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Abstract

The interfacial activities oDiospyros mespiliformis on annealed carbon steel in 2 M HCI
solution was studied by electrochemical methoddarpation and impedance spectroscopy
measurements, while weight loss of the carbon sitefarying temperatures and gasometric
method was studied. The results of the study rede#éihatD. mespiliformis mitigates the
corrosion of carbon steel (FE164531) in HCI solutichough adsorption. Results from Tafel
plots suggest thddiospyros mespiliformis (DM) behaves predominantly as a cathodic inhibitor
with highest inhibition efficiency (91%) at 1000 mp The Nyquist and Bode plots of the test
solutions were similar in both inhibited and freedium and contained capacitive and inductive
loops. Thermodynamic parameters suggest Bhamespiliformis is adsorbed on carbon steel
mainly by physical adsorption. The values of engitadnd entropy of adsorption suggests that
DM adsorption on FE164531 surface was spontaneAugiood correlation was obtained

following the percentage inhibition efficienciedaadated from all the techniques employed.

Key words: Annealed carbon ste@liospyros mespiliformis, corrosion inhibition, adsorption,

Hydrochloric acid
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1. INTRODUCTION

The significance of corrosion protection of carlsteel in acidic solutions has become necessary
due to its propensity to be attacked in acidic mednen deployed in services like acid pickling,
chemical cleaning of scale in metallurgy, electerital systems, oil recovery and also the
petrochemical industry. The protection of carbaebktgainst corrosion in acidic environments
can be achieved in various ways using corrosiofibitdrs [1-3]. Several research have been
carried out on the use of eco-friendly inhibitapscontain corrosion of carbon steel, mild steel,
stainless steel, aluminium and many other metaldath acid and alkaline solutions [4-
7].Corrosion inhibitors are commonly added in sngal&ntity to pickling acids, acid stimulation
fluids, cooling waters, oil and gas production atng, either continuously or intermittently to
control attacks. These inhibitors generally contotrosion by forming various types of films
either by adsorption or the formation of bulky pp&@tes, and/or the formation of a passive
layer on the metal surface that modify corrosijidyl0]. The mechanism of most corrosion
inhibitor on metal oxidization can be explained thie basis of molecular adsorption, which
involves forming a thin, invisible film that codid metal thereby protecting it from attack or a
combination of adsorption films and corrosion pradorms a passive layer on the metal surface
[11]. In aqueous acidic solutions, corrosion intoks subsist either as neutral molecules or
protonated molecules which adsorb on the metal/aoldtion interface through electrostatic
attraction between charged molecules and chargdédl e by the interaction of unshared
electrons in the inhibitor molecule with the mewlrface [12]. Apart from sea water,
hydrochloric acid remains the main source of thgregsive chloride ions in aqueous solutions
and occurrences of carbon steel corrosion in enments containing chloride ions are known

[13]. Several reports claimed the used of greeibitdr as cheap, effective, renewable and non-
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toxic for metal corrosion [14-20]. The effectivemesf these bio-extracts as metal corrosion
inhibitor mainly depend on its phytocompund funotibgroups having; steric effectsorbital
character of donating electrons via adsorptionclive sites and electronic density of donor
atoms among other variableBiospyros mespiliformis commonly called African ebony is
confined to tropical and sub-tropical regions notah Central and West Africa [21]. Several
ethnopharmacological applications have been regpddeD. mespiliformis which include the
use of leaves decoction as extraordinary remedyfeeer, whooping cough and for wounds
[22,23]. GC-MS analysis of extracts framospyros mespiliformis yielded components such as
triterpenes, carotenoides, saponosides, anthradespanthocyanosides and tannins [21].

In this present work, corrosion study was madegiaimealed carbon steel immersed in aerated
stagnant 2 M HCI solutions with and without additiof ethanolic extract ob. mespiliformis
leaves, using weight loss, gasometry and electromda techniques. The corrosion rate (mpy)
of carbon steel and inhibition efficiency Bt mespiliformis leaves extract was evaluated with
the different methods employed while insight inte tadsorption mechanism was assessed
through electrochemical impedance spectroscopy)(HIge experimental data were fitted into
Langmuir adsorption isotherm while the effectsehperature gave thermodynamic parameters

such asAH,;; andAS,, 4.

