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Abstract: This study investigates the corrosion retardation capability of root extract of
Urena lobata (REUL) on mild steel in 0.5 M H2SOs solution by electrochemical and
spectroscopic methods. Potentiodynamic polarization (PDP) showed that the maximum
shift in corrosion potential is + 19 mV indicating physical adsorption mechanism and that
Citation: Enyinnaya N. P., REUL is a mixed-type inhibitor reducing both anodic and cathodic corrosion reactions.
James A. O., Obi C., Chukwuike Electrochemical Impedance Spectroscopy (EIS) results demonstrated that REUL
V. 1. (2025) Electrochemical and ~ functions by forming a protective layer on the mild steel surface, with charge transfer
Spectroscopic corrosion  resistance (Rc) increasing proportionally with extract concentration. The Capacitive
retardation capacity of Urena double layer (Cq) values decrease with increase in REUL inhibitor concentration from 9.3
lobata root extract for mild steel | F cm for blank to 5.1 uF cm™ for 1.0g/L REUL resulting in protection of the metal from
protection in acidic medium, J.  the corrosion effect of the acidic environment. Gas Chromatography-Mass Spectrometry
Mater. Environ. Sci., 16(8). (Gs-MS) showed the presence of two compounds cis-vaccenic acid (43.51%) and
1465-1480 hexadecanoic acid (56.49%). The adsorption inhibition process is spontaneous and
followed Langmuir Isotherm with correlation coefficient of 0.998 and 0.989 for PDP and
EIS respectively.
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1. Introduction

Metals are obtained by extracting them from their raw forms, such as ores, through chemical reduction.
In their pure forms, they are less stable but have wide applications in construction, technological, and
industrial processes (Harvey et al., 2022; Enyinnaya et al., 2024). However, when exposed to different
physical, biological, chemical, and biochemical environment, metals and their alloys undergo various
changes and deterioration due to corrosion (Saha and Kang, 2022). Corrosion is an irreversible damage
to a metal surface, resulting in the conversion of the metal into a more chemically stable form
(Zomorodian et al., 2015). Among others, the use of inhibitors is one of the most common methods of
corrosion protection in metals. A corrosion inhibitor is a substance that reduces the corrosion rate of a
metal surface exposed to a corrosive environment by its chemical activity, thus extending the service
life of metallic components (Bouklah et al., 2004; Azzaoui et al., 2017; Arrousse et al., 2021; Song et
al., 2022). Various plant materials that have been utilized as corrosion inhibitors have been shown to

Enyinnaya et al., J. Mater. Environ. Sci., 2025, 16(8), pp. 1465-1480 1465


http://www.jmaterenvironsci.com/
mailto:nwojo.enyinnaya2@gmail.com

contain bioactive components, which enhance their inhibitory properties (Song et al., 2022; EImsellem
etal., 2014). The Urena lobata plant is commonly used as a traditional medicinal plant in Africa, India,
and China, with its leaves and roots being most frequently employed (Gao et al., 2015). The juice of
the leaves or roots is widely used to treat bowel complaints, including colic, stomachache, diarrhea,
dysentery, gonorrhea, and persistent fever from malaria (Islam et al., 2017). Roots of most medicinal
plants like Salvadora persica (Jasim, 2015), dandelion (Zbulj, 2022), Biebersteinia multifida
(Khayatkashani, 2022), Rheum ribes (Kaya et al., 2023), Inula viscosa (Adil Mahraz et al., 2024),
Polygonum cuspidatum (Thakur et al., 2024), etc have been successively employed as corrosion
inhibition of metals in harsh environments.

hexadecanoic acid cis-vaccenic acid

and others s

Urena lobata leaves

Although the leaves and barks of this plant, Urena lobata, have been used for medicinal purposes, no
work has been done on the corrosion inhibition of its root on metals. This research aimed to
spectroscopically identify the bioactive components and electrochemically evaluate the corrosion
retardation ability of Urena lobata root extract on mild steel.

