract.

Figure 4. Plotting log CR/T against 1/T for CS in the presence and absence of various doses of

HS extract.
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Table 6. E,, AH", and AS™ for CS in the presence and absence of various doses of HS extract.

Cinh, ppm E., kd/mol AH", kd/mol —AS”, Jimol-K
Blank 385 35.9 122.8
50 61.2 58.6 62.0
100 63.5 60.9 55.2
150 65.7 63.1 48.3
200 68.0 65.4 416
250 68.8 66.2 40.1
300 69.5 66.9 39.2
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3.3. Adsorption isotherm

The interactions between the extract components and the metal surface, which contains
active sites, are described by the adsorption isotherm. One of the well-known adsorption
isotherm models may be used to determine the effectiveness of the adsorbent type of
examined HS by fitting the experimental results. The isotherm is determined using the linear
relationship between the concentration of the HS extract (C) and the degree of surface
coverage (0) values (6 = %IE/100). Various adsorption isotherms, including Kinetic-
thermodynamic, Temkin, Henry, and Langmuir and Frumkin isotherms, were applied. A
model which is having highest R? is the most excellent model to get information about the
performance of adsorption-type inhibitor. It was determined that the Langmuir adsorption
isotherm provided the best fit (high R>0.999). Figure 5 shows the representation of the
Langmuir for HS extract. This isotherm accurately describes the relationship between
adsorption and concentration. As in Equation 7:

C/0=1/K,, +C (7)

Within the given context, the HS concentration (measured in ppm) inside the bulk
electrolyte is indicated as C, and the surface coverage degree (0). The adsorption constant is
recognized as Kags. Plotting C/0 vs. C further demonstrated the validity of the Langmuir
adsorption isotherm, with the intercept being found to be 1/Kys, however the values of the
slopes deviate significantly from the unity. This deviation in slope values may be due to the
interactions between adsorbate molecules in adjacent active sites that were ignored by the
Langmuir equation for adsorption isotherm [49, 50]. By utilizing Equation 7, The values of
(Kags) were determined. The adsorption constant, K., gained from the equation of the
Langmuir adsorption isotherm, is specifically related to the free energy of adsorption, AG?,,
by the relation:

AGS, =-RT In(55.5-K_,,) ©8)

ads —

The numerical value 55.5 corresponds to the solution’s water molarity, indicating the
number of moles of water per liter. Table 7 depicts the parameters of the adsorption of the
obtained HS extract. As the achieved negative values of AG(, decrease with increasing
temperature, indicating greater stability of the adsorbed layer at low temperature, and the
spontaneous process of the adsorption of the extract on the surface of the CS alloy. Generally
speaking, AGJ,, values up to —20 kJ/mol are indicative of physical adsorption with the
electrostatic interaction between charged molecules and the charged metal, while values
more negative than —40 kJ/mol indicate chemisorption or the sharing or transfer of electrons
from the inhibitor molecules to the metal surface to form a coordinate type of bond [51]. The
AGJ values in the current investigation were between 20-40 ki/mol indicating the HS
molecules were adsorbed on the metal surface physically and chemically [52, 53] and due to

the increase in E, in presence of extract than in its absence and the decrease in %IE with
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rise in temperature, the adsorption of HS on CS surface is mainly physical [54]. The enthalpy
of adsorption (AH2, ) was computed utilizing the following Vant Hoff Equation:

ads
logK,, =—AH_2,. /2.303RT +constant 9)

ads

Plotting log Kags versus 1/T produces a straight line as shown in Figure 6. The adsorption
entropy (AS?, ) can be calculated as follows:

ads
AG? =AH? —TAS?

ads ads ads

Table 7 displays the computed AH?2, and AS?, values. The negative sign of AS2,
indicates the increased ordering of HS molecules upon adsorption onto the metal surface

[55].

(10)
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Figure 5. Langmuir’s adsorption isotherm plots for CS in 1 M HCI containing various doses
of HS extract.

Table 7. Langmuir parameters for the adsorption of HS extract on the CS surface at varied temperatures.

