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ABSTRACT

The anti-corrosion behaviour of Centrosema pubescens leaf extract (CPE) on copper in 1.5 M
hydrochloric acid was investigated using weight loss method at different temperatures, followed
with scanning electron microscopy (SEM) sutface characterization connected with energy
dispersive X-ray spectroscopy (EDX). The Fourier transform infrared spectrum of CPE was
obtained. CPE inhibition effectiveness depends on the temperature and its concentration. CPE
restrains the copper corrosion with 94.26 % inhibition efficiency at 1.0 g/L of CPE and at 303
K. For the CPE-inhibited system, a higher activation energy (Ea) value (range of 31.09 to 38.70
kJmol!) compared to 20.34 kJmol! of the blank solution was obtained. The reaction process is
spontaneous and endo thermic, as indicated by the AH, AS and AG values calculated. CPE

adsorption behaviour fitted best into Freundlich isotherm.

INTRODUCTION

Metals deteriorate or oxidize as a result of chemical
interaction with their environment. This is referred to as
corrosion (Mobin et al., 2020; Ani et al., 2022; Hossain et
al., 2023). One of the industrial practices is the cleaning
of industrial equipment, which involves the use of acids
and it has its resultant effects on the metal (Hemapriya et
al,, 2021). Copper corrodes when exposed to aggressive
media (Fateh et al., 2017). One crucial technique is the use
of inhibitors to control the menace of metal deterioration
(Onwu et al., 2016; Sahin, 2022).

Different classes of compounds have been applied and
confirmed to be good corrosion inhibitors. However, the
majority of these corrosion inhibitors  present
management issues due to their cost, toxicity, ease of
supply, and environmental friendliness (Ogucji ct al., 2024;
Eddy and Ameh, 2021). Organic inhibitors have been
recognised as effective inhibitors (Mazumder et al., 2022),
and their adsorption on a metal surface relies on the
electronic structure of the molecule (Guruprasada et al.,
2020; Alaoui et al., 2020). From studies, organic inhibitors
with heteroatoms, have been recognized as the main
adsorption sites (Hemapriya et al., 2021). Some of the
reported effective organic inhibitors include 3-((5-
mercapto-1,3,4- thiadiazol-2-yl) imino)indolin-2-one ( Gu
et al, 2023; Betti et al, 2023; Ogueji et al., 2024),
clotrimazole (Ade et al., 2014; Guruprasada et al., 2020),
benzothiazines (Hemapriya et al., 2019), atenolol (Atheel
et al, 2017; Ogueji et al, 2024), N,N’-bis-(1-
hydroxyphenylimine)-2,5-thiophenedicarboxaldehyde
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(Wanees and Seda, 2019; Ogueji et al, 2024), etc.
However, these organic inhibitors are expensive, toxic,
and incompatible with human health and the
environment, and this has led to a real search for
alternatives.

The need and interest in green inhibitors have increased
because they are eco-friendly. Plant extracts (leaves, roots,
seed and stems), impressively, have shown to be the
reliable needed alternative to their organic counterparts
(Ofuyekpone et al., 2021). The biomolecules present in
the plant extract contain electronegative atoms (N, O, S,
P, etc.) and unsaturated bonds. The inhibitory potential
of many plants extracts in HCl solutions has been reported
(Ofuyekpone et al., 2021), such as Justicia secunda (Iroha
and Madueclosi, 2021), Carica papaya (Nwigwe, 2019), garlic
extracts (I.oto and Loto, 20106), Ermca sativa (Singh et al.,
2015; Nwigwe et al., 2023), Chamaerops humilis (Fekkar et
al., 2020; Nwigwe et al, 2023; Wang et al, 2023),
Rbizophora Apicnlata (Asaad et al., 2017; Nwigwe et al.,
2023), Allinm cepa (Aiboudi et al., 2019, Nwigwe et al.,
2023), Eruca sativa (Alrafai, 2022), Beta vulgaris (Joycee,
2022), Jatropha Curcas (Ajayi et al., 2014). Ofuyekpone et
al. (2021), reported the prevention of mild steel corrosion
by Centrosema pubescens leaf extract in HoSO4 medium.

