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Abstract

Inhibitive action of petersianthus macrocarpus leave extract on corrosion of mild steel in 1M HCl and 0.5M
H,SO, solutions was studied using gravimetric, electrochemical impedance and potentiodynamic methods.
The results indicated that the extracts functioned as a good inhibitor in both environments and inhibition
efficiency increased with extract concentration. Temperature studies in the range 313-333K reveal increase in
inhibition efficiency of the extract with rise in temperature. A mechanism of chemical adsorption on the
extract components on the surface of the metal is proposed for the inhibition behavior. The adsorption
characteristics of the inhibitor were found to obey Langmuir adsorption isotherm.
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1. Introduction

Mild steel is widely used in most of the chemical industries for the fabrication of various reaction vessels,
pipes, tanks, etc; due to its easy availability and low cost [1,2]. Acids are generally used for the removal of
undesirable scales and rust in several industrial processes. Hydrochloric and sulphuric acids are extensively
used in the prickling and descaling operations. The use of corrosion inhibitors is one of the most effective and
economic methods to protect metal surfaces against corrosion in such aggressive media [3-5]. A number of
organic compounds have been reported as effective corrosion inhibitors especially those containing nitrogen,
oxygen, sulphur, phosphorus, and multiple bonds or aromatic rings in their structures [6-9]. The number of
lone pairs of electron and loosely bound n-€lectrons in these functional groups are the key structural features
that determine the inhibition efficiency [10-12].

Apart from structural aspects, there are also economic considerations since the whole subject of corrosion is
about its destructive economical effects. Therefore the used inhibitor must be cost effective and also readily
available. Furthermore, due to recent environmental  awareness and restrictions, the inhibitor must be
nontoxic and biodegradable.

Severa studies have been published on the use of natural products as corrosion inhibitors in different media
[11-14], and these reports provide evidence that natural products contain several compounds that satisfy the
mentioned features. El-Etre [15] has studied the application of natural honey as corrosion inhibitor for copper
in agueous solution. Parikh et al. [16] studied the anticorrosion activity of onion, garlic and bitter gourd for
mild sted in HCl media. Ethanolic extract of Ricimus communis leaves was studied for the corrosion
inhibition of mild steel in acidic media by Sathyanathan et al. [17]. Aqueous extract of Hibiscus flower and
Agaricus has been studied as corrosion inhibitors for industrial cooling system by Minhaj et al. [18].

The anticorrosion effect of Andrographis paniculata [19] and tea wastes [20] have been reported by
Sethuraman et a. Klinskic et a. analyzed aqueous extract of Rosmarinus officinalis [21] as corrosion inhibitor
for aluminium alloy corrosion in chloride solution. Guar gum was analyzed for its anticorrosion activity by
Abdallah et al. [22]. Martinez and Stern have studied the inhibitory mechanism of Mimosa tannin with low
carbon sted in H,SO, media [23]. Oguzie and co-workers studied the corrosion inhibition of leaf extracts of
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Occimum viridis, Telferia occidentalis, Azadirachta indica and Hibiscus sabdariffa [24-27] on mild sted
corrosion in acidic solutions. Other than the plant extracts, pure organic compounds extracted from natural
products such as ascorbic acid, succinic acid, caffeine, amino acids [28-31] are also used for inhibition of
corrosion.

In the present study the inhibiting properties of aqueous extract of Petersianthus macrocarpus (PM) in 1 M
HCl and 0.5 M H,SO, were studied using weight loss, eectrochemical impedance and potentiodynamic
methods. PM belongs to the Lecythidaceae plant family widely distributed in the West African sub-region
including Benin, Burkina Faso, Ghana, Mali and Nigeria. Phytochemical characterization tests revealed that
the plant's barks of stem and trunk contain several bioactive principles such as sterols, polyterpenes,
polyphenols, saponosides and akaloids [32]. Petersaponin has been identified as the major chemical
constituent of the plant. B-sitosterol, octacosanol, and ellagic acids have also been isolated [33-35].

