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ARTICLE INFO ABSTRACT

Keywords:

The crude extract of Pterocarpus santalinoides leaves (PSLE) extracted using water, ethanol, and methanol as the
extraction solvent has been studied as inhibitor for low carbon steel in 1 moL/dm® HCl solution using electro-
chemical approaches at 25 °C and 60 °C. The results obtained reveal that, PSLE extract has the capacity to
effectively suppress the dissolution of the studied substrate. The inhibition performance of PSLE is a function of
concentration, temperature, and extraction solvent. Corrosion inhibition is in the order: ethanolic extract >
methanolic extract > aqueous extract. With 0.7 g/L PSLE, inhibition efficiency of >90% has been obtained at 60
°C. Based on calculated values of adsorption parameters and UV-vis results, it is proposed that PSLE molecules
chemically interacted with the substrate surface. PSLE extract suppressed both the rate of cathodic and anodic
reactions according to the PDP results. However, aqueous PSLE extract inhibited anodic corrosion reactions
predominantly while ethanolic and methanolic extracts mainly inhibited the cathodic corrosion reactions. Sur-
face characterization studies via SEM, EDAX, and AFM provide experimental evidence to the claim of interaction
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Acid corrosion
Inhibition

Adsorption

and presence of PSLE molecules on the studied substrate surface.

1. Introduction

Metals are critical to industrial development. Many industrial
equipment, transmission lines, and storage facilities are fabricated from
metals. From time to time, the industrial cleaning of metallic equipment
is necessary to get rid of fouling, prevent damage, and maintain effi-
ciency of operation. One of the efficient cleaning procedures is chemical
cleaning, which uses mostly inorganic or organic acid solution as the
cleaning solution (Otzisk, 2008). For the removal of inorganic scales,
common cleaning solution is inhibited inorganic acids (HCl, H3SO4,
H3POy) in the concentration range of 2-5% and temperature less than
60 °C (Otzisk, 2008). Inhibitors for chemical cleaning process are mostly
organic compounds having S, N, O heteroatoms and/or = electrons in
their molecules (Noor, 2005; Kannan et al., 2016; Tuken et al., 2012;
Zhang and Hua, 2009).

Although the organic corrosion inhibitors have been effective, the
synthesis routes of some of them are rigorous and some are very
expensive. Additionally, some organic inhibitors possess high toxicity
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and are unhealthy to humans and the natural environment (Fang et al.,
2019). As an alternative to the toxic organic inhibitors, compounds such
as the natural polymers, amino acids, ionic liquids, and plant extracts,
that are less harmful to humans and the natural environments have been
advocated for use as metals corrosion inhibitors (Fang et al., 2019;
Solomon et al., 2018; Obot et al., 2017; Kannan et al., 2016; Ashassi--
Sorkhabi et al., 2004). Among these green compounds, plant extract has
received the most research attention owing to its availability and low
cost (Fang et al., 2019; Alibakhshi et al., 2019; Sanaei et al. 2019).
Research findings have shown that extracts from different plant parts
are effective in retarding metals corrosion in hostile environments
(Table 1). As could be seen in Table 1, corrosion inhibition efficiency
greater than ninety percent is achievable with plant biomaterials. The
performance of plant extracts as corrosion inhibitors is due to the
presence of complex organic molecules in their composition (Umoren
et al. 2019; Mobin et al., 2019). The heteroatoms (N, S, and O), the
conjugated double/triple bonds, as well as the aromatic rings in the
molecular structures of the organic compounds serve as the interaction
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Table 1

Some recent studies on plant biomaterials as inhibitor for low carbon steel under acid cleaning conditions.
Plant name Plant part extracted Extraction solvent Corrodent studied Optimum 7 (%) Optimum concentration Ref.
Saraca ashoka Seed Ethanol H,S04 95.48 100 mg/L Saxena et al., 2018a
Cuscuta reflexa Fruit Ethanol H,SO4 95.47 500 mg/L Saxena et al., 2018b
Myristica fragrans Fruit Ethanol H,S04 87.81 500 mg/L Haldhar et al. (2018a)
Armoracia rusticana Root Ethanol H,S04 95.74 100 mg/L Haldhar et al. (2018b)
Ficus religiosa Fruit Ethanol H,S04 92.26 500 mg/L Haldhar et al. (2018c)
Aegle marmelos Fruit Ethanol H,S0,4 83.08 500 mg/L Bhardwaj et al. (2018)
Asparagus racemosus Fruit Ethanol H,S04 93.25 100 mg/L Saxena et al., 2018¢c
Ficus tikoua Leaf Water HCl 95.80 200 mg/L Wang et al. (2019)
Pineapple Stem - HCl 97.60 1000 ppm Mobin et al. (2019)
Eriobotrya japonica Lindl Leaf Water HCl 92.70 800 ppm Nikpour et al. (2019)
Lemon Balm - Water HCl 94.60 800 ppm Asadi et al. (2019)
Rosa canina Fruit Water HCl 85.35 800 ppm Sanaei et al. (2019)
Peganum harmala Seed Water HC1 95.00 600 ppm Bahlakeh et al., 2019a
Petroselium sativum Leaf HCl HCl 92.39 5g/L Benarioua et al. (2019)
Mustard Seed Water HCl 94.00 200 mg/L Bahlakeh et al. (2019b)
Chinese gooseberry Fruit Water HCl 91.90 1000 ppm Dehghani et al. (2019¢)
Citrullus lanatus Fruit Water HCl 91.00 800 mg/L Dehghani et al. (2019d)
Borage Flower Water HCl 91.00 800 mg/L Dehghani et al. (2019a)

n = inhibition efficiency.

centers between plant extracts and metallic surfaces (Mobin et al.,
2019). A comprehensive information on plant extracts as metals corro-
sion inhibitor can be found in Umoren et al. (2019).