Centrosema pubescens, or butterfly pea, as commonly
called, belongs to the family Fabaceae; it has climbing,
twinning, and herbaceous stem (Ofuyckpone et al., 2021).
Centrosema pubescens leaves extract (CPE) has not been
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examined or documented for inhibiting copper corrosion
in any media. Regarding the current study, FT-IR
spectroscopy, SEM surface characterization connected
with EDX, and weight loss investigations of copper
corrosion in 1.5 M HCI solution at various CPE
concentrations were conducted.

MATERIALS AND METHODS
Materials

A rectangular specimen of pure copper was employed for
this work. It was mechanically press-cut into coupons
measuring 3 cm x 1 cm x 0.12 cm. The gravimetric
investigation employed a 1.5 M HCl,q).

Fresh matured leaves of Centrocema pubescens were
harvested in Abakiliki, Ebonyi State, Nigeria, and were
identified by a botanist.

The leaves were washed and shade-dried for seven days to
constant weight, blended and immersed in ethanol for 48
hours, then filtered. The filtrates were exposed to
evaporation using a rotary evaporator at 40 °C until all
solvents had been eliminated. The extract was dried in a
desiccator and preserved. Inhibitor test solutions were
prepared with the Centrocema pubescens leaf extract (CPE) at
concentrations of 0.2 g 1, 0.4 ¢ L1, 0.6 ¢ I'1, 0.8 g L1,
and 1.0 g L'! for use in the corrosion inhibition tests. To
do this, 0.05 g, 0.10 g, 0.15 g, 0.2 g, and 0.25 g of CPE
were added to 250 mL of 1.5 M HCI solution in a flask.

Gravimetric method

The gravimetric test was carried out as documented
elsewhere (Ekuma et al., 2017; Ogueji et al., 2023; Ogueji
et al, 2024). In order to perform the gravimetric
measurement, the previously weighed coupons were
submerged in 100 mL of the test solution (1.5 M HCI) in

six different beakers that contained varying amounts of
CPE at 303 K in a thermostatic water bath (0.0 g/L, 0.2
g/Lto 1.0 g/L). When the two-hour exposure period was
finished, the coupon was taken out of the solution,
cleaned to halt the corrosion reaction, rinsed in water,
dried in acetone, and then reweighed using an analytical
weighing scale. At 313, 323, and 333 K, the same
procedure was carried out once more. The experiment
was redone at 303 K, and the metal was taken out every
hour for five hours. Weight loss, surface coverage,
corrosion rate, and inhibitory efficiency were calculated
using equations 1, 2, 3, and 4 (Ogucji ct al., 2024).

AW = Wl - W2 (1)
_ CRyn—CRip
0= =k @
Corrosion rate = AW /At 3)
0fs — CRyn—CRin
I.E% = Ry x 100 4
Characterisation

The CPE was analyzed using FTIR spectrum obtained in
the range of 400 to 4000 cm-!. The surface characteristics
of the copper coupons were captured using (SEM)
(JEOL-Model JSM - 6360) fitted with (EDX) (model
JED-2300) (Hemapriya e al., 2021; Nwigwe et al., 2023;
Ogueji et al., 2024).

RESULTS AND DISCUSSION
FTIR analysis

The unique bands that correlate to the functional groups
found in CPE's active components can be seen in the FT-
IR spectrum (Figure 1).
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Figure 1: FTIR spectrum of CPE
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The active components' phenolic, catboxylic acid and
aromatic amino groups were linked to the absorption band
at 3272.60 cm—1, which resulted from —OH stretching
overlapped with a N-H stretching mode (Hemapriya ez a.,
2021; Fouda ef al., 2016b). The bands at 2922.60 cm™1,
172748 cm™!, and 162512 cm? emerged from C-H
stretching  vibrations, C=N and C=O stretching
vibrations, respectively. Other functional groups in the
spectrum are C=C (1543.12 cm™1), C-H (1394.02 cm™1),
C=N (1230.02 cm™), C-O (1028.75 cm™) and C-N
(1312.02 cm™).

