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ABSTRACT

Corrosion is an unavoidable but a controllable pess. Due to the issues of toxicity of substantesetis an
increasing interest in exploration and utilizatiosf eco-friendly inhibitors, which are also known gseen
inhibitors. The inhibitive effects of aqueous estsaof Opuntia ficus indica (OFI) on the corrosiohmild steel, in
hydrochloric acid have been investigated by welgb$ and polarisation measurements. Weight lossuorements
gave an inhibition efficiency of about 91 % in fresence of 5g/l at 308K. EIS results revealed ¢inaeén inhibitor
effects excellently as a corrosion inhibitor for &3teel in 1 M hydrochloric acid media with retadd¢he
dissolution reactions to an extent dependent onntie¢al used. Polarisation measurements indicaté #hlathe
extracts increase the polarisation of the cathae@ction of all the steel tested and the anodi@psétion, have no
effect on the anodic reaction. The above resultsvsldl that OFI acted as a mixed-type corrosion iitbitand the
mechanism of inhibition has been discussed. Thegdwin impedance parameters (charge transfer tasie, R,
and double layer capacitanceqgCwere indicative of adsorption of OFI on the stsefkface, leading to the
formation of protective films. The adsorption oédi€ompound on the steel surface obeys Langmsathérm. The
apparent activation energy, enthalpy of the dissoluprocess and the free energy were determinelddiscussed.
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INTRODUCTION

The prickly pear, Opuntia ficus-indica: (OFI), ispecies of plant of the family Cactaceae, is widkstributed in

Morocco, native to Mexico, and cultivated in drgians as an important nutrient and food sourcs. # highly

productive cactus, which is cultivated as a foaglcsofor both human and animals. Also, it playsrgortant ecological part in
combating erosion, and it is adapted and integnefes agricultural production system of arid aseimi —arid zones
in Morocco. This is an interesting vegetable dueehvironmental conditions in which it grows arglrigsistance to
climatic extremes; however, little is known abastnutritional properties, especially in the ladtages of maturity.
The Opuntia ficus-indica (OFI) fruit is an importaand abundant potential raw material for the Moeocindustry

where they play a strategic role in subsistencecalgure and the cactus cladodes, fruits, and flswere

traditionally used as medicines in several Cousjriehe Opuntia Ficus Indica: 58.79%. Linoleic awids the

dominating fatty acid with an exceptional level, tops8.79% for OFI oil. OFI contained a higher amioof sterols:

27.32% in total lipid oil. These results bring atien to the possible use of cactus seed oil aatara source of
PUFA for nutritional, industrial or pharmaceutigairpose [1, 3].

Opuntia prickly pads are an important source ofesavnutritional elements like pectin, mucilage antherals.
Currently there is only information related to ygustage pads and precious little relating to theittanal value of
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older maturity stage pads. The fresh young padsy khown as cladodes, are an excellent source ai€ips
including essential amino acids, and vitamins. 8avetudies have reported that high levels of andodals,
especially proline, taurine and serine can alstobid in prickly pads [4-6].

In contrast, not much information is available abitwe older prickly pads regarding their amino guidfiles. Also
noteworthy is the fact that there is a gap in €sidhat have already been published regarding.ntitrétional
importance of cactus pear fruit juice is mainly dog¢he content of sugars, ascorbic acid, fibrekfeee amino acids
(particularly proline, glutamine and taurine). Qtlemponents are present such as lipids, phenglicgdeins,
organic acids and minerals include calcium, potessiand magnesium . The fruit juice is also charsed by a
high content of betalain, a widely used naturabrant in the food industry. The fruits are usedtf@ manufacture
of food products such as juices [7], alcoholic iages [8], jams [9] and natural liquid sweetené&@.[One of the
more valuable contributions of cactus fresh frugts diet is their vitamin C content. In additiantheir nutritional
properties, these plants contain biocompounds séWeral commercial applications [4]. One such camplois
betalain, a water-soluble nitrogen-containing pigimé is found in high concentrations in cactusipglants [11,12]
in the form of betalamic acid, which is the chromoge common to all betalain pigments [13] usedasaml food
colorants [14-15]. The most important biocoumpouimdsactus fruit are phenolic compounds [16], bgdains,
and betaxanthin pigments, all of which have potamioxidant properties [17,18]. Phenolic compourda be
defined as substances possessing an aromaticarnrging one or more hydroxyl groups, includingittianctional
derivatives [19]. The chemical structure and coftregion are quite variable and depend on the warigbening
stages, and the kind of plant tissue [20]. Glyedsd flavonols, dihydroflavonols, flavonones arav@inols have
been found in Cactaceae plants and fruits [21].

