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Abstract

The impact of aqueous extract of Moringa oleifera on the carbon steel dissolution in
hydrochloric acid was investigated by chemical (mass loss) and electrochemical
[potentiodynamic polarization (PP), electrochemical impedance spectroscopy (EIS), and
electrochemical frequency modulation (EFM)] techniques. Atomic force microscope (AFM)
and Fourier Transforms Infrared Spectra (FTIR) surface analysis techniques were used to
illustrate the importance of this green Moringa oleifera extract in the corrosion inhibition
process for carbon steel. The results demonstrated that the Moringa oleifera extract mitigates
the corrosion of carbon steel in 1 M HCI. From the mass loss test, it was found that with an
increase in the concentration of Moringa oleifera extract up to 600 ppm, the inhibition efficacy
increased to 91.7% at 25°C, indicating that this extract is an excellent inhibitor for carbon steel
in HCI medium. It was found that the inhibition efficacy decreased with raising temperature,
indicating that the extract was adsorbed physically on carbon steel surface according to the
Langmuir adsorption isotherm. The parameters of activation and adsorption processes are
computed and discussed. Polarization data revealed that this extract behaved as a mixed kind
inhibitor. Charge transfer resistance (Rct) increased, while double layer capacitance (Ca)
decreased upon addition of the extract. A mechanism of the corrosion inhibition of carbon steel
by Moringa oleifera extract was proposed and discussed.
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1. Introduction

Studies on carbon steel (CS) corrosion are of high importance. CS is utilized industrially for
producing and designing materials, vessels, reaction tanks, and tubes for carrying the oil. It
is effectively corroded in the presence of acids. The acids that interact with these materials
are used in cleaning, pickling or descaling methods. Inhibitors used to decrease the
dissolution process or corrosion rate are compounds that contain donating atoms such as N,
O and S atoms in their structures. The corrosion protection of metals and metal-based alloys
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by numerous plant extracts was studied [1-12]. The corrosion of CS by plant extracts has
been investigated previously. Plant extracts proved to show good hindrance efficiencies [13].

In this paper, the limiting impact of Moringa oleifera extract on the CS corrosion in
1 M HCI was studied by utilizing mass loss (ML) and electrochemical techniques. The
surface morphology was measured using an Atomic Force Microscope (AFM).

2. Experimental

The chemical composition of CS samples is: 0.039% P, 0.04% S, 0.20% C, 0.350% Mn, and
Fe rest. The dimensions of the samples were: 2.0x2.0x0.2 cm. They were polished to mirror
finish with emery paper of various grades, washed with bidistilled water, and dried with filter
papers.

2.1. Preparation of plant extract (Moringa oleifera)

Moringa oleifera was collected and dried in an oven at 70°C. After this step, it was crushed,
converted into powder, and 50 g of this powder was refluxed in 500 mL bidistilled water for
1 h. The aqueous solution was filtered and concentrated to 100 mL [14]. This concentrated
solution was utilized to prepare solutions with various concentrations by dilution.

2.2. Mass loss (ML) test

The specimens were polished by emery paper, washed with bidistilled water, dried with
tissue paper, and weighed. The samples were dipped in HCI in the presence and absence of
various concentrations of the extract. The concentration of Moringa oleifera extract ranged
from (100—-600 ppm). The experiments were repeated three times every 30 min in order to
check reproducibility. Subsequently, the specimens were weighed again. The CR (corrosion
rates) of the CS samples were calculated utilizing the following relationship [15]:

CR=AW/At (1)

Where AW is the ML, A is the sample surface area exposed to the solution in cm?, and t is
the immersion time in minutes. The inhibition efficiency (%IE) and the degree of surface
coverage (degree of protection) (0) were calculated using eqg. (2):

%IE = [ 1— (AW1/AW,)]-100=6-100 (2)

The data of MLs with and without Moringa oleifera extract are given by AW, and AW;,
correspondingly.