Pterocarpus santalinoides is a tree of about 9-12 m high that belongs
to the legume family of Fabaceae. It is native to the tropical Western
Africa (World Agroforestry Centre, 2008). Traditionally, the leaves are
used in the treatment of skin diseases such as eczema, candidiasis and
acne (Osuagwu and Akomas, 2013). The bark extracts have been applied
for the treatment of diabetes, cough and sore belly (Igoli et al., 2005;
Okwuosa et al., 2011). It was reported that Pterocarpus santalinoides
leaves extract contained coumarins, polyphenols (flavonoids and tan-
nins), saponins and leucoanthocyanins (Bothon et al., 2014). These
phytochemicals are rich in heteroatoms and hence, Pterocarpus santali-
noides has one of the qualifications required from a potential corrosion
inhibitor.

Extract of Pterocarpus santalinoides leaves had been studied as mild
steel corrosion inhibitor in H3SO4 solution and protection efficiency
value as high as 96% was reported (Ofoma et al., 2018). However, only
the classical chemical techniques (weight loss and gasometric) were
used in the investigation. Since aqueous corrosion of metals is an elec-
trochemical reaction involving oxidation and reduction half-reactions
occurring, respectively, at anodic and cathodic sites on the metal sur-
face, it is pertinent to understand how Pterocarpus santalinoides leaves
extract modifies these reactions during the acid corrosion of carbon
steel. The rationale for such investigation is also emphasized by the
general acceptance that organic inhibitors inhibit corrosion by adsorp-
tive mechanism or by increasing the electrical resistance of a substrate
surface (Fang et al., 2019).

In this report, we used the electrochemical techniques to study the
extent of protection of a low carbon steel against dissolution in a molar
hydrochloric acid solution at 25 and 60 °C by Pterocarpus santalinoides
leaves extract. To assess the contribution of extraction solvent to inhi-
bition performance of the extract, different extractive solvents (ethanol,
water, and methanol) were used in the extraction process.

2. Experimental section
2.1. Materials and solutions

Fresh Pterocarpus santalinoides leaves (PSLE) were collected from the
campus of Imo State Polytechnic, Umuagwo-Ohaji, Owerri, Nigeria and
was validated by Dr. B. E. Onwubuche of the Department of Plant Sci-
ence and Technology, Imo State Polytechnic, Nigeria. The leaves were
washed thoroughly with distilled water, sun dried for two weeks, and
then ground into powder. For extracting and processing, 10.0 g PSLE

powder was soaked in 800 mL of extracting solvent (ethanol, methanol
or water) for 24 h. Thereafter, the mixture was filtered and the filtrate
was concentrated utilizing a rotary evaporator. In each case, extract in
the range of 1.34-1.37 g was obtained. The plant leaves extract was
characterized using a Fourier-transform infrared spectroscopy (FTIR)
spectrophotometer (Nicolet iS5, Thermo Scientific model) over the
range 4000 to 400 em L.

The chemical composition of the low carbon steel specimens is same
as given in Solomon et al. (2017). Circular shaped samples with exposed
area of 0.79 cm? were used for electrochemical measurements. Before
the specimens were used for each experiment, they were abraded, me-
chanically using abrasive papers with 400-800 grit, rinsed in distilled
watere and acetone and dried using a Buchler Torramet specimen dryer.
Analytical reagent hydrochloric acid (37%) was dissolved in distilled
water to prepare the corrodent (1 moL/dm® HCI). In this study, the
concentration range of the PSLE extract investigated was 0.1-0.7 g/L.

2.2. Electrochemical experiments

All electrochemical experiments were conducted on a Gamry
Potentiostat/Galvanostat/ZRA Reference 600 workstation following the
ASTM G3-89 (1994) and G5-94 (1994) standard procedures and utiliz-
ing 150 mL as the volume of the test solutions. An epoxy-encapsulated
low carbon steel was the working electrode, the auxiliary electrode
was a graphite rod, and the reference was a Ag/AgCl electrode. Elec-
trochemical experiments were performed after monitoring the variation
of open circuit potential (OCP) for an hour. The electrochemical
impedance spectroscopy (EIS) measurements were undertaken at the
frequency range of 10* Hz to 102 Hz with a + 10 mV amplitude signal
and acquirement of 10 points/decade at OCP. Linear polarization
resistance (LPR) experiments were performed from —10 mV to +10 mV
versus OCP and the scan rate of 0.125 mVs~! was used. Finally, poten-
tiodynamic polarization (PDP) measurements were conducted at the
potential of +0.25 V versus OCP utilizing a scan rate of 0.2 mVs~'. The
analysis of EIS and LPR data was done using Echem analyst while EC-lab
software was used for PDP data analysis. For reproducibility, all the
experiments were repeated three times. The inhibition efficiency from
EIS, LPR, and PDP techniques was calculated using equations given
elsewhere (Fang et al., 2019; Solomon et al. 2018).

2.3. SEM, EDAX, AFM, and UV-vis experiments
The surface morphologies of the low carbon steel coupons immersed

in 1 moL/dm?® HCl solution without and with 0.7 g/L PSLE extract for 24
h were observed using a scanning electron microscope (SEM), JEOL
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Fig. 1. FTIR spectra of aqueous, methanolic, and ethanolic extract of Pter-
ocarpus santalinoides.

JSM-6610 LV model coupled to energy dispersive X-ray spectroscopy
(EDAX) for chemical composition determination. AFM measurements
were performed using a 5420 atomic force microscope (N9498S, Agilent
Technologies, UK) operated in the contact mode under ambient condi-
tions. The ultra violet-visible (UV-vis) experiments were undertaken
utilizing a JASCO770-UV-Vis spectrophotometer (200-650 nm) using a
dual Ilaeam operated at a resolution of 1 nm with a scan rate of 200 nm
min~ .