Metals are the pre-eminent important materials usedtructural and decorative applications. Therasion,
deterioration or destruction of metals is an undable but controllable process. Specially, thelste¢he most
commonly used metallic material in all industriabgess, due to its low cost. Unfortunately it isubject of
corrosion phenomena that become important partiguila acidic media. This is the reason that a dewaent of
protection systems is an important issue.

The term “green inhibitor” or “eco-friendly inhiloit” refers to the substances that have biocompigfilm nature.
The inhibitors like plant extracts presumably pssseiocompatibility due to their biological origiSimilar to the
general classification of “inhibitors”, “green iriiors” can also be grouped into two categoriesnelg organic
green inhibitors and inorganic green inhibitorseTise of corrosion inhibitors is one of the mostt aeffective
methods. Therefore a development of safe corrastabitors called “environmentally friendly corrasi inhibitors
is required. An inhibitor is a substance (or a comation of substances) added in a very low conediptr to treat
the surface of a metal that is exposed to a camosnvironment that terminates or diminishes theosion of a
metal. These are also known as site blocking elésnéaocking species or adsorption site blocketg tb their

adsorptive properties [22-30].

Corrosion inhibitors are widely used in concretéeve conventional formulations often include spedieat have
significant toxicity. As a result, they are beingusimized by environmentalists and could be stopfseth being
used in the near future since they are significanftdzards and pollutants.

The use of these natural products such as extracteghounds from leaves or seeds as corrosion tohibhave
been widely reported by several authors. Recestyeral studies have been carried out on the iidnibbf
corrosion of metals by plant extract are used aanton corrosion inhibitors. Shauhan and Gunasekg8dh
studied the corrosion inhibition of steel by eciesfidly Zenthoxylum alatum plant extract in HCI aslmas in
phosphoric acid medium. Essential oils and leavesagts are used as common corrosion inhibitorse Th
anticorrosion activity of leaves extracts as hef##j, Artemisia [33-35], pepper [36], lavender [3@hd Accacia
conicianna [38] was investigated. Corrosion inldithas also been studied for the essential oils extracts of
lawsonia [39]. Similar results were also shown hysiRarinous officinalis [40], Annonas quamosa [4Adacia
Arabica [42], Carica papaya [43], Azadirachta imdand Vernonia amydalina which were used for steelcid
media. Nypafructicans wurmb leaves were studiedhfercorrosion inhibition of mild steel in HCl mad43-46].

However, the use of the prickly pear (OFI) extrasta corrosion inhibitor is limited. In the litewes, few studies
have been carried out recently in various conditiand indicated an excellent protective effect. hauch et al.
[47] showed an important inhibition efficiency alb@6% of theOpuntiaextract, toward corrosion of iron in 3%
sodium chloride. In an interesting study invesegaby El-Etre, [48] the inhibition action of the ailage extracted
from the modified stems of prickly pears towarddacorrosion of aluminium, acts a good corrosionhitar for
aluminium corrosion in 2.0 M HCI solution. The ibftion efficiency attained 96%. More recently, Salgt al. [49]
showed that a high efficiency 90 % was obtaine® giL of a Prickly pear seed oil extract testedcagosion
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inhibitor for mild steel in 1M HCI. The study cagd by Chtaini et al. [50] showed that the pigmedtaeted from
reddish prickly pear juices act as a good inhibftor 316L stainless steel in 30%;P0, solution. The inhibition
efficiency of pigment extracts increases with tbaaentration to attain a maximum value 97% at 1rhpigment
extract. Recently, an important product patentearocco [51] by Hammouch et al., [52] based onyfarcid of
(OFI), triethanolamine and KOH indicated an exagllprotective effect. The inhibiting efficiency aitted 98.8%
when 0.05% of the product was added.