2.3. Electrochemical techniques

In this research, electrochemical measurements were done in a glass cell using a three-
electrode scheme. A platinum auxiliary electrode, a calomel reference electrode (SCE)
coupled to a fine Luggin capillary, and a CS working electrode were employed. The working
electrode was made as a square CS specimen with an exposed zone of 1 cm?. The terminal
surface was treated in the same way as in the weight loss method. All the tests were
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performed at a temperature of 25°C. The working electrode was placed in the used solution
at the open circuit potential for 30 minutes, during which the stability condition was reached.
The EFM electrochemical investigation was performed using a Gamry Potentiostat /
Galvanostat / ZRA (PCI14-G750) device. Gamry includes DC105 DC Corrosion Program,
EIS300 EIS program, the EFM140 for EFM program, and a computer for data collection.
Echem Analyst version 5.5 was used to plot, calculate, and synthesize data.

2.3.1. Potentiodynamic polarization (PP) measurements

PP curves were recorded at a steady scan rate of 0.2 mV-s* from -0.7 V t0 0.7 VV (SCE). In
this technique, the current density was determined and then used in the calculations. The
experiments were repeated in triplicate. The %IE value for Moringa oleifera extract was
calculated as follows [16]:

WIE= [(icorr— icorr(inh))/icorr]'loo (3)

where icorr and icor (inny are the corrosion currents without and with Moringa oleifera extract,
respectively.

2.3.2. Electrochemical impedance spectroscopy (EIS) measurements

In this technique, the study used the same cell as in the potentiodynamic technique. The
experiments were performed at OCP using AC signals ranging from 100 kHz to 0.1 Hz with
a 10 mV amplitude of peaks. The results of impedance measurements were compatible with
the appropriate equivalent circuit by using the charge transfer resistance as a function of the
protection quality by the following equation:

%IE =(1-R,/R%)-100 (4)

Where R, and R} are the charge transfer resistances in the system in the presence and in
the absence of Moringa oleifera extract, respectively.

2.3.3. Electrochemical frequency modulation (EFM) measurements

The EFM experiment is performed by applying a 10 mV signal through two sinus waves
ranging from 2 to 5 Hz [17]. This technology is fast and nondestructive. The corrosion
current density (icorr) Was determined from the higher peaks.

2.4. Surface examinations

2.4.1. AFM analysis

By using the atomic force spectroscopy technique (AFM), the morphological properties of
the CS metal surface were studied. This study was performed in 1 M hydrochloric acid in
the presence of the highest concentration of Moringa oleifera extract (600 ppm) and in the
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absence of a corrosion inhibitor. AFM was carried out in contact mode using a silicon nitride
probe (MLCT model; Bruker).

2.4.2. Fourier Transforms Infrared Spectra (FTIR) investigation

For the determination of the functional groups present in Moringa oleifera extract, CS
samples were dipped in the corrosive solution with and without 600 ppm Moringa oleifera
extract for 3 hours, then removed, dried, and kept in a desiccator until the investigation.

3. Results and discussion
3.1. ML test

The ML values of CS in HCI solution with and without various concentrations of the
extract after various dipping times (30—150 min) at 25°C are given in Figure 1. The curves
in Figure 1 in the presence of the extract lie the curve in the absence of an inhibitor. These
curves are the lines that indicate the absence of solid products (oxide films) on the CS
surface. The data on CR (mg-cm2min?), 0, and %IE of CS in hydrochloric acid with
different concentrations of Moringa oleifera extract are listed in Table 1. %IE improved with
raising the concentration of Moringa oleifera and temperature. The inhibition results from
the adsorption of Moringa oleifera extract on the CS and the formation of a layer from
adsorbed molecules on the surface of CS that separates the CS from the acidic environment
and blocks the areas of corrosion [18—20].
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Figure 1. ML of CS in 1 M HCI solution in the Moringa oleifera extract at different
concentrations.
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Table 1. Influence of various concentrations of Moringa oleifera extract on the CR and %IE of CS in HCI
at various temperatures.