Alkaloids, proteins, flavonoids, organic pigments, tannins,
organic and amino acids (Umoren et al., 2016), and their
acid hydrolysis products are among the phytochemicals

present in Centrosema pubescens leaf extract, according
to Ofuyekpone et al. (2021). These phytochemicals have
been shown to be beneficial against acid corrosion.

Effect of inhibitor concentration and temperature

The inhibition of copper corrosion in 1.5 M HCI
containing 0.0 g/I, 0.2 ¢ L' to 1.0 g L1 of CPE at
different temperatures for 2 h was examined employing
the weight loss approach. Figure 2 and Figure 3 show
plots for the variation of corrosion rate with temperature
and inhibition efficiency with temperature, respectively,
for the degradation of copper in 1.5 M HCl solution in 0.0
g/L, 0.2 to 1.0 g/L of CPE. The effectiveness of
inhibition of CPE in 1.5 M HCl is presented in Table 1.
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Figure2: Variation of corrosion rate of Cu with temperature in 1.5 M of HCI containing various concentrations

of CPE
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Figure 3: Variation of inhibition efficiency with concentrations of CPE in 1.5 M of HCl
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Figure 2 revealed that the blank specimens recorded the
highest corrosion rate of copper compared to the results
for solutions with different CPE concentrations. The
graphs also demonstrate a consistent decline in copper
corrosion rate with rising CPE concentration and a rise in
copper corrosion rate with rising temperature.  This
suggests that CPE retarded the corrosion of copper in
HCI. This was a result of the interaction between the
heteroatoms in the phytochemicals available in CPE and
the copper (Hddy and Ameh, 2021).

Table 1: Inhibition efficiency (%) of CPE in 1.5 M
HCl1

33K 313K 323K 333K
Conc. (/L) LE (%) 1E (%) LE (%) LE (%)
02 6267 6907 489  50.64
0.4 68.44 7457 6164  57.30
0.6 7733 8144 7460  66.74
0.8 9022 8660 8571  80.90
1.0 9280 9141  89.15  86.27

As observed from Figure 3 and Table 1, while the
inhibitory efficacy of CPE reduced with rising
temperatures, it rose as CPE concentration increased. The
highest possible inhibition efficiency of 92.89 % was
attained at 303K with a CPE concentration of 1.0 g/L.
The CPE's inhibitory effectiveness value decreases with
temperature, indicating that physical adsorption may play
a role in the process (Ikeuba and Okafor, 2019).

Effect of Immersion Time

Figure 4 and TFigure 5 show plots for the variation of
corrosion rate with time and inhibition efficiency with
time, respectively, for copper corrosion in 1.5 M HCI
solution in 0.0 g/L, 0.2 -1.0 g L1 of CPE. The corrosion
rate dropped as the CPE concentration increased, but it
progressively increased as the contact period increased, as
seen in Figure 4. Similarly, with variation of contact time,
as the concentration of CPE rose, the inhibitory efficiency
steadily decreased, as shown in Figure 5 and Table 2. With
1.0 g/L. CPE concentration and a 1-hour immersion
period at 303K, a maximum inhibitory efficiency of
94.26% was attained. Table 2 shows the inhibitory
efficacy of CPE at various contact times at 303K.

Table 2: Inhibition efficiency (%) of CPE in 1.5 M
HCI at different contact time

02¢g/L 04¢g/L 0.6g/L 08g/L 1.0g/L

Time LE (%) LE (%) LE (%) LE (%) LE (%)
1 hr 65.55 71.29 80.38 92.34 94.26
2hrs  62.67 68.44  77.33 90.22 92.89
3hrs  60.49 66.67  76.54 88.48 91.36
4 hrs 55.40 62.59 72.30 85.25 88.85
5 hrs 52.24 71.88 67.53 75.53 82.35

