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v Dichrostachys cinerea; measurements and scanning electron microscopy (SEM). The results show that DC has
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v Potentiodynamic a very good corrosion inhibiting effect toward aluminium in 1 M NaOH. Weight loss
polarization; results revealed that the inhibition efficiency is dependent on the concentration of the

v’ Corrosion inhibitor;
v’ Adsorption isotherm.

extract and the temperature of the system. At 30 °C, the data from weight loss, EIS and
polarization studies indicated that DC achieved maximum inhibition efficiencies of
93.6%, 91.2%, and 90.4%, respectively at a concentration of 2.5 g L. Polarization
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measurements indicated that DC has a mixed-type inhibitory behaviour, reducing both
the cathodic/anodic partial reactions. The adsorption process followed the Langmuir
adsorption isotherm model at all studied temperatures between 30 and 50 °C. SEM
images revealed the formation of a protective adsorbed layer on the aluminium surface

solution, J. Mater. Environ. Sci., in the alkaline solution.

16(3), 1109-1121.

1. Introduction

Aluminium and its alloys are widely used in a broad range of applications such as construction of
aircraft, fabrication of pipes, cars, and marine parts due to their low density and high mechanical
strength (Udensi et al. 2021, Raghavendra 2020). It is, therefore, very important to prevent this metal
from corrosion. The study of the corrosion behaviour of aluminium in various corrosive media and its
corrosion inhibition has continued to attract considerable attention because of the many vital
applications of the metal. Corrosion inhibitors have been shown to be one of the most cost effective
and practical methods of fighting corrosion (Iroha et al. 2023; Merimi et al. 2021; Emori et al. 2020;
Bouklah et al. 2006). Corrosion inhibitors can effectively reduce corrosion, suppressing the high metal
dissolution rate (Al-Rashed and Abdel Nazeer 2022). A good inhibitor should have a great affinity for
being adsorbed on metal surfaces and, hence, inhibit it through strong binding with metallic d-orbitals
(Umoren and Eduok, 2016). The inhibition basically has to do with the displacement of water
molecules on the surface of metals by organic compounds inherent in the inhibitors, via physical and/or
chemical adsorption, depositing a protective film that reduces further dissolution.
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Application of toxic corrosion inhibitors has been restricted and as a result, researchers have focused
on eco-friendly inhibitors like plant extracts (Ji et al. 2015; James and Iroha 2019; Keramatinia, 2019;
Iroha et al. 2012; Nahle et al. 2021; Salmasifar et al. 2021; James and Iroha 2022; Haddadi et al. 2019;
Aouniti et al. 2013), biopolymers (Biswas et al. 2019; Eddy et al. 2014; Eid et al. 2015; El Azzouzi et
al. 2022), etc, in their attempts to mitigate corrosion damages. The increasing use of plant extracts in
the corrosion inhibition of metal and alloys in various environments is probably due to their
biodegradability, cheap cost, non-toxic nature, ecologically friendly, and high availability
(Abdelshafeek et al. 2022; Iroha and Madueke 2018). Furthermore, most plant extracts have complex
chemical compositions and corrosion inhibitory properties due the presence of phenols, flavonoids,
terpenes, tannins, essential oils, and carboxylic acids (Eddahhaoui et al. 2024; Iroha and Nnanna 2020).
In recent times, many natural products like Treculia africana leaves extract (Udensi et al. 2021), Ajuga
orientalis L. Extract (Abu-Orabi et al. 2024), Tribulus terrestris Plant Extract (Chaudhary and Tak
2022), Conocarpus erectus extract (Fouda et al. 2021) and Tagetes erecta leaf extract (Obruche et al.
2019) were investigated as green inhibitors for aluminium corrosion. It was found that these molecules
adsorb spontaneously on aluminium surface mainly by physical adsorption and inhibition efficiency
varied from 80 to 90 %.

The aim of this research is to investigate the inhibition properties of Dichrostachys cinerea (DC) on
the dissolution of Aluminium in 1 M NaOH solution using chemical and electrochemical methods. The
surface morphology of Aluminium was investigated before and after inhibition. DC, a deciduous low
thorny tree or shrub that produces bicoloured fragrant flowers was chosen as a potential eco-friendly
corrosion inhibitor for aluminium due to the presence of various phytoconstituents, such as Saponins,
flavonoids and phenols (Shandukani et al. 2018).