The aim of this study was to study the inhibitivati@en of the fruit juice of (OFI) on corrosion betaur of mild
steel in 1M HCI by gravimetric method and electriical techniques such as potentiodynamic poléoisalinear
polarisation and electrochemical impedance spesms(EIS).

EXPERIMENTAL SECTION

2.1. Preparation of Opuntia Ficusindica extract

The fruits of the prickly pear (Opuntia ficus ind)c(Figure 1) were collected in June 2013 in thggame of Oujda
(Morocco). They were washed and husks removeddrahoratory in order to recover the fruit pulp,awvidotted
with several small seeds. The pulp is mixed foe fiminutes in a blender, then passed through a $ie\separating
the seeds from the juice.

Thereafter, the juice is dried in a stove at 40Tk analysis determined the proportion of variodecules in the
peels presented higher yields in total phenolic paumds and flavonoids followed. Evaluation activif the
extract, showed better reduction potential andrthibitory effect of OFI.

Figure 1: Opuntia Ficus Indica; a) plante, b) fruit

2.2.Weight loss measurements

Gravimetric measurements were carried out in a kdowalled glass cell equipped with a thermostatliogo
condenser. The solution volume was 100ml. The sigetimens used have a square form (1.5cm x 1.%my. to
immersion, the iron samples were polished withedéht emery papers, degreased with acetone walsbexighly
with doubly distilled water, and finally dried inraThe immersion time for the weight loss was Lihat different
temperatures. The aggressive solutions (1M HCleweepared by diluting analytically grade 37% H@hvdoubly
distilled water. The concentration range of thimpound was 0.5 to 5g/l. The chemical compositiomid steel is
given in Tablel

Table 1: Chemical composition of mild steel.

Elements Fe C Si P Mn S Al
% enmasse 99.21 0.21 0.38 0.08 0.05 0.05 0.01

2.3. Electrochemical tests

The electrochemical study was carried out usingotemiostat PGZ100 piloted by Voltamaster softwarkis
potentiostat is connected to a cell with threetebele thermostats with double wall (Tacussel Steth@EC/TH). A
saturated calomel electrode (SCE) and platinumtrelée were used as reference and auxiliary eleesiod
respectively. The material used for constructing thorking electrode was the same used for gravimetr
measurements. The surface area exposed to theosleets 1 cm.

Potentiodynamic polarization curves were plotted pblarization scan rate of 0.5 mV/s. Before gfiexriments, the
potential was stabilized at free potential duriign3in. The polarisation curves are obtained froraG-81v to —400

1419



B. Hammoulti et al J. Chem. Pharm. Res., 2014, 6(7):1417-1425

mV at 308 K. The solution test is there after deatesl by bubbling nitrogen. Gas bubbling is mamgdi prior and
through the experiments. Some tests were carrieth@temperature 308 K.

The electrochemical impedance spectroscopy (ElSsarements are carried out with the electrochensigstiem
(Tacussel), which included a digital potentiostaddel Voltalab PGZ100 computer at.E after immersion in
solution without bubbling. After the determinatiohsteady-state current at a corrosion potenting w/ave voltage
(10 mV) peak to peak, at frequencies between 100 &hd 10 mHz are superimposed on the rest potential
Computer programs automatically controlled the memments performed at rest potentials after 0.5r hafu
exposure at 308 K. The impedance diagrams are givdre Nyquist representation. Experiments areaggd three
times to ensure the reproducibility.

RESULTS AND DISCUSSION

3.1. Gravimetric measurements

The effect of addition of extracts of Opuntia fiduslica tested at different concentrations on theasion of C38
steel in 1M HCI solution was studied by weight lossasurements at 308 K after 6 h of immersion geride
corresponding data are shown in Table 3. The comaste (W) was calculated from the following etiom@:

w = (m—-m) O
(S1)

where m is the mass of the specimen before corrosignthemmass of the specimen after corrosion, S tiaé doea
of the specimen, t the corrosion time and W theasion rate.

