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ABSTRACT

Theinhibitive action of natural pigments (Red and Yellow) extracted from
prickly pear fruits (Opuntia ficus-indica) towards corrosion of stainless
steel in phosphoric acid wasinvestigated using, el ectrochemical polarisation
and electrochemical impedance spectroscopy (EIS) methods. It wasfound
that the presence of natural pigments reduce the corrosion rate of the
tested metal especially in addition of the red pigments (97%). Theinhibition
efficiency increases as the pigment concentration of extracts increased. It
was also found that the pigments tested act as mixed inhibitors. The
inhibitive action of the extractsis discussed in term of adsorption and that
such adsorption follows Langmuir adsorption isotherm. The calculated
values of the free energy of adsorption indicated that the adsorption
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process is spontaneous.

INTRODUCTION

Phosphoric acidisamgor chemica product which
has many important uses, especidly inthe production
of fertilizers. Most of the acid is produced from
phosphate rocks and acid solution of H,SO, or HCI.
Crude H,PO, from the attack stage is filtered and
concentrated in evaporation unitsl. Thereisagreat
need to protect steel material usedin phosphoric acid
industry from corrasion.

Among the several methods of corrosion control
and prevention, theuseof corrosoninhibitorg?” isvery
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popular. Large numbers of organic compoundswere
studied and are being studied to investigate their
corrosioninhibition potential. All these studiesrevea
that organic compoundsespecidly thosewith N, Sand
O showed significant inhibition efficiency. But,
unfortunately most of these compoundsare not only
expensivebut alsotoxictolivingbeings. Itisneedless
to point out theimportance of cheap, safeinhibitors of
corrosion.

Plant extracts have become important as an
environmentally acceptable, readily available and
renewabl e sourcefor widerange of inhibitors. There
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arerich sources of ingredientswhich havevery high
inhibition efficiency. Many workswere performed to
examine extractsfrom natural substances®®!. These
organic compoundsareeither synthesised or extracted
from aromatic herbs, spices and medical plants.
Naturally occurring antioxidants are cheap and
environmental safe substances. Their useascorrosion

inhibitor hasbeen preferred. One of these sourcesis
Opuntiaficus-indicawhich containsaparticular class
of water-soluble pigments ‘Betalains’. Betalains are a
classof yellow (betaxanthins) or violet (betacyanins)
vacuolar water-soluble chromo-akaloid pigments
accumulating in flowers, fruit and sometimes in
vegetativetissues of plantsfrom the Caryophyllales
order. Thechemicd structure of these pigmentsderives
from betalamic acid and, depending on the components
bonded to the main structure, betacyanins or
betaxanthinsarise, theformer whenthegroupis3,4-
dihydroxyphenylaanine (DOPA), which may or may
not be glycosylated, and thelatter if the conjugation
partnersareamino acidsor derived amines(Figure 1).
Analysesof prickly pear fruits pigment extracts have
indicated the presence of purple-red betanin and yellow-
orangeindicaxanthin, which changesin the proportion
confer thedifferent colorsto thefruitd®?I (Figure 2).
Beside to their coloring property, betanin and
indicaxanthin have, themselves, antioxidant
activitied®31, |n onehand it wasreported that Opuntia
extract inhibitsauminium corrosonin HC solutionwith
inhibition efficiency about 96%9°3, andintheother hand,
littlework have been done on theinhibition of stedl in
H,PO, solution'®*33, Thesereasonshasincited usto
examineplant extractsas corrosioninhibitor of sted in
30% H_PO, 1,

Thiswork isdevoted to examine the betacyanin
and betaxanthin extracted from M oroccan cactus pear
juiceleavesasaninhibitor for corrosion of stainless
steel in 30% H_PO, solution. UV Spectrophotometry,
Electrochemicd polarisation and EISmeasurement were
used inthisstudy to reach thisobjective.

EXPERIMENTAL

Materials

316 L steel was used asworking electrodeinthe
present study. The chemica composition of thissted is.

0.02% C, 0.50% Si, 1.71% Mn, 16.20%Cr,
11.00% Ni, 2.18% Mo, 0.35% Cu, 0.07% N, 0.03%
P, 0.023% S, and theremainder isiron.