2. Experimental

2.1 Preparation of plant extract

Stock solutions of the plant extract were prepared by boiling weighed amounts of the dried and ground leaves
of PM plant under reflux for 3 hoursin 1.0 M HCI and 0.5 M H,SO, solutions, respectively. The resulting
solutions were cooled and then filtered twice. The amount of plant material extracted into solution was
obtained by comparing the weight of the dried residue with the initial weight of the dried plant material before
extraction. From the respective stock solutions, inhibitor test solutions were prepared in the concentration
range 50-1000 mg/L in respective corrodents. Solutions of 1.0M HCI and 0.5M H,SO, solutions were
prepared for the experiment using analytical grade reagents and distilled water. Working electrode was
prepared from a rectangular coupon cut from a mild steel sheet with the composition (wt%) C- 0.15%, Mn-
1.4%, P-0.36%, Si-0.3% and Fe balance.

2.2 Weight loss measurements

Mild steel sheets of dimensions 3.0 x 3.0 x 0.2cm were used in the weight loss experiment. Before each
experiment the coupons were abraded using emery papers (grades 200-800) washed with distilled water and
acetone and finally dried. Theinitial weight of each specimen was noted before immersion using an analytical
balance. Then the specimens were immersed in aerated (200mL) of 1.0 M HCI and 0.5M H,S0, solutions
without and with different concentrations of the PM extract for 6 h. After the elapsed time the specimens were
taken out, washed, dried and reweighed. All the experiments were performed in triplicate and average values
were recorded.

2.3 Electrochemical experiment

Electrochemical experiments were performed using a VersaSTAT3 potentiostat/galvanostat from AMATEK
Inc. operated with V3 studio software. The working e ectrode (We) was the mild steel of dimension 1.5cm x
1.5 x 0.2cm which was polished and appropriately sealed with epoxy to leave an exposed surface area of
lcm?. A saturated calomel electrode (SCE) and platinum foil were used as the reference and auxiliary
electrodes respectively. WE were immersed in the respective corrodents for 30 min until a steady-state open
circuit potential (OCP) was obtained. EIS were carried out over a frequency range of 100 kHz—10 MHz. The
sinusoidal potential perturbation was 5 mV in amplitude. Tafd polarization scans were carried out by
changing the eectrode potential automatically from -0.25 to 0.25 mV versus OCP with a scan rate of
0.333mV/s. The data recordings and the calculation of the eectrochemical parameters were performed using
V3 software and interpreted with Zsimpwin software. Measurements were performed at 303K and each test
was run in triplicate to verify the reproducibility and the average values reported. All potentials were referred
to the SCE.

3. Results and discussion

3.1. Weight loss measurements

Weight loss measurements were carried out in 1.0 M HCl and 0.5M H,SO, solutionsin the absence and
presence of different concentrations of PM extract. This physical measurement provides direct answer on
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how the corrasive environments affect the test samples and also show us the average corrosion rate during
the experiment. The corrosion rates of the mild steel coupons were calculated from the weight loss data
using Eq(1):

Cr(mdd) % 1)

where, Dw is massloss (mg), sis area of specimen (dm?) and t isthe immersion time in days.

The inhibition efficiency (IE%) and surface coverage (0) were calculated according to the following
equation:

_ Wo - W
Wo (2)
| E%=""W 100 ©)
Wo

where wo and w1 arethe weight loss in absence and presence of inhibitor
Fig. 1 represents the effect of increasing the concentration of PM extract on the corrosion rate of mild stedl.
The results show that this plant extract inhibited the corrosion of mild steel in 1.0 M HCI and 0.5M H,SO,
solutions at all the concentrations studied and the extent of corrosion inhibition depends on the concentration.

Increasing the concentration of the extract decreases the corrosion rate of the metal. The data also reveals

higher corrosion susceptibility of the mild steel in 0.5 M H,SO, solution compared to the HCI solution. The
fact that the metal specimen manifests higher corrosion susceptibility in 0.5 M H,SO, is evident that the acid
anions influence the corrosion process in different ways. Fig. 2 represents the dependence of the inhibition
efficiency IE% on concentration calculated from gravimetric data obtained at 303K (EQ.2). It is clear from the
plot that the inhibition efficiency increased with increase in inhibitor concentration. This suggests that more
inhibitor molecules were adsorbed on the metal surface at higher concentration, leading to higher surface
coverage. The plot aso shows better performance of the extract in 1 M HCI solution.
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Fig. 1 Variation of corrosion rate without and with various concentrations of PM extract during mild steel
corrosion in 1M HCI and 0.5M H,SO, for 6h immersion period at 303K.