Values of corrosion rate (V) and inhibition efficiencies () are given in Table 2. In the case of the weighs
method; the relation determines the inhibitionadfncy E, is determined by the relation (2):

W,
% =|1--=" 1100 2
ENO[ Wo] @

corr

where W¢,,, and W, are the corrosion rates of iron samples in therdxs and presence of the naturelly substance
henne, respectivelithe degree of surface covera@g Was calculated using equation (3):

©=1-or &)
W

corr

Table2. Inhibitor efficiencies for the corrosion ofmild steel in 1M HCI for various concentrations ofjuice fruit Opuntia Ficus I ndica.

Concentration OFl (g/L) W (mg/cm2.h) E, (%) 6

HCI 0.820 - --
0.5 0.116 8591 0.86
1 0.102 87.50 0.87
2 0.093 88.64 0.88
3 0.076 90.70  0.90
5 0.068 91.76 0.91

It'is clear that the addition of juice fruit OpuatFicus Indica reduces the corrosion rate in HClsidiition . The
inhibitory effect increases then with the increa$guice fruit Opuntia Ficus Indica. concentratiok% reaches a
maximaum of 91% at 5g/I for this inhibitor.

We may conclude that juice fruit Opuntia Ficus tiadiis a good inhibitor of iron corrosion in 1M H&lution. It is
well known that green inhibitor (OFI) contain numes organic compounds. It is rather difficult tadarstand the
mechanism of inhibition for a cluster of differemttmpounds present in a plant extract.

3.2. Inhibition efficiency based on electrochemical measurements

In order to get more information about the corrondi®havior of steel, in acidic solution with andheiut juice of
OFl, electrochemical impedance spectroscopy (El&surements have been carried out at 308 K. {frighows
polarization curves for C38 steel in 1M HCI withartd with different concentrations of juice fruip@ntia Ficus
Indica. The electrochemical impedance parametargedtefrom these investigations are mentioned ibl@&. The
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anodic and cathodic current—potential curves webt@polated up to their interaction point whererosion current
density (I) and corrosion potential (E) are obtdin&@he electrochemical parameters such as corragiorent
density (), corrosion potential (E), cathodic Tlagtopes B.) and inhibition efficiency obtained from polarizat

measurements are listed in Table 3. In the caspotdrisation method the relation determines thdbitibn

efficiency (%), where I3, and L, are the uninhibited and inhibited corrosmnrent densities,:

E %= (1—|‘§i)>< 10C 4)

corr
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Figure 1. Potentiodynamic polarisation curves of nid steel in hydrochloric acid solution with and witout inhibitor at different
percentages of juice fruit OFI

Table 3. Potentiodynamic polarisation parameters ofhe mild steel in HCI solution without and with adlition of various juice fruit OFI
percentages at 35°C

Concentration -Bc Ba lcorr E

of OFI (g/L)  eor (MV/ECS) (ﬁmV/dec) (mVidec) (wAlcm?) (%)
HCI 4551 1428 1155 6660 -
05 477.0 1831 1083 3504  47.39
1 4794 0864 0882 1301 8047
2 ~486.0 1060 107.3 1187 8218
3 4798 1345 0872 0636 9045
5 4746 1357 0856 0504 9108

It is clear from the results of electrochemical gridation measurements that the addition of inbibitauses a
decrease of the current density. The valuygs df steel in the inhibited solution are smallerritthose for the
inhibitor free solution (Table 3). The parallel lwadlic Tafel plots obtained in Fig. 1 indicate tiia¢ hydrogen
evolution is activation-controlled and the reductimechanism is not affected by the presence obitdni The
change in cathodic Tafel slopg.) values (Table 3), suggest that the reaction maéshmof the hydrogen reduction
is not the same in the absence and presence bitorhi