2. Methodology
2.1 Sample preparation

Aluminium plates with dimension of 3 x 3 x 0.2 cm were cut into coupons, with holes drilled at
the top to aid during dipping in the NaOH solutions, abraded by emery papers at different grit sizes
from 400 to 1200, rinsed with double distilled water, degreased in acetone to get rid of all possible
impurities, dried with filter paper, weighed. The corrosive solution was 1 M NaOH prepared from
analytical grade NaOH (MERCK) and double-distilled water.

2.2 Preparation of Plant Extract

Leaves of Dichrostachys cinerea were washed under running water, dried using a fluidized bed
dryer for 1 h and grinded to powder to give 150 gm of powdered material. The DC inhibitor was
extracted by soaking in 70 % methanol (250 ml) for 48 h at room temperature. The methanolic extract
of the sample was then concentrated to nearly dryness utilizing the rotary evaporator at 45 °C to achieve
the crude extract. The concentration of the inhibitor test solutions was calculated in the range of 0.5 g
L1to25¢gL™

2.3 Gravimetric measurements

Gravimetric tests were performed as described elsewhere (Iroha et al. 2022). Prepared Aluminium
specimens were immersed in 200 mL of 1 M NaOH with and without various concentrations of DC
leaves extract at 30 °C, 40 °C, and 50 °C. The corrosive systems temperatures were controlled by an air
thermostat. After 3 h immersion, the aluminium specimens were retrieved from the test solutions,
washed in distilled water, dried, and re-weighed. The weight loss data, calculated from the initial and
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final weights of each specimen were gained from the average value of three parallel samples in 1 M
NaOH with DC extract at various concentrations. This was further used to compute corrosion rate (CR;
mg cm2 h't) and corrosion inhibition efficiency (EwL%) from the following equations:

CR = — Egn. 1

CRo—CR;
%IEWL = 0 L

x 100 Eqgn. 2

where AW represents aluminium sample weight loss (mg) in time t (h) and A denotes surface area
(cm?). The symbols CRo and CR; stands for corrosion rate in blank NaOH solution and inhibited NaOH
solution respectively.

2.4 Electrochemical measurements

Electrochemical experiments were undertaken using the conventional three-electrode double-walled
glass cell with a saturated calomel reference electrode (SCE), a platinum disc as counter electrode (CE)
and Aluminium used as working electrode (WE), with the surface area of 0.85 cm2 exposed to the
electrolyte. Prior to the electrochemical measurements, the WE was immersed in the test solution at
open circuit potential (OCP) for 25 min at 30 °C, till steady state is obtained. All measurements were
performed with a PGSTAT potentiostat/galvanostat controlled by a personal computer using Nova 1.5
software. Potentiodynamic polarization curves were scanned in the potential ranges of -250 to 250 mV
with respect to OCP at a scan rate of 1 mV/s. EIS measurements were performed at OCP utilizing £10
mV AC perturbation (rms) between 10 kHz to 5 mHz frequency range after a stationary state was
achieved. Tests were repeated three times to check the results reproducibility.

2.5 Surface Investigation Technique

The mild steel specimens were submerged in 200 mL of 1 M NaOH solution containing optimum
concentrations (2.5 g L-1 of DC) for 3 h. After the expiration of 3 h, the specimens were retrieved and
dried. The surface morphological examination of the Aluminium after 3 h immersion in 1 M NaOH
solution without and with various inhibitor concentrations was performed utilizing ZEISS EVO
scanning electron microscope.

3. Results and Discussion
3.1 Polarization Tests

Figure 1 shows the potentiodynamic polarization curves for Aluminium in 1 M NaOH solution
with and without different concentrations of DC at 30 °C. Inspection of the figure indicates that the
cathodic and anodic curves exhibited Tafel-type behaviour. Important polarization parameters deduced
from the figure, such as corrosion potential (Ecorr), corrosion current density (icorr), cathodic (5c) and
anodic (Sa) Tafel slopes and the inhibition efficiencies are listed in Tables 1. The inhibition efficiency
(%IEppp) was computed according to the equation.