3. Findings and discussion

3.1. Characterization of PSLE extract

Fig. 1 presents the FTIR spectra obtained for the aqueous, meth-
anolic, and ethanolic extract of Pterocarpus santalinoides. Inspection of
the figure reveals that the three spectra contained similar peaks
although with different intensities at wavelength region of 3226-3341
em™!, 2971-2920 em ™!, 1614-1633 cm ™!, and 1016-1017 cm ™. This
suggests that the studied solvents extracted phytochemical compounds
with similar or same functional groups. Nevertheless, some striking
differences can be identified in the figure. For instance, the peaks at
1556.63 cm™ ! and 1371.20 cm ™! in Fig. 1(a) (aqueous extract) are ab-
sent in Fig. 1(b and c) (methanolic and ethanolic extract). The weak
peak around 976 em™! in Fig. 1(a and c) is absent in Fig. 1 (b). In
addition, the peak around 3226-3341 cm ™! is broader in Fig. 1(a) than
in Fig. 1(b and c). All these observations suggest some slight differences
in the phytochemical compounds extracted by the organic solvents and
water.

In the spectra, intense and broad peaks observed at 3226-3341 cm ™
are typical stretching of H-bonded O-H (Wang et al., 2019). The bands at
around 2971-2920 cm™! are typical of aldehydic C-H stretching (Deh-
ghani et al., 2019¢,d). The peaks in the region of 1614-1633 cm ™! and
1016-1017 cm ™! emanated from the vibrations of C=C and C-O groups,
respectively (Dehghani et al., 2019d; Wang et al., 2019). In addition, the
weak peaks around 1455 cm™! are associated with —COOH stretching
vibration (Dehghani et al., 2019c). These results indicate that chemical
compounds in the form of ester, carboxylic acid, and aldehyde are
present in PSLE extract. These compounds, which may be saturated or
unsaturated, have oxygen heteroatoms in their functional groups, which
are the universal features of a traditional corrosion inhibitor.
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Fig. 2. Representative plots showing the variation of open circuit potential
with time for low carbon steel immersed in 1 moL/dm® HCI solution without
and with Pterocarpus santalinoides extract at 25 °C.

3.2. Corrosion inhibition by PSLE extract

3.2.1. OCP studies

The graphs showing the variation of the OCP with immersion dura-
tion for the low carbon steel immersed in 1 moL/dm® HCI solution un-
protected and protected with PSLE extract at 25 °C are shown in Fig. 2.
In all cases, an initial rise in open circuit potential (OCP) followed by a
decreasing tendency before attaining a steady state condition is
observed. This behavior, which had been reported by Chellouli et al.
(2016) is linked to the breakdown of the native oxide film on the elec-
trode surface (Zhao et al., 2019; Zohdy, 2015). The oxide film break-
down is followed by the growth of corrosion products (in uninhibited
system) and/or adsorbed inhibitor layer (in inhibited system) until a
steady state potential is established (Chellouli et al., 2016).

Relative to the blank, it is observed that, the aqueous extract dis-
played the open circuit potential to nobler values whereas the meth-
anolic and the ethanolic extracts shifted the open circuit potential to
more negative values. This is suggestive of different mechanism of in-
hibition by the extracts. It seems that the aqueous extract affected the
anodic corrosion reactions principally while the ethanolic and meth-
anolic extracts influenced the cathodic corrosion reactions more than
the anodic reactions. Organic-based inhibitors can retard metals disso-
lution by interrupting the anodic and/or cathodic corrosion reactions
(Sigircik et al., 2016; Srikanth et al., 2007). The classification of an in-
hibitor as anodic, cathodic, or mixed type requires that, the OCP
(inhibited system) minus the OCP (uninhibited system) equals + 85 mV
(Oguzie et al., 2007; Srikanth et al., 2007; Solomon and Umoren, 2016).
In this work, the OCP for the low carbon steel in the blank solution at
3600 s is —460.9 mV vs. Ag/AgCl but is —494.5 mV vs. Ag/AgCl,
—496.8 mV vs. Ag/AgCl, and —428.0 mV vs. Ag/AgCl, respectively, in
the acid solution containing methanolic, ethanolic, and aqueous extract.
Since the difference in the OCP of the inhibited and uninhibited solu-
tions is below the benchmark of +85 mV, PSLE extract is regarded as a
mixed type inhibitor.

3.2.2. EIS studies

The impedance response of low carbon steel in 1 moL/dm® HCI so-
lution without and with different dosages of PSLE extract has been
investigated and the results obtained are presented in Nyquist (Fig. 3
(a—c)), Bode modulus (Fig. 3(d-f)), and Bode Phase (Fig. 3(g—i)) formats.
The Nyquist graphs exhibit single capacitive loops at high frequencies
and one-time constant is observed in the corresponding Bode
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Fig. 3. Electrochemical impedance spectra for low carbon steel in 1 moL/dm® HCI solution in the absence and presence of different concentrations of (a, d, g)
aqueous, (b, e, h) ethanolic, and (c, f, i) methanolic Pterocarpus santalinoides extract at 25 °C.

representations (Fig. 3(d-i)). The observed single capacitive loop in-
dicates that the dissolution of the low carbon steel in the studied me-
dium is controlled primarily by charge transfer process (Zhang and Hua,
2009; Solomon et al., 2018). As should be expected for a solid electrode,
the capacitive loops in Fig. 3(a—c) are imperfect and such is often
associated with the heterogeneity of the working electrode (Zhang and
Hua, 2009; Solomon et al., 2018).