The inhibiting action is increased with the concativn to reach the maximum value of 91.08% at5b&. The
addition of juice fruit Opuntia Ficus Indica shift¢he E,, value towards the negative direction. A sligheeffis
observed on anodic curves when curves are comdreédg,,,.. This indicates that the juice fruit Opuntia Ficus
Indica acts a mixed inhibitor. The Tafel polaripatimethod confirmed the main weight loss resuligng some
additional information. They are determined by aptlation of Tafel lines to the respective corraspmtentials.
Some of the authors proposed the following meciaffigs the corrosion of iron and steel in acid soluf53-54]:

Fe+ A™ - (FeA")
(FeA")
(FeA")
(FeA™)

ads
— (FeA?) 4+t Ne
- (FeA") .+ ne

ads
L (F&) ,+ A

ads

ads
ads

ads

The cathodic hydrogen evolution
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Fe+ H* _ (FeH")
(FeH™)
(FeH™")

ads
+ ne— - ( Fel—)ads

+HT+né - Fer H

ads

ads

3.3. Electrochemical impedance spectroscopy (EI'S)

The corrosion behaviour of steel in 1M hydrochlaaimdic solution, in the absence and presence df ©Rlso
investigated by the EIS at 308 K after 30 min ofriersion. The charge-transfer resistancg (®ues are calculated
from the difference in impedance at lower and higlnequencies. The double layer capacitancg) (&d the
frequency at which the imaginary component of timpeédance is maximal (:4) are found as represented in
equation:

-1
"R

The inhibition efficiency got from the charge-tréarsresistance is calculated by equation (6), whgrend R; are
the charge-transfer resistance values without atidimhibitor respectively:

Ca Whereaw = 27.1_, (5)

R -
E. % = t—R x100 (6)
Rt
From the impedance data (Table 4), we concludettigatalue of Rincreases with presence of the OFI inhibitor

and this indicates an increase in the corrosionbititn efficiency (Fig.2), what is in concord witthe
electrochemical results obtained
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Figure 2. Impedance plot of mild steel obtained iiM HCI in the absence and presence of various comtteations of OFI

Table 4. Impedance parameters for corrosion of milésteel in hydrochloric acid containing different pecentage of OFI

. Rb Rt fmax Cd\ ER
Concentration of OFI (g/L) @cm?) (Q.cm?) (Hz) (uFferd) (%)

HCI 1.370 014.57 54.64 200.0.

0.5 1.587 092.60 31.59 054.44 84.27

1.605 117.10 25.52 053.29 87.56
1.067 119.70 28.71 046.34 87.83
1.381 149.60 24.19 044.01 90.26
1.618 219.70 16.88 042.95 93.37

G wWN P~

In order to better understand the inhibition med$ranof OFI, a detailed study on this compound wasied out.
The impedance parameters are mentioned in talle fact, the presence of inhibitor enhances thee/alf R in
acidic solution. Values of double layer capacitaacealso brought down to the maximum extent inpfesence of
inhibitor and the decrease in the values gff@lows the order similar to that obtained fgg,lin this study. The
decrease in &is due to the adsorption of this compound on tle¢ahsurface leading to the formation of film from
acidic solution [32-34,44].
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As we notice. Fig. 2, the impedance diagrams stemi-gircles whose size increases with the conceéotraf the
inhibitor indicating a charge-transfer process tyaicontrolling the corrosion of steeSimilar diagrams were
described in the literature for the electrode ohiand steel with and without inhibitor 1M HCI [88]. From the
impedance data (Table 4). the charge transfertaesis (R increases and the double layer capacitangg (C
decreases with the inhibitor concentration.

3.4. Adsorption isotherm

The primary step in the action of inhibitors indeiolution is generally agreed to be the adsorpiorthe metal
surface. This involves the assumption that theosion reactions are prevented from occurring okerdrea (or
active sites) of the metal surface covered by dmbinhibitor species, whereas these corrosiontiogscoccur
normally on the inhibitor-free area [52]. Adsorptisotherms are usually used to describe the atigorprocess.
The most frequently used isotherms include Langmbémkin. Frumkin. Hill deBoer. Parsons. Flory-Hutg
Dhar- Flory-Huggins. Bockris-Swinkels and thermodsnric/kinetic model. Adsorption of the inhibitor cpounds
depends upon the charge and the nature of the mwetfce, electronic characteristics of the metafase on
adsorption of solvent and other ionic species, tmatpre of the corrosion reaction and the electrotbal potential
at the metal solution interface [31-34,53].