%lEppp = 2L 5 100 Eqn. 3

lecorr

Where 2, and icorr are the corrosion current densities in the absence and presence of the DC extract,

respectively. Figure 1 reveals that, on adding DC to the reference electrolyte, the polarization curves
shift to reduced current densities. Furthermore, adding DC to the 1 M NaOH solution reduces the
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anodic and cathodic current densities, which indicates that DC inhibits both the dissolution of the
aluminium and the cathodic hydrogen evolution (Zhang et al. 2021, Iroha et al. 2021). All scans
exhibited similar polarization behaviour over the range of potential examined, indicating that similar
electrochemical reactions took place after adsorption of DC inhibitor onto the aluminium surface.
Table 1 indicates that the icorr decreases and %IEppp increases as the inhibitor concentration increases.
This clearly indicates that DC is adsorbed on the aluminium surface to form protective film thereby
reducing the exposed active sites on the aluminium surface (Singh et al. 2013, Iroha et al. 2022, Nadi
et al. 2019).

6 4{——15gL"DC

20gL'DC
——25gL7'DC
-7 T T

-0.7 -0.6 -0.5 -OIA4 -0.3 -0.2 -0.1
E (V vs SCE)

Figure 1. Tafel polarization curves for aluminium specimen immersed in 1 M NaOH in the absence and

presence of different DC concentrations.

Table 1. Polarization parameters for aluminium specimen immersed in 1 M NaOH
in the absence and presence of different DC concentrations.

Conc. Ecorr lcorr Pa -Be IE pop

(gL (mV/SCE) (LA cm™?) (mV dec?) (mV dec?) (%)

Blank -416.3 582.2 131.9 154.7 -
0.5 -427.7 269.3 115.3 158.2 53.7
1.0 -417.0 227.4 112.6 165.1 60.9
15 -414.9 152.7 117.0 162.6 73.8
2.0 -413.6 110.6 1215 167.2 81.0
2.5 -408.3 55.9 119.6 166.3 90.4

3.2 Electrochemical impedance spectroscopic (EIS) studies

Electrochemical impedance spectroscopy is considered a powerful non-destructive diagnostic
technique in the study of corrosion. EIS technique was employed at 303 K to examine the corrosion
mechanism of aluminium in 1 M NaOH solution in the absence and presence of DC. Figure 2 shows
the Nyquist plot of aluminium in 1 M NaOH with various concentrations of DC at 303 K. The Nyquist
plots consist of depressed capacitive semicircle loops which indicate that the adsorption of DC
happened by masking the aluminium surface by their molecules (Fontana and Staehle 1970). In Nyquist
plot, semicircle indicates that charge transfer phenomenon controls the corrosion process of the
aluminium and its inhibition (Anadebe et al. 2022, Iroha et al. 2025). The diameter of semicircle
increases with increase in inhibitor concentration which indicates that the inhibitor protects the metal
from corrosion (Aliyari et al. 2024, Iroha and Dueke-Eze 2023). However, no obvious change was
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observed in the shape and nature of the Nyquist curves with DC, suggesting that the introduction of
DC into the 1 M NaOH solution did not alter or modify the corrosion phenomenon at the Al/solution
interface. Making use of the nova 2.1.4 software, the most appropriate equivalent circuit was employed
to simulate the EIS findings as depicted in Figure 3, consisting of a series connection between the
solution resistance (Rs) and these impedance components, together with a parallel connection between
the constant phase element (CPE) and the charge transfer resistance (Rct). The EIS parameters evaluated
from the equivalent circuit are listed in Table 2. To account for the surface inhomogeneity caused by
surface roughness, the CPE is used in place of a pure capacitor. The impedance of a CPE is
mathematically expressed as (Merimi et al. 2024, Abeng et al. 2023)