2. Methodology
2.1 Materials Collection and Preparation

Fresh Urena lobata roots were obtained from Farms in Aluu, Port Harcourt, Nigeria. The roots were
washed under running tap, dried to constant weight under shade and ground into fine powder. The
stock solution of root extract was prepared by soaking 500 g of dry root powder in 1000 g of methanol
for 72 hours. The resulting solution was filtered thrice and a dark brown filtrate was obtained. The
filtrate was concentrated using a rotary evaporator to obtain the methanolic root extract of Urena lobata
(REUL), which was used as the inhibitor in this study. Desired concentrations of the inhibitor’s
solutions were prepared by measuring an accurate amount of the inhibitor and diluting with an
appropriate amount of 0.5 M H2SO4. The mild steel sheet for this study was obtained from the Metal
section of Mile 3 Market, Port Harcourt, Nigeria. The sheet was 1.5 mm in thickness and was
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mechanically pressed and cut into 2 cm x 3 cm coupons. These coupons were used as cut without
further polishing. The coupons were degreased in ethanol, dried in acetone, and stored in moisture-free
desiccators before their use in corrosion studies.

2.2 Electrochemical Techniques

A CH electrochemical analyzer Model 604D was used to record the Tafel polarization curve and the
Nyquist impedance curve. The coupons were sealed with epoxy resin in such a way that only 1cm?
surfaces were left uncovered. The exposed surface was degreased in acetone, rinsed with distilled
water, and dried in warm air. The electrochemical linear polarization experiments were conducted at a
temperature of 303 K using 100 mL of test solution in a conventional three-electrode cell voltammeter.
The mild steel coupons were used as working electrodes, a platinum (Pt) electrode, and a saturated
calomel electrode (SCE), which served as auxiliary and reference electrodes, respectively. Before the
Linear Polarization experiment, the electrode was allowed to corrode freely, and its open-circuit
potential (OCP) was recorded as a function of time up to 30 min. The Tafel polarization curves were
recorded by scanning the electrode potential from - 800 mV to 300 mV vs (SCE) with a scanning rate
of 1 mV/s. The linear Tafel segments of the anodic and cathodic curves were extrapolated to corrosion
potential to obtain the corrosion current densities (lcorr). The % IE was obtained from the equation
below:

lcorr(O)—IcO].l.(i)

%ILE= x100% 1

Corr(0)

Where lcorr(o) is the corrosion current density of metal without inhibitor and Icor) i the corrosion current
density of metal with inhibitor.

AC impedance spectra were recorded in the same instrument used for polarization study using a three-
electrode cell assembly. The real part and imaginary part of the cell impedance were measured in ohms
for various frequencies 100,000 to 0.1 Hz at amplitude of 10 mV and a scan rate of 10 points per
decade. The charge transfer resistance values (Rct) were calculated from the difference in impedance
at Lower and higher frequencies (Momoh-Yahaya et al., 2012). The % IE was calculated from the
charge transfer resistance (Rct) values by using the equation:

%LE = |Fe@ R o 1009 2

ct (i)

Where Rcy) is the charge transfer resistance of the metal without inhibitor and Ry is the charge
transfer resistance of the metal with inhibitor.

2.3 REUL Inhibitor Characterization

2.3.1 UV-visible spectrophotometry

Uv-visible spectrophotometric analysis was conducted on the REUL extract using a UV-visible
spectrophotometer (Shimadzu Model 240) with a slit width of 2 nm, using a 10-mm cell at room
temperature.
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2.3.2 Gas Chromatography — Mass Spectrophotometry (GC-MS)

This analysis was performed on the REUL using GC model: 7890A Agilent Technologies and MS
model: 5975C Agilent Technologies coupled with a HP-5 capillary fused silica column (30 m x320
pm x 0.25 pm). The temperature was programmed as follows: the initial temperature was 60°C
(isothermal for 4 minutes), and the final temperature was 310°C (isothermal for 5 minutes). Other
operating conditions were as follows: carrier gas, helium (99.999%); pressure, 3.1325 psi; flow rate,
1.626 ml/min; and average velocity, 46.699 cm/s.