2. EXPERIMENTAL

2.1 Material preparation

Corrosive solutions were freshly prepared from widl grade chemical reagents using
bidistilled water and were used without furtherification for each test run. Annealed carbon

steel (FE164531) sheets of 99.5% purity, usedHisr $tudy has the following typical analysis
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ppm: C< 1200, Mn< 5000, S< 500, P< 500 which wazcyred commercially from Advent
research materials Ltd, Eynsham Oxford England OX2®. The sheet was mechanically press-
cut into 40 x 40 x 0.92 mm coupons with a hole wini drilled at the middle of the upper edge
of the coupons and then polished successively migtallographic emery paper of increasing
fineness of up to 1200 grits. These coupons wegeedsed in absolute ethanol, dried in acetone,
further dried with hot air and stored in moistureef desiccator prior usage. Dried leave®of
mespiliformis were blended to powder form; 10 g of powdered Isavas refluxed in 100 ml
ethanol for 3 h, allowed to cool for 6 h and fidr The filtrate was concentrated using rotary
evaporator and stored in an oven at’@0 From the concentrate, inhibitor test solutiorerev

prepared in concentrations of 10 ppm, 100 ppm &0 ppm.

2.2 Weight loss

In gravimetric measurements, FE164531 coupons wetighed before total immersion in a
250ml beaker containing 200 ml test solutions, ¢painspended by suitable hooks at 1 cm below
the solution surface. The beakers were placed ineely aerated thermostated water bath
maintained at constant temperature at 303, 313, @8#8 333 + 0.5 K. The coupons were
retrieved after 3 hours, scrubbed with brush umdening bidistilled water, dried as before and
weighed [13]. The difference in weight of the conpdefore and after immersion in different
test solutions was taken as the weight loss. Tihesion rate of the carbon steel and inhibition
efficiency of the inhibitor Eyw %) was calculated using the following equations nd &
respectively [10]

CR (mpy) = 534AW (1)
pAT
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CR? - CR
Ew% = —= 2)

whereAW is weight loss in mg is the density of carbon, A the area of the coupanches, T
is the immersion time in hour6R andCR® are the corrosion rate in the presence and absdnce

inhibitors respectively.

2.3 Gasometric

Fifty milliliters of test solutions poured into eaction vessel was used in the gasometric method.
Upon introduction of the metal coupon, the vessas$ wuickly corked and the initial volumes of
air in the burette, taken against that of the parail were recorded. The decrease in volume of
the paraffin oil in the burette due to hydrogen gaslution was noted after every five minutes
till the last volume of paraffin oil in the burett€éhe volume of hydrogen gas evolved was used

to evaluate inhibition efficiency of the test inhdys using equation 3 [24]

CR
En% =1- G (3)

whereCRy andCRY; are corrosion rates got from total volume of gasiwad in the presence and

absence of test inhibitors respectively.

2.4 Polarization technique

The electrochemical experiments were carried outainthree-electrode electrochemical
cylindrical Pyrex glass cell with a graphite rodunter electrode and saturated calomel electrode
(SCE) as reference. Annealed carbon steel havirexposed area of 1éwas used as working
electrode. Before recording the polarization cuntbee working electrode was kept at its open
circuit value in aerated stagnant 2 M HCI solutieithout and with inhibitor for 30 min. All

electrochemical experiments were performed at remmperature (27 +1°C) using a VersaSTAT

5
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3 electrochemical System. The potentiodynamic prd#on curves were obtained by scanning
the potential of working electrode from -0.25 Vi@ V vs. SCE at a scan rate of 1 mV/s [8],
while impedance spectroscopy experiments (EIS) seasined at the open-circuit potential at
frequencies from 100 kHz to 0.1 Hz with AC signahpitude of 5 mV peak-to-peak along
phase shifts between AC voltage and current. Thguidy and bode plots were acquired using
ZSimpWin Version 3.20. The values &, icor, R and Cq were obtained from the

electrochemical measurements. The inhibition efficies were determined using equations

below:

Ei% — i%or;g;ricorr (4)
0

Er% =1 — E—szmo (5)

Where i, and i, is corrosion current densities for inhibited amginhibited solutions
respectively, whileR, and R? is charge transfer resistance in the presenceaasdnce of

inhibitor molecules respectively.