Theaggressive solution (30% H,PO,) is prepared
by dilution of analyticd grade 85% H,PO, with double
digtilled water.
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Mature M oroccan Prickly pears (Opuntia ficus-
indica), of yellow and red color, were used in this
investigation. Thefruit sampleswereharvestedinAugust
from Skhour Rehamena, washed in tap water, peeled
and stored at -20°C. The pulp and juicewere separated
from seedsby filtration (Whatman, NJ, USA). Thejuices
were kept at -20°C until taken for analysis. In the
following, wewill refer tofiltered juicesasjuice. The
filtrateswere subjected to the pigment extraction. The
betacyanin and/or betaxantin extracts were dissolved
in 30% H,PO, solution.

Pigmentsanalysisand quantification

Thepigmentswereextracted fromthefilteredjuice.
Thejuicewashomogenizedin methanol (andyticd grad,
ALDRICH, Deisenhofen, Germany) (1:5W/V) and
magnetically stirred for 1 min. Thehomogenate was
filtered through a0.45um nylonfilter WHATMAN,
USA). UV-Visbleabsorbance spectraof the extracts
wererecorded us ng adouble-beam spectrophotometer
(Shimadzu UV Visble 160A°, Tokyo, Japan) equipped
with one-cm optical-path quartz cells.

Duetothelack of commercidly avallablereference
substancesand because of thel ability of thecompounds,
betalainsareusualy quantified spectrophotometrica ly
using molar extinction coefficients of betanin or
indicaxanthin, representative for betacyanins and
betaxanthins, respectively*>43J, Indicaxanthin and
betanin concentrations were estimated using the
extinction coefficients cal culated by Girod and Zryd
(1991) and Wyler et al, (1959), respectivel y*+4,

Electr ochemical measur ements

Electrochemical measurementsarecarriedoutina
conventional three-electrode el ectrolysis cylindrical
pyrex glasscell. Thetemperatureiscontrolled a 288+1
K. Theworking €l ectrode (WE) inform of rectangular
cut from sted, hasageometric areaof 1cn. A saturated
calomel electrode (SCE) and platinum electrode are
used asreferenceand auxiliary electrode, respectively.
Before each experiment, the working electrode was
polished mechanically using successivegradesof emery
papers up 2000 grit, rubbed with asmooth polishing
cloth, then washed with double distilled water and
transferred quickly to e ectrochemical cell.

The impedance measurement and polarisation
measurements were performed using thevoltalb 10

—=> [ul| Paper

PGZ 100 piloted by master 4 softwarefor calculation
of corrosion parameters (corrosion current density,
corroson potentid, resistance of polarization and Tafel
constants). The potential swere measured against and
referred to the saturated calomel electrode (SCE). All
potentiodynamic polarization measurements were
carried out using ascan rate of 10 mVs?. Inthe case of
polarization method the relation (1) determinesthe
inhibition efficiency (E%0)

El = (ﬁ!ﬁ) X100 1)

corr

1°,, ad|_ arethe uninhibited and inhibited
corrosion current dengities, respectively, determined by
extrapolation of cathodic and anodic Tafel linesto
corroson potentid.

Electrochemica impedance spectroscopy (EIS) was
cariedat E__after immersionin solution. After the
determination of eady-statecurrent at agiven potentid,
sinewavevoltage (10mV) pesk to peek, at frequencies
between 100kHz and 10mHz were superimposedin
therest potentia . Thecomputer programsautomaticaly
controlled the measurements performed at rest
potentials after 30 min of exposure. Theimpedance
diagramsaregiveninthe Nyquist representation.

Theinhibition efficiency, got fromthechargetransfer
resistance, isca culated from thefollowing equati on“d':
-1 p-1
%)X 100 @

-1
cto

WhereR  and R, arerespectively, thecharge-transfer
resistance values of sainless steel with and without
inhibitor.

