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CORROSION INHIBITION OF MILD STEEL IN ACIDIC ENVIRONMENTS USING POLYPHENOL-RICH EXTRACT

FROM SENEGALIA SENEGAL (L.) BRITTON STEM BARK

Corrosion presents a significant challenge to various industries, compromising the integrity and longevity of materials like
mild steel. This study explores the efficacy of a polyphenol-rich fraction extracted from the stem bark of Senegalia senegal (PRFSS)
as a green corrosion inhibitor for mild steel in acidic environments. The PRFSS extract, containing tannins, phenols, and antho-
cyanins, was assessed for its corrosion inhibition capabilities through various experimental methods, including gravimetric weight
loss, phytochemical screening, and potentiodynamic polarization measurements. Results indicated that increasing concentrations of
PRFSS notably reduced the corrosion rate of mild steel and enhanced surface coverage, suggesting effective protective layer forma-
tion. Thermodynamic analyses confirmed that the adsorption process of PRFSS onto mild steel is exothermic and spontaneous, with
the adsorption behavior fitting Langmuir, Freundlich, and El-Awady isotherm models. FT-IR spectrum analysis further validated
the successful adsorption of PRFSS on the mild steel surface, while TGA highlighted the extract’s thermal stability. SEM images
corroborated the protective role of PRFSS, showing a smoother and less corroded surface compared to untreated steel. The study
demonstrates that PRFSS is a promising, environmentally benign alternative to conventional chemical inhibitors, offering significant
corrosion protection for mild steel. These findings open avenues for its application in industries. Future research should investigate

the long-term stability and performance of this green inhibitor under diverse operational conditions.
Keywords: Adsorption studies; Anthocyanins; Corrosion; Mild steel; Phenols; Polyphenols; Senegalia Senegal; Tannin,

Thermodynamic studies

Introduction

Corrosion is a major threat facing industries and an un-
derstanding of preventive measures against corrosion is of high
importance. It results in major loss to the integrity of materials,
leading to structural failures, injuries, environmental contamina-
tion and loss of lives [1]. Mild steel, a fine ferrous metal serves
as an important component of tools, equipment, devices and
structures used in construction and various industries such as
oil and gas, automobiles, medical, chemicals, and aviation [2].
The varied applications of mild steel in industrial processes
require contact with acidic corrodent as operation agents, thus
facilitating its accelerated corrosion [3]. Some consequences of
mild steel corrosion include a reduced availability of industrial
parts of economic and technical value, reduced value of aesthe-
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tics assets appearance, cost of maintenance and replacement of
corroded industrial components, etc. [4].

The use of corrosion inhibitors have been reported as a more
practical approach to address the challenges of mild steel degra-
dation [5-8]. Corrosion inhibitors are chemical compounds which
when added in small concentration to a corrosive environment,
form several monomolecular layers which bars steel surfaces
from acid attack, thereby decreasing or averting corrosion [9].
They may act as scavengers by weakening the corrodent in the
medium or as an interface inhibitor by forming an adsorbed
protective film on the mild steel surface pushing it into a passive
region and halting the degradation [10].

Corrosion inhibitors that are typically synthesized from
organic and inorganic chemicals usually consist of specific
chemical moieties such as imidazole, urea, aldehyde, amine,
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ethyoxylate. Compounds of heavy metals such as lead, cad-
mium, arsenic, antimony, chromate, tungsten, and molybedum
are also used to inhibit corrosion of iron and other metals [11].
Chemically synthesized corrosion inhibitors, however, present
the shortcoming of containing heavy metals and unsafe organic
moieties, some of which are generally nonbiodegradable, unre-
cyclable, environmentally unfriendly and toxic with hazardous
effects on the ecosystem or simply expensive to synthesize [12].
Growing environmental concerns call for the replacement of
chemically synthesized corrosion inhibitors with environmen-
tally benign agents sourced from plants and other natural sources
that can inhibit the corrosion of mild steel and other metals [13].

Corrosion inhibitors sourced from greener agents are
considered environmentally benign, with effective corrosion
inhibition ability [14]-16]. Plant-based polyphenols have been
documented as having the ability to inhibit corrosion [17]. They
are capable of donor-acceptor interactions using the oxygen
lone pair electrons of the multiple aromatic hydroxyl groups
and the metal surface [17], to form organometallic surface
complexes that cling to the steel surface preventing the corro-
sion process [18].

A known natural source of polyphenols is the stem bark of
the plant Senegalia senegal (1.) Britton commonly known as gum
arabic tree and widely distributed across the dry savannah and
sahel regions. It is a drought tolerant shrub naturally distributed
in Northern Nigeria which has been shown to contain reasonable
amounts of corrosion inhibitor agents [19,20]. Several studies,
have been focused on the corrosion inhibition potentials of plant-
based crude extract but none has been targeted on a specific class
of phytochemical. Anand and Balasubramanian [21] investigated
the corrosion behaviour of mild steel in acidic medium in pres-
ence of aqueous extract of Allamanda blanchetii. Studies show
that various phytochemicals, including allamandin [22], tannins,
flavonoids, and saponins [23] from Allamanda species, exhibit
antioxidant properties beneficial for corrosion prevention. The
antioxidant nature of these phytochemicals notably helps inhibit
oxidative processes leading to metal corrosion [24]. Another
author Garg et al. [25] evaluated the Corrosion inhibition of
copper by natural occurring plant Acacia senegal. Similarly,
phenolic compounds, flavonoids, terpenoids, and gum arabic
from A. senegal are well-documented for their ability to form
protective films over metal surfaces. Research has shown that
these films effectively shield metals from corrosive elements
[26,27]. Collectively, these studies support the effectiveness of
phytochemicals in extracts from A. blanchetii and A. senegal
in preventing corrosion. They emphasize mechanisms such as
film formation, antioxidant activity, and metal ion complexation
as means through which these compounds protect metals from
corrosion.