Zepp = [QU)"] ! Egn. 4

where o represents angular frequency, Q is the constant and n is the CPE power with values ranging
between 0.5 and 1. When n =1, the CPE describes an ideal capacitor with Q equal to the capacitance
(C). For 0.5 < n <1, the CPE describes a distribution of dielectric relaxation times in frequency space,
and when n = 0.5 the CPE represents a Warburg impedance. The data presented in Table 2 indicate
that the Rct values when DC inhibitor was introduced are higher than the value of the R¢t for blank.
This increase in Ret values is attributed to the formation of protective film of DC at the metal/solution
interface. The Cq value decreased on increasing the concentration of DC due to an increase in the
thickness of electrical double layer at Al/solution interface (Abdulazeez et al. 2022, Chokor et al.
2022). The results obtained from polarization test and EIS methods are in good agreement.
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Figure 2. Nyquist plot for corrosion of aluminium in 1 M NaOH without and with various concentrations of
DC at 303 K.
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Figure 3. Nyquist plots for aluminium in 1 M NaOH without and with various concentrations of DC at 303 K
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Table. Electrochemical impedance parameters for aluminium in 1 M NaOH without and with various
concentrations of DC at 303 K

Conc. (g L?) R, (Qem?) R, (Qcm?)  Cy4 (uF cm?) n IE g (%)
Blank 1.68 18.6 227.1 0.872 -
0.5 1.20 39.4 105.3 0.885 52.8
1.0 1.47 52.5 87.4 0.937 64.6
15 1.52 84.3 42.9 0.948 77.9
2.0 1.79 117.3 21.0 0.963 84.1
2.5 1.91 211.7 12.6 0.974 91.2

3.3 Weight loss measurement

The results of weight loss measurements in the absence and presence of various DC
concentrations are shown in Figure 4 (a, b). Scrutiny of the results revealed that, as DC concentration
is increased, the CR decreased (Figure 4a) and inhibition efficiency, Ew.% increased (Figure 4b),
likely because of the effective defense of the metal surface leading the retardation of the aluminium
dissolution process.
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Figure 4. (a) CR versus concentration and (b) Inhibition efficiency versus concentration for aluminium
corrosion in 1 M NaOH solution, containing 0 to 2.5 g/L of DC extracts after 3 h.

The Ew.% was found to be the highest at an optimum DC concentration of 2.5 gL, which is likely due
to the adsorption of DC compound at the mild steel surface (Nwosu and Muzakir 2016, Iroha and
Dueke-Eze 2021). This also shows that by increasing the concentration of DC more of its molecules
were adsorbed on the surface of the mild steel, resulting to an increased 0. This behaviour reflects the
inhibitory effect of DC against aluminium corrosion in 1 M NaOH environment.

3.4 Adsorption isotherm

The nature of adsorption of a compound can be assured by fitting the experimental data into
different adsorption isotherms. In this study, the adsorption parameters were best fitted in Langmuir
isotherm. The adsorption equilibrium constant Kags for the studied DC extract was evaluated by
utilizing Eqn. 5 and the values listed in Table 3.
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%=ﬁ+cmh Eqgn. 5
where Cinn is the inhibitor concentration, 0 is the degree of surface coverage and Kags is the adsorption
equilibrium constant. The Langmuir isotherm plot is shown in Figure 5, with a correlation coefficient
(R?) close to unity. The adsorption parameters obtained from the Langmuir’s plot is shown in Table 3.
The Kads values were deduced from the intercept and the change in Gibb’s free energy (4Gads) for the
adsorption process was computed utilizing the equation:

AGY, = —RT In(55.5K,45) Eqgn. 6

where R represents universal gas constant, T is absolute temperature and 55.5 is the molar
concentration of water in solution. The high value of Kags obtained, indicates that the molecules of DC
are strongly adsorbed on the aluminium surface (Myung et al. 2003, Mohamme et al. 2012, Rani and
Selvaraj 2010, Iroha and Nnanna 2021). However, the values of Kags were found to decrease with
increase in temperature, with suggest reduced strength of DC adsorption on the aluminium surface.

35
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Figure 5. Langmuir isotherm model for DC adsorption on aluminium surface in 1 M NaOH at different
temperatures.

