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Abstract

The corrosion inhibitive effects @&ningeria robustaextract for aluminium in 2 M HCI solution and theluence of
potassium iodide additives on the inhibition effiety was assessed using hydrogen evolution meti2@land 60C.
Inhibition efficiency was determined by comparitg tcorrosion rates in the absence and presenaddaivas. The
trend of inhibition efficiency with temperature wased to propose the mechanism of inhibition. 1§ feaind that the
Aningeria robustaextract acts as an inhibitor for acid-induced asion of aluminium. Inhibition efficiency (%l) of
the extract increased with an increase in conctoreof the Aningeria robustaextract and with increase in
temperature. On the other hand, inhibition efficieri%l) synergistically increased on addition oftgssium iodide
but decreased with increase in temperature. Imrikddsorption characteristics were approximatedLaggmuir
adsorption isotherm at all the concentrations ardperatures studied. The mechanism of chemicalrpgtitsio is
proposed for thé\ningeria robustaextract and physical adsorption for the extradide mixture from the trend of
inhibition efficiency with temperature and from tbalculated values of activation energy and heaidsbrption.
Keywords. Hydrogen evolutionAningeria robustaextract; aluminium; corrosion; hydrochloric acéynergism

1. Introduction

The corrosion of metallic materials in acidic smotcauses considerable costs. In order to reduee t
corrosion of metals, several techniques have b@mtied. The use of inhibitors during acid pickling
procedure is one of the most practical methodgffotection against corrosion in acidic media. Mafsthe
effective and efficient organic inhibitors are taosompounds containing hetero-atoms such as oxygen,
nitrogen, sulphur, and phosphorus which allowedgid®n on the metal surface [1, 2]. To be effestian
inhibitor must also displace water from the metaface, interact with anodic or cathodic reactidgassto
retard the oxidation and reduction corrosion r@actand prevent transportation of water and coorosi
active species on the surface. Inhibitors, whigtuce corrosion on metallic materials, can be dibioto
three kinds: (i) inorganic inhibitors, (ii) organichibitors and (iii) mixed material inhibitors [3However,

in the application of these inhibitors for corrasioontrol, factors such as cost, toxicity, avaligbiand
environmental friendliness are very important. Tmesently researchers are focussing on naturalugto
as corrosion inhibitor.

Naturally occurring substances as inhibitors afl adeaning process has continued to receive
attention as replacement for synthetic organichiibis [4-11]. The greatly expanded interest oruradly
occurring substances is attributed to the factttiey are cheap, readily available, ecologicalgrdly, and
posses no threat to the environment. In additiogy &re biodegradable and renewable source of islater
Recent literature has shown that plant materiath sasAzadirachta indicg[12], Occimum viridis[13],
Strychnos nux-vomicfL4], Prosopis cineraria[15], Hibiscus sabdariffaextract [16], olives leaves [17],
Datura stramoniun{18], Aloe vera extracf19] as well asPhyllantus amarus extrac{0] are effective
inhibitors for metal in aggressive solutions. Oasegarch group has recently reported on the corrosio
inhibitive effectiveness of metals Hyacroydes edulig21], Pachylobus eduli$22], Vigna unguiculata
[23], Gum arabic[24], Raphia hooker[25] and the latest olpomoea invulcratd26]. Raja [27] review in
detail on the natural products as corrosion inbibit
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The upgrading of inhibition efficien@f organic compounds in the presence of some anions
particularly halide ions, have been reported by other authors and was ascribed to a synergiftict
[3,28,29]. It is thought that the anions are abléntprove adsorption of the organic cations in Sofuby
forming intermediate bridges between the metalas@fand the positive end of the organic inhibitor.
Corrosion inhibition synergism thus results froncrased surface coverage arising from ion-pair
interactions between the organic cations and tlenan

The present work was designed as a caoniviib to the growing interest on environmentallyiogn
corrosion inhibitors to study (i) corrosion inhibit of aluminium in 2 M hydrochloric acid solutioty
extracts ofAningeria robustausing hydrogen evolution (gasometric) method ataBd 60°C; (ii) to
evaluate the activation energy, heat of adsorpporcess as well as determining the best adsorption
isotherm for the adsorption of the extractsAmfingeria robusteonto the aluminium surface and (iii) the
effect of iodide ions on the inhibition efficienoy the Aningeria robustaextracts.