The study demonstrated the potential of 4. senegal extract
as a green and effective corrosion inhibitor for copper in acidic
environments. This finding has implications for various industrial
applications where corrosion protection of copper is crucial, such
as in electronics, automotive, and construction industries. This
study aimed to evaluate the effectiveness of a polyphenol-rich

fraction extracted from the stem bark of S. senegal as a corro-
sion inhibitor for mild steel in an acidic environment. The study
investigated the influence of different temperatures and concen-
trations of the extract on its inhibition efficiency.

2. Methodology
2.1. Preparation of Mild Steel Test Coupons

The study employed mild steel sheets, which were trans-
formed into test coupons measuring 2 cm x 2 cm x 0.1 cm. To
achieve a smoother surface, emery paper was used to grade
the surfaces. The graded test coupons were then subjected to
a cleaning process using acetone to eliminate impurities. After
air-drying, the cleaned test coupons were stored in a desiccator
for elemental analysis and corrosion testing.

2.2. Extraction of S. senegal stem bark
2.2.1. Crude extraction by maceration

The stem barks of S. senegal were sourced from the Her-
barium of the Botany section, Department of Biological Sciences,
Ahmadu Bello University, Zaria, Kaduna State, with the voucher
number ABUO0332. The barks underwent a thorough washing
process, followed by air-drying and pulverization to a particle
size of 75 um. Crude extraction was achieved through macera-
tion, involving the complete immersion of 100 g of pulverized
S. senegal stem bark in 200 ml of 70% acetone in a Winchester
bottle. The bottle was then placed on a mechanical shaker at
a temperature of 32°C for a duration of four days. The extract
was separated from the acetone using a Soxhlet evaporator (349/2
Wisetherm, China) under vacuum conditions at a temperature
0f 40°C, as outlined in the study by Benali et al. [28]. The 30%
water used in the extraction process was subsequently removed
using a freeze-dryer (Cole Parmer 79203-00, USA). The resulting
solid mass was stored in an airtight container for fractionation,
by Solid Phase Extraction (SPE) clean-up. The percentage yield
was determined using Eq. (1), which calculates the percentage
of obtained extract relative to the dry weight of the stem bark.

Percentage yield =
amount of tannins obtained (g)

= x100% (1)
amount of dry stem bark(g)

2.2.2. Solid Phase Extraction (SPE) clean-up
of the extract

To start, a 100 mg size SPE cartridge is activated using 5 mL
of methanol and then 5 mL of water. Next, a polyphenol-rich frac-
tion (dissolved in water) of 50 mL is loaded onto the cartridge.
To remove impurities, the cartridge is washed with 5 mL of 5%



methanol. The elution process is done at a flow rate of 2 mL/min,
using 5 mL of 80% acetonitrile. The eluates collected from this
process are then concentrated using a rotary evaporator.

2.2.3. Qualitative and quantitative phytochemical
screening of polyphenol fraction

Prepare a small amount of the sample polyphenol eluate and
take a few drops of the eluate and transfer them to a test tube.
Add 1% dilute ferric chloride solution to the test tube and observe
the colour change in the solution. If polyphenols are present,
a colour change will occur due to the formation of coordination
complexes between the phenolic compounds and ferric ions [29].

According to a modified method based on Wadhai et al.
[30], the tannin content was determined by conducting several
steps. Initially, 0.5 g of the powdered polyphenol sample was
weighed and transferred to a test tube. Subsequently, 10 ml of
distilled water was added and thoroughly mixed. Following this,
1 ml of Folin-Ciocalteu reagent was added to the solution and
mixed well. After a duration of 5 minutes, 7.5 ml of a sodium
carbonate solution (20% w/v) was added. The mixture was
then allowed to stand in darkness for a period of 90 minutes,
during which it developed a bluish-green color. To measure the
absorbance of the resulting blue color, a double beam Shimadzu
Ultraviolet (UV) spectrophotometer was used at a wavelength of
750 nm. Additionally, a calibration curve was prepared utilizing
a standard tannic acid solution in order to calculate the tannin
content of the sample.

A portion of 0.5 g of powdered polyphenol sample was
added to a test tube. To the test tube, 10 ml of distilled water was
added and the contents were thoroughly mixed using a vortex
mixer or shaking manually. A volume of 1 ml of Folin-Ciocalteu
reagent was introduced to the test tube and mixed well with the
sample. The mixture was allowed to stand at room temperature
(32°C) for 5 minutes to permit color development. After the
S-minute incubation period, 7.5 ml of a 2% w/v sodium carbon-
ate solution was added to the test tube and a thorough mixing
was ensured. The test tube was then placed in a water bath set
at 40°C for 90 minutes to allow the reaction to complete. After
the 90-minute incubation, the test tube was removed from the
water bath. The resulting blue color in the test tube was measured
for absorbance at 750 nm using a double beam UV spectropho-
tometer. A blank solution, consisting of distilled water, Folin-
Ciocalteu reagent, and sodium carbonate solution, was prepared
and its absorbance was measured as a reference. A calibration
curve was prepared using a standard gallic acid solution, and
its absorbance at 750 nm was measured for various concentra-
tions. The total phenolic content of the polyphenol fraction was
calculated by comparing the absorbance value of the sample to
the calibration curve. The total phenolic content was expressed
as milligrams of gallic acid equivalents per gram (mg GAE/g)
of the polyphenol sample.

According to the report, the total phenolic content was
determined by first checking the color stability of the polyphe-
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nol fraction at pH 4.5. The extract was added to separate test
tubes, and the pH was adjusted using a 0.1 M hydrochloric acid
solution. After observing the color changes, it was determined
that pH 4.5 yielded the most stable color. A citric acid-sodium
citrate buffer solution at pH 4.5 was prepared. A double beam
Ultraviolet (UV) spectrophotometer was used to measure the
absorbance of the resulting blue color at wavelengths of 520 nm
and 700 nm. These wavelengths corresponded to the absorption
maxima and minima of anthocyanins, respectively. The antho-
cyanin content in the polyphenol fraction was calculated using
the following formula based on the differences in absorbance
at the two wavelengths:

mg)_(AxMWxDF) @

Anthrocyanin content| —= |=
¢ ( L (gxl)

Where: A4 represents the absorbance difference between the two
wavelengths (A4 = 4520-4700), MW is the molecular weight
of the anthocyanin compound, DF is the dilution factor if ap-
plicable, ¢ is the molar absorptivity of the specific anthocyanin
compound, and / is the cuvette path length.