3. Results and Discussion

3.1 Potentiodynamic Polarization Studies

The polarization curves shown in Figure 1 and the associated parameters in Table 1 provide insights
into the corrosion inhibition ability of REUL on mild steel in 0.5 M H>SO4. From the polarization
parameter Table in Table 1, it is evident that the addition of REUL significantly reduces the corrosion
current density (lcorr) compared to the blank, thereby indicating the effectiveness of the inhibition
corrosion process. The reduction in lcor demonstrates the protection action of REUL due to its
adsorption onto the mild steel surface, thereby forming a barrier that minimizes direct acid-mild steel
interaction.
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Figure 1: Potentiodynamic polarization curves for mild steel in the absence and presence of different

concentrations of REUL

The anodic Tafel slope (f2) shows slight variation with rise in REUL concentration from 64.7 mV/Dec
for blank to 54.7 mV/Dec at 1.0 g/L, indicating that the anodic metal dissolution reaction is influenced
to a lesser extent. The cathodic Tafel slope (Bc) decreases significantly with an increase in REUL
concentration from 67.8mV/Dec for the blank to 101.6 mV/Dec at 1.0 g/L. This suggests that REUL
predominantly affects the cathodic reaction. Thus, implying that REUL acts as a mixed-type inhibitor
that is predominantly cathodic type inhibitor (B.> B.) (Fouda et al., 2022). The corrosion potential
(Ecorr) for blank is -467.1 mV/SCE, which decreases to -448.1 mV/SCE at the highest REUL
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concentration of 1 g/L at 303 K. This corresponds to a substantial increase in inhibition efficiency of
84%. At 323 K, the corrosion potential (Ecorr) for blank is -453.8 mV/SCE, which decreases to -443.7
mV/SCE at the highest REUL concentration of 1.0 g/L with an increase in inhibition efficiency of
76.7%.

Table 1: Potentiodynamic polarization parameters for mild steel in 0.5 M H,SOs solution in the
presence and absence of the REUL.

Temperature Concentration Ecorr lcorr Ba Be IE
K g/L mV/SCE  pAcm?  mVdec! mvdec?! %
303 0.0 -467.1 594.0 64.7 67.8 -
0.2 -463.8 243.7 59.9 139.3 59
0.6 -456.1 163.8 56.6 133.2 72
1.0 -448.1 97.3 54.7 101.6 84
323 0.0 -453.8 612.3 58.2 62.5 -
0.2 -451.3 281.0 53.8 118.8 54.1
0.6 -447.5 206.3 51.3 107.3 66.3
1.0 -443.7 142.6 48.2 98.2 76.7

The maximum Ecorr shift in the presence of REUL is £19 mV, which is less than +£85 mV, implying
that the inhibition mechanism is dominated by physical adsorption where weak van der Waals forces
and hydrogen bonding play a significant role (Diki et al., 2018; Jisha et al., 2019; Azgaou et al., 2022).
However, the partial modification of both Baand S suggests that some degree of chemical interaction
between the REUL molecule and the mild steel surface may also occur.

3.2 Electrochemical Impedance Spectroscopy (EIS) Studies

Nyquist plots (Electrochemical Impedance Spectroscopy curves) for corrosion inhibition of mild steel
in the absence and presence of different concentrations of REUL are shown in Figure 2. The Nyquist
plots for the corrosion of mild steel in 0.5M H2SO4 in the absence and presence of REUL as depicted
in Figure 2a, exhibit a single semicircular capacitive loop, which did not change after addition of
REUL. This indicates that the mechanism of the corrosion process is under charge transfer of
solution/metal interface and the dissolution mechanism did not change after addition of REUL inhibitor
(Chetouani et al., 2004; Idouhli et al., 2018). In addition, it can be seen that the semicircular diameter
of the Nyquist plots increases with rise in REUL concentration. This behaviour indicates that REUL
were adsorbed onto the mild steel active sites thereby forming a thin protective inhibition layer which
increase with increase in concentration of REUL (Sanaei et al., 2019; Lahmady et al., 2023; Udom et
al., 2025).