3.2 Electrochemical impedance spectroscopy measurements
Electrochemical impedance spectroscopy (EIS) is a well-established and powerful tool in the study of
corrosion. Surface properties, electrode kinetics and mechanistic information can be obtained from the
impedance diagrams [36]. Fig. 3a and b shows the Nyquist plot obtained at the open-circuit potential, while
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Table 1 summarizes the impedance data extracted from EIS experiments carried out both in the absence and
presence of 50mg/L and 1000mg/L concentrations of PM extract.
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Fig. 2 Variation of inhibition efficiency with concentrations of PM extract for steel
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Fig.3 Electrochemical impedance spectra of mild sted without and with PM in:
(8 1M HCl and (b) 0.5M H,SO

It is apparent from Fig.3 that all the Nyquist plots are similar in shape and consists of a single capacitive loop,
which means only one charge transfer reaction during the metal dissolution process. The impedance spectra
for the Nyquist plots were analyzed by fitting to the equivalent circuit model: Ry(CaRc). In this equivalent
circuit, Rs is the solution resistance, Ry is the charge transfer resistance and Cqy isthe double layer capacitance.
The capacitance values were calculated using the equation:

1

2P max R @

where fmax is he frequency at which the imaginary component of impedance is maximum. The impedance
diagram does not give a perfect semicircle, which has been attributed to frequency dispersion of the interfacial
impedance. The percentage inhibition efficiency |E£% was cal culated using the fol lowing equation:

Cu=
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Ra- Ra

|E% = x100
®)

where R; and R are the charge transfer resistance of mild steel in presence and absence of inhibitor
respectively.

Table-1: EIS parameters for mild steel in 1.0M HCI and 0.5M H,SO,
in the absence and presence of 50 and 1000mg/L PM leaves extract

System R(Qcm?) | R«(Qcm?) Ca(UFem™) |Er%
1.0 M HCI 1.32 32.8 824 -
50mg/L CS 2,61 84.7 31.40 61.3
1000mg/L CS 1.32 509.6 1.06 935
0.5M H,S0, 1.26 8.45 4441 -
50mg/L CS 2.24 233 1348 64.2
1000mg/L CS 2.25 150.6 1.61 829

Itisclear from Table 1 that by increasing the inhibitor concentration, the Cy values tend to decrease and the
inhibition efficiency increases. The decrease in the Cy which can result from a decrease in local dielectric
constant and/ or an increase in the thickness of the electric double layer, suggested that PM extract function by
adsorption at the metal/solution interface. Thus the changein Cy values was caused by the gradual
replacement of water molecules by the adsorption of the extract organic matter on the metal surface,
decreasing the extent of metal dissolution [37]. It is apparent from the Nyquist plots that the impedance
response of mild steel in the inhibited HCI and H,SO, solutions changed significantly after the addition of the
extract in the acid solutions and the impedance of inhibited substrate increased with increasing concentration
of inhibitor in both acids. Inhibition efficiency was found to increase with inhibitor concentration in both
acids.

3.3 Polarization measurements

Polarization curves for mild steel at the presence 50mg/L and 1000mg/L concentration of PM leaves extract in
1.0M HCI and 0.5M H,SO, solutions are shown in Fig. 4a and b. The extrapolation of Tafel straight line
alows the calculation of the corrosion current density (icor). The 1E,(%) is calculated using the following
equation:

-0 .
leorr = lcorr

IEy(06) = =" ()
corr
where (%, and il,, are the corrosion current density values without and with inhibitor respectively. The