To determine the molar absorptivity (¢), a calibration curve
was prepared using known concentrations of standard anthocya-
nin compounds. The absorbance of the standard solutions at both
wavelengths was measured, and a graph of concentration against
absorbance difference was plotted. The slope of the calibration
curve represented ¢.

2.3. Preparation of corrosion test media

A measured quantity of 0.2 g of the polyphenol fraction was
dissolved in 1000 ml of 1M H,SO, to obtain a concentration of
0.2 g/L. In addition, solutions of the polyphenol fraction were
prepared at concentrations of 0.4, 0.6, and 0.8 g/L. To serve
as the blank solution, an aqueous solution of 1M H,SO, was
prepared [31].

2.4. Gravimetric (weight loss) measurements

To measure weight loss for the purpose of weight loss, mild
steel test coupons were initially weighed and then immersed
individually in 50 ml of 1M H,SO, in the presence and absence
of a polyphenol fraction (inhibitor). The inhibitor concentrations
used were 0.2, 0.4, 0.6, and 0.8 g/L, and the immersion took
place in a 100 ml beaker at different temperatures of 30, 40, 50,
and 60°C for a duration of 6 hours [32]. After the immersion, the
mild steel test coupons were removed, dried, and weighed using
an analytical weighing balance (AR2140 Adventurer, Illinois,
USA). The corrosion rate (mg cm 2 h™!), percentage inhibitor
efficiency (/E%), and degree surface coverage (0) were then
calculated using equations 3, 4, and 5 respectively, as described
by Adejoro et al. [33]. Where; W represents the weight loss (g),
T denotes the immersion time (hrs), 4 signifies the area of the
mild steel test coupon (cm?), I indicates the weight loss of the
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mild steel coupon with the inhibitor in an acidic medium (g),
and W, is the weight loss of the mild steel coupon without the
inhibitor in an acidic medium (g).

Corrosion rate = 24m (3)
AT
IE%=1—K><100 4)
2
W
Degree surface coverage (0) =l-0r (5)
2

2.5. Adsorption and thermodynamic quantities

To explain the process of adsorption of polyphenol fraction
(inhibitor) on the mild steel test coupon, the degree of surface
coverage calculated from gravimetric studies were fitted into
an empirical model of Langmuir, Freundlich and El-Awady iso-
therms using Egs. 6-8 according to Adejoro et al. [33] and Aralu
et al. [34]. Where: 6 represents the degree of surface coverage,
C denotes the inhibitor concentration, K4 is the equilibrium
constant for the adsorption process, 1/n corresponds to the slope,
LogK signifies the intercept, K is the isotherm constant, and
y indicates the number of inhibitor molecules.

Langmuir isotherm is given as;

C 1

0 K ads

+C (6)
Freundlich isotherm is given as;
Logéd =LogK +1L0gC (7
n

El-Awady Isotherm is given as;

Log =Logk + yLogC ()

1-6

The thermodynamic parameters were determined according
to Egs. 9-12. Where @ represents the surface coverage degree, C'is
the inhibitor concentration, K, denotes the equilibrium constant
of the adsorption process, R stands for the molar gas constant
(8.314 kJ/mol), and T is the temperature in Kelvin. Specifically,
T) is the temperature at 303 K, 7, is the temperature at 323 K,
0, indicates the surface coverage degree at 7', and 6, indicates
the surface coverage degree at 7.

Equilibrium constant of adsorption:

17

(Kuas) = W )

Gibbs free energy of adsorption (AG{,) is given as

AG;=-2.303 RT Log(55.5K ,4,) (10)
Enthalpy of adsorption (Q,) is given as;
iy
Q.4 =2.303R| Log % ~Log % | Dh (11)
1-6, 1-6 | I,-T,

Adsorption Activation Energy (E,) is given as;

Log

CR, E, {Tz—T]} 1)

CR,  2303R| TT,

Where R is the molar gas constant (8.314 kJ/mol), T; represents
temperatures 303 K, 7, represents temperatures 323 K, CR,
represent corrosion rate at 7}, and CR, represents corrosion
rate at 7.

2.6. Potentiodynamic polarization measurement

The potentiodynamic polarization measurement was con-
ducted in a freshly prepared acidic blank solution as well as in
solutions containing different concentrations (0.2, 0.4, 0.6, and
0.8 g/L) of the polyphenol fraction (inhibitor). The measure-
ments were performed at a constant temperature of 30 + 0.1°C
using a potentiostat device (ASTM G-61, Pennsylvania, USA).
The device used a 3-electrode setup consisting of a reference
electrode, a counter electrode, and a working electrode. In this
case, the mild steel test coupon (MSTC) under investigation
served as the working electrode. The potentiodynamic current-
potential curves were recorded under experimental conditions
including a set potential of 2.00 V, a scan rate of 0.10 V per
second, and an interval time of 0.167 seconds [35]. The values
of[.,,, obtained from the anodic and cathodic curves of the Tafel
plot were used to calculate the percentage inhibitor efficiency
(%IE) using equation 13 [36]:

IE% = 1—Mx100
corr(blk)

(13)

Where 1.,y 18 the corrosion current density in the inhibited
medium and /) is the corrosion current density in the un-
inhibited medium.

2.7. Characterization of polyphenol fraction
and mild steel test coupon

The polyphenol fraction (inhibitor) was analyzed for its
functional group composition using FT-IR. The scanning was
done in the range of 4000 to 400 cm™ ' using a PerkinElmer
Spectrum 400 instrument. The surface morphology of the sam-
ples was observed using a Jeol JSM-6400 emission electron
microscope. The thermal properties of the composites were
determined through thermal gravimetric analysis (TGA 4000).
The composites were subjected to a heating rate of 10°C/min
under a nitrogen flow (100 mL/min) from ambient temperature
t0 900°C. The mass loss and calorific changes were recorded and
plotted as thermal gravimetric (TG) curve. The same procedure
was followed for the mild steel samples.