T, K Kads, mol/I ~AG2, , kd/mol ~AH?, , kd/mol —AS?,., JImol-K
298 211 23.2 77.8
303 161 22.9 75.5
308 136 22.8 26.0 74.2
313 113 22.7 72.6

318 96 22.6 71.3
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Figure 6. Effect of altered temperatures on the free energies of Langmuir isotherms.

3.4. PDP tests

Predicting the type of inhibitor and identifying the best mechanism for the inhibition process
are accomplished by electrochemical investigations. Figure 7 illustrates the PDP curves at
various concentrations of extract. Table 8 depicted the polarization parameters of the PDP
test: corrosion potential (Ecorr), corrosion current density (icorr), anodic Tafel (Ba), cathodic
Tafel (Bc), slopes CR, 6 and %IE. The values of E¢ in the Table showed that the extract
caused the potential to shift towards positive values. The potential shifts were observed to
vary by a maximum of 20 mV (less than 85 mV) towards both negative and positive values,
indicating that HS extract acted as mixed-type inhibitor [56, 57]. The corrosion current
density (icor) Was determined by finding the intersection of the cathodic and anodic Tafel
lines. The value of i reduced as the concentration of extract increased, leading to a
comparable increase in %IE. This suggested that the extract could reduce CS corrosion in
1 M HCI medium [58, 59]. The values of B, and . were not significantly altered by the
increase the extract concentration when compared to the absence of extract. This means that
the mechanism of cathodic and anodic reactions was not changed in the presence of the
extract. The parallel Tafel lines indicated that the corrosion mechanism of CS was unaffected
by its presence or absence.

Table 8. Calculations of corrosion parameters for CS in 1.0 M HCI with altered inhibitor doses.

Conc., icorr, —Ecorr, Ba, —Be, CR, 0 %IE
ppm pA/cm? mVvs.SCE mV/dec  mV/dec mm/y
Blank 482 491 108 127 218 — —
50 151 513 118 142 98 0.687 68.7
100 115 511 115 134 72 0.761 76.1
150 98 510 118 137 58 0.797 79.7
200 76 504 114 138 54 0.841 84.1
250 59 503 99 131 35 0.877 87.7

300 41 501 106 129 27 0.915 915
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Figure 7. An illustration of the PDP curves that show the dissolving behavior of CS when HS
extract are present and absent at 25°C.

3.5. EIS test

For the analysis of electrochemical systems, electrochemical impedance spectroscopy
(EIS) stands out as one of the most useful techniques (EIS). The Nyquist and Bode plots are
shown in Figures 8 and 9, respectively. A charge transfer process is implied by the half-loop
Nyquist curves of the studied system with one time constant. Blank loops have a smaller
diameter than inhibitor loops, and loop forms are not altered as inhibitor concentration
increases. According to these results, the corrosion process is not changed, and a covering
film may form on the surface of the CS due to adsorption of the extract [60]. Thus, corrosion
reaction is governed by the process of charge transfer between metal and solution [61]. The
electrode surface may be protected from acidic solution by an adsorbed inhibitor film HS
extract, which reduces contact with the acidic environment and inhibits CS dissolution. An
evident time constant is detected in the Bode plots Figure 9. The only one peak observed in
Bode plots for the extract manifested the presence of single time constant as mentioned in
Nyquist plot. A frequency dispersion induced deviation has been avoided by replacing the
ideal capacitance of double layer (Cq) with the CPE in the equivalent circuit”. This formula
defines the CPE parameter as the flattened nature of Nyquist spectra allows us to have a
more precise fit [62].