Although the graphs for the uninhibited and inhibited systems are
similar, probably due to similar mechanism of corrosion, the influence of
the PSLE extract on the corrosion process is obvious. The effect, which is
concentration-dependent, is manifested in the larger diameter of the
capacitive loops, the displacement of the impedance and the Phase angle
to larger values in the extract-inhibited systems relative to the blank.
This could be possible due to the obstruction of reaction points on the
metal surface by adsorbed inhibitor molecules (Solomon et al., 2017).

The one-time constant observed in Fig. 3 allows the studied system to
be described by a simple R(QR) equivalent circuit (EC) inserted in Fig. 4
(a). The suitability of the selected EC is illustrated in Fig. 4. The use of a

constant phase element (CPE) in place of a pure capacitor in the EC was
necessitated by the depressed nature of the capacitive loops in Fig. 3
(a—c) caused by the heterogeneity of the working electrode (Wang et al.,
2019; Sigircik et al., 2016). Mansfeld et al. (1992) recommended the
inclusion of n (an exponent) in the impedance function to account for
the deviation from an ideal behavior. This recommendation, which has
been widely embraced (Fernandes et al., 2019; Ashassi-Sorkhabi et al.,
2006), allows the replacement of a pure capacitor with a CPE. The
impedance function of a CPE can be described by Eq. (1) (Fernandes
et al., 2019; Ashassi-Sorkhabi et al., 2006):

Zepe = Y, (jw) ™" 1)
where Yy = CPE constant, n = CPE exponent, which describes the
roughness of a surface and is within the range —1 <n <1, j = imaginary
number (j = —1)'/2, while w = angular frequency (w = 2xf). For a non-
ideally polarized electrode where charge transfer controls the corrosion
process and diffusion or any other kind of mass transfer is unaccounted
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for, the double layer capacitance (Cq)) can be computed using the Brug
et al. (1984) formula:

Un 1 1 (n—1)/n
Ca=Y, <E + 1?) 2
S ct

The values of the derived and calculated electrochemical parameters
are listed in Table 2. While the value of R is observed to be higher in the
inhibited systems and increases with increase in PSLE extract concen-
tration, the reverse is noted for the Cq;. The highest R.; and the lowest Cq;
values are noted for 0.7 g/L extract (highest studied concentration). This
concentration raised the R value from 104.80 =+ 0.75 cm? to 411.20 +
3.65 Q cm?, 710.50 + 4.73 Q cm? and 379.40 + 3.13 Q cm? and
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decreased the Cq value from 55.20 pF cm ™2 to 9.68 pF cm ™2, 10.40 uF
em 2, and 21.50 pF em?, respectively for the aqueous, ethanolic, and
methanolic PSLE extract. These observations demonstrate the formation
of a protective layer on the low carbon steel surface (Dehghani et al.,
2019a-d). This layer boosted the corrosion resistance of the substrate.
The inverse variation of the Cq, with extract concentration aligned with
the Helmholtz model (Fernandes et al., 2019) and depicts a lower local
dielectric constant due to the substitution of the adsorbed water mole-
cules on the low carbon steel surface by adsorbed inhibitor molecules
(Fernandes et al., 2019; Luo et al., 2019). It means that, the increase in
the dosage of the extract increased the thickness of the electrical double
layer resulting in a decrease in the surface area exposed to corrosive
attack (Fernandes et al., 2019; Luo et al., 2019). The inhibition effi-
ciency afforded by the 0.7 g/L aqueous, ethanolic, and methanolic PSLE
extract, respectively is 74.51%, 76.94%, and 72.38%.

3.2.3. PDP studies

Fig. 5 presents the PDP graphs for low carbon steel in 1 moL/dm® HCI
solution free of and containing different dosages of (a) aqueous, (b)
ethanolic, and (c) methanolic PSLE extract at 25 °C. The corresponding
polarization parameters obtained from the analysis of the curves are
listed in Table 3. The presented results clearly show that, the corrosion
of the low carbon steel was retarded by the addition of the plant extract.
The addition of 0.1 g/L queous, ethanolic, and methanolic PSLE extract
decreased the corrosion current density (icory) from 124.25 pA cm~ 2 to
71.65 pA cm ™2, 68.60 pA cm 2, and 73.41 pA cm 2, respectively and
protected the metal surface by 42.33%, 44.79%, and 40.92%. The in-
hibition becomes better upon increasing the extract concentration
probably due to significant adsorption and restriction of dissolution
reactions. When the concentration of the aqueous, ethanolic, and
methanolic PSLE extract was increased to 0.7 g/L, the icoy further
decline to 30.25 pA cm 2, 15.75 pA cm 2, and 33.64 pA cm 2,
respectively corresponding to protection efficacy of 75.65%, 79.00%,
and 72.93%.

It is observed from Fig. 5 that, the presence of PSLE extract in the
corrodent decreases both the anodic and cathodic current densities. In
Table 3, it is noticed that, the difference between the anodic and the
cathodic slope (#, and f.) values of the PSLE-inhibited systems and those
of the unprotected is not very significant. These observations indicate
that, PSLE extract behaves as a mixed type corrosion inhibitor (Sata-
pathy et al., 2009). However, by finding the difference between the
corrosion potential (Eoy, blank) and the E o, (inhibited), the ethanolic
and methanolic extracts are found to displace the corrosion potential of
the steel electrode by 21-47 mV cathodically while the higher concen-
trations of the aqueous extract shift the potential by 10-12 mV anodi-
cally. These results confirm the OCP results (Fig. 2) that the organic
solvent extract principally inhibited the cathodic reduction reactions
while the aqueous extract predominantly retarded the anodic oxidation
reactions.