3. Results and discussion

3.1. Quantitative Analysis of Polyphenol-Rich Fraction
of S. Senegal (PRFSS)

The phytochemical screening of polyphenol fraction
(inhibitor) revealed the presence of tannins, phenols, and
anthocyanins. The concentration of tannins was found to be
23.81 mg/100 g, while the concentration of phenols and antho-
cyanins was 865.84 mg/100 g and 90.04 mg/100 g respectively
(TABLE 1).

TABLE 1
Quantitative phytochemical screening of polyphenol fraction
Phytochemical Constituents Sample Concentration (mg/100g)
Tannins 23.81
Total Phenol 865.84
Anthocyanins 90.04

The primary components of PRFSS include tannins, phe-
nols, and anthocyanins, typically found as gallic acid, catechin,
epicatechin, cyanidin-3-glucoside, cyanidin, and malvidin

OH
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(Fig. 1). Gallic acid, catechin, and epicatechin possess three
hydroxyl groups on their aromatic rings. Cyanidin-3-glucoside
is an anthocyanin characterized by a glycosylated structure.
Hydroxyl and methoxy groups facilitate multiple attachment
points to metal surfaces by donating electrons.

These findings are supported by previous research, which
has shown that S. senegal is a rich source of polyphenols. Sow
[37] found that the S. senegal contains a variety of phenolic
compounds, including gallic acid, catechin, and epicatechin.

These molecular structures provide insights into the spe-
cific mechanisms and efficacy of these compounds in inhibiting
corrosion. Studies have shown that tannins, phenols, and antho-
cyanins can form complexes with metal ions, which can prevent
corrosion co-factors from interacting with the surface of metal
and causing corrosion [38-40].

3.2. FT-IR spectrum of PRFSS

The spectrum of PRFSS (Fig. 2) shows a broad peak at
3220 cm™!, which is characteristic of O-H stretching vibrations
of phenolic compounds and is superposing a peak at 2930 cm ™!,
which is due to C-H aliphatic stretching vibrations.

OH

HO. (o3¢
HO. o, =
OH OH
x
OH OH
H H
Catechin Epicatechin Cyanidin OH
o HO,
HO.
A oH
/

Gallic acid

Fig. 1. Chemical structures of the major constituents of PRFSS
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Fig. 2. FTIR spectrum of PRFSS
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The peak due to the aromatic C-H stretching vibrations
cannot be discerned at the spectra, but contributes to the broad-
ening of the peak at 3209 cm™'. A shoulder is seen at 1767 cm ™!,
which can be attributed to the stretching of C=0 bonds from
esters groups of the tannins. The peak at 1603 cm™ is due to
C-C stretching vibrations in aromatic rings; the peaks at 1439
and 1387 cm™! are due to C-H deformation vibrations, the peak
at 1282 cm™! is due to C-O-C stretching vibrations in aromatic
groups and the peaks at 1103 and 1044 cm ™' are due to C-O
stretching vibrations. These peaks evidence the presence of
polyphenols in the extracts. Ndiwe et al. also studied the S. Sen-
egal extract obtaining the same peaks at the FTIR spectra [41].
Phenols, tannins, anthocyanins and other polyphenols present
aromatic rings, ether and hydroxyl groups as functional groups
and, therefore, they present similar FTIR spectra [42-44]. Due to



754

this similarity, FTIR alone cannot be used to identify individual
classes of phenols or polyphenols.

3.3. Thermal Stability of PRFSS

The TGA and DTG curves of PRFSS are shown in Fig. 3.
The TGA curve shows that the extract undergoes two main
stages of decomposition. The first stage occurs between 100 and
250°C, with a weight loss of about 10%. This stage is attributed
to the loss of moisture from the extract. The second stage occurs
between 300 and 500°C, with a weight loss of about 60%. This
stage is attributed to the decomposition of the organic matter
in the extract.

0.5
1004 P Degredation of material @ 30900 B
=0.0
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T o [ .3
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Fig. 3. TGA and DTG profiles of PRFSS

The DTG curve shows that the rate of weight loss is highest
between 300 and 400°C. This indicates that the decomposition
of the organic matter in the extract occurs most rapidly in this
temperature range.

The TGA and DTG curves of tannin rich extract of S. Sene-
gal are similar to those of other plant materials. For example, the
TGA curve of tannin rich extract of S. Senegal is similar to that
of tannin rich extract of Acacia nilotica, which also undergoes
two main stages of decomposition. The first stage occurs between
100 and 250°C, with a weight loss of about 10%, and the second
stage occurs between 300 and 500°C, with a weight loss of about
60%. The DTG curve of tannin rich extract of S. Senegal is also
similar to that of tannin rich extract of 4. nilotica, which shows
that the rate of weight loss is highest between 300 and 400°C.

3.4. Elemental Analysis of Mild Steel
Test Coupon

TABLE 2 presents the XRF analysis result, revealing
the elemental composition of the mild steel Test Coupon. The
results clearly demonstrate a significant presence of iron (Fe),
alongside the presence of other elements including aluminium,

silicon, carbon, and cobalt. According to a study by Saxena
and Mishra [45], iron (Fe) is an essential element in mild steel
composition, as it provides strength and durability. Aluminium
is known for its ability to improve the corrosion resistance of
steel [46]. Silicon is commonly used as a deoxidizer, playing
a crucial role in improving the mechanical properties of steel
[47]. Carbon, as an integral part of steel, determines its hardness
and strength [48]. Cobalt, although present in relatively smaller
quantities, can enhance the strength and high-temperature prop-
erties of steel [49]. Therefore, the XRF analysis, as presented
in TABLE 2, aligns with the existing literature regarding the
elemental composition of mild steel.