Cai = Yo (®max )n_l (11)

where Yy is the size of the CPE, n is the CPE parameter which characterizes the deviation of
the system from ideal capacitive behavior. The value of n is between —1 and 1, o is the
angular frequency (®max = 27fmax), fmax IS the maximum frequency. CPE in Figure 10 explains
the circuit components based on the value n. Thus, for exponent value n equal to 1, 0, 0.5,
or 1, the following values are given: inductance, resistance, and Warburg impedance. The
CPE is inserted to substitute a double layer capacitance (Cgq) to provide a more precise fit.
In uninhibited and inhibited solutions, the R can be used to calculate HS extract inhibition
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efficiency. Table 9 displays the values of the EIS’s fitted parameters. The addition of HS
extract revealed an increase in charge transfer resistance (Rc:) by increasing the diameter in
Nyquist plot [59]. Since the reference electrolyte’s Yo value is higher than the inhibited
electrolyte’s, it is possible that the extract molecules interacted with the electrode surface,
preventing the dissolution of the electrode surface. The (Cqy) dropped while the (R¢) rose
with the extract’s concentration. The obtained data indicated that the extract molecules were
adsorbed on the CS-solution interface due to a decrease in the local dielectric constant and
an increase in the electrical double layer’s thickness [63]. The chi-squared was utilized to
appraise the precision of the fitting results, the small chi-squared values (Table 9) acquired
for all the results showed that the fitted results have a great concurrence with the
experimental findings. The results from the WL PDP measurements are agreed well with the
results obtained from EIS tests.
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Figure 8. The Nyquist plots for CS corrosion in one molar HCI with and without altered doses
of HS extract at 25°C.
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HS extract at 25°C.
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Table 9. Impedance parameters for CS after immersion in one molar HCI with and without altered HS

extract doses at 25°C.

Conc., ppm Yo, (n-Q1-s"-cm?)-10-° n Ret, @Q-cm?  Cai, pF/cm 0 %IE
1 M HCI 262 0.859 30.23 118 — —
50 231 0.831 84.15 103 0.641 64.1
100 227 0.819 99.98 98 0.698 69.8
150 212 0.810 151.7 94 0.801 80.1
200 209 0.785 182.7 85 0.835 83.5
250 198 0.767 210.1 75 0.856 85.6
300 177 0.756 310.9 69 0.903 90.3

3.6. Surface analysis

3.6.1. AFM studies

After dipping in 1 M HCI with 300 ppm HS extract and a 24-hour immersion, the surface
morphology of the CS was examined using AFM experiments and was quantified in terms
of surface roughness. The mean values of the “R,” roughness profile are important for
identifying and summarizing a test inhibitor’s efficacy [64]. Among other things, roughness
plays a role in explaining the nature of the layer adsorbed on CS. Figure 11 a, b shows the
three-dimensional AFM images of abraded CS in 1 M HCI without and with 300 ppm
extract, respectively. The average roughness value for abraded CS is (R, = 643 nm), while
for the inhibited CS is (R, = 133 nm). The decrease in the roughness is due to the adsorption
of the extract molecules on the CS surface. It can be said that a protective layer is formed on

the surface of CS.
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Figure 11. (a) AFM of CS specimen in 1 M HCI Only and (b) AFM of CS specimen + 1 M
HCI + 300 ppm of HS extract for 24 h.

3.6.2. XPS analysis

The adsorption capacity of the HS extract is demonstrated by the CS metal’s surface
inhibitory layer in 1 M HCI. The XPS decomposition spectra of each element, which is
present on the surface layer created in a solution that contains the extracted HS, are displayed
separately in Figure 12. XPS, Fe2p, O1s, Cls and CI2p for CS at 1 M HCI with 300 ppm
from HS extract

Table 10 displays the binding energies data (BE, eV) and each peak component’s
identical assignment [65, 66]. The Fe 2p spectrum demonstrated at a binding energy (BE) of
five peaks 710.59, 714.41, 718.34 and 724.07 eV may be ascribed to Fe,Os, FeCls, FeOOH,
and Fe3O, respectively. The spectrum of O 1s consists of two peaks 531.87 and 530.03 eV
which at 531.87 appointed to Fe,Os, at 530.03 eV binding energy which associated to
Fe(OH); bond (hydroxide). The Cl 2p includes two peaks situated at 198.81 eV for Cl 2p3/2
and 201.32 eV for Cl 2pl/2. The C1s spectra represented three peaks found at 285.17,
286.91, 288.34 eV. The greatest peak at 285.17 can be ascribed to the C-C, C-H, C=C
bonds of aromatic rings. Additionally, the peaks placed at 286.91 eV are ascribed to the C—
O-C, C—OH bonds, individually. The peak found at 288.34 eV which attributed to O—-C=0,
C=0 appear that the molecules of HS extract have been arranged and adsorbed on the surface
of CS.