2. Experimental
2.1. Material preparation
The sheet of aluminium used for this study hasféHewing chemical composition (wt. %): Al (99.95%)
Cu (0.01%), Mg (0.02%), Si (0.02%), Mn (0.002%) alrd(0.005%) and was obtained commercially from
Joebros Limited, Uyo, Nigeria. The sheet was 0mdirt thickness and was mechanically press-cut4nto
x2 cm coupons. These were polished with differeatigs (# 800, 1000 and 1200) emery paper, degreased
in absolute ethanol, dried in acetone and stored moisture-free desiccators prior to use as dustri
previously [30, 31]. The 2 M HCI solution, preparfedm BDH grade HCIl was employed as the corrodent
for the study.

Stock solutions of the leaves extractsAoingeria robustavere prepared as reported by Abiola et
al. [32]. The dried leaves were blended to powdenf 0.5 g of powder of leaves was refluxed in h®f
2 M HCI solution for 3 h. The refluxed solution waltowed to stand for 8 h, filtered and stored. Titiate
was diluted with appropriate quantity of 2 M HCI @btain inhibitor test solutions of 10-50 %v/v
concentrations. The halide salt, potassium iodikle BDH) used was in the concentration range of 8 —
mM. However, 5 mM Kl was used for the synergisticdges.

2.2 Hydrogen evolution measurements

The following mechanisms can be proposed for hyeinoevolution reaction (HER) on electrodes in
acidic media [33]:
1. A primary discharge step (Volmer reaction)

M + HyO" + € & MHaq+ H,0 (1)
2. An electrochemical-desorption step (Heyrowsky rieagt

MHa + HO" + e -~ M + H, + HO 2) (
3. Arecombination step (Tafel reaction)

MHas + MHyg - 2M + H 3)

For hydrogen evolution reaction, the cathodic lieactmay have three different steps: First, water
molecule or hydronium ion is discharged on eleatdrsurface to produce hydrogen atom in acidic mwiut
and an adsorbed hydrogen atom, MHs generated (Volmer reaction). Second, one releds transferred
to a hydronium ion and the hydrogen evolution rieacbccurs on metal surface (Heyrowsky reactiorg or
pure chemical reaction takes place subsequentfgl(feaction) [34].

In spite of three states for the formulation of thechanism, no one of the three reactions formuilate
occurs as a single step but combines with another;Volmer reaction (slow) with the following
Heyrowsky (faster) or Tafel (faster) reaction mhst If Volmer reaction is fast, Tafel and/or heystw
reaction must be slow. The step of a slow readttlows a fast step. So, the presencéoingeriarobusta
extract may hinder the formation of M¢dand supress reaction (1) or hinder the electramsfer to HO"
ion and supress reaction (2).
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Thus in monitoring the rate of hydrogen evolutioonfi the Al coupons in the aqueous acidic medium,
gasometric assembly was employed. This technicpert drom its experimental rapidity, ensures a more
sensitive monitoring in situ of any perturbation the inhibitor vis-a-vis gas evolution on the metal
corrodent interphase. Several authors have repastedcomparable agreement between gasometric
technique and other techniques of corrosion mangorThese include polarization measurement [35],
weight loss [36], and thermometric technique [FHe gasometric assembly is essentially an appattaditis
measures the volume of gas evolved from a corroawction system. It consists of essentially a two-
necked round-bottom flask that serves as the wractiedium containing the corrodent and the metal
coupons. Other parts are a seperating funnel, reteditted with taps, and an outer glass jackat serves
as a water condenser. The gasometric assemblgumsh Figure 1.

In monitoring corrosion studies using this techeigd00 mL of the corrodent (2 M HCI) was
introduced into the two-necked flask and the ihw@lume of air in the burette was noted. Thereaia
aluminium coupon weighed approximately 2 g wagdeal into the corrodent and the flask was quickly
closed. The volume of hydrogen gas evolved fronctireosion reaction was monitored by volume changes
in the level of paraffin oil in the graduated bteedt fixed time intervals [37]. In another expegim a set
of fresh coupons was immersed in the flask comagirthe corrodent and different concentrations of
Aningeria robustaextracts, potassium iodide, and extract in contlmnawith the fixed amount of
potassium iodide (5 mM). The study was conductegDaand 60C maintained using a thermostated water
bath. Each experiment was repeated three timesigare reproducibility, and the average values are
reported.