3. RESULTS AND DISCUSSIONS

3.1 Polarization measurements

Figure 1 shows the anodic and cathodic polarizatorves for FE164531 while calculated
electrochemical parameters such as, corrosion pat€B.), corrosion current densitys{),
degree of surface coverage of the inhibi®@; the inhibition efficiency of the inhibitorx %)
and linear polarization resistand&) values are listed in Table 1. As can be seem fFig. 1,
the polarization curves showed features of spooiameassivation in all test media. Addition of

D. mespiliformis leaves extracts at varying concentrations did meibly alter the polarization
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behavior of the metal in the active metal dissolutiegion at the anode but however, a decrease
in current density was observed. This suggestsRhatespiliformis did not interfere with the
corrosion mechanism of FE164531 carbon steel, hewéwe inhibitor additives caused a
decrease in both cathodic and anodic currents pmega reduction in anodic dissolution and
retardation of hydrogen evolution reaction [5,8heTcathodic polarization curves exhibit active
behaviour with increasing inhibitor concentratiofthwa shift towards lower current density
region. The anodic polarization curves are almdsntical irrespective of the concentration of
test inhibitor. The lower values of corrosion cutrdensity facilitate slow electron transfer in the
redox process, hence the rate of corrosion reattemomes reduced. The decrease of current
density indicate the fact th&@. mespiliformis molecules gets adsorbed on pure carbon steel
surface and hence retards the corrosion reactioslestrode with concurrent replacement of
electrolyte solution at the metal/electrolyte ifaee [25]. Figure lalso reveal a decrease in both
corrosion current and potential in the cathodiaaegvith a cathodic shift was observed in the
Ecorr indicating thatD. mespiliformisis a probable cathodic inhibitor. A spontaneouspasion

in the anodic region was seen with a decreaseanctirosion potential as the inhibitor was
introduced. This decrease is observed at the limm@dic — active dissolution of FE164531
which is an indication of the stability of the filflormation comprising of-Fe0s/Fe;0, on
FE164531 surface [3,26]. As the potential becomesenpassive, the rates of anodic reactions
increase while that of cathodic reactions decreaBleis observation is an indication that the
formation ofy-FeOs/FeO, films gradually spreading over the surface of MBI, Usually a
low current density and long anodization time pn¢severy good protection against corrosion

due to the diminution of the porosity of the anoflims formed. The corrosion reaction of
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carbon steel in solutions containing chloride i@tsur via these mechanisms as reported by

Sherif (2012) [27];

Fe) + 2Cl,q) — FeClys) + 2e” (6)
FeClys) = FeCly(interface) = FeClyag) (7)
FeClys) + Claq) = FeClz) + e (8)
FeCls(s) = FeCls(interface) = FeClzag) (9)

The mechanism show that the film formed on the @adieel surface is a mixed porous film of a
precipitated ferrous chloride, FeClnd ferric chloride, Fegl compounds. Considering
concentration gradients, the ferrous and ferriconitié specie at metal/electrolyte interface
diffuse through the porous film and the diffusiosubdary layer and then into the bulk solution
through convection currents. This results in camdis uniform and pitting corrosion of
FE164531 by attack of the chloride ions. The iniitbn of inhibitor molecules controlled the
corrosion current with a maximum of 91% inhibitiefficiency at 1000 ppm concentration. This
can be explained on the bases thatmespiliformis at this concentration strongly inhibit and
block the corrosion sites on the carbon steel saréand retards uniform corrosion and prevents
formation of pits. Table 1 shows that the corrosjpotential exhibiting a decrease with
increasing concentration could be attributed toghssage of metal ions through the adsorbed

film occuring slowly and the corrosion current daemetal ion transportation becoming reduced.
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Fig. 1 Anodic and cathodic polarization curves for FE3®BH electrode in aerated solution of
2 M HCI in the absence and presence of differemicentrations oD. mespiliformis

leaves extracts.