In a system containing an effective organic corrosion inhibitor, the

Table 2

Electrochemical impedance parameters for low carbon steel in 1 moL/dm® HCl solution in the absence and presence of Pterocarpus santalinoides extract at 25 °C.
Conc./System Extracting solvent R, (Q cm?) CPE Ree (Q em?) x? Ca (WF em™2) ners (%)

-3
Yo (pQ’l s2ecm™?) n x 10

Blank - 1.87 £ 0.01 317.00 £ 0.00 0.81 £ 0.00 104.80 £+ 0.75 0.83 55.20 -
0.1 g/L Aqueous 1.81 £0.13 499.20 £+ 0.00 0.71 £+ 0.00 189.80 + 1.61 0.74 28.40 44.78
0.3 g/L 1.21 £0.12 366.00 + 0.00 0.72 £+ 0.00 227.40 +£1.85 1.28 18.10 53.91
0.5 g/L 0.73 £ 0.10 431.10 £+ 0.00 0.68 £+ 0.00 311.80 + 2.81 1.91 16.50 66.39
0.7 g/L 1.16 £ 0.12 310.10 £+ 0.00 0.73 £+ 0.00 411.20 + 3.65 1.60 9.86 74.51
0.1 g/L Ethanolic 1.17 £ 0.10 475.80 + 0.00 0.74 + 0.00 203.40 +£1.71 1.45 34.10 48.48
0.3 g/L 2.38 £0.18 48.59 + 0.00 0.91 £ 0.00 231.70 £+ 1.42 0.19 19.80 54.77
0.5g/L 2.56 £ 0.21 39.84 + 0.00 0.89 £ 0.00 454.50 + 2.91 0.66 12.80 76.94
0.7 g/L 3.04 £ 0.10 36.05 + 0.00 0.88 + 0.00 710.50 £+ 4.73 0.72 10.40 85.25
0.1 g/L Methanolic 1.28 £ 0.12 787.90 £+ 0.00 0.68 £ 0.00 181.10 £ 1.03 2.64 30.50 42.13
0.7 g/L 0.77 £ 0.00 242.20 + 0.00 0.78 £ 0.00 379.40 £+ 3.13 8.22 21.50 72.38
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Fig. 5. Potentiodynamic polarization curves for low carbon steel in 1 moL/dm®
HCI solution in the absence and presence of different concentrations of (a)
aqueous, (b) ethanolic, and (c) methanolic Pterocarpus santalinoides extract at
25 °C.

anodic oxidation half corrosion reactions can be interrupted according
to Egs. (3) and (4) (Zhang and Hua, 2009; Gerengi et al., 2016). The
FTIR results (Fig. 1) reveals that, PSLE extract contained compounds
with —-OH and -COOH functional groups. These groups could be pro-
tonated in HCI solution such that the extract molecules are adsorbed on
the anodic site through columbic electrostatic attraction between posi-
tively charged molecules and (FeCl™),,, steel surface (Zhang and Hua,
2009; Gerengi et al., 2016). On the other hand, protonated extract
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molecules could compete with H' ions on the cathodic site for adsorp-
tion (Yildiz et al., 2018). Such competitive adsorption had be reported
(Yildiz et al., 2018; Kowsari et al., 2014).

Fe + Inh" & Fe(Inh"),,, 3)

Fe(Inh*),, + € < Fe(Inh),, @

ads
3.2.4. LPR studies

The dissolution behavior of low carbon steel in 1 moL/dm® HCI so-
lution devoid of and containing PSLE extract was also examined by LPR
technique. The data obtained from the inverse of the slope of the linear
current versus potential graphs in the range of £10 mV vs. OCP, since
R, = dE/dj (Fernandes et al., 2019), where R} is the polarization
resistance, E is the potential (V) and j the current density (A cm™2) are
presented in Table 3. As noted in Table 3, higher R, value is obtained in
the fortified systems in comparison to the unprotected, meaning the
steel dissolution was inhibited in the acid solution containing PSLE
extract. As noted from other techniques, the corrosion inhibition per-
formance of the extract is a function of concentration. From this tech-
nique, the presence of 0.7 g/L aqueous, ethanolic, and methanolic PSLE
extract reduced the dissolution rate (v) of the substrate from 136.50 mpy
to 33.68 mpy, 14.48 mpy, and 24.36 mpy, respectively. This may have
been possible due to the adsorption of extract molecules on the electrode
surface that raised the polarization resistance from 111.70 Q em? to
452.70 Q cm?, 811.40 Q cm? and 627.60 Q cm?, respectively. The
protection efficiency values obtained from the three electrochemical
approaches (EIS, LPR, & PDP) are comparable (Table 2, Table 3).

3.3. The contribution of temperature to the corrosion inhibition by PSLE
extract

To understand the contribution of temperature to the performance of
PSLE extract towards inhibiting the deterioration of low carbon steel in
1 moL/dm® HCl environment, EIS, PDP, and LPR experiments were
undertaken at 60 °C. This temperature was chosen since the temperature
during chemical cleaning process rarely exceed 60 °C (Malik et al.,
1997). Fig. 6 shows the EIS spectra and the PDP graphs obtained for the
studied substrate in 1 moL/dm> HCI solution devoid of and containing
0.7 g/L PSLE extract at 60 °C. The associated electrochemical parame-
ters are enumerated in Tables 4 and 5. It is certain from Fig. 6 and the
results in Tables 4 and 5 that the extract effectively inhibited the
corrosion of the low carbon steel in the studied medium. The diameter of
the capacitive loop of the extract-inhibited graphs (Fig. 6(a)) is
remarkably larger relative to that of the blank. More so, the impedance
(Fig. 6(b)) and the Phase angle (Fig. 6(c)) are significantly displaced by
the extract relative to the blank, and in the PDP graphs (Fig. 6(d)), the
presence of the extract in the corrodent remarkably shifted the anodic
and cathodic current densities to lower values in comparison to the
blank.