R

RESULTSAND DISCUSSION

Betalain pigment quantification

Figures 3 and 4 show the UV-Visible absorption
spectraof the methanolic extracts of the yellow and
reddish prickly pear fruits (Figure 1). TheUV-Visible
absorption spectrum of pigmentsextracted fromyel low
fruits showsoneabsorption maximum at 479nm, which
corresponds to indicaxanthinl*"27:31, The absence of
absorbance peak at 536nm in the visible part of the
spectrumindi cated that betacyaninsarefoundinvery low
levelsinjuicesderived fromydlow fruits(TABLE 1).
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Figure4: RoomtemperatureUV-Visibleabsorbancespectrum
of themethanolic extract of thereddish cactuspear juice
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Figure 3: Room temper ature UV-Visibleabsor bance spec-
trum of themethanolicextract of theyellow cactuspear juice

TABLE 1: Amountsof betaxanthinsand betacyanins(mg per
kg of juice) in yellow juicesof cactuspear cultivated at differ-
ent regions

Origin Betaxanthin Betacyanin References
Morocco 76.3 Traces This study
[43:Stintzing &
Italy 48.3 13 Schieber, 2003]
Italy 84.2 104 [31:Butera & al. 2002]
Spain 2500 ) [27:Fernandez-L opez &

Almela, 2001]

TABLE 2: Amountsof betaxanthinsand betacyanins(mg
per kgof juice) inreddish cactuspear cultivated at different
regions

The UV-Visible absorption spectrum of reddish
fruitsismore complex and presentstwo bands. The
maxima reflect the presence of indicaxanthin and
betanin absorbing at 484nm and 532 nm, respectively
(Figure 2)26.27.29,

On average, theamount of betaxanthins detected
inydlow fruitsis 76.38mg of indicaxanthin per 1kg of
juice(TABLE1). While, in reddish fruitstheamounts
detected corresponding respectively to betaxanthin and
betacyanin are 11.08mg of indicaxanthin and 13.23mg
of betanin per 1Kg of juice(TABLE 2).

Pigment quantification indicated that theamount of
indicaxanthininyellow fruitsisinthe sameorder asin
plantsgrowninltay, but notin Spain (TABLE 1)i27:343,

While the amounts of betaxanthins and
betacyanins detected in reddish fruits are very low
than those reported for Italian and Spanish fruits
(TABLE 2)314326.29

At present, no explanation for these differences
isknown but they may haveresulted from differences
In cactus ecotypes, physiology, seasonsor extraction
procedures.

Open-cir cuit potential measurements

Theopencircuit potentiadsof stainlesssted inthe
absenceand presence of pigment extracted from prickly
pear fruits (Opuntia ficus-indica), grownin Morocco
weretraced over 35 minfromtheeectrodeimmersion
inthe 30% H,PO, solution. Theresultsare presented
in (Figure 5). The steady state potential tends to
decrease and stabilize after 21 min. The presence of
pigment extractsin acidic solution shifted the steady-
state potential towards more positive values. The
potential shift can be attributed to the adsorption of
molecul escontained in extracts of cactuspear juiceon
the active sites and/or the deposition of corrosion
product on the €l ectrode surface 044,

Potentiodynamic study

The polarisation curves of steel in 30% H,PO,
devoid of and containing 0.2mL/L extracted pigments
at 293°K are presented in Figure 6. In presence of
these extracted pigmentsthe cathodi ¢ current potential
curvesgiveriseto parallel Tafel linesindicating that
the hydrogen evol ution reactionisactivation controlled
and the presence of compoundstested doesnot modify

Origin Betacyanins Betaxanthins References
Morocco 13,23 11,08 This study
Italy 51,20 26,10 [31:Butera & al. 2002
Italy 73,90 3640  [43:Stintzing & al. 2003
Italy 140,00 400,00 [26:Forni & al. 1992]
. 143,00~ i
Spain 801,00 [29:Castellar & al. 2003]
: [27:Fernandez-L opez &
Spain 190,00 300,00 Almela. 2001]
Natural Products
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the mechanism of thisreaction. Intheanodic domain,
the addition of these pigment extracts decreasesthe
current densitiesin large domain of potential; this
decreaseisvery important in presence of red pigment
in both anodic and cathodic domain. The collected
parameters deduced from the pol ari sation curves, such
asthe corrosion potential (E_, ), corrosion current
(I, cathodic and anodic Tafel slopes(Bc, Ba) and
percentage inhibition are shown in TABLE 3. The
inhibition efficiency (E%) isdetermined by using the
equation (1). Theinhibition efficiency (E%) of red
pigment ishigher than the yellow, thisbehaviour can
be attributed to the presence of more el ectron donor
groupsinthemolecular structure of red pigments. This
propriety favours the adsorption of red
pigmentg1o2141,