values of icor, the corrosion potential (Ecorr) @nd inhibition efficiency 1E% are given in Table 2. From Fig. 4, it
is obvious that the presence of the additive resulted in a marked shift in the cathodic branches in H,SO, and to
alesser extent in HCI solution. This result indicates that PM extract can be classified as a cathodic inhibitor in
H,S0O,, while in HCI we have mixed inhibition. Basically, anodic polarization is the shift of anode potentia to
the positive (noble) direction whereas cathodic polarization is the shift of cathode potential to the negative
(active) direction. In literature [38], it has been reported that if the displacement in Egr is >85 mV the
inhibitor can be seen as a cathodic or anodic type inhibitor and if the displacement of E 4 is <85 mV, the
inhibitor can be seen as mixed type. In this study, the maximum displacement in E.; value was up to 100 mV
for PM in H,SO, solution. It is illustrated from the data of Table 2 that the addition of PM extract decreases
corrosion current density. Also, it can be clearly seen that the inhibition efficiency of PM extract increases
with inhibitor concentration. The values differ somewhat from those obtained from gravimetric measurements
due basically to factors associated with the different techniques, but the trend remains the same.
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Fig.4 Potentiodynamic polarization curves of mild sted in: (@ 1 M HCI and (b) 0.5 M H,SO,
without and with PM.

Table-2: PDP kinetic parameters, inhibition efficiency for PM in 1.0M HCl an
0.5M H,SO, without and with 50 and 1000mg/L Concentrations at 303K

System loor (UA/CM?) | Ecor (MV) IE%
1.0M HCl 888.7 -521.6 -

50mg/L CS 3134 -512.4 64.8
1000mg/L CS 120.2 -493.2 86.5
0.5M H,SO, 1534.9 -607.0 -

50mg/L 476.6 -601.0 67.6
1000mg/L 3227 -515.2 79.0

3.4 Adsorption isotherm.

Corrosion inhibition of mild steel in acid solutions by inhibitors can be explained based on molecular
adsorption. The adsorption process is influenced by the chemical structures of organic compounds, the
distribution of charge in molecule, the nature and surface charge of metal and the type of aggressive media
[39]. Basic information on the interaction between the inhibitors and the mild steel surfacecan  be provided
by the adsorption isotherms [40]. Totally, adsorption isotherms provide information about the interaction
among the adsorbed molecules themselves and their interactions with the electrode surface [41]. In order to
obtain a proper adsorption isotherm, Langmuir, Temkin, and Freundluich adsorption isotherms were tested.
Langmuir adsorption isotherm, which is given by Eq. (5) [42], was found to be more suitable:

C c+ 1

g K Y
where 0 is the fraction of surface coverage, C is the inhibitor concentration, K is the equilibrium constant for
the adsorption/desorption process. The relationship between C/6 and C at 303K for mild sted in 1 M HCI
and 0.5 M H,SO, with various concentrations of the plant extract is shown in Fig. 5 with dopes of 1.2

respectively. As can be seen by the good fit, PM extract as inhibitor obeys the Langmuir adsorption isotherm.

3.5 Effect of temperature

Analysis of the temperature dependence of inhibition efficiency as well as comparison of corrosion activation
energies in the absence and presence of inhibitor gives some insights into the possible mechanism of inhibitor
adsorption [43-47]. In order to evaluate the adsorption of inhibitors and to calculate thermodynamic and
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activation parameters of the corrosion processes of the mild steel in acidic media, the effect of
temperature on the corrosion parameters was studied using the gravimetric technique. Measurement were
made in the temperature range 313-333k in the absence and presence of 50mg/L and 1000mg/L concentrations
during 3h immersion period. The effect of increasing temperature on the corrosion rate of the mild stedl in the
absence and presence of 50 and 1000mg/L concentrations in both corrodents is presented in Table 3.
Inspection of the data shows that the corrosion rate of the mild stedl increased with increase in temperature.
The increase in corrosion rate is more pronounced for the uninhibited acid solutions. The inhibition efficiency
data (Table 3) shows that the IE% increased with increasing temperature. The observed increase in IE% with
increase in temperature in both media is an indication that some of the extract components become better
adsorbed at higher temperature and so contribute more to the overall inhibiting effect.
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Fig.5 Langmuir adsorption isotherm plot for mild steel couponsimmersed in 0.5M H,SO, and 1M HCI

Table-3: Effect of temperature on the corrosion rate of mild
steel with and without the addition of PM extract

System 303K [313K [323K |[333K
1M HCI Inhibition efficiency (%)
50mg/L 67.1 717 765 29

1000mg/L 76.4 80.1 86.7 9.4
05MH,SO, | Inhibition efficiency (%)
50mg/L 494 710 76.7 789
1000mg/L 824 83.1 90.3 95.8