By comparing the corrosion inhibition performance of PSLE extract
at 25 °C (Tables 2 and 3) to its performance at 60 °C (Tables 4 and 5), it is
found that the extract performed better at 60 °C. For instance, the
corrosion inhibition efficiency of 0.7 g/L aqueous, ethanolic, and
methanolic extract at 25 °C from EIS technique (Table 2) is 74.51%,
85.25%, and 72.38%, respectively but 94.80%, 92.86%, and 93.97% at
60 °C (Table 4). Similar trend is observed from the PDP and LPR tech-
niques (Table 5). This observation suggest that, the extract molecules
were chemically adsorbed on the steel surface (Gowraraju et al., 2007;
Solomon et al., 2018), probably through the donation of electron pairs
from O-heteroatoms in the extract molecules to the empty 3d-orbital of
iron (Gowraraju et al.,, 2007; Solomon et al., 2018). As earlier
mentioned, the -OH and —~COOH functional groups on the extract mol-
ecules could be protonated in 1 moL/dm?® HCl solution and adsorbed on
the substrate surface through columbic attraction and/or competitive
adsorption. On the surface, deprotonation could take place (Zarrouk
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Table 3
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Corrosion parameters for low carbon steel in 1 moL/dm® HCl solutions in the absence and presence of different concentrations of Pterocarpus santalinoides extract at 25

°C from potentiodynamic and linear polarization techniques.

Conc./System Extracting solvent PDP

LPR

\—e— Met. Extract

“Ecorr MV vs. Ag/AgCD  icor JAcm™®)  py (mVdec—")  fo (mVdec—')  mppp (%) Ry (Qem®  v(mpy)  mier (%)
Blank - 436.45 124.25 101.20 111.40 - 111.70 136.50 -
0.1g/L Aqueous 438.29 71.65 128.30 105.30 42.33 207.60 73.46 46.19
0.3 g/L 447.71 60.57 119.00 113.30 51.25 241.70 60.09 53.79
0.5 g/L 441.57 41.02 107.30 101.50 66.99 332.60 45.85 66.42
0.7 g/L 423.98 30.25 86.90 115.10 75.65 452,70 33.68 75.33
0.1g/L Ethanolic 437.33 68.6 74.80 140.20 44.79 208.40 17.96 46.40
0.3 g/L 460.07 50.81 59.40 100.20 59.11 332.30 35.36 66.39
0.5 g/L 458.28 26.09 64.00 116.60 79.00 533.50 22.03 79.06
0.7 g/L 461.38 15.75 85.10 110.00 87.32 811.40 14.48 86.23
0.1 g/L Methanolic 481.00 73.41 131.70 98.20 40.92 147.10 103.90 24.07
0.7 g/L 482.94 33.64 121.20 104.80 72.93 627.60 24.36 82.20
120
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Fig. 6. Electrochemical impedance spectra for low carbon steel in 1 moL/dm® HCI solution in the absence and presence of 0.7 g/L PSLE extract at 60 °C in (a)
Nyquist, (b) Bode modulus, and (c) Phase angle representations. (d) Potentiodynamic polarization curves for low carbon steel in 1 moL/dm® HCI solution in the

absence and presence of 0.7 g/L PSLE extract at 60 °C.

et al., 2015; Solomon et al., 2018) such that some of the oxygen het-
eroatoms are freed (Zarrouk et al., 2015; Solomon et al., 2018). Electron
pair could be transferred from the freed oxygen heteroatoms to the
vacant 3d-orbital of Fe forming a covalent type of bond (Zarrouk et al.,
2015; Solomon et al., 2018). The FTIR results (Fig. 1) also suggest that,
the PSLE extract is rich in unsaturated organic compounds. The

n-electrons from such compounds can as well be used for covalent
bonding with Fe. As it is known, elevated temperatures favour this type
of bonding (Zarrouk et al., 2015; Solomon et al., 2018).
To further elucidate the role of temperature on the dissolution
behavior of the low carbon steel in the considered systems and to
confirm the chemical interaction mechanism suggested by the variation
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Table 4
Electrochemical impedance parameters for low carbon steel in 1 mol/dm® HCl
solution in the absence and presence of 0.7 g/L PSLE extract at 60 °C.

Conc./ R, (Q CPE R (Q x? Nets
System cm?) Yo (pQ’l &2 n cm?) i<310
cm2)
Blank 1.21 1066.00 0.85 5.66 1.68 -
Eth. 1.64 215.20 0.77 79.29 0.45 92.86
Extract
Agq. Extract  1.05 258.60 0.72 108.8 2.50 94.80
Meth. 1.19 186.70 0.75  93.80 0.70 93.97
Extract

of protection efficiency with temperature, the apparent activation en-
ergy (E,) for the corrosion process and the heat of adsorption (Qags) of
the extract were calculated using Egs. (5) and (6) (Solomon et al., 2017;
Oguzie, 2007), respectively.

V) E, 1 1
log 2 = —
%8, T 2303R (Tl T2> )

0, 0, T,\T, 4
.ds = 2.303R | — ) -1 kJmol
O {Og<1—92> Og<1—91>} ) (TZ—TI) e

where v; and v, are the corrosion rates (derived from the LPR technique)
at T1 (25 °C) and T, (60 °C), respectively, ¢ and 0, are the surface
coverage (from LPR technique; & = 7/100) at T; and T5, respectively, R
is the molar gas constant. The computed values of E, and Q,gs are given
in Table 6. In the table, the E, value for both unprotected and protected
systems is found to be positive and infers endothermic corrosion process
(Solomon et al., 2017, 2018). However, the E, values of the
PSLE-fortified systems are smaller than that of the free corrodent. In the
corrosion literature, such a behavior is common with chemical adsorp-
tion mechanism (Solomon et al., 2017, 2018; Oguzie, 2007). The Qags
value calculated for the ethanolic, aqueous, and methanolic PSLE
extract-inhibited systems is 16.88 kJ/mol, 46.49 kJ/mol, and 28.88
kJ/mol, respectively. The Q,qs values are all positive and is a charac-
teristic of a chemisorption mechanism (Oguzie, 2007; Solomon et al.,
2017), thus confirms that the PSLE extract chemically adsorbed onto the
low carbon steel surface in 1 moL/dm® HCI medium.