Conc. 25°C 30°C 35°C 40°C 45°C
(PPM) R %wIE CR WIE CR %IE CR %IE CR  W%IE
Blank 0116  _ 00141 - 0192  — 0419  _ 0513

100 0.0266 77.1 0.0348 753 00509 735 01194 /15 0.1575 693
200 0.0197 83.0 0.0303 785 0.0444 769 01039 752 0.1380 731
300 0.0165 858 0.0261 815 0.0394 795 0091 /85 01195 76.7
400 0.0130 888 0.0219 845 0.0359 813 0.0758 819 0.1011 80.3
500 0.0104 910 0.0212 850 0.0271 859 0.0645 846 0.0811 84.2
600 0.0096 91.7 0.0147 89.6 0.0219 88.6 0.0528 874 0.0713 86.1

3.2. Adsorption isotherms

Moringa oleifera extract was adsorbed on the CS surface and the data of (0) for various
concentrations of Moringa oleifera extract in 1 M hydrochloric acid were determined from
ML data by using equation (1). The 6 values increased with an increase in the Moringa
oleifera extract concentration. By matching these data to various adsorption isotherms, the
Langmuir adsorption isotherm was recognized to be the best explanation of the extract
adsorption behavior on the surface of CS. The Langmuir equation is [21]:

Cl0=1/Kus+C (5)

A plot of C vs. C/6 for Moringa oleifera extract at various temperatures is shown in
Figure 2. The intercept equals (1/Kaqs), the slope reaches unity, and the relationship between

the adsorption binding constant and AG., is given by:
AGS, =—RTIn(55.5K ) (6)
The AG., data at all temperatures are documented in Table 3. The AH?, values were
determined by the Van’t Hoff equation [22]:
0
logK, = Ay, + constant (7)
2.303RT

Plotting (log Kags) vs. (1/T) gives a straight line as displayed in Figure 3 and the slope
is (~AH2, /2.303R). From this slope, the AH?, data was calculated and is listed in Table 3.

ads ads

Then, the following equation is applied:

AGa?ds = AHa?ds - TASe?ds (8)
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Figure 2. Langmuir plots of Moringa oleifera on CS surface in 1 M HCI at various
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Figure 3. (log Kags) vs. (1/T) plot for the dissolution of CS in 1 M HCI with and without
Moringa oleifera extract at various temperatures.

Table 2 shows the adsorption parameters of the Moringa oleifera extract. The data
shown in the table confirm the spontaneous adsorption of Moringa oleifera extract on the

CS surface through the negative AG., values obtained. It is negative (spontaneous) and

ads

decreases with higher temperature indicating that the adsorbed layer is more stable at low
temperatures. The AG.. values smaller than —20 kJ/mol are indicative of physical

ads

adsorption. Hence, these results show that physical adsorption occurs. When the value of
enthalpy is negative, this means that the adsorption of Moringa oleifera extract molecules is
exothermic. An exothermic process can refer to physical or chemical adsorption, but the

value determines the kind of adsorption. The AH?, value that is less than 40 kJ/mol refers

ads
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to a physisorption process, while the AS?,. values are positive due to an increase in disorder

resulting from the water molecules adsorbing on the CS surface [23].

Table 2. Parameters of Langmuir adsorption of Moringa oleifera extract on the CS surface at various
temperatures.

Temp., °C Kads, M~ ~AG,,, kJ:-molt  —AH. ,kJ:mol! AS] , J-mollK-!
25 120 22.3 69.1
30 112 21.1 68.2
35 100 20.2 24.3 66.0
40 92 19.3 64.8
45 80 18.4 63.0

3.3. Thermodynamic parameters

In this examination, the effect of temperature on the corrosion of CS samples used in the
investigation and dipped in 1 M hydrochloric acid was studied with and without various
concentrations of Moringa oleifera extract. It was found that the CR increased with
increasing temperature. Table 3 shows the effect of temperature on the activation parameters
in the presence and absence of Moringa oleifera extract in the temperature range used. The

table shows the CS activation energy (E,) calculated from the slope of the graph using the
Arrhenius formula:

logCR =log A— E, / 2.303RT (9)
Where A is the Arrhenius exponential factor. Arrhenius diagrams are illustrated in Figure 4
[log(CR) vs. 1/T], in which the activation energy is derived from the slopes of the straight

lines [-E,/2.303R]. By using the transitional state equation, the changes in entropy and
enthalpy were calculated [24-27].

log(CR/T) =[log(R/ Nh) + AS / 2.303R] — AH, / 2.303RT (10)