The AGags value is mostly used to classify the adsorption process as chemisorption, physisorption or a
combination of both. Values of 4Gags around —20 kJmol™ or less negative suggests an adsorption
process involving electrostatic interactions between the charged metal surface and the charged
molecules, termed physisorption. In contrast, values of 4Gags around —40 kJmol™* or more negative
suggest an involvement of charge transfer or sharing from inhibitor molecules to the metal surface, and
the adsorption process is termed chemisorption (Bentiss et al. 2011, Ahamad et al. 2010).

The existence of data in the literature confirmed the presence of various components as
described by EIl-Sharawy et al., (2017). They were identified as: apigenin-7-O-apiosyl (1 — 2)
glucoside (1) (Li et al., 1997), chrysoeriol-7-O-apiosyl (1 — 2) glucoside (2) (Lin et al., 2007) and the
major compound clovamide (N-caffeoyl-LDOPA) (3) (Sanbongi et al., 1998), were isolated for the
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first time from the plant. Quercetin-3-O-rhamnopyranoside (4) (Zeid et al., 2009), myricetin-3-O-
rhamnopyranoside (5) (Kassem et al., 2016), myricetin-3-O-glucopyranoside (6) (Zeid et al., 2009),
quercetin3-O-glucopyranoside (7) (Zeid et al., 2009), myricetin (8) (Kassem et al., 2016), apigenin (9)
(Marzouk et al., 2016) and kaempferol (10) (Marzouk et al., 2016) were previously reported to occur
in the plant (Zeid et al., 2009), which can be presented in Figure 6. These components, rich in aromatic
rings, heteroatoms, ketones, etc, efficiently adsorb on the metal surface to explain the high efficiency
obtained (=90%). They act competitively or cooperatively to suggest the intermolecular synergistic
effect as proposed by several authors (Haddou et al., 2025; Lrhoul et al., 2023; Zeid et al., 2009).

OH 0
R, R,

1: H
2: OCH,

api(l —»=2) glc
api(1 —2) glc

R, R, R,
4: H OH Gile
5: OH OH Rha
6: OH OH Glc
T: H OH Rha
8: OH OH H

10: H H H

Figure 6. Chemical Structures of the isolated compounds from Dichrostachys cinerea (EI-Sharawy et al.,
2017)

Table 4. Langmuir isotherm parameters for DC adsorption on aluminium surface in 1 M NaOH at different

temperatures.

Temp. (K) R? Slope Kaas (L g1)
303 0.9997 0.7583 28.29
313 0.9999 0.8643 15.85
323 0.9998 0.8443 12.47

3.5 Scanning Electron Microscope (SEM)

Surface analyses for aluminium corrosion in 1 M NaOH solution without and with 2.5 gL DC
inhibitor were performed by SEM. Figure 6 (A, B) shows the SEM pictures of aluminium surface
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exposed to the 1 M NaOH for 6 h without and in presence of DC. In Figure 6A, the surface shows
visible severe corrosion in the absence of DC inhibitor. Figure 6B reveals a rather smooth aluminium
surface with no rusted spots, appearing to be almost unaffected by corrosion. This is due to the
adsorption of DC molecules forming a thin protective film of inhibitors on the Al surface. This film is
responsible for the effective inhibition by this inhibitor.

Figure 6. SEM images for aluminium surface immersed in (A) 1 M NaOH without DC inhibitor and (B) 1 M
NaOH with 2.5 gL DC inhibitor.

Conclusion

The studied DC leaves extract proved to be a good corrosion inhibitor for aluminium in 1 M NaOH
solution. The inhibition efficiency increases with increase in inhibitor concentration but decrease with
temperature. Tafel data reveal that the studied DC inhibitor acts as a mixed type, retarding both anodic
and cathodic processes without changing the mechanism of corrosion. EIS results show that the use
DC extract significantly increases the charge transfer resistance and decreases the double layer
capacitance, indicating that the adsorption leads to the formation of a protective film on the aluminium
surface. The adsorption of the inhibitor on aluminium surface followed Langmuir adsorption isotherm
and it involves a combination of physisorption and chemisorption mechanisms. The data obtained from
weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy are in good
agreement.
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