3.4. Comparison of the protection efficacy of PSLE extract from different
extractive solvents

It is a fact that extractive solvents differ in extraction preference and
strength. For instance, Anokwuru et al. (2011) reported that, ethanol
had the ability to extract flavonoids and phenolics in the bark of Aza-
dirachta indica than absolute methanol, ethyl acetone, and acetone.
Similarly, Umoren et al. (2014) reported that, ethanol extracted poly-
phenols and flavonoids from coconut coir dust more than acetone. These
differences in extraction preference and strength could have effect on
the dissolution inhibition performance of a plant extract. To study the
effect of extractive solvent on the dissolution inhibition performance by
PSLE extract, water, ethanol, and methanol were used for extraction.
The values of inhibition efficiency of PSLE extract obtained from the
various applied techniques are given in Table 7. The data in the table
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disclose that, the extractive solvent has effect on the corrosion inhibition
performance of the extract. On the average, the order of corrosion in-
hibition performance by the PSLE extract is ethanolic > methanolic >
aqueous. This result could be associated with the phytochemical con-
stituents of the Pterocarpus santalinoides leaves extracted by the solvents.
Going by the report of Bothon et al. (2014), ethanol has a higher efficacy
of extracting tannin and flavonoid contents from Pterocarpus santali-
noides leaves than water. It had been documented that tannins are
excellent corrosion inhibitor for carbon steel due to their ability to form
a highly cross-linked network of ferric tannate moieties (Oguzie, 2008;
Umoren et al., 2014). Nevertheless, since the extract is a
multi-component as revealed by the FTIR spectra (Fig. 1), the other
phytochemical constituents could equally chelate with ferric ions and
facilitate strong adsorption on the steel surface. The overall corrosion
inhibition may possibly be a synergistic interaction between the
different adsorbed constituents (Umoren et al., 2014, 2019).

3.5. Proposed mechanism of inhibition by PSLE extract

The calculated values of E, and Quqs (Table 7) suggested that, PSLE
extract adsorbed onto the low carbon steel surface through chemical
adsorption mechanism. Such adsorption mode would result in Fe-extract
complex formation. To confirm the formation of Fe-extract complex and
to propose a mechanism for the corrosion inhibition of low carbon steel
corrosion in 1 moL/dm® HCI solution by PSLE extract, UV-vis experi-
ments were undertaken. The UV-vis spectra obtained for 1 moL/dm>
HCI solution containing ethanolic PSLE extract (a) before and (b) after
low carbon steel sample immersion for 24 h at room temperature are
presented in Fig. 7. The spectrum in Fig. 7(a) exhibits two bands at 212
nm and 422 nm and are assigned to the n—»n* and n—xn* electronic
transitions, respectively (Saxena et al., 2018c, 2018a, 2018b; Sanaei
et al., 2019). In contrast, the spectrum in Fig. 7(b) showed additional
band at 333 nm and this is indicative of Fe-extract complex formation.
Similar submission can be found in the literature (Alvarez et al., 2018;
Haladu et al., 2019). Further inspection of Fig. 7 reveals that, the

Table 6
Calculated values of kinetic parameters for low carbon steel in 1 moL/dm® HCI
solution in the absence and presence of 0.7 g/L PSLE extract.

System E, (kJ/mol) Qags (kJ/mol)
Blank 71.52 -

Ethanolic extract 62.52 16.88
Aqueous extract 30.67 46.49
Methanolic extract 45.75 28.88

Table 7
Comparison of inhibition efficiencies of Pterocarpus santalinoides extracts ob-
tained from different extractive solvents.

System Inhibition efficiency (%)

EIS PDP LPR Average
Aqueous extract 74.51 75.65 75.33 75.16
Ethanolic extract 76.94 87.32 86.23 83.50
Methanolic extract 72.38 72.93 82.20 75.84

Table 5

Corrosion parameters for low carbon steel in 1 moL/dm® HCl solutions in the absence and presence of 0.7 g/L PSLE extract at 60 °C from potentiodynamic polarization.
Conc./System PDP LPR

Ecorr (mV vs. Ag/AgCl) fcorr (WA cm™?) fla (mV dec—1) fe (mV dec—") Nippp (%) Ry (@ cm?) v (mpy) Nepr (%)

Blank 401.10 4563.54 188.10 145.40 - 5.60 2835.00 -
Eth. Extract 452.62 220.46 150.40 109.40 95.17 77.31 205.30 92.76
Aq. Extract 442.51 114.48 134.60 95.30 97.49 128.30 123.70 95.64
Meth. Extract 437.70 138.36 108.70 93.60 96.97 93.61 169.60 94.02
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Fig. 7. UV-visible spectra of the extract of ethanolic Pterocarpus santalinoides
extract in 1 moL/dm® HCl before and after immersion of low carbon
steel sample.

adsorption process affected the band at 212 nm, i.e. higher intensity in
Fig. 7(b) than in Fig. 7(a). As it is known, a sharp absorbance band at
around 200-215 nm is consistent with the hydroxide functionality
(Zuman and Szafranski, 1976). This suggests that, the O-H functional
groups on the extract phytochemical compounds participated in the
adsorption process.