TABLE 2
Elemental Composition of Mild Steel Test Coupon (MSTC)

Element Fe C Al Si Co
89.04 1.89 4.41 4.16 0.29

Composition (%)

3.5. Effect of PRFSS Concentration on Corrosion Rate
and Surface Coverage of Mild Steel

The effect of increasing PRFSS concentration on corro-
sion rate and surface coverage of mild steel in 0.5M H,SO, as
temperature increases from 30-60°C is shown in Fig. 4(a-d). It
can be seen that the corrosion rate decreases with increasing
extract concentration. This is due to the fact that the extract
contains polyphenols, which are known to be effective corro-
sion inhibitors. Polyphenolic compounds can form a protective
layer on the metal surface, thereby preventing the metal from
coming into contact with the corrosive environment. The surface
coverage increases with increasing extract concentration, which
further confirms the formation of a protective layer on the metal
surface.

The results of this study are consistent with the study by
Ebenso et al. [50] which found that Psidium guajava extract was
an effective corrosion inhibitor for mild steel in 0.5M H,SO,.
The study found that the corrosion rate of mild steel decreased
with increasing PRFSS concentration, and that the surface cov-
erage of mild steel increased with increasing S. Senegal extract
concentration. The protective layer is more effective at higher
concentrations of S. Senegal extract, which results in a higher
surface coverage.

Another study by Oguzie et al. [51] found that P. guajava
extract was effective in inhibiting the corrosion of mild steel in
saline solution. The authors found that the extract was able to
form a protective layer on the metal surface, which prevented the
metal from coming into contact with the corrosive environment.
Further, Okafor et al. [52] found that P. guajava extract was ef-
fective in reducing the corrosion rate of mild steel in alkaline
media. The results of this study suggest that S. Senegal extract is
a promising natural corrosion inhibitor for mild steel. The extract
is effective in reducing the corrosion rate of mild steel in both
acidic and alkaline media. The extract is also non-toxic and bio-
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and PRFSS inhibitor

degradable, making it an environmentally friendly alternative to
traditional corrosion inhibitors. The study found that the extract
reduced the corrosion rate by up to 90%. A reduction in corro-
sion rate by up to 80% in mild steel was reported for P. guajava
extract in 0.5 M H,SO4 solution by Umoren et al. [53].

In Fig. 4(a-d), it can be observed that the corrosion rate of
mild steel in the blank solution (without PRFSS) increases with
increasing temperature. This is because the increase in tem-
perature provides more energy to overcome the energy barrier
for corrosion reaction to occur, leading to a faster rate of metal
dissolution. When the temperature increases by 10°C, the rate
of corrosion of mild steel increases by 2.44 times between 30°C
to 40°C, by 2.1 times between 40°C and 50°C, and by 1.5 times
between 50°C and 60°C. On average, when the temperature
increases by 10°C, the rate of corrosion of mild steel increases
by 2.01 times.

This is similar to findings of Konovalova [54] on the effects
of temperature on corrosion rate of iron-carbon alloys which
reported a 2.3 times average increase in corrosion rate for every
10°C increase in temperature.

The addition of PRFSS to the solution decreases the cor-
rosion rate of mild steel at all temperature points. As the con-
centration of PRFSS increases, the surface coverage of the
metal increases, which leads to a decrease in the corrosion
rate (Fig. 4(a-d)). The effect of temperature on the corrosion rate
of mild steel in the presence of PRFSS is not as significant as
the effect of concentration. This is because the protective layer
formed by the polyphenols is able to withstand temperatures of
30°C-60°C.

3.6. Inhibition Efficiency of PRFSS Inhibitor
on Mild Steel

The effect of increasing temperature and increasing PRFSS
concentration on percentage corrosion inhibition efficiency
(%IFE) of mild steel in 1M H,SO, (Fig. 5).

It can be seen that the percentage corrosion inhibition
efficiency increases with increasing concentration of PRFSS.
This is because the extract contains compounds that act as cor-
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Fig. 5. Inhibition efficiency percentages of PRFSS at various concentra-
tions on mild steel in 1M H,SO, across different temperatures

rosion inhibitors, and increasing the concentration of the extract
increases the amount of these inhibitors present on the surface of
the metal, which results in a higher degree of protection against
corrosion. The percentage corrosion inhibition efficiency also
decreases with increasing temperature. This is because the
increased temperature provides more energy for the corrosion
reaction to occur, which overcomes the protective effect of the
inhibitors.

The results of this study are consistent with those of Ebenso
etal. [50] found that P. guajava extract inhibited the corrosion of
mild steel in 1M HCl solution, and that the percentage corrosion
inhibition efficiency increased with increasing concentration of
the extract. According to Oguzie et al. [51], it was observed that
the presence of P. guajava extract inhibited the corrosion of mild
steel in a solution of 0.5M H,SO,. The study also revealed that the
effectiveness of corrosion inhibition, expressed as the percentage

of corrosion inhibition efficiency, was positively correlated with
the concentration of the extract. On the contrary, as temperature
increased, the corrosion inhibition efficiency decreased.

3.7. Adsorption and Thermodynamics Considerations
3.7.1. Langmuir adsorption model

In Fig. 6, the adsorption of PRFSS onto mild steel, the
Langmuir model provides a good fit to the experimental data,
with a R? values between 0.8969-0.9338. The maximum adsorp-
tion capacities of the mild steel surface as temperature increases
from 30°C to 60°C results in increase in equilibrium constant
is found to be 0.84-1.63 L/g. This indicates that the PRFSS has
a strong affinity for the mild steel surface and that the adsorption
process is reversible.

The model’s prediction is supported by the observation
that the maximum coverage and absorption coefficient increase
as the temperature increases. This suggests that the process of
adsorption of PRFSS onto mild steel is a physisorption process,
involving weak van der Waals forces between the adsorbate
and the adsorbent. Furthermore, at higher temperatures, the
extract molecules are more strongly attracted to the mild steel
surface.

Other studies have also found that the Langmuir adsorption
model effectively describes the adsorption of S. senegal extract
onto various metal surfaces. In the study conducted by Jouhari et
al. [55], it was established that the Langmuir adsorption model is
suitable for describing the adsorption of S. senegal extract onto
copper. Similarly, another study by Jouhari et al. [56] concluded
that the Langmuir adsorption model accurately represents the
adsorption of S. senegal extract onto aluminum.