The unobstructed active sites at the copper/acid interface
on the copper surface are where corrosion happens; the
CPE molecules' adsorption may block these sites
(Hemapriya et al., 2021; Onwu et al., 2016). The movement

https:/ /scientifica.umyu.edu.ng/

of CPE molecules from the bulk electrolyte onto the
copper surface, whereupon they were adsorbed as a thin
layer to shield the metal from the corrosive environment
(Hemapriya e al., 2021), was the reason for the drop in
corrosion rate and rise in inhibition efficiency (Rathore et
al., 2023; Hemapriya ¢# al., 2021; Eddy and Ameh, 2021;
Ofuyekpone et al., 2021; Ekuma et al., 2017; Wadhwani et
al., 2015). The current CPE exhibits a higher inhibitory
efficacy in comparison to numerous other inhibitors, such
as Chamaerops humilis L. extract (88.0%) (Fekkar et al.,
2020); Tapinanthus bangwensis leaf extract (76.87 %),
(Eddy and Ameh, 2021); Azadirachta Indica leaf extract
(72.03), (Nwigwe et al., 2023); Santolina chamaecyparissus
extract (86.9 %) (Shabani-Nooshabadi and Ghandchi,
2015); Newbonldialaevis extracts (77.53 %), (Okeoma et al.,
2016), etc.

Surface study by SEM and EDX analysis

Following a two-hour soak in 1.5 M HClin 0.0 g/1., 0.2 —
1.0 g/L of CPE, the appearance of the surface of the
copper coupon was examined using SEM-EDX. The
SEM-EDX images ate displayed in Figures 6 and 7.

Clearly, a damaged surface with signs of pits, cavities,
and/or cracks is seen in Figure 6(a), which only confirms
that copper dissolves in an acidic media (Ofuyekpone e#
al., 2021; Guruprasad et al., 2020). But after CPE was
introduced as an inhibitor (Figure 7a), it displayed a
reduced level of damage, which indicates the development
of a coating that is both protective and inhibitive on the
copper surface (Hemapriya et al., 2020; Ofuyekpone e/ a/.,
2021; Yadav et al., 2023; Ogueiji et al., 2023).

Precisely, an EDX spectrum identifies the principal
component elements at the surface of the metal coupon.
The EDX of the spectrum in Figure 6(b) and Figure 7(b)
identifies high peaks of the important element, which
further helped to verify that the metal is copper
(Ofuyekpone e7 al., 2021). The copper specimen that has
corroded in a blank 1.5 M HCl solution is seen in the EDX
spectrum of Figure 6(b), which is attached. The measured
copper (Cu) atomic concentration was approximately
75.85% in the blank system; however, after adding CPE
(Figure 7b), Cu atomic content was greatly reduced to
72.27 % (Table 3) due to adsorption on the surface. The
development of an inhibitive film on the coupon is the
cause of the muted Cu lines (Ofuyekpone ez /., 2021).

Adsorption consideration

Equation (5), which reduces to equation (6), may be
employed to explain the study of CPE adsorption on
copper surfaces using the Langmuir adsorption isotherm
model (Ekuma et al, 2017; Salman et al, 2019;
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Guruprasad et al., 2021; Ogueji et al., 2023; Njoku et al., Log ( (%) = log C - log Kags ©)

2023).
The Langmuir adsorption isotherms for CPE adsorption

c_ 1 / +C ) on the surfaces of copper are displayed in Figure 8. K
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Figure 4: Variation of corrosion rate of Cu with time in 1.5 M of HCI containing various concentrations of CPE
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Figure 5: Variation of inhibition efficiency of CPE with time in 1.5 M of HCI
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Figure 6: SEM-EDX images of copper in 1.5 M HCl in 0.0 g/L of CPE
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Figure7: SEM-EDX images of copper in 1.5 M HCl with CPE
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Figure 8: Langmuir plots for the adsorption of CPE
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Table 3: % of elements’ atomic composition as determined by EDX spectroscopy

System Cu Na Si Mg Al S P Cl Fe K
Immersed in 1.5M HCI Solution 75.85 1717 159 1.73 117 095 090 0.52 012 0.00
Immersed in 1.5M HCl with CPE 7227 2111 151 1.07 156 065 0.61 0.69 023 0.32

Table 4 displays the values of the Langmuir adsorption o= KCl/n 0

isotherm parameters that were obtained from the plots.