045

| =—Red —&—Yelow —e—Blank ]

1=}

inE[mV}.l'SCE

Time (min)

Figure5: Variation of theopen circuit potential with timefor
stainlesssted of the électrodeimmer sion in phosphoricacid
with and without pigment extracts
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Figure 6 : Potentiodynamic polarization curves of 316L
Sainless steel after 30 min of the electrode immersion in
30% H,PO, solutions in absence and in the presence of
pigment extractsat 293K

—=> [ull Paper

TABLE 3: Electrochemical parametersfor stainlesssted in
phosphoric acid in presence of 0.2mL/L yellow and red
pigmentsextracted from M or occan yellow and reddish cactus
pear juices

: i b 5
E(I:O) RP Jeorr a c El
[mL/L] MVISCE (Q.cm?) (mA/ cm?) (m\//égcCE) (m\//é?E) %)
Blank -505 153 0,31 303 -182
Yellow pigment
(0,2mL/L) -501 202 011 286 167 63
Red pigment
(0.2mL/L) -483 209 0,02 195 280 @

El Smeasurements

Theresults of the potentiodynamic polarization
experiments were confirmed by impedance
measurements, sincethe electrochemical impedance
spectroscopy (EIS), isapowerful techniquein studying
corrosion mechani smsand adsorption phenomend“l.
Theexperimenta impedanceresultsaresimulated to
pure electronic models that can verify or role out
mechanistic models and enables the calculation of
numerical vaues corresponding to the physical and/or
chemica propertiesof thee ectrochemica system under
investigation“051,

Theeffect of the presence of the pigment extract
on the corrosions behaviour of steel electrode in
phosphoric acidic solutions was investigated. The
Nyquist plotsfor sted eectrodein absenceandthenin
the presence of extracts in phosphoric solutions are
presented in Figure 7. Thelocus of Nyquist plotsis
regarded as one part of semi circleinabsenceandin
presence of red pigments but in presence of yellow
pigmentsthe Nyquist plotsare not perfect semicircles.
Thisfeaturehad been attributed to frequency dispersion

150 = Yelou A Red = 0N
400 At s
350 | ah Al
300 A" » L Y
f 250 4 e o “a
P y
E 200 | P 2
7 150 4 A
N 100 - }
50
fal
-2D0___q 200 400 800 800 10doa

Z oo [Ohm.cm 2]
Figure7: Nyquist plotsfor 316L Sainlesssted after 30min
of theeectrodeimmersionin 30%H PO, solutionsin absence
and in the presenceof 0.2ml/l pigmentsextract at 293K

——————, Natural Products

Au Tudian Journal



180

Natural corrosion inhibition of Stainless steel in phosphoric medium

NPAIJ, 5(4) December 2009

Full Paper ce—

of interfacid impedanced®; thisanoma ousphenomenon
may be attributed to theinhomogeneity of electrode
surface arising from surface roughness or interfacial
phenomena>>4,

Theinhibition efficiency, asdetermined from EIS
methods, wasfound tovary inorder ydlow pigment<red
pigment which isin agood agreement with theresult
obtai ned by potenti odynamic measurement. Thisresult
ismainly duetothepolarity of molecule. Itiswel known
that different substituents on the organic molecule
polarizethefunctiona group inadifferent manner™,
Impedance parametersderived from thisinvestigation
aregivenin TABLE 4. Aswenoatice, in the presence of
pigment extracts, theR _vauesincreased, but C, vaues
tended to decrease. The decrease in C, values
Suggested that red pigments, function by adsorption of
red pigments at the metal-solution interface® and
decreaseinloca didectric constant and/or anincrease
inthethicknessof the dectrica doublelayer.