Water Inlet

Delivery
tube

— Stopper

Water Jacket

Corrodent + inhibitor

\

™
™ Paraffin Oil

Water
outlet

mild steel Coupon

Fig. 1. Gasometric assembly for measurement of hydrogeegzsed
3. Resultsand discussion

3.1 Hydrogen evolution and corrosion rates

Corrosion of Al in aqueous solution has been reubiB8] to depend on the concentration of anions in
solution. A general mechanism for the dissolutiblometal would be similar to that reported by Qg

et al. [39]:

Al(S)+HO < AlOH, + H +e (4)
AlOH,4s+ 5HO + H « AI*".6H,0 + 2e (5)
AP" + HO «  [AIOH*" + H' (6)
[AIOH]**  + X o  [AIOHX]" @
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The controlling step in the metal dissolution ie tomplexation reaction between the hydrated cation
and the anion present Eq. (7). In the presencélofide ions the reaction will correspond to:

[AIOH]* + CI —  [AIOHCI] (8)

The soluble complex ion formed increases the naitgolution rate which depends on the chloride
concentration.

The free corrosion of aluminium in 2 M HCI was dheterized by rapid effervescence resulting from
hydrogen gas evolution and corrosion rates in tiseiace and presenceArfingeria robustaextracts was
calculated using hydrogen evolution measuremerds2ka) shows the volume of hydrogen evolved dyrin
the corrosion reaction of aluminium in 2 M HCI caining different concentrations @hingeria robusta
extracts measured as a function of reaction timg0&2C. The plots in Fig. 2(a) illustrate the decreased
deflection of hydrogen gas evolution rate on intrcitbn of Aningeria robustaextracts into the corrodent,
indicating thatAningeria robustaextracts actually affords corrosion inhibition of aluminiuim the acidic
environments when compared to the blank. Simikemdrwas observed at 6G. Further reduction in the
volume of H was also observed on the addition of the iodias iat 30°C (Fig. 2(b)). Similar trend was
observed at 60C, but with higher values. The rates of ¢hs evolution were observed to decrease with
increasingAningeria robustaextracts concentration, suggesting that the irihdpidction was concentration
dependent. The volume of, ldvolved at 60C was higher than at 3C.

The calculated values of hydrogen evolution ratesigh can be correlated to corrosion rate) and
inhibition efficiency for aluminium corrosion in @1 HCI in the absence and presence of the additwes
different temperatures are given in Table 1. Thdrbgen evolution rates and inhibition efficiencyrave
computed from Equations (9) and (10) respectiveljoiows:

V., -V.
C = _t i
Ry =N )

whereV, andV; are the volumes of hydrogen evolved at tipandt;, respectively.

%l — CR)Iank_CRnh Xloo (10)

lank

whereCR,ank andCR,, are the hydrogen evolution rates in the absencepeegknce of the inhibitor and
inhibitor-iodide mixtures respectively.

Results in Table 1 show that corrosion rates wedecged in the presenceAingeria robustaextracts and
extracts-iodide mixtures compared to the blank aallition. Inspection of the table further revetiat
corrosion rate of aluminium in the presence of #xéracts decreases with increase in concentration,
indicating that the protection ability @gfningeria robustaextracts was concentration dependent. Also,
corrosion rate is seen to increase with temperaisee both in the absence and in the presenceeof th
additives. Addition of potassium iodide to the axts causes further reduction in the corrosion atita!

the temperatures studied with the most pronouneddation recorded for addition of 5 mM potassium
iodide. From Table 1, it is observed that inhibitefficiency increases with increase in the comegioin of
Aningeria robustaextracts and with temperature. Increase in inlubitiefficiency with increase in
temperature is suggestive of chemical adsorptiorAmihgeria robustaextracts components onto the
aluminium surface. On the other hand, inhibitioficefncy decreases with increase in temperaturden
presence of extract-iodide mixtures suggestingipbiadsorption mechanism.