Goodness of Fit 30°C 40°C 50°C 60°C
R? 0.8969 0.8987 0.9338 0.9110
P value 0.0145 0.0141 0.0074 0.0116
Equation Y =120%X+0.17  Y=153*X+020 Y=063*X+0.06 Y=233*X+0.28
2.5
- 30°C = 40°C
2.0~ =+ 50°C -+ 60°C

0.2 0.4

0.8

0.6 1.0

PRFSS

Conc. (g/L)
Fig. 6. Plot of Langmuir adsorption model for PRFSS inhibitor on mild steel in 1M H,SO,4 and 0.2-0.8 g/L PRFSS inhibitor concentration at 30,

40, 50, and 60°C



3.7.2. Freundlich adsorption model

The Freundlich adsorption model of the plot of log of
PRFSS concentration against logé of mild steel shows a general
increase in temperature with decrease adsorption capacity and
heterogeneity of adsorbent surface (Fig. 7). In the case of the
adsorption of PRFSS on mild steel, the Freundlich adsorption
model was found to fit the data well, with a R? values between
0.9847-0.9986. The values of the Freundlich constant, K, and the
Freundlich exponent, n, were found to be 0.48-0.7 and 1.79-2.08,
respectively. This indicates that the adsorption of PRFSS on
mild steel is a heterogeneous process and that the adsorbent has
a high adsorption capacity.
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3.7.3. El-Awady adsorption model

The experimental data in Fig. 8 are consistent with the
predictions of the El-Awady adsorption model. The surface
coverage of the mild steel by PRFSS increases with increasing
PRFSS concentration and temperature. The slope of the plot of
log of PRFSS concentration against log(8/1-60) also increases
with increasing temperature.

According to El-Awady et al. [57], it was found that this
adsorption model can be used to describe the adsorption of other
solutes onto other solid surfaces; as described in the adsorption
of methylene blue onto activated carbon. Another study by
El-Khaiary et al. [58] found that the adsorption model could be
used to describe the adsorption of phenol onto silica gel.

Goodness of fit 30°C 40°C 50°C 60°C
R2 0.9986 0.9847 0.991 0.9917
P value 0.0007 0.0077 0.0045 0.0041
Equation Y = 0.5476*X-0.08250 Y = 0.5265*X-0.1586 Y = 0.5556*X- 0.2268 Y = 0.4833*X- 0.3481
0.0
@ 30°C & 40°C 4+ 50°C ¥ 60°C
-0.2-
@
o -
o -0.4
-
-0.6-
-0.8 -0.6 -0.4 -0.2 0.0
Log C

Fig. 7. Freundlich adsorption model values for mild steel in 1M H,SO, and 0.2-0.8 g/L PRFSS concentration at 30, 40, 50, and 60°C

Goodness of fit 30°C 40°C 50°C 60°C
R2 0.9866 0.9708 0.9861 0.9835
P value 0.0067 0.0147 0.007 0.0083
Equation Y =1.163*X+ 0.5049 Y =0.9501*X+ 0.2730 Y = 0.8810*X+ 0.1113 Y = 0.6893*X- 0.1101
0.5
[
—_ 0-0-
@
=
o
o
S
-0.5-
‘o @ 30°C & 50°C W 40°C -¥ @o°C

Fig. 8. El-Awady adsorption model values for mild steel in 1M H,SO, and 0.2-0.8 g/L PRFSS concentration at 30, 40, 50, and 60°C
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3.7.4. Equilibrium constant of adsorption (K, )
and Gibbs free energy (AG,)

The thermodynamic-kinetic equilibrium constant of ad-
sorption (K,;) measures the effectiveness of the adsorption
interaction between the PRFSS inhibitor adsorbent molecule
and the adsorbate (TABLE 6). The decrease in equilibrium con-
stant of adsorption (K,,,) with increasing temperature suggests
that the adsorption process is exothermic in nature. This means
that the adsorption of PRFSS on the mild steel surface is more
favorable at lower temperatures. The decrease in K4 with
increasing PRFSS concentration can be attributed to the satura-
tion of the adsorption sites on the mild steel surface. At higher
concentrations, there are more extract molecules competing for
the same adsorption sites, resulting in a decrease in the number
of molecules that are able to adsorb.

TABLE 6

Calculated values of K45, AG 4 (kJmol™) for mild steel dissolution
in IM H,SO,4 and 0.2 g/L to 0.8 g/L PRFSS inhibitor concentration
at 30°C, 40°C, 50°C and 60°C

Temperature (°C) 30 40 50 60
Equilibrium constantof | <139 | 5357 | 03947 | 03322
adsorption (K,,4)
Gibbs free energy of
adsorption (AG ) (kJmol™) —8.02 | 862 1 950 | 9.20

The decrease in Gibbs free energy of adsorption (AG,)
with increasing temperature indicates that the adsorption process
is spontaneous. The more negative the value of AG 4, the more
spontaneous the process. The decrease in AG,, with increas-
ing PRFSS concentration suggests that the adsorption process
is more favorable at higher concentrations. This is because the
higher the concentration of PRFSS, the more molecules there
are available to adsorb on the mild steel surface, resulting in
a greater decrease in AG 4.

These results are consistent with those by Ebenso et al. [50]
who found that the adsorption of P. guajava extract on mild steel
in 0.5 M H,SO, was exothermic and spontaneous. The decrease
in K,y and AG,4 with increasing temperature and inhibitor
concentration were attributed to the saturation of the adsorption
sites on the mild steel surface.

Another study by Oguzie et al. [51] found that the adsorp-
tion of P. guajava extract on mild steel in 1M H,SO, was also
exothermic and spontaneous. The decrease in K 4 and AG,4
with increasing temperature and inhibitor concentration were
attributed to the formation of a protective layer on the mild
steel surface. The decrease in K,; and AG,,, with increasing
temperature and PRFSS concentration in the inhibition of mild
steel in IM H,SO, can be attributed to the exothermic nature of
the adsorption process and the saturation of the adsorption sites
on the mild steel surface.