The inhibition of the low carbon steel corrosion in the studied cor-
rosive medium by PSLE extract can therefore be explained by virtue of
adsorption mechanism. The PSLE extract is rich in organic compounds
bearing O-H groups (Fig. 1). The O-H functional groups can be pro-
tonated in 1 moL/dm® HCI solution such that the extract active com-
pounds exist in cationic forms (Obot et al., 2019). The adsorption of the
cationic inhibitor species on the substrate surface would depend on the
metal surface charge. The net charge (¢) on the carbon steel surface can
be ascertained using the following equation (Mobin et al., 2019): E¢opr —
Ezpe = ¢, where Ecq; is corrosion potential and E,j is the potential of
zero charge. Pavithra et al. (2016) reported — 498 mV vs. Ag/AgCl as
the Eyp. for low carbon steel in 1 mol./dm® HCl solution. From our result
(Table 4), the Ecoy for the studied carbon steel is — 436 mV vs. Ag/AgCl.
Since the difference between Ecorr and Ezp. (+62 mV vs. Ag/AgCl) is
greater than zero, the low carbon steel surface in 1 moL/dm® HCI so-
lution would be positively charged (Mobin et al., 2019). Obviously,
chloride (Cl7) ions would be adsorbed on the surface and the adsorption
would replenish the surface (Mobin et al., 2019; Haladu et al., 2019) to
favour the adsorption of the protonated inhibitor species through elec-
trostatic attraction (Physisorption mechanism). On the surface, lone pair
of electrons from O-heteroatom of the inhibitor molecules may have
been transferred into the d-orbital of Fe to form Fe-extract complex
(hence, the chemisorption mechanism) as indicated by the UV-vis
results.

3.6. Surface observation studies

3.6.1. SEM and EDAX studies

The surfaces of the corroded low carbon steel specimens after im-
mersion in 1 moL/dm® HCI solution without and with 0.7 g/L aqueous,
ethanolic, and methanolic PSLE extract for 24 h at 25 °C was examined
using SEM-EDAX techniques. The SEM images and the corresponded
EDAX spectra obtained from the examination are presented in Fig. 8. In
the absence of PSLE extract, the SEM picture (Fig. 8(a)) reveals a severe
attack on the steel surface in the acidic solution. A rough morphology is
observed in the image shown in Fig. 8(a). The EDAX spectrum reported
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Fig. 8. SEM images and EDAX spectra of a low carbon steel coupon immersed
in 1 moL/dm® HCl solution (a, b) without and with (¢, d) Aqueous, (e,f)
methanolic, and (g, h) ethanolic Pterocarpus santalinoides extract for 24 h at
ordinary temperature.

in Fig. 8(b) shows Cl and O peaks in addition to the characteristic peaks
of the carbon steel specimen, indicating the presence of oxides and
chlorides in the corrosion products (Solomon et al., 2019). It can be seen
in the inserted table in Fig. 8(b) that the weight percentage of O on the
surface of the corroded sample (Fig. 8(a)) is 9.7%. By comparing the
micrographs of the PSLE extract-inhibited surfaces (Fig. 8(c, e, g)) to
that of the blank (Fig. 8(a)), the images in Fig. 8(c, e, g) are smoother
than the image in Fig. 8(a). This confirms the corrosion inhibition of the
studied substrate by the PSLE extract. The EDAX spectra in Fig. 8(d, f, g)
reveals an increment in the content of oxygen species from 9.7% (Fig. 8
(b)) to 21.2% (Fig. 8(d)), 20.6% (Fig. 8(f)), and 11.7% (Fig. 8(g)) on the
specimen surfaces exposed to the acid solution inhibited with PSLE
extract. This result confirms the adsorption of PSLE molecules on the
specimen surface. The adsorbed molecules protected the surface from
corrosion as reveals by the experimental results (Tables 3 and 4) and the
SEM images (Fig. 8(c, e, g)).

3.6.2. AFM studies

In Fig. 9 is presented the 2D and 3D AFM pictures taken for the low
carbon steel specimen after exposing to 1 moL/dm® HCl solution devoid
of and containing 0.7 g/L ethanolic PSLE extract for 24 h at room
temperature. The graphs showing the surface roughness profile as well
as the associated roughness parameters as contained in the International
Organization of Standardization (ISO) 1487 are also presented. The
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definition of the parameters are given elsewhere ( Solomon et al., 2018).
Clearly, the surface in Fig. 9(b) is smoother compare to the one in Fig. 9
(a). The values of all the roughness parameters in Fig. 9(b) are smaller
than those in Fig. 9(a). Again, there are more deeply penetrated pits in
the surface profile graph in Fig. 9(a) than in Fig. 9(b). All these indicate
less corrosion of the studied substrate in the PSLE-inhibited acid solution
than in the unprotected acid solution and is in conformity with results
from other applied techniques.

3.7. Conclusions

In this article, the crude extract of Pterocarpus santalinoides (PSLE) is
shown to be an effective in suppressing the dissolution of low carbon
steel in 1 moL/dm? HCl solution. The results obtained from EIS, PDP,
and LPR corroborate each other. The protection efficacy of PSLE gets
better with increase in dosage and temperature. With 0.7 g/L PSLE, the
surface of the studied substrate has be protected by over 90% at 60 °C. It
is proposed from the calculated values of E,, Qads, and UV-vis results
that, PSLE molecules chemically interacted with the steel surface. PSLE
extract behaves a mixed type corrosion inhibitor according to the PDP
results. However, aqueous PSLE extract has dominant effect on the
anodic corrosion reactions while ethanolic and methanolic extracts have
primary effect on the cathodic corrosion reactions. The order of pro-
tection efficacy by the different solvent extracts is ethanolic extract >
methanolic extract > aqueous extract. Surface characterization results
via SEM, EDAX, and AFM are in support of the claim of adsorption of
PSLE molecules on the studied substrate surface.
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