Thelog of corrosion rate isa linear function with /T (Arrhenius equation) [48, 49]:

—+A (8)
2.303RT

where E, isthe apparent effective activation energy, R isthe general gas constant and A isthe  Arrhenius
pre-exponential factor. A plot of log of corrosion rate vs. 1/T gave astraight asshownin Fig. 6 with a slope
of -E4/2.303R. The values of the activation energies are listed in Table 4. The data shows that the
thermodynamic activation functions (Ea) of the corrosion in mild steel in 1 M HCI and 0.5M H,SO, solution
in the presence of extract are lower than those in the free acid solution indicating that extract exhibit high 1E%
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at elevated temperatures. An increase in inhibition efficiency with rise in temperature with analogous decrease
in corrosion activation energy in the presence of inhibitor compared to its absence is frequently interpreted as
being suggestive of formation of an adsorption film of chemical (molecular) nature[50, 51].
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Fig.6 Arrhenius plotsfor mild steel corrosionin (a) 1 M HCl and (b) 0.5 M H,SO, solutionswithout
with PM extract

and

An alternative formulation of Arrhenius equation is[53]:

Cos RTeX aeDS*QeX abH * 0

*” Nh R 0 ERT o ©)

where h is the plank’s constant, N is Avogadro’s number, S’ the entropy of activation and H’is the enthalpy of
activation. A plot of 1og(Cr/T) vs. 1/T gave a straight line with a slope of -H/2.303R and an intercept of
log(R/Nh)+ S*/2.303R , from which the values of S" and H were calculated and listed in Table 4. The
positive signs of enthalpies (H") obtained in both systems reflects the endothermic nature of dissolution
process. The shift towards negative value of entropies (S) in the inhibited solutionsimply that the activated

complex in the rate determining step represents association rather than dissociation, meaning that disordering
decreases on going from reactants to the activated complex [52].

Table-4: Values of activation parameters. E,, AH*, AS*for mild steel in 1 M HCI and 0.5M H,SO, at 50 and
1000mg/L concentrations of PM extract.

system E{kdmol™) | AH*(kdmol™) | AS*(IK'mol™)
1M HC 116.48 1134 163.28

50 mg dm* 52.78 40.21 -36.69
1000mg dm’® 51.50 38.29 -45.76

0.5 M H,SO, 69.75 67.93 31.26

50 mg dm* 43.29 49.97 -60.12
1000mg dm’® 41.62 48.63 -74.6

3.6 Mechanismof inhibition

The first stage in the action mechanism of inhibitor in acid media is adsorption on the metal surface. In most
inhibition studies, the formation of donor—acceptor surface complexes between r-electrons of inhibitor and
the vacant d-orbital of metal were postulated [53, 54].The main constituents of extract of PM are Petersaponin,
p-sitosterol, and ellagic acid with the structures given in Fig.7 having a number of hydroxyl group (-OH) and
aromatic rings. In the acid solution, due to protonation of hydroxyl group, the inhibitor molecules get adsorbed
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on the mild steel surface. As the constituent molecules contain aromatic rings (n-electrons) and electron
releasing groups attached to these aromatic rings, the availability of n-electrons to get bonded to the vacant d-
orbital of Fe isincreased. The high performance of PM extract could also be due to large size of constituent’s
mol ecule which cover wide areas on the metal surface and thus retarding the corrosion [55, 56].
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Fig. 7 Structures of main constituent of Petersiantus macrocarpus leaves extract:
(1) petersaponin (2) sitosterol and (3) ellagic acid.

Conclusions

The results obtained show that PM extract is a good corrosion inhibitor for mild steel under acidic conditions.
The inhibition efficiency increased with increase in concentration and with increase in temperature up to 333k.
Excellent agreement between the inhibition efficiencies calculated using different techniques was obtained.
EIS data show that extract organic matter is responsible for the corrosion inhibiting effect and functioned via
adsorption on the metal surface.

There is an adequate change of the apparent activation energy when compared to that in the case of
uninhibited solutions. The lower activation energy of the corrosion process in the presence of the corrosion
inhibitor, when compared to that in its absence demonstrated the chemisorptive nature of the adsorption.

The adsorption of PM extract on the mild steel surface was approximated by the Langmuir isotherm.
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