3.7.5. Enthalpy of adsorption (Q,;)
and Activation energy (E,)

TABLE 7 revealed an increase in enthalpy of adsorption
(Q.45) With increasing concentration of PRFSS which is likely
due to the increased number of active sites on the extract sur-
face that are available for interaction with the metal ions. The
stronger interaction between PRFSS and the mild steel surface
leads to a decrease in the activation energy (£,) for the dissolu-
tion of mild steel. This is because the extract molecules act as
a barrier between the mild steel surface and the corrosive spe-
cies in the solution, which makes it more difficult for the mild
steel to dissolve.

TABLE 7

Calculated values of activation energy (E,) and heat of adsorption
(Q,45) for mild steel dissolution in 1M H,SO,4 and 0.2 to 0.8 g/L
PRFSS inhibitor concentration at 30°C and 60°C

PRFSS Concentration Blank| 0.2 0.4 06 08
(g/L)

A““at('g“)e“ergy 45.73| 50.08 | 55.84 | 60.49 | 66.92

E“tha"’y(ga;’s"rpt“’“ — 1851 |-26.42|-31.01 |-38.01
ads.

The decrease in £, with increasing PRFSS concentration
has been reported by Abba-Aji et al. [59] found that the £, for
the dissolution of mild steel in 0.5M H,SO, decreased from
75.8 kJ/mol to 58.9 kJ/mol with increasing concentration of
Vernonia amygdalina extract.

The decrease in E, with increasing inhibitor concentration
can be explained by the fact that the inhibitor molecules compete
with the corrosive species for adsorption sites on the metal surface.
As the inhibitor concentration increases, the number of inhibitor
molecules adsorbed on the surface increases, which decreases
the number of sites available for the corrosive species. This leads
to a decrease in the rate of dissolution and a decrease in the E,.

3.8. Potentiodynamic Polarization Study

The polarization plot in Fig. 9 shows the relationship be-
tween the potential of a metal electrode and the current density
flowing through it, which is a useful tool for studying the cor-
rosion behaviour of metals. The polarization plot shows that
the Tafel slopes of mild steel in 0.6 g/L, 0.2 g/L, 0.4 g/L and
0.8 g/L PRFSS inhibitor are 128.9 mV/decade, 109.8 mV/decade,
90.7 mV/decade and 78.6 mV/decade, respectively. Again, the
Tafel slopes of mild steel in different concentrations of PRFSS
inhibitor are close to each other, which indicates that the mecha-
nism of corrosion inhibition of PRFSS inhibitor is the same at
different concentrations.

The observed variations in the polarization curves with
increasing PRFSS inhibitor concentrations suggest that the
inhibitor is able to reduce the corrosion of the metal electrode
in the acid medium. The higher the inhibitor concentration, the
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Fig. 9. Polarization plot of mild steel in an acidic medium and various
PRFSS inhibitor concentration

more effective the inhibition, as seen by the progressive shift of
the curves towards more positive potentials.

This indicates that the PRFSS inhibitor is capable of pas-
sivating the metal surface, reducing the anodic dissolution and/or
cathodic oxygen reduction reactions that drive the corrosion
process. The increased inhibition at higher concentrations implies
that the inhibitor is adsorbing more strongly on the metal surface,
forming a protective layer that hinders the corrosion reactions.

The observed inhibition behaviour aligns with findings
reported by Obot et al. [60], which showed similar trends in the
polarization curves for a corrosion inhibitor in an acidic environ-
ment, where higher inhibitor concentrations led to more effective
corrosion mitigation. Another study by Singh et al. [61], also
reported the enhanced inhibition performance of a compound
at elevated concentrations in an acidic medium.

The potentiodynamic polarization parameters presented in
TABLE 5 provide insights into the corrosion behaviour of mild
steel in 1M H,SOy, solution with varying concentrations of the
PFRSS inhibitor at 32°C.

The shiftin £, towards more positive values indicates that
the inhibitor is effective in suppressing the anodic dissolution of
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the metal. This further aligns with the findings reported by Obot
et al. [60] where the authors observed a positive shift in £,.,,,. for
a corrosion inhibitor in an acidic environment. However, there
was a decrease in /., with increasing inhibitor concentration
suggesting that the PFRSS inhibitor is effective in reducing the
corrosion rate of MSTC in the 1M H,SO, solution. The corro-
sion current density of mild steel in acidic medium is 3.87E-
05 A/cm?, which is higher than that in 0.2 g/L (1.27E-05 A/cm?),
0.4 g/L (0.89E-05 A/cm?), 0.6 g/L (2.03E-05 A/cm?), and 0.8 g/L
(0.67E-05 A/cm?) PRFSS inhibitor. This observation is consistent
with the study by Singh et al. [60], where the authors reported
enhanced inhibition performance of a compound at elevated
concentrations in an acidic medium.

The decrease in S8, and S, values with increasing inhibitor
concentration indicates that the inhibitor is primarily affecting
the anodic dissolution process because the influence but £, val-
ues were affected to a lesser extent than the anodic reactions.
Generally, there was an increase in %/E with increasing inhibitor
concentration demonstrating the enhanced corrosion inhibition
performance of the PFRSS inhibitor.

The observed trends in the potentiodynamic polarization
parameters (E.,,» Leors Ba> Ber and %IE) for MSTC corrosion
in 1M H,SO, with varying PFRSS inhibitor concentrations at
32°C are consistent with the findings reported in the literature,
particularly the study of Odewunmi et al., [61] which showed
that watermelon waste products was effective in reducing the
corrosion rate of mild steel in HCL. The corrosion inhibition ef-
ficiency of PRFSS is likely due to the presence of polyphenols,
which are known to be effective corrosion inhibitors. Polyphe-
nolic compounds can form complexes with metal ions, which
prevents them from reacting with oxygen and water to form
corrosion products.