Bode plots Figure 2b showed that the addition of REUL inhibitor increases the impedance modulus at
low frequencies while the impedance modulus values in the blank solution are relatively lower. This
increase indicates that REUL enhances the mild steel surface resistance against corrosive attacks in the
acidic phase (Hadisaputra et al., 2025). This is because when REUL concentration is increased; a more
protective coating layer is formed, which reduces the surface wettability, thereby inhibiting the access
of H" and SO4? to the mild steel surface. Thus, enhancing the electrochemical stability of mild steel in
an acidic environment.
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Figure 2: EIS curves for mild steel in absence and presence of different concentration of REUL

Table 2: Electrochemical Impedance parameters (EIS) for mild
presence and absence of REUL

steel in 0.5 M H2S0O4 solution in the

Concentration Rs Rpo Qx10° nl Ret Cal IL.LE %
(g/L) Qem?)  Qem?)  (pQ's"cm?) Qem?)  x10°
(WFem?)
0.0 6.3 - 50.0 081 1453 93 -
0.2 5.8 7.8 4.5 083 3509 7.1 59
0.6 6.3 7.7 3.9 098 5099 55 72
1.0 6.3 7.8 3.2 0.99 12580 5.1 88

Figure 2c shows the plots of Phase angle against log frequency

. At -1.9 Hz, the phase angles for the

inhibited and blank solutions were approximately 0°. The phase angle increases with frequency with

the most significant positive peaks observed at 2.9 Hz for blank

(38°), 0.2 g/L (40°), 0.6 g/L (48°) and

1.0 g/L (55°). The phase angle, which shifted toward more positive values when the amount of REUL
increased, signifies a higher adsorption of the REUL inhibitor molecule onto the mild steel surface at
increasing concentration (de Britto Policarpi et al., 2020; Ouestlati et al., 2025). The larger peak heights
observed at higher inhibitor concentrations indicate a strong capacitance response (Pal and Das, 2022).
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The fitting of the Nyquist plot to the selected circuit is shown in Figure 2d. To activate the impedance
data, a single-layer circuit was used for the blank system and a double-layer circuit for the inhibited
system to model the impedance spectra.

The Capacitive double layer (Cai) values (shown in Table 2) decrease with increase in REUL inhibitor
concentration. The reduction in Cg value from 9.3 pF cm™ for blank to 5.1 pF ecm™ for 1.0g/L REUL
suggests that water molecules at the metal/solution interface are gradually replaced by REUL
molecules, leading to a decrease in dielectric constant and an increase in electrical double-layer
thickness. This results in protection of the metal from the corrosion effect of the acidic environment
(Fouda et al., 2022; Udom et al., 2025).

Table 2 shows that the Charge transfer resistance (Rct) values increase significantly with an increase in
the concentration of REUL inhibitor. The Re values increase from 14.53 Q cm? for blank to 35.09 Q
cm?, 50.99 Q cm?, and 125.80 Q cm?2 for 0.2 g/L, 0.6g/L, and 1.0 g/L, respectively. This increase in
Ret values indicates a reduced rate of the charge transfer process, confirming the formation of a
protective layer on the mild steel surface.

From Table 2, it can also be observed that the values of n1 for inhibitor samples are higher than those
of the blank sample (0.81). This observation suggests that the presence of an inhibitor in the corrosive
acidic environment reduces the irregularity of the mild steel surface (Adil Mahraz et al., 2024). This
reduction was due to the formation of a protective organic film on the mild steel surface. Moreover,
the nl values (0.81-0.99) are close to 1, indicating that the interface is capacitive (Ismail et al., 2022).
The above findings signify that REUL molecules adsorb onto the mild steel surface, forming a
protective barrier film that impedes mass and charge transfer processes. The increase in REUL
concentration, which enhances inhibition efficiency (%l.E.), is attributed to an increase in surface
coverage by the extract, thereby blocking the active corrosion sites on the mild steel surface.
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Figure 3: Variation of inhibition efficiency of REUL for corrosion of MS in 0.5 M H2SO4 with
different inhibitor concentration
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3.3 Temperature Effect