Plant products are organic in nature, containingstituents such as tannins, organic and amino ,acids
alkaloids, and pigments that are known to exhitfiihbiting action [40]. Perusal of literature revélat no
phytochemical study has yet been carried out orptéwet but preliminary phytochemical investigation

our laboratory showed th&@tningeria robustaextracts contains tannins, saponins, flavonoids cardiac
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glycoside. It is therefore, pertinent to say ttat adsorption of these compounds onto aluminiufasears
responsible for corrosion inhibition effect. Onetloé main criticisms of the use of plant extractassosion
inhibitors is the inability to pinpoint the majoctave component that is responsible for the inimjgiaction
owing to the complex chemical composition of thader extract. However, further investigation anduke

of surface analytical techniques will enable tharabterization of the active materials in the aosdr
layer, and assist in identifying the most activgradients in the extract @hingeria robustaxtracts which

is currently being pursued in our laboratory. Thisaption of these compounds on the metal surface
reduces the surface area available for corrosion.
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Fig. 2. Variation of volume of Hevolved with time for aluminium corrosion in 2 MaHin the presence of
(a) extract alone and (b) extract + Kl at°80
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Table 1. Calculated values of hydrogen evolutide end inhibition efficiency for aluminium in 2 MG
in the absence and presencéningeria robustaxtract, 5 mM Kl and extract-iodide mixtures ate83@ 60
°C from hydrogen evolution measurements.

System/concentration Hydrogen evolution rate (k™) Inhibition efficiency (%l)
30°C 60C 36C 66C
Blank 3.1 10.8 - -
5 mM Kl 2.4 6.1 23 44
10 %v/v 2.6 8.8 16 19
20 %viv 2.5 7.0 19 35
30 % viv 2.4 6.6 23 39
40 %v/v 2.2 6.1 29 44
50 %v/v 1.8 5.6 65 48
10 %v/v + KI 1.1 5.0 65 54
20 %v/v + Kl 0.8 4.9 74 55
30 %v/v +KI 0.7 4.5 77 58
40 %v/v +KI 0.6 3.9 81 64
50 %v/v + Kl 0.3 3.0 90 72

3.2 Adsorption considerations

The effectiveness of organic compounds as corrosibibitors can be ascribed to the adsorption of
molecules of the inhibitors through their polar dtians on the metal surface. Some authors [41hd2¢
pointed out that adsorption on corroding surfacegen reaches the real equilibrium and tends to an
adsorption steady state. However, when the comasite is sufficiently small, the adsorption steadg a
tendency to become quasi-equilibruim state. Theeefiv is reasonable to consider the quasi-eqitilibr
adsorption in a thermodynamic manner using theagppite equilibrium isotherms. Adsorption isotherms
provide information about the interaction among asldsd molecules themselves as well as their
interactions with the metal surface. Surface cayenzalues were evaluated from the hydrogen evaiutio
measurements assuming direct relationship betweehition efficiency and surface coverage as foow
%l = @ x 100. The surface coverage values were fitted to diffeadsorption isotherm models and best
results judged by the correlation coefficied®)( was obtained with Langmuir adsorption isotherm.
Langmuir isotherm is given by the expression:

C 1

— = +C 11
2K (11)

ads

where @ is the surface coverage, C is the concentratiqgs i& the equilibrium constant of adsorption
process.

The plot ofC/8against C is shown in Fig. 3. Linear plots wereaoted with very good correlation
coefficient which seems to suggest that adsorpifdhe extract alone and on addition of iodide itoikw
Langmuir adsorption isotherm. The Langmuir adsorpparameters in the presence of extracts andcéxtra
iodide mixture is presentable in Table 2.