The inhibition efficiency results of the inhibitavere calculated from the corrosion current
(icorr) Vvalues according to equation 4 and the valuespegsented in Table 1. The linear
polarization resistanceRf) was found to increases from 0.496 to 1.4®7Avhich results in
increase in corrosion current resistance on addiob D. mespiliformis to 2 M HCI. On
increasing the inhibitor concentratiok,,,, values were shifted more negative. This proposes
that D. mespiliformis behaves predominantly as cathodic inhibitor. Theeease of polarization
resistance with increasing inhibitor concentratisrmainly due to its adsorption on FE164531
surface. The value &, is a measure of electron transfer across thedad it increases with
an increase in corrosion rate. The valuesRyfin Table 1 showed a steady increase following

increased inhibitor concentration from 10 ppm @@ ppm. This increase as compared to the
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blank value indicates a reduction in FE164531 aarteel corrosion rate through the formation
of adsorbed protective film against corrosion attaicthe metal/electrolyte interface [28,29].

Table 1 Corrosion parameters obtained from polarizatiovesi for FE164531 carbon steel in 2

M HCI solution in the absence and presencB.ahespiliformis leaves extracts.

Solution Parameters

icorr 'Ecorr 0 Ei Rp

(LA cmi®)  (mV vs SCE) % (Q)
blank 5465.8 357.28 -- -- 0.496
10 ppm 2715.03 427.01 0.5033 50 1.272
100 ppm 1342.04 436.27 0.7545 76  1.338
1000 ppm 517.01 443.08 0.9054 91  1.497

3.2 Impedance Spectroscopy M easurements

To determine kinetic parameters for electron transéactions at the carbon steel/electrolyte
interface, electrochemical impedance spectroscogranent was carried out at open circuit
potential in the absence and presencB.ahespiliformis. Typical Nyquist and Bode plots were
obtained at the metal/electrolyte interface fortedit solutions. Figure 2 shows the Nyquist plot
of one capacitive loop exhibiting an extended seciein the complex impedance plane both in
uninhibited and inhibited solutions, an indicatittvat corrosion rate is controlled by charge
transfer resistance. The impedance diagrams obtaieee not perfect semicircles, and increases
in diameter as inhibitor concentration increasedicating that the presence of inhibitor
molecules strengthens the inhibitive film and/a faradic processes occurring through defects
of this film with increase irD. mespiliformis concentration. The impedance data obtained are
analyzed by simple equivalent Randles circuit wisafficiently explains EIS data for liquid and

steam-treated samples [8,30]. Figure 3 shows tygRaadles circuit consisting of solution

10
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resistanceRs in series with a component composed of transfeistanceR; and parallel film

capacitanceCy. The obtained values for the charge transfer taesie and parallel film
capacitance are listed in table 2. As seen fronet&bthat the value oR; increases in the
concentrations of the inhibitor. Figure 4 shows Bogle plots for FE164531 in 2 M HCI with
and without different concentrations Df mespiliformis inhibitor. The capacitance of parallel

film (Cq) was calculated from equation 7

1

27 fmaxRct

Cdl = (10)

201 —=— Blank
—®— 100ppm DM
—A— 1000ppm DM

16

i
N
1

Im Z [Q/cmz)
o]
1

0 8 16 24 32 40
Re Z (Q/cm®)

Fig. 2 FE164531 carbon steel in 2 M HCI solutions witldl avithout different concentrations of

D. mespiliformis leaves extract

Ca
|
RS
R:
1

Fig. 3 Electrical equivalent circuit used to fit the inmgence data
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Fig. 4 FE164531 carbon steel in 2 M HCI solutions witldl anthout different concentrations of
D. mespiliformis leaves extract

Table 2 shows thaCy values decreased when the concentration of thdiioh molecules
increased. The decreaseGy might arise from a decrease in local dielectrinstant and/or an
increase of the electrical double layer thicknedsictw might arise from substitution of
preadsorbed water molecules on the metal/electrahgerface by adsorbed organic constituents
of D. mespiliformis leaves extract whose dielectric constant is lowaggesting that inhibitor
molecules function by adsorption at the metal/sotuinterface [30].

As the adsorption of the inhibitors at the metaligblyte interface increases, there was a
gradual decrease in the parallel film capacitar{€) and corrosion current values decreased
indicating a decrease in local dielectric constainthe electrical double layer [8,31-33]. The
inhibitor decreased th€y values by replacing water molecules present atlbetrode surface
[34].

The low frequency impedance in the Bode plot caito increase as the frequency drops,

indicating a strong resistance to the flow of iamsl electrons through the adsorbed film, hence

12
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preventing corrosion reaction. A capacitive bebaus indicated from medium to low
frequencies by phase angles approaching 9°, suggekat a weak adsorbed film is formed on

FE164531 carbon steel in the 2 M HCI solutions Whé#cconsistent with physical adsorption.