Temperature effect on the activation enthalpy (AH,), activation entropy (AS,), activation energy (E,)
and corrosion current density (i.orr) Of REUL on mild steel corrosion can be examined using the
Transition state and Arrhenius equations as shown in equations (3) and (4) below:

og 5= 52 5)+ i+ ox ()] ®
logicorr = — 2.3E:3R (%) +logA (4)

Where, R is the universal gas constant, N is the Avogadro’s number, h is the Planck’s constant
and T is the temperature A plot of log === Leorr against% (Figure 4) gave straight line with slope and

intercept as and [

2303R + log( )] respectively; from where AH, and AS, can be calculated.

Similarly, a plot of log icorr agalnst — (Figure 5) gave straight line with slope and intercept as 303R
and log A; from where E, can be calculated. The values of E,, AH, and AS, are shown in Table 3.

2.303R

Table 3: Thermodynamic parameters of REUL adsorption on the mild steel 303 K and 323 K.

temperatures
Concentration (g/L)  AH, (kJ/mol) AS, (J/mol*K?) E, (kd/mol) E, — AH, (kJ/mol)
Blank -1.361 °-196.474 1.239 2.60
0.2 3.201 -188.829 5.800 2.60
0.6 6.795 -180.267 9.405 2.61
1.0 12.981 -164.190 15.581 2.60
0.3 4 - ]
02 —m— (Blank)
] —e— (0.2 glL)
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Figure 4: Transition state plots in the presence and absence of different concentrations of REUL on
mild steel inhibition
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Figure 5: Arrhenius plots in the presence and absence of different concentrations of REUL on mild
steel inhibition

As can be seen from Table 3, addition of REUL in 0.5 M H2SOg increased the value of E,, indicating
that the phytochemicals in REUL adsorbed onto the mild steel through van der Waals forces leading
to physical adsorption (Fouda et al., 2021; Enyinnaya et al., 2022). The Ea values greater than 80
kJ/mol represent chemical adsorption while that below 80 kJ/mol represent physical adsorption
(Enyinnaya et al., 2021). Because the maximum E. value obtained in the presence REUL
(15.581kJ/mol) is less than 80 kJ/mol, it represents physical adsorption mechanism. Moreso, addition
of REUL leads to increase AS, resulting in increased disorderliness from reactants to the activated
complex (Karra et al., 2025). Finally, increase in concentration of REUL led to an increase in the
positive values of AHa. That is, the reaction is endothermic (Shathani et al., 2025). Since the values of
AHa, are well below 40 kJ/mol, it confirms that the adsorption of REUL onto the mild steel surface is
mainly by physiosorption (Enyinnaya et al., 2021; Shathani et al., 2025).

3.4 Ultraviolet — Visable (UV-Vis) Spectroscopy

Absorption of radiation in the UV region is made possible by the presence of loosely bound electrons,
such as are found in non-bonding and pi-molecular orbitals. Electron excitation occurs between Highest
Occupied Molecular Orbital (HOMO) of the ground state and Lowest Unoccupied Molecular Orbital
(LUMO) of the excited state when an electron absorbs UV radiation. The appearance of absorption
peaks in the region from 200 — 400 nm indicated the presence of heteroatoms like O, S and N and
unsaturated bonds (Njoku et al., 2013). Analysis of REUL inhibitor spectrum in Figure 6a showed that
there was excitation of an electron from a non-bonding (n) or pi-bonding molecular orbital to a much
lower unoccupied pi*- antibonding molecular orbital, as can be seen with the appearance of three peaks
(peak 1, 2, and 3).
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Figure 6: Uv-Visible Spectroscopy of REUL inhibitor (a) before and (b) after immersion

After immersion (Figure 6b), the absorption peak intensity decreases due to a reduction in the
concentration of active phytochemicals in REUL, resulting from their adsorption onto the mild steel
surface (Rahmouni et al., 2025). Additionally, changes in the shape of the UV-spectra before and after
immersion, suggest the formation of complexes between the REUL inhibitor and mild steel (Di Meo
et al., 2022). Due to inherent difficulties in assigning absorption peaks to specific constituents, UV-
Visible results are often supplemented with GC-MS analysis to facilitate proper characterization and
identification of constituent compounds.