From the table, it is clearly seen thaisdalues are in the order extract-iodide mixturextract alone.
Large values of lgsimply more efficient adsorption hence better iitidin efficiency [9]. The considerable
deviation of the slope from unity abserved may kplaned on the basis of the interaction among the
adsorbed species on the surface of the metal [@kn the complex composition of the extract, the
different component can be adsorbed on the cathawiit anodic sites of the metal surface, and such
adsorbed species may interact by mutual repulsioattcaction. It is therefore pertinent to say tttiee
adsorption of the extract on the aluminium surfatethis temperature can be more appropraitely
represented by a modified Langmuir equation suggédsy Villamil et al. [43] taking into consideratidhe
interactions between adsorbate species as welhasges in heat of adsorption with changing surface
coverage as follows:
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Fig. 3. Langmuir isotherm plot for (a) extractradoand (b) extract + Kl at 30 and D

Table 2. Some parameters from Langmuir isothermainfed aluminium in 2 M HCI.

System/Concentration Temperat{i®  Kags (R) Slope
Aningeria robusteéExtract 30 14 0931 1.75
60 26 89 1.26
Aningeria robustéExtract + Kl 30 154 0.989 1.05
60 .89 0.982 1.26
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Table 3. Calculated values of activation energy éad heat of adsorptior€),,.) for Al dissolution in 2M
HCI in the absence and presencéningeria robustaxtract and extract + KI mixtures at 30-%6€D

System/concentration &Imol™) Qags (kI mot?)
Blank (2 M HCI) 35.2 -
10% v/v 33.3 10.7
20% viv 28.2 27.0
30% viv 28.6 21.7
40% viv 28.1 19.6
50% viv 31.4 19.1
10% v/v + Kl 42.2 =-12.7
20% v/v + Kl 50.7 —24.7
30% viv + Kl 50.8 —-23.2
40% viv + Kl 47.2 =-17.7
50% v/v + Kl 62.5 -32.1

3.3 Effect of Temperature

When the electrochemical corrosion reaction invelaecathodic process of hydrogen depolarization, th
corrosion rate increases exponentially with riseéeimperature, according to Arrhenius-type depenglenc
Thus, the influence of temperature on the corrobimaviour of Al in 2M HCI in the absence and pnese
of Aningeria robusta extracdf varying concentrations and extract-iodide miggiwere investigated by
hydrogen evolution method at 30 and°®0In examining the effect of temperature on therazion
inhibition process, the apparent activation enar(fg) were calculated from the Arrhenius equation [33]:

|Og& = i(i —ij (13)
o, 230R(T, T,

where p,and p, are the corrosion rates at temperatugeaild T, respectively, and R the molar gas

constant. An estimate of heat of adsorption wasinbt from the trend of surface coverage with
temperature as follows [44]:

Q... = 2.303R log % ~log % T2 | gmort (14)
1-6, 1-6, T,-T,

where 8, and 8, are the degrees of surface coverage at temperafui@sd T, The calculated values for

both parameters are given in Table 3.

Increased activation energyJEn inhibited solutions compared to the blank ®sig that the inhibitor
is physically adsorbed on the corroding metal srfahile either unchanged or loweyig the presence of
inhibitor suggest chemisorptions [45]t is seen from Table 3 that, Ealues were lower in the presence of
Aningeria robusta extractompared to that in their absence hence leadimgdoction in the corrosion
rates. On the other hand the reverse is the caseeirpresence of extract-iodide mixture. It hasnbee
suggested that adsorption of an organic inhibitm affect the corrosion rate by either decreasimyg t
available reaction area (geometric blocking effectpy modifying the activation energy of the amodr
cathodic reactions occurring in the inhibitor-freerface in the course of the inhibited corrosioacpss
[46]. The E values support the earlier proposed chemisorptienhanism folAningeria robusta extract
and physisorption mechanism for extract-iodide omie$ respectively. Hence, corrosion inhibition is
assumed to occur primarily through chemical adgsammpon the aluminium surface in the presence of
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Aningeria robusta extracigiving rise to the activation of these surfacefiydrogen atom recombination.
Similar results have been reported in earlier galibns [45, 47].

The positive s values indicate that the degree of surface coeenagreased with rise in
temperature, supporting the earlier proposed claptisn mechanism forAningeria robusta extracand
the negative Qs values indicates that the degree of surface cgeetlacreases with rise in temperature in
the presence of extract-iodide mixtures supponpimgsisorption mechanisri4].