Table 2 EIS data and adsorption parameters for FE1645@buasteel in 2 M HCI solutions in

the absence and presencdofmespiliformisleaves extract

Solution Parameters
R Ca 0 Er% -AS AH
(Qcm?)  (ucnmid) JmoltK  KJmor*
blank 34.2 294.8 -- -- 52.632 44.0076
10 ppm 47.224 45.8647

100 ppm 185.4 104.1 0.8156 82 36.063  49.5686

1000 ppm 267.6 91.7 0.8718 87 16.04 56.3511

3.3 Gasometric technique

The gasometric measurement is based on the ideshthaate of hydrogen gas evolution in a
corrosion reaction is directly proportional to ttaarosion rate of the metal. This technique, apart
from its experimental rapidity, ensures a more is@esmonitoring in situ of any perturbation by
the inhibitor vis-a-vis hydrogen gas evolution dre tmetal-corrodent interphase [24]. The
volume of B evolved was observed to appreciably reduce irnpteeence of test inhibitors as
compared to the free acid solution. Further reducin the volume of KHevolved was observed
as concentration of test inhibitor molecules insegh Figure 5 reveals that the most remarkable
reduction in the volume of Hevolved was observed with. mespiliformis molecules at 1000
ppm with inhibition efficiency of the inhibitor &3 %. The inhibition efficiency of the inhibitor

obtained from the hydrogen gas evolution measuré&raso increased with increase in inhibitor

13
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molecules concentration. The results obtained engasometric experiments are in agreement
with the trend reported for weight loss and elegdtemical measurements [19]. When the surface
coverage of the adsorbed inhibitor species incepataeral reactions between inhibitor
molecules may arise, thereby influencing inhibitieficiency. Attractive lateral interactions
usually give rise to stronger adsorption hence dnghhibition efficiency [35]. This effect has
been shown in cases of compounds containing loagnditydrocarbon because of attractive Van

der Waals forces.

| —" Bk
—9— 10ppmDM
—%— 100 ppm DM

8
1

gas vol. (cm®)
g

H2

o
16 - P
INTwL o

T v
0 44 83 132 176 220 264
Time (min.)

Figure 5 Variation of the volume of Hgas evolved with time for FE164531 carbon steel
corrosion in 2 M HCI solutions with and without féifent concentrations ob.
mespiliformisleaves extract

3.4 Weight loss

FE164531 was found to corrode at an appreciab&e i M HCI solution. Results obtained
clearly show that ethanolic extractdf mespiliformis leaves effectively retards corrosion rate of
FE164531 carbon steel in 2 M HCI solution, indiegtinhibition of the corrosion reaction. The

weight loss data reveal the dependence of inhibitedficiency of D. mespiliformis on

14
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concentration and temperature. Figure 6 shows ti@mieof FE164531 corrosion rate with
temperature in the absence and presen&e ofespiliformis molecules. Corrosion rate increased
linearly with increase in temperature but decreaseith increasing D. mespiliformis
concentration in the acid solution. Figure 7 shoimkibition efficiency Ew%) of D.
mespiliformis leaves extract on FE164531 carbon steel in 2 M s¢@ition. It is clear from the
figure that increase in concentration Bf mespiliformis molecules for all tests performed at
varying temperatures result a decrease in corragaation rate indicating geometric blocking
effect of D. mespiliformis extract at active corrosion sites [36]. The extrabtbits corrosion by
controlling the redox reactions. In most of theesaghe nitrogen/oxygen atom present in the
inhibitor molecules is easily protonated in acisidution and converted into quaternary/oxonium
ions [37]. These protonated species get adsorbatieonathodic sites of the metal surface and
decrease the hydrogen evolution hence retard natablution. Inhibition efficiency oD.
mespiliformis leaves extract depends on various factors inetu8ut not limited to corrosive
strength of the environment, concentration of iftbibmolecules, any synergetic effects with
other molecules present in the environment and 8ffects [14,38]. Inhibition efficiency trend
observed for FE164531 in 2 M HCI usirig mespiliformis at varying temperature is an
indication of physical adsorption. The evaluatdabition efficiency had the optimum inhibition
efficiency obtained at 68% for 303 K temperaturéhwiiO0O0 ppm inhibitor concentration. The
fact that inhibition efficiency decreased with ieasing temperature (303 — 313K) signifies that
the inhibitors function effectively at lower tempaures. It also indicates that the time lag for the
adsorption and desorption of the inhibitor molesub® FE164531 surfaces become shorter at

higher temperature.