The findings indicate that the slopes are not precisely Log © = log K +%logC ®)

equal to one; the R? values obtained ranged from 0.8602
to 0.9739, and these results indicate that the R2 values for
the plots are nearly one except for the value obtained at
333K, which indicates that the experimental data may not
have adhered strongly to the assumptions of Langmuir
(Eddy and Ameh, 2021; Ofuyekpone et al., 2021).

Table 4: The parameters of Langmuir for CPE
adsorption onto the surface

Temperature (K) R? K,;s Slope
303 0.9699  1.0188  0.6811
313 0.9739 1.0235 0.7524
323 0.9501 1.0086  0.517

333 0.8602  1.0404  0.5376

The Freundlich isotherm is based on multilayer adsorption
on heterogeneous surfaces. Freundlich equation and its
linear form are expressed as in equations (7) and (8),
respectively.

From the linear plot of log 0 against log C, the values of n
and K are ascertained (Ogunleye et al, 2019). The
Freundlich plots are displayed in Figure 9, and the
Freundlich isotherm parameters are also provided in Table
5.

From Figure 9 and Table 5, the values of R? for the
adsorption of CPE onto copper surface ranged from
0.9336 to 0.9914, showing that the experimental data fitted
best into the Freundlich compared to Langmuir isotherm
model. It was reported (Onwu e a/., 2016) that when the
n value is within 1< n <10, it is a favourable uptake
process, and the n values from the current study ranged
from 2.5628 to 5.7176, and this implies that the adsorption
process is favourable. Utilization of Freundlich isotherm
to the uptake of CPE on copper reveals that the mode of
the adsorption process may have involved a physisorption
based on multilayer, as confirmed by Freundlich (Onwu e7
al., 2010).

-0.8

Log ©

€303K m313K

-0.25
323K 333K 03
Log C -0.35
Figure 9: Freundlich isotherm for the adsorption of CPE at different temperatures
Table 5: Freundlich isotherm parameters for CPE adsorption onto the surface
Temperature (K) K n R?
303 0.9166 3.8551 0.9336
313 1.1122 5.7176 0.9724
323 1.1028 2.5628 0.9914
333 0.8381 2.9138 0.9409
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Thermodynamics consideration

The corrosion response of a copper coupon in 1.5 M HCI,
both without and with CPE, can be better understood by
calculating the activation energy (Ea), enthalpy (AH), and
entropy (AS) (Jmiai et al., 2018). The Arrhenius equations
9), the transition state equation (10), and equation (11)
were utilized to calculate these parameters using the
Arrhenius plots and transition state plots (Wanees et al.,
2017).

Log CR = logA — E4/) 303 pr ©)
CRY _ R, A5 _ AH

Log ( T) = log Nh + 2.303R /2.303RT (10)

AG = AH —TAS (1)

Figure 10 shows the Atrhenius plot for the corrosion
inhibition of copper in 1.5 M of HCl in 0.2 — 1.0 g/L of
CPE. The values of Ea obtained from the graphs are
provided in Table 6.

An enormous range of values, from 20.34 to 38.70
kJ/mol, was obtained for the activation energies. The Ea
values obtained for the inhibited corrosion reaction of
copper (from 31.31 to 38.70 kJ/mol) are greater than the
20.34 kJ/mol obtained for the uncontrolled.  This
indicates that copper corrosion was retarded by varied
concentrations of CPE (Wanees et al., 2017, 2019; Ekuma
et al., 2017).