TABLE 4 : Impedance parameters for stainless steel in
phosphoric acid in presence of yellow and red pigments
extracted from M or occan cactus

Compound RiQ.cm®) RyQ.cmd) CuF.cm? E%
Blank 3,23 60 720 _
yellow pigments (0,2 mL/L) 1,4 400 130 79
red pigments ( 0,2 mL/L) 1,03 986 114 93

Detailed study of red pigments
polarisationscurves

The cathodic and anodic pol arization curvesof 316
L stainlessstedl in solutions of 30% H_PO, in presence
of different concentrations of extracted red pigments
arerepresented in Figure 8. Inspection of thefigure
reved sthat the pol arization curves are shifted toward
more positive potentialsand | ess current density upon
addition of pigment extract. Thisresult confirmsthe
inhibitive action of the pigment extract toward acid
corrosion 316 L stedl. Thecorrosion parametersof stedl
in solutionswere cal culated from pol arization curves
and presented in TABLE 5. Inspection of dataof the
TABLE reved ed that the corrosion potential shiftsto
more positive va ueswith increased concentrations of
pigment extract. Moreover, thecorros on current density
decreases markedly on addition of the extract. The
magnitude of this decrement increases as the
concentration of theextract isincreased. Therefore, the

Natural Products

inhibition efficiency increaseswithincreasing extract
concentration. Further inspection of theTABLE reveds
that both theanodic and cathodic Tafel constantschange
withincreasingextract concentration. Thisresult suggests
that the presence of the extract affects the anodic
dissolution of steel aswell asthe cathodic reduction of
hydrogenions. Therefore, it could be concluded that
the molecules of extract absorb onto both anodic and
cathodic sites of the steel surface. This behaviour
indicatesthat theextract actsasamixedinhibitor.

— () 2mLL
= = = imL
m— (), 5L
0, 1mLiL

log I{mA/cm?)
{ 4% §

0,5 'II I:S é
E(V/SCE)
Figure 8 : Potentiodynamic polarization curves of 316L
Stainless steel after 30 min of the electrode immersion in
30%H,PO, solutionsin absenceand in the presence of red
pigment extract at different concentrationsat 25°C

TABLE 5: Electrochemical parametersfor stainless steel
type 316 in phosphoric acid in presence of different
concentrationsof red pigments

L jeorr
(me/] Er(rlm;/o) (Qi?rﬁ) (C”né) (mV/dgé)/SCE (mV/dgtc:)/SCE E(%)
Blak  -505 153 310 303 182
01 4% 195 110 286 a72 65
02 483 200 23 195 280 02
05 413 26 21 156 265 03
10 341 4% 8 153 242 o7

Theadsor ption isotherm

To obtain moreinformationsabout theinteraction
between betacyanin and betaxantin mol eculescontained
in pigment extractsand the el ectrode surface, different
adsorptionisothermswereinvestigated. Thedegree of
surface coverage, 0, at different concentrationsof red
pigmentsin phosphoric acid sol utionswas cal cul ated
from the corresponding el ectrochemical polarization
measurementsaccording to®Y:

0= l corr — I COrfipn

| ®

corr

-
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The obtained values of 6 werefitted to different
isothermsincluding Langmuir, Frumkin, and Temkinetc.
TheLangmuir isotherm, Eq. (7), wasverifiedinthecase
of red pigment extract, whichisbased ontheassumption
that all adsorption Sitesare equivaent and that particle
binding occursindependently from nearby sitesbeing
occupied or not®,

0

KC=1—¢ ™

where C isthe concentration of the inhibitor, 0, the
fractional surface coverage and K isthe adsorption
equilibrium constant. Thevaueof K isrelated tothe
free energy of adsorption AGadsag®2¢3:

K= 1

®

-AG
Csolvent x eXp(Tads)