Adsorption of OFI involves two types of the possibiteraction with the metal surface. Inhibitor smiles adsorb
on the metal surface if the interaction betweenatules and metal surface is higher than that oftiter molecule
and the metal surface. The first one is weak untéckinteraction due to electrostatic attractiotwleen inhibiting
organic ions or dipoles and the electrically chdrgeirface of the metal. This interaction is ternpdgsical
adsorption or physisorption. The second type daraittion occurs when there is interaction betwéenatdsorbate
and adsorbent. This type of interaction involveargk sharing or charge transfer from adsorbateet@toms of the
metal surface in order to form a coordinate typedo@nd the interaction is termed chemical adsamptio
chemisorptions [30-35]. Accordingly, the fractioh surface covered with inhibitor specie®) can follow as a
function of inhibitor concentration and solutionmigerature. The surface coverad® (ata are very useful on
discussing the adsorption characteristics. Whenfrition of surface covered is determined as a&tfan of the
concentration at constant temperature, adsorpsiathérm could be evaluated at equilibrium conditibime degree
of surface coverage for different concentrations of the inhibition acidic media of different compounds has been
evaluated from weight loss using the equation (7):

- \N(e:O) _We

—_—— (7)
W(e=0) _Ww=1)

The surface coverage valug@svere tested graphically for fitting a suitable @qgion isotherm. The plot of (/0
versus G, yields a straight line. proving that the adsonptid the inhibitors from HCI solution on the steerface
obeys the Langmuir adsorption isotherm (Fig. 3)atign (8) and (9) :

C@inh = % + Cinh @8)
l AGoad

=~ expl
555 P R.TS) ©

Cinn is the inhibitor concentratio, is the fraction of the surface covered. b is ttisoaption coefficient anAG°,4s
is the standard free energy of adsorption. Generidié standard free energy values of -20 kJ hwlless negative
are associated with an electrostatic interactiotwéen charged molecules and charged metal surfatgsital
adsorption); those of -40 kJ mbbr more negative involves charge sharing or temsbm the inhibitor molecules
to the metal surface to form a coordinate covabemid (chemical adsorption). The obtained plot difibitors is
linear.

The intercept permit the calculation of the equilim constant b= 0.08086. which leads to evaldaeq(OFI) =-
16.74 kJ/mol. The negative values&iB’,ysindicate the spontaneous adsorption of inhibitarshe steel surface.
This value indicates that inhibitor interacts or #teel surface by electrostatic effect. The adgorpnechanism of
OFI compounds on C38 steel in 1M HCI solution & $tudied temperature is both electrostatic adisorpivhich
gives maximum efficiency exhibits more negative/d@°,4 indicating that it is strongly adsorbed on the ahet
surface [30-32,34]
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Figure 3. Langmuir isotherm adsorption model of OFlon the steel surface in 1M HCI

CONCLUSION

Generally green inhibitors are excellent inhibitargler a variety of corrosive environments for nafsthe metals.
The non-toxicity and biodegradability are the magmivantages for these inhibitors. However, theyhdoe
performance boundaries. Although a number of pabbos are witnessing the green inhibitors as amyiatl
candidate against corrosion at different environimerhe following conclusions may be drawn from shedy:

» OFI was found to be a good inhibitor of C38 stemtasion in hydrochloric acid.

» The inhibition efficiency increases with inhibitooncentration to attain a value of 91% (5g/l) & B0

» The adsorption model obeys to the Langmuir adsmmpiotherm and was a physisorption.

 Polarisation measurements show that OFI acts adhtiege inhibitor and the impedance method indic#bes
OFI adsorbs on the C38 steel surface with incrgasiansfer resistance and decreasing of the ddaia-
capacitance.

» The inhibitor efficiency determined by electrocheatipolarisation. electrochemical impedance spsctpy and
by gravimetric methods are in good agreement.

» Further research efforts are needed to employréengnhibitors widely at an industrial level.
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