Table 10. Binding energies (BE) for the great core lines observed for the surface of CS which holds the HS
extract.

Core element BE, eV Assignments
285.17 C-C,-C=0,C-H
Cls 286.91 C-0O-C,C-OH
288.34 0-C=0, C=0
Ol 531.87 Fe203

530.03 Fe(OH)s
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Figure 12. XPS, Fe2p, O 1s, Cls and CI2p for CS at 1 M HCI with 300 ppm from HS extract.
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3.7. Mechanism of corrosion inhibition

The adsorption process is influenced by various factors, including the interaction between
CS and the solution, the electrochemical potential, the chemical composition, and the surface
properties of CS. One or more of the following theories can account for the inhibitory
mechanism observed in this study, which is based on the adsorption of several novel
heterocyclic derivatives on the CS surface in a single molar HCI solution. One possibility is
that the inhibitor molecules are chemically adsorbed on the steel surface through the donor-
acceptor interaction of the unshared pair of electrons found in the substituted heteroatoms,
such as N, O, and S, or through the charge-transfer interaction of the m-electron of the
benzene ring to the empty low-energy d-orbital of Fe surface (anodic area). As a result,
coordinate chemical bonds may form between the extract molecules and the surface of Fe?*)
Adsorption occurs physically when positively charged (protonated) inhibitor molecules form
an electrostatic attraction with negatively charged chloride anions adsorbed on the iron
surface (FeCl") which acts as a bridge between the inhibitor molecules and the steel surface.
Alternatively, protonated inhibitor molecules may adsorb on the cathodic region and
compete with hydrogen ions for adsorption, which increases the activation of cathode
polarization [67]. Combining the m-electron and electrostatic interactions is an additional
possibility [68]. The second possibility is strongly supported by several experimental
observations. Initially, the inhibitor molecules readily protonate in HCI solution to form
positively charged inhibitor species. The surface charge of the CS at zero, or the so-called
zero charge potential (ZCP), has to be determined. This can be computed using the formula
(Ecorr — Eq = 0). The surface charge is positive when (Ecor — Eq=0) >0 [69]. According to
measurements made previously [70], the ZCP of iron in HCI solution is Eq = —530 mV vs.
SCE. Referring back to Table 8’s findings, the extract in one molar HCI had a maximum
Ecorr Value of 513 mV vs. SCE at 300 ppm. As a result, the matching Fe-ZCP computed value
Is 17 mV, indicating that the CS surface is positively charged. Therefore, it is anticipated
that there will be electrostatic repulsion between the positively charged steel surface and the
protonated charged extract molecules. However, because of the electrostatic interaction
between the anionic species and the protonated charged extract molecules on the
electrolyte/metal interface, it is also anticipated that the surface of the CS will be covered
with negatively charged chloride ions (CI") in the HCI solution. As a result, the first
adsorption layer is formed when the positively charged extract molecules are bound to the
CS surface via the chloride-bridge. In this manner, the extract is physically adsorbed into the
metal surface, resulting in the creation of a thin protective coating that drastically lowers the
rate of corrosion of the CS. Because this HS is protonated, it can directly adsorb on the
negative CS surface through electrostatic attraction in an acidic environment, as seen below:
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4. Conclusions

1. This work evaluated the inhibitory action of HS extracts for CS in HCI solution utilizing
WL test, PDP and EIS techniques.

2. The PDP experiments indicated that HS extract was successful in preventing the corrosion
of CS in HCI solution and acted as inhibitor with mixed characteristics.

3. The EIS data showed that the presence of this HS extract led to an increase in charge
transfer resistance (Rc;) and a decrease in capacitance double layer (Cqj).

4. The inhibition mechanism was identified as the adsorption process, which was further
supported by the Langmuir isotherm model for HS.

5. The adsorbed protective film of HS was detected by AFM and X-ray photoelectron
spectroscopy techniques.
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