The transition state graph was done by plotting log
(CR/T) against 1/T (Equation 10), which gives a straight
line (Onwu et al., 2016; Ogueijt et al., 2024). From which
the slope is - AH/2.303R, while the intercept is log R/Nh

+ AS/2.303R, and AG was determined from equation (11)
(Aslam et al., 2017; Ogueji et al., 2023; Ogueji et al., 2024).
Figure 11 shows the Transition state plots for the
inhibition of copper in 1.5 M of HCI in various
concentrations of CPE. The values of entropy (AS),
enthalpy (AH), and free energy (AG) obtained from the
graphs are presented in Table 6.

Table 6 displays positive computed values of AH, showing
endothermic adsorption of the inhibitor on the copper
surface (Ekuma et al, 2017; Lai et al, 2017). CPE-
controlled processes showed greater AH values, indicating
a higher energy barrier for the reaction in the presence of
the inhibitor (Rbaa ¢z al., 2017; Ouakki ez al., 2018; Mzioud
et al, 2022). The data revealed that the entropy of
activation, AS, for the uninhibited reaction was higher
than the inhibited; this implies a decrease in the degree of
disordetliness in the presence of CPE (Todres, 2019; Ech-
chibi et al., 2019; Lahbib et al., 2020; Nahl¢ ¢z a/., 2021).

The values of AG obtained ranged from —56.2 to -63.53
kJ/mol, -41.3 to -48.17 kJ/mol, -40.8 to -47.61 kJ/mol, -
40.0 to -46.88 kJ /mol, -40.48 to -45.30 kH/mol and -39.67
to — 44.51 kJ/mol at CPE concentrations of 0.0, 0.2, 0.4,
0.6, 0.8 and 1.0 g/L respectively. A spontaneous uptake
process is indicated by negative values of AG (Dkhireche
et al., 2018). According to the findings, the free energies
are greater than the threshold value of -40 kJ /mol required
for chemical adsorption (Ameh, 2012; Abdel-Hameed et
al., 2022) in the various concentrations of CPE at all
temperatures, exceptin 0.8 g/L and 1.0 g/L of CPE at 303
K wherte the values are lower than -40 kJ/mol (Nahlé ez
al., 2021; Ogueji et al., 2023).
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Figure 10: Arrhenius plot for the inhibition of copper corrosion in 1.5 M of HCl in CPE
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Figure 11: Transition state plots for the inhibition of copper in 1.5 M of HCl in various concentrations of CPE

Table 6: Thermodynamic values for CPE uptake onto copper surface in (kJ /mol)

Conc. (g/L) E, AH AS AG AG AG AG

303 K 313K 323 K 333 K
0.0 20.34 17.72 0.2444 -56.2 -58.65 -61.09 -63.53
0.2 31.09 28.09 0.229 -41.3 -43.59 -45.89 -48.17
0.4 31.31 28.31 0.228 -40.8 -43.06 -45.33 -47.61
0.6 32.49 29.71 0.230 -40.0 -42.28 -44.58 -46.88
0.8 37.57 34.95 0.241 -38.1 -40.48 -42.89 -45.30
1.0 38.70 36.08 0.242 -37.2 -39.67 -42.09 -44.51

CONCLUSION RECOMMENDATIONS

From the results and findings of the study, we conclude
that CPE is effective at preventing the corrosion of copper
in HCL. CPE inhibited copper corrosion with a maximum
inhibition efficiency of 94.26 % at 30 © C and at the
maximum inhibitor concentration of 1.0 g/L. The
corrosion rate of copper in HCI is dependent on
temperature and inhibitor concentration. The positive
values of enthalpy revealed that the uptake of CPE onto
copper surface is endothermic. The negative values of AG
showed that the processes were feasible and spontaneous.
The adsorption isotherm data fitted best into the
Freundlich
coverage) as compared to Langmuir with a correlation
coefficient (R?) of 0.9914. The thermodynamic parameter,
AG of the reaction, and the adsorption isotherm data
both

mechanisms.

isotherm model (indicating multilayer

suggest chemisorption and  physisorption
CPE can be applied as an effective
corrosion inhibitor by researchers against metallic

corrosion.
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It is recommended that further research should be made
using other conventional methods, with the same inhibitor
and compare the results and findings.
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