Where h is the Planck constant. Figure 5 shows straight lines resulting from a plot of
log(CR/T) vs. 1000/T, where this figure shows the transitional state of the Moringa oleifera

extract. The slopes obtained from the plot were used to calculate enthalpy (AH, / 2.303R)
and the activation entropy of the plot was calculated from the intercepts of the lines
[log(R/ Nh)+AS, / 2.303R]. Analysis of the results shown in Table 3 indicates that the

activation energy increases with an increase in the concentration of Moringa oleifera extract.
This increase is due to the nature of adsorption of Moringa oleifera extract on the CS surface
that corresponds to the physical adsorption of the components of extract [28]. The results in
Table 3 also show that the entropy values are negative in the presence of Moringa oleifera
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extract. These negative values show that the activated complex in the rate-determining step
prefers the association step to the dissociation step [29].
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Figure 4. logCR vs.1/T curves for various concentration of Moringa oleifera extract.
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Table 3. Thermodynamic parameters for dissolution of CS at various concentrations of Moringa oleifera
extract in 1 M HCI solution.

Conc., ppm E;’ kJ mol* AH", kJ-mol —AS", J-molt-K-1
Blank 64.9 62.2 88.3
100 75.9 73.2 83.3
200 76.5 73.8 61
300 76.6 73.9 60.5
400 78.3 75.6 58.9
500 79.6 76.9 58
600 81.4 78.8 57.2
3.4. PP tests

Figure 6 displays the PP diagrams for CS with various concentrations of Moringa oleifera
extract at 25°C. From Figure 6, both cathodic (hydrogen discharge) and anodic reactions
(carbon steel dissolution) were inhibited by adding various concentrations of Moringa
oleifera extract. The electrochemical parameters, Ecor, CR, 0, %IE, and icor Were measured
and are given in Table 4. The data showed that addition of the extract decreased the i
values, while it did not change the Ec.r values [30]. Thus, the Moringa oleifera extract
performance is as a mixed kind inhibitor.

. . . . . .
-1.0 -0.8 -0.6 -04 -0.2 0.0
E,mV (vs.SCE)

Figure 5. PP diagram for CS in 1 M HCI with various concentrations of Moringa oleifera
extract at 25°C.
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Table 4. Electrochemical parameters: icorr, Ecorr, 6 and IE% of CS in 1 M HCI with various concentrations
of Moringa oleifera extract.

Wom wAGm?  mVaSCE  mpy :
Blank 2530 461 138 — —
100 1016 462 11.9 0.598 59.8
200 808 466 10.5 0.681 68.1
300 693 471 5.6 0.726 72.6
400 568 476 4.9 0.775 77.5
500 448 479 4.4 0.823 82.3
600 372 483 3.8 0.853 85.3

3.5. EIS tests

Figures (7, 8) display the CS Nyquist and Bode plots recorded at OCP with and without
various concentrations of Moringa oleifera extract at 25°C, respectively. The EIS spectra
show that the diameter increases with an increase in the dose of Moringa oleifera extract.
The interface capacitance Cq can be estimated from CPE parameters Yo and n, as defined in

eq. 11:

Zimag- ohm cm?

Ca= Y()'((Dmax)m1
Where, Y, is the CPE magnitude and n is the CPE variable: -1 <n < 1.
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Figure 7. Nyquist diagrams for dissolution of CS with and without various concentrations of
Moringa oleifera extract at 25°C.
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Figure 8. Bode diagrams for dissolution of CS with and without various concentrations of
Moringa oleifera extract at 25°C.

The curves obtained are very similar for all samples with and without various
concentrations of Moringa oleifera extract indicating that no changes in the corrosion
mechanism occur [31]. Table 5 demonstrates that the impedance data of R increase with
raising the dose of the Moringa oleifera extract, showing that %IE increases. This might be
because of the rise of the thickness of the adsorbed layer with an increase in the Moringa
oleifera extract concentration. Table 5 lists the values of Rs and R parameters from EIS
fitting and the derived parameters Cq and %IE.

S AN AN .-
RE Fs Fict W-E
CPE

Figure 9. Electrical circuit utilized to fit the EIS data.

Table 5. EIS data for CS dissolution without and with various concentrations of Moringa oleifera extract
at 25°C.