3.5 Gas Chromatography — Mass Spectrophotometry (GC-MS)

The GC-MS result of REUL revealed the presence of n- Hexadecanoic acid and Cis-vaccenic acid with
unsaturated bond and heteroatoms as shown in Figure 7 and Table 4. These compounds enhance the
release of electrons from REUL to the mild steel surface thereby resulting in corrosion inhibition of
mild steel. Literature indicated that the methanol extract revealed 47 bioactive compounds especially
those having the highest abundance, n-hexadecanoic acid (26.65%) and (9.11%), dodecanoic acid
(6.89%), 1-docosene (6.06%), erucic acid (4.09%) (Keke et al., 2023). These phytocompounds and
many others present in the leaf have been reported to possess multiple therapeutic activities (Singare
et al., 2022).
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n-Hexadecanoic acid or Palmitic acid

Cis—vaccenic acid

Figure 7: Chemical structures of compounds identified in the GC-MS of REUL

Table 4: Suggested compounds identified from GC-MS of REUL

S/No Name Molecular Molar mass  Retention % Peak area
Formula (g/mol) time (s)

1. n- Hexadecanoic acid  CisH3202 256 13.718 56.49

2. Cis — Vaccenic acid C18H3402 282 16.143 43.51

3.6 Adsorption Isotherm

Adsorption of REUL on mild steel surface was analysed using Langmuir Adsorption Isotherm. The
Langmuir Isotherm plots and the parameters obtained from the plot for PDP and EIS are shown in
Figure 8 and Table 5 respectively. From Table 5, the adsorption-inhibition processes followed
physical adsorption mechanism with Langmuir R-squared values of 0.998 and 0.989 for PDP and EIS
respectively. The values of Gibb’s Free energy of adsorption process (AGags) for PDP and EIS are -
9.633 kJ/mol and -9.721 kJ/mol respectively. Since these values are less than 40 kJ/mol; it showed that
the adsorption process is physical adsorption and spontaneous (Nzeneri and Enyinnaya, 2022).

A literature survey of the use of natural extract as corrosion inhibitors indicated that the
determination of free enthalpy of extract containing various components at different percentages is not
adequate. first, because of the use of synergistic of two components, the authors evaluated on the
synergistic coefficient to explain a concurrence or cooperative action on the metal surface (Bouklah et
al., 2006; Mobin et al., 2013; Kokalj, 2023). In this optic, it’s safe to explain the inhibitory effect of
the natural extract by the intermolecular synergistic effect via the various active centres containing
aromatic rings, double and/or triple bonds as well as heterotaoms reinforcing the adsorption
phenomenon on the metal surface (Benali et al., 2013; Mobin et al., 2013; Khadom et al., 2022; Zakeri
etal., 2022; Lrhoul et al., 2023).
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Figure 8: Langmuir Isotherm for adsorption of REUL on Mild Steel surface

Table 5: Langmuir Isotherm Parameters

Electrochemical Slope Intercept Kads AGads R?

Technique (kJrgLt)

PDP 0.7877 0.08392 0.8243 -9.633 0.998

EIS 0.7559 0.06878 0.8535 -9.721 0.989
Conclusion

Root extract of Urena lobata (REUL) is a good suppressor of mild steel deterioration in 0.5 M H2SO..
Potentiodynamic polarization (PDP) revealed that REUL is a mixed-type inhibitor reducing both
anodic and cathodic corrosion reactions. Electrochemical Impedance Spectroscopy (EIS) showed that
REUL functions by forming a protective layer on the mild steel surface, with the charge transfer
resistance (Rct) increasing in proportion to the extract concentration. Adsorption of REUL on the mild
steel surface followed the Langmuir Isotherm with R? values greater than 0.98 for both PDP and EIS.
Thermodynamically, the adsorption of REUL onto the mild steel surface is spontaneous as can be seen
from the negative AGads values.
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