3.4 Effect of iodide ion addition

Halides have been reported to inhibit the corrogibeome metals in strong acids, and this effepedds
on the ionic size and charge, the electrostatld 8et up by the negative charge of the anion comudion
sites and the nature and concentration of the da@bial [48]. It has also been reported [40] thatitingbitive
effect increases in the order G Br < I, which seems to indicate that the radii of hal@es may have an
important role to play. For example, the iodide {oadius: 135pm) is more predisposed to adsortian
is the bromide ion (radius: 114pm) or the chloiim® (radius: 90pm).

From Table 1, it is seen that the inhibition efficty of Aningeria robustaextract alone attains a
maximum value of 48% (50% v/v) at 6C. The addition of 5 mM KI to thédningeria robustaextract
solution enhances the value of inhibition efficigrgignificantly up to 90% (50% v/v) at 3. This
synergistic effect is found to increase with inee& the concentration éfningeria robustaextract. The
synergistic inhibitive effect brought about by tbencentrations ofAningeria robusteextract and iodide
ions on the corrosion of Al in 2 M HCI can be exp&d as follows. The strong chemisorptions of iedid
ions on the metal surface is responsible for theemyistic effect of iodide ion, in combination with
Aningeria robustaextract components in their cationic forms [49].eTaxtract components are then
adsorbed by coulombic attraction on the metal serfahere iodide ions are already adsorbed by
chemisorptions. Stabilization of adsorbed iodidesiovith extract components in cationic forms lead t
greater surface coverage and thereby greater fitmj#0].

The synergistic parameters were calculated usiageftationship initially given by Aramaki and
Hackerman and reported elsewhere [50]:

1-1y,

ST,

wherel.,= (I1+ I); I.= inhibition efficiency of the iodide; I= inhibition efficiency ofAningeria robusta
extract; I1.,= measured inhibition efficiency for theningeria robustaextract in combination with iodide
ions. § approaches 1 when no interaction between theitohitompounds exists, while, § 1 points to a
synergistic effect. In the casq 8 1, the antagonistic interaction prevails, whioay be attributed to
competitive adsorption. Values of ; $r different concentrations ofAningeria robustaextract in
combination with iodide ion are given in Table &, values given in Table 4 are more than unity, thyere
suggesting that the enhanced inhibition efficiemweyysed by the addition of iodide ions Amingeria
robustaextract is only due to synergistic effect. Thugan be suggested that iodide ion (& initially
adsorbed on the metal surfag&ningeria robustaextract components in the form of cation are then
adsorbed by the coulombic attraction on the metdhse, where the iodide ions are already chemesbrb
and thus suppresses the self-corrosion rate bgt#iidlization of the adsorbed anion and by theease in
surface coverage. Furthermore, #hgingeria robusteextract organic cation itself is weakly adsorbed on
aluminium, since the metal surface is positivehargied in HCI solution [51]. However, adsorption of
iodide ion caused a decrease in the positive chafrdéd due to formation of Al-anion surface bondhieh
produces a negative pole, facilitating the adsomptif the organic cation fromningeria robustaxtract.

(15)

Table 4. Synergistic parameters)(S

Concentrations of Synergism parameter (S
Aningeria robustaextract
10 %v/v 1.16
20 %v/v 1.43
30 %v/iv 1.43
40 %vliv 1.37
50 %v/v 1.35
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4. Conclusion

1. Aningeria robustaxtract was found to be an inhibitor for aluminiaorrosion in HCI.

2. Inhibition efficiency (%l) of the extract incréad with an increase in concentration Ahingeria
robusta extract and with increase in temperature. On ttierohand, inhibition efficiency (%l)
synergistically increased on addition of potassiodide but decreased with increase in temperature.

3. The adsorption of th&ningeria robustaextract alone and in combination with the potassiodide
can be approximated by the Langmuir adsorptiorheot.

4. Activation energies were lower in the presentethe Aningeria robustaextract suggesting a
chemisorption mechanism while activation energiese higher in the presence of extract-iodide
mixture showing physisorption. This trend in theeamanism of inhibition was futher corroborated by
the values of heat of adsorption obtained..

5. This present study provides new information lo@ inhibiting characteristics @ningeria robusta
extract under specified conditions. The environ@ntfriendly inhibitor could find possible
applications in metal surface anodizing and suréaaging in industries.
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