Where Csolvent representsthe molar concentration of
the solvent whichis55.5 mol dm®in the case of water,
R theuniversal gasconstant and T isthetemperature.
The Langmuir adsorption isotherm can berearranged
to obtainthefollowing mathematica formul ation:

cC_ 1
9 K+C

A linear rel ationship can be obtained on plotting C/
6 asafunction of C, withadopeof unity, andthevaue
of theintercept isthereciprocal of K. Theresultsof the
adsorption of pigment extract in 30% H,PO, solutions
arepresentedinFgure9, theexpected linear rd aionship
isobtained and thevaueof thefreeenergy of adsorption
of pigment extract onstedl, G_,, wascal culated to be-
29K J/mol. The negative sign indicates that the
adsorption of extract componentsonto the sted surface

©)

0.12 4
1 ]
0,10 4
T 0,08
[ L
0,06
I/
0.04 H
0,02+
L]
0,00 4 -
0,00 0,02 0,04 0,06 0,03 0,10
C(MoliL)

Figure 9 : Adsorption isotherm for the adsorption of red
pigment extract on stainlessstedl in 30%H_PO, solutionsat
298K
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is spontaneous process®” %% |t iswell known that
values of G_,_ on the order of -20kJmol or lower
indicate aphysical adsorption, while value of -40kJ/
mol isusually adopted asathreshold val ue between
chemi- and physisorption®®. Thecal culated va uefor
the adsorption of extract on Steel electrodeindicates
that adsorption isof aphysica nature, and thereisno
chemical interaction between theinhibitor moleculeand
themetd surface.

The e ectr ochemical impedance measur ements

Similar Nyquist are obtained for steel in absence
and presence of different concentrations of red
pigment extract. Generally the Nyquist plotsshow a
singleloop frequency, which indicatesthe presence
of one time constant representing the electrode
process. Thevalues of thecorrosionresistance, R,
and the thickness of the passive film, 1/C >,
increaseinthe presence of the pigment extract, which
can be attributed to the adsorption of the extract
molecul es on the el ectrode surface. Theincrease of
R, ad 1/C, is remarkable in height pigment

cor|

concentration, the highest value of 1/C indicating a

TABLE 6 : Impedance parameters for stainless steel in
phosphoric acid in presence of different concentrations of
red pigments

1/Cq

, . R1 R» Ca(uF
Volume d’extrait (mL/L) @om)  @m) om?) Cr(#zF)a 9
Blank 3,2 60 720 0,001
0.1 44 416 245 0004 085
0,2 1,03 986 130 0,007 0,93
0.5 4,6 1002 114 0,008 0,94
1.0 2,8 1300 92 0,010 0,95
300 SOSMLL  =0.2mLiL
wiml eomLL
+o1mLA
G500 - x % w ¥
< e "
x ¥ o * Kk
i K, w09 Nas, -
E 400 - x,0% g
E ] - o ;
) HE=— - o, %
R = Kex
200{ xf - = vl
P =
0 T T T T T T
0 200 400 G500 B00 1000 1200 1400
Zriohm.em?

Figure 10 : Nyquist plotsfor 316L Sainless steel after 30
min of the electrodeimmersion in 30% H_PO,solutionsin
absenceand inthepresenceof red pigment extract at different
concentration at 298K
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Figure11: Thedoublelayer capacitanceasfunction of the
surface coverage

strong adsorption on the active sites of the e ectrode
surface, and theformation of thicker adsorption layer.
Also the linear decease of C, with the surface
coverage 6 meansthat the capacitance contribution
from theinhibitor covered surfaceis solely dueto
the adsorbed molecules at low surface coverage
(Figure 11)®4,

CONCLUSIONS

Theresultsof experimentd sudiesshowedthat the
pigment extracted from reddish prickly pear juicesact
asagoodinhibitor for 316L stainlesssted in30%H,PO,
solution. Theinhibition efficiency of pigment extracts
increaseswith the concentration to attain amaximum
value97% at 1ImL of pigment extract.

Theinhibition action of the extractswas attributed
to the physical adsorption of itscompounds, mainly
betanin and indicaxatin, onto the steel surface. We
revealed a so that the extract actsasamixed inhibitor.
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