15
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3.5 Effect of temperature and adsorption consideration

Temperature investigation allows the determinatdrthermodynamic functions of annealed
carbon steel in 2 M HCI with and without inhibitdrhe obtained data were applied Langmuir
adsorption isotherm which assumes that percentegge @vered by the inhibitor is directly
related to decrease in corrosion rate. The Langradsorption isotherm was obtained from

equation 11 [14]

log (1%) = logA + logC — (Z.A;%) (11)

herein,0 is the surface covered by inhibitésthe temperature dependant const@nt the bulk

concentration of inhibitorAH,gs the heat of adsorption. The heat of adsorption eedsulated
from slope of the plot olog (ﬁ) S 1/T. Figure 8 shows heat of adsorption plot for

mespiliformis on carbon steel in 2 M HCI whil&H.gs values are listed in table 2. It can be
observed from the table that inhibitor concentra@1000 ppm has most positive value and 10
ppm has the least value of heat of adsorption stipgothe fact that increase in concentration
implies more stabilized adsorbed inhibitor molecate the surface of FE164531. This could
indicate that there was an increase in the adskrbihibitors on the metal surface as
concentration increased. It is clearly seen in FEguthat increase in temperature undermined the
integrity of the inhibitor which results to a dease in inhibition efficiency. This decrease in
Ew% with temperature rise is due to desorption ofittiebitor molecules from the surface of
FE164531, thus it can be said that the inhibitolemues were physically adsorbed on the metal
surface. The low positive value ofH,;; reveal that the process of adsorption Df

mespiliformis on carbon steel surface is an endothermic multilaglsorption process.
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Fig. 8 Heat of adsorption plots as a function of tempeeat

The adsorption parameters are given in Table 2.vBhees ofAH,,, increased with increasing
inhibitor concentration indicating that the enetggrrier of corrosion process increased and the
activated complex is higher than that formed in tinnhibited solution. The positive sign of
AH, 4, show the endothermic nature of adsorptioofmespiliformis on FE164531 carbon steel
surface. The negative values&fl,;, pointed to a greater order produced during thegs® of
activation. From Table 2, corrosion reaction contauld be seen as cooperative effective, that
is, AH,4, andAS, 4 having opposite signs. These two variables coel@diditive in which the
two variables are opposed but the enthalpy valueshnare larger results an enthalpy-controlled
reaction effect [39]. The values AS,4s are higher for inhibited solutions than those tloe
uninhibited solution reflecting an increase in rameess on going from reactants to the
activated complex. The increase in values<AS,4s by the adsorption oD. mespiliformis on
FE164531 carbon steel surface could be regardeguasisubstitution between the inhibitors
molecules in the aqueous phase and water moleouledectrode surface [40]. However, the

18



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

adsorption of D. mespiliformis desorbs water molesufrom the electrode surface, hence

decreasing the surface reactivity of FE164531 qadieel.

CONCLUSION

The presence db. mespiliformisleaves extract in 2 M HCI solutions for FE16453ibca steel
corrosion inhibition remarkably shifted the valuelsE.,, to the less negative directions and
decreased the valuesigj, while the values oRp increased with increasing inhibitor molecule
concentration. This effect is due to the fact thainmespiliformis molecules decrease the severity
of HCI solutions and increase the corrosion res#aof FE164531 carbon steel surface by
adsorption. The increasing values of IE% obtaineth wcreasing inhibitor concentration is
attributed to greater adsorption of inhibitor malles at active sites on FE164531 carbon steel
surface, hence prevention of carbon steel oxide$ @rorides formation. This was also
confirmed by the agreement between the resultemgdtom the various methods employed. It is
worth noting that the change in the concentratibmnbibitor did not alter the profile of the
impedance behavior suggesting similar mechanisnthi@rcorrosion inhibition of pure carbon

steel by inhibitor at various concentrations.
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