Conc., (ppm) Ret, Q-cm? Cdl, pF-cm2 0 %IE
0 25 385 — -

100 132 141 0.811 81l.1

200 145 106 0.828 82.8

300 164 98 0.848 84.8

400 210 91 0.881 88.1

500 270 79 0.907 90.7

600 341 73 0.927 92.7
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3.6. EFM tests

The data derived from EFM for CS in 1 M HCI with various concentrations of Moringa
oleifera extract at 25°C are shown in Table 6. The data show that the corrosion rate decreases
with an increase in the concentration of Moringa oleifera extract, while the %IE increases.
The i data can be obtained directly from EFM measurements and the Tafel constants
determined independently [32]. The %IE can be calculated as shown in Eq.4. The
intermodulation spectra obtained from EFM with and without various concentrations of

Moringa oleifera extract are displayed in Figure 10.
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Figure 10. Intermodulation spectrum of CS in 1 M HCI with and without various
concentrations of Moringa oleifera extract.
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Table 6. EFM for CS with and without various concentrations of Moringa oleifera extract at 25°C.

Conc., (ppm) icorr, pA-CM2 CR, mpy 0 %IE
0 4763 118 — —
100 943 60 0.802 80.2
200 876 44 0.816 81.6
300 738 36 0.845 84.5
400 600 33 0.874 87.4
500 476 12 0.902 90.2
600 391 11 0.918 91.8

3.7. Surface morphology

3.7.1. AFM analysis

The CS surface morphology was analyzed by using AFM experiments after exposure for
24 h to 1 M HCI in the presence and absence of 600 ppm of Moringa oleifera extract.
Figure 11(a) shows the clear CS surface, Figure 11(b) gives the surface of the metal that was
damaged by HCI, and Figure 11(c) displays the surface of the metal in the presence of
600 ppm of Moringa oleifera extract that was not affected by corrosion.
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Figure 11(a). (3D), (2D) AFM micrograph of CS before exposure to the acid.
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Figure 11(b). (3D), (2D) corroded CS surface after exposure to the corrosive environment
(blank solution alone).

LAxs - Scan forward _ Line fit

3D

Figure 11(c). (3D), (2D) of the inhibited CS surface after exposure to the acid solution with
600 ppm of Moringa oleifera extract for 24 hours at 25°C.

3.7.2 Fourier Transform Infrared Spectra (FTIR) studies

FTIR is a powerful investigative tool to expose the functional groups in a molecule. The
FTIR spectra of Moringa oleifera extract with and without the metal surface are shown in
Figure 12 to exhibit a broad band at 3330 cm™ that revealed the vibration of the N—H bond.
The band at 1635 cm™ revealed the vibration of C=0, that at 1051 cm™ revealed the
stretching v(C—0), and the bands below 1000 cm™ correspond to aliphatic and aromatic
(C—H) groups [33]. It is observed that there are movement in the frequencies, namely, the
N-H band shifted from 3330 cm™ to 3335 cm™?, and the band corresponding to the stretching
vibration of C=0 shifted from 1635 cm™ to 1649 cm™,
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Figure 12. FTIR spectrum of Moringa oleifera extract before and after adsorption on the CS
surface.

3.8. Inhibition mechanism

Moringa oleifera extract includes anthraquinones, flavonoids, polyphenols, lipids, and
sterols [34]. The adsorption on the CS surface (via chemisorption) involves the removal of
water molecules from the CS surface and the interaction of electrons between the iron and
oxygen or Moringa oleifera adsorbed by donor-acceptor bonds between vacant d orbitals of
iron and w-electrons of aromatic rings. In the acid medium, the steel surface bears a positive
charge, so it is hard for protonated molecules to adsorb on the CS surface due to electrostatic
repulsion. The chloride ions adsorbed on CS surface create an excess negative charge toward
the solution and adsorption for the cations [3]. Owing to the lone pair of electrons, the O and
N atoms in Moringa oleifera molecules or protonated molecules may be bound to the newly
formed positive ions of iron on CS surface to form complexes with the CS inhibitor (Moringa
oleifera extract). These complexes are adsorbed on the CS through van der Waals forces to
form a protective cover preventing CS from dissolution.

4. Conclusion

The inhibiting effect of Moringa oleifera extract on the CS corrosion in HCI was studied.
The mitigation increases with an increase in the Moringa oleifera extract concentration.
Moringa oleifera is adsorbed chemically and physically on the CS obeying the Langmuir
isotherm. The results obtained from potentiodynamic polarization measurements indicate
that this extract acts as a mixed type inhibitor. The results obtained from ML and
electrochemical tests are in excellent agreement.
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