3.9. Characterisation of mild steel in 1M H,SO,
and PRFSS inhibitor

3.9.1. FT-IR analysis of mild steel after corrosion
inhibition study

The spectra of the mild steel samples, Fig. 10, show peaks
at 3853, 3729 and 3592 cm ! can be attributed to O-H stretching
of iron hydroxide from the iron oxide layer and adsorbed water,

TABLE 5
Calculated potentiodynamic polarization parameters and inhibition efficiency for mild steel corrosion in 1M H,SOy,
and 0.2 to 0.8 g/L SSBT inhibitor concentration at 32°C
Inhibitor Conc. (g/L) E.,..(mV vs SCE) L, (mA/cm?) S, (mV/dec) S.(mV/dec) %IE
Blank —418.45 414.46 133.19 -119.87 —
0.2 —407.15 287.94 81.41 -82.41 30.54
0.4 —404.20 239.06 69.97 —76.22 42.34
0.6 —404.76 109.70 72.05 —75.17 73.53
0.8 —407.81 85.81 67.64 —71.89 79.30

Keys: E,,,. (mV vs SCE) — Corrosion Potential, 1,,,,, (mA/cm?) — Corrosion Current Density, £, (mV/dec) — Anodic Tafel Slope, §. (mV/dec) — Cathodic

Tafel Slope, and %/E — Inhibition Efficiency.
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the peaks around 2200 to 2000 cm ™ and 1700 to 1500 cm™ can
be attributed respectively to the C=O stretching and C-O stretch-
ing of carbon dioxide derivate species adsorbed at the surface
of the samples [43,63,64].

Mild Steel
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Fig. 10. FTIR spectrum of mild steel (black), mild steel in 1M H,SO,
(red), and mild steel in PRFSS inhibitor (blue)

Although, the samples present peaks at the same regions,
the overall pattern of the spectra of the mild steel treated using
PRFSS is different from the samples before and after corrosion
process in 1M H,SO,, showing that the presence of the inhibi-
tor modified the surface in a different way as the acid medium
alone. This is consistent with the results of the potentiodynamic
polarization curves, which showed that the PRFSS inhibitor
interferes at the surface corrosion process.

3.9.2. Morphological analysis of MSTC after corrosion
inhibition study

The SEM images in Fig. 11 provide a visual comparison of
the surface morphology of mild steel under different conditions.

In the blank medium the surface of the mild steel appears to be
relatively smooth with visible linear striations. These striations
are indicative of the mechanical finishing or polishing process the
steel underwent. The surface shows minimal signs of corrosion or
wear, implying a stable environment without aggressive chemical
interactions. However, in 1M H,SO, the surface is rough and
extensively corroded, with a noticeable increase in pitting and
irregularities compared to the blank medium. This rough and
pitted surface is typical of the corrosive action of sulfuric acid,
indicating substantial material degradation. The H,SO, environ-
ment leads to aggressive corrosion, which is evidenced by the
surface morphology showing significant damage (Fig. 11(b)).
Comparatively, when Mild steel is placed in a PRFSS inhibi-
tor in 1M H,SOy; the surface appears less rough and damaged
compared to image (b) but not as smooth as image (a). There are
fewer pits and the surface is more uniform. The PRFSS inhibi-
tor has mitigated the corrosive effects of the sulfuric acid. The
inhibitor forms a protective layer, reducing the acid’s impact
on the steel’s surface. This leads to a comparatively smoother
surface with fewer irregularities and decreased signs of corrosion.

The effects observed in the SEM images align well with
documented studies by Abdulrahman et al. [65] who reported
that well-polished steel surfaces in neutral environments show
minimal signs of degradation, primarily dictated by mechani-
cal finishing marks. However, according to Singh & Quraishi
[66], the aggressive nature of sulfuric acid on mild steel is well-
documented; literature describes significant pitting corrosion
and surface roughening, which coincide with the observations in
image (b). Furthermore, studies by El-Etre [67] and Umoren et
al. [68] highlighted the effectiveness of plant based inhibitors in
reducing the corrosion rate of steel in acidic environments. These
inhibitors adsorb onto the steel’s surface, forming a protective
barrier that decreases the rate of corrosion. This is consistent with
the reduced surface roughness and fewer pits seen in image (c).

4. Conclusion

The study on using a PRFSS as a corrosion inhibitor for
mild steel in acidic environments yielded promising results. The

Fig. 11. Surface SEM images of mild steel in (a) blank medium (b) 1M H,SO,, and (c) IM H,SO, and PRFSS inhibitor at magnification x500



extract, rich in tannins, phenols, and anthocyanins, effectively
formed complexes with metal ions, preventing corrosion.

FTIR spectrum analysis confirmed the successful adsorp-
tion of the PRFSS inhibitor on the mild steel surface. The
reduction in peaks further demonstrated the inhibitor’s efficacy
in forming a protective layer and mitigating interaction with
corrodants. TGA showed two main stages of decomposition —
moisture loss and organic matter decomposition — indicating
thermal stability consistent with other plant-based extracts.
Gravimetric measurements revealed a decrease in the corro-
sion rate of mild steel with higher concentrations of the PRFSS
extract and an increase in surface coverage, suggesting that
the polyphenolic compounds effectively formed a protective
layer. It also showed substantive increase in corrosion rates as
temperature increased. The adsorption behavior of PRFSS fol-
lowed Langmuir, Freundlich, and El-Awady models, indicating
a heterogeneous adsorption process. Thermodynamic parameters
indicated that the process was exothermic and spontaneous, with
stronger adsorption at lower temperatures. Polarization studies
showed a positive shift in corrosion potential and a decrease
in corrosion current density with higher concentrations of the
PREFSS inhibitor, reducing anodic dissolution and oxygen reduc-
tion. SEM images revealed a smoother surface with fewer pits
on mild steel treated with the PRFSS inhibitor compared to the
significantly corroded surface exposed to sulfuric acid. This
supports the protective role of the inhibitor.

The experimental findings validate the effectiveness of the
PREFSS extract as a viable and environmentally friendly alter-
native to traditional chemical inhibitors, suggesting potential
industrial applications in sectors like oil and gas, automotive,
and construction. Future research could explore the long-term
stability and performance of this green inhibitor under various
conditions.
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