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ABSTRACT

The inhibitive action of the Ziziphus jujubal eaves (ZJL) extract against corrosion of carbon steel in 1N HCI was
investigated using weight loss measurements, gasometric method, potentiodynamic polarization curves and
electrochemical impedance spectroscopy methods. The results obtained from these methods indicate that the
extracts perform as a good green corrosion inhibitor in acidic medium and inhibition efficiency increased with
extracts concentration. The maximum inhibition efficiency of 82.2% was obtained at the best concentration of 800
ppm of ZJL extract. The effects of temperature and immersion time on carbon stedl in 1N HCl were also studied.
Polarization curves show that ZJL extract act as a mixed-type inhibitor in hydrochloric acid. EIS shows that the
capacitance of double layer decreases and charge-transfer resistance increase with the optimum concentration of
800 ppm of ZJL extract, confirming the adsor ption process mechanism. The adsorption of ZJL extract on the surface
of the carbon steel follows the Langmuir adsor ption isotherm. The mechanism of inhibition was confirmed by kinetic
and thermodynamic parameters obtained from 303K to 363K temperatures using weight loss method. The
metallurgical microscope results established the formation of a protective layer on the carbon steel surface.
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INTRODUCTION

Carbon steel, stainless steel and mild steel arentbst widely used structural and fabrication mal®in industries
and constructions because of its low cost, easylaiviy and ease of fabrication [1] but the pooorrosion
resistance in acid is a major constraint in thppligations [2] and cause economic consequencesrims of repair,
replacement, product losses, safety, and envirotahpallution. [3].Therefore, investigation of cosion inhibitors
for steel corrosion in acid solutions is importémt its realistic applications [4].Many studies kaleen reported
that almost all corrosion inhibitors are synthetiganic compounds containing hetero atoms suchitesgen,
sulphur, phosphorous, and oxygen show significahibition efficiency but most of these substanaesreot only
expensive but also toxic non-biodegradable thusingwollution problems [5].Thus, these deficiesdiave incited
the search for their substitution.The naturallyuwdng molecules exhibiting a strong affinity foretal surfaces
under different environment because they are enmiemtally acceptable, non-toxic, cost effectived drave
abundant availability [6].Recently, several natyaints such agCombretum bracteosum,Medicago Sativa, Justicia
gendarussa, Jasminum nudiflorum, Vitex negundo, Prosopis cineraria, Emblica officinalis, Solanam Xanthocar pum,
Kopsia singapurensis, Heinsia crinata, Dacryodis edulis, Murraya koenigii, Oxandra asbeckii, Sennaauriculata [7-
20] have been used as corrosion inhibitors commlombyvn as green corrosion inhibitors.
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Ziziphus jujuba is a shrub belongs to family Rhao@ae and it is known as “Elantai” in Tamil. It istdibuted in
many parts of the world but mainly populates imptcoand warm, temperate region. [21]. Phytocheric#l has
high medicinal value due to the presence of cygtige alkaloids, polysaccharides, flavonoids, tagiés, tannins,
saponins, pectin, triterpenoic acids and lipidd.[&2has a major part in treatment of various a&ihts like analgesic,
antipyretic, anti-inflammatory, sedative, antioxitiaantibacterial, GIT protective, antispasmodiatidiabetic and
antifungal activities [23].The present research kvisr devoted to study the inhibition characterstaf Ziziphus
jujuba leaves (ZJL) extract on the corrosion of carbon steel in 1N H@dium, using weight loss, gasometric, Tafel
polarization and AC impedance studies. From thisuigable mechanism regarding the mode of inhibiticas
proposed. Surface morphology on the carbon steél avid without inhibitor was made to confirm thesagbtive
layer on the surface of carbon steel.

MATERIALS AND METHODS

2.1 Material preparation

Rectangular carbon steel strips with specifiedcaitpm (wt%: 0.18C, 0.30Mn, 0.15Si, 0.02S, 0.02@rast Fe)
and dimension (4.5cm x 2cm x 0.2cm) containing alkhole of about 2 mm diameter near the upper duge
been employed for weight loss and gasometric studihe specimens used were polished mechanicibyvedby
different grades of emery papers and then degreagthdacetone. A cylindrical carbon steel specimeiith an
exposed area of 1 énfremaining area covered with Teflon holder) weredur electrochemical studies.HCI (AR)
and double distilled water were used throughousthdies for preparing the aggressive solutionsKTN).

2.2 Preparation ofZiziphusjujube leavesZJL) extract

Ziziphus jujuba leaves were cleaned and dried in an air oven at 70°C fbrs2 The dried leaves were ground well
and make it well into powder. 10 g of the leaf pewdas refluxed in 100 mL of distilled water fohd. Whatmann
No.1 filter paper was used to filter the extractl éine filtrates were heated on water bath untilrtteésture content
gets evaporated completely [24]. Corrosion testtgmis range from 200 ppm to 800 ppm were prepéned
dissolving specified amount of drigdL extract in 1N HCI solution and used for corrossbndy.

2.3 Weight loss studies

Weight loss measurements were carried out as #escelsewhere [25]. Already weighed carbon steetispens
were immersed in 100 mL of uninhibited and inhibisolutions for 3 hours at 30°C. After the spedifiene, the
carbon steel specimens were taken out from the salidion and then washed immediately with doubiltkd
water, dried, and re-weighed. Duplicate tests vedse conducted for each experiment. Weight losssoreanents
were also performed at different immersion timenfr8 to 24 hours at 30°C and at four different terapees of
303, 323, 343 and 363 K for the best concentrgi8@® ppm) ofZJL extract. From the weight loss, the corrosion
rate (mmpy) and inhibition efficiency percentagerevealculated to evaluate the corrosion inhibitising the
formulas as described somewhere else [26].

2.4 Determination of surface coverage
The degree of surface covera@® yas calculated from the weight loss measuremesiilts using the following
formula [27].

Surface coverag@] = Wg— W, / W

where W is the weight loss in the absence of Bk extract, W is the weight loss in the presence of #ik
extract (200,400,600 and 800 ppm) in 1N HCI sotutierom these data, a suitable isotherm were fgtaghically.

2.5 Gasometric studies

The design of the studies is described elsewhel@[28 carbon steel specimen was suspended froinatbie of the
glass stopper and was introduced into the samfilea®aining 100 mL of 1N HCI solution. Volume bf/drogen
gas liberated was measured for a period of threeshia the absence and presence of various comatiemns ofZJL

extract at 30°C and at constant atmospheric pres$uom the volume of hydrogen gas liberated, tiebition

efficiency was calculated using the formula:

Inhibition Efficiency (%) = (\6 — V1/ V1) x 100
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where \4 is the volume of hydrogen evolved in the absenfc&@Jh extract and Y is the volume of hydrogen
evolved in the presence @iL extract (200,400,600 and 800 ppm) in 1N HCI solutiThis method gives accurate
results compared to that of conventional weighs logthod.

2.6 Electrochemicalpolarization studies

Electrochemical polarization measurements wereiethrout using Electrochemical analyzer(BiolLogic-VSP
France) in a conventional three-electrode assemblytaining a working electrode (cylindrical carbesteel
specimen with an exposed area of ixoounter electrode (platinum foil of surface agenf),and a reference
electrode (saturated calomel electrode).Both anadi cathodic polarization curves were recordethénabsence
and presence of optimum concentration (800 ppntheZJL extract in the potential range of -200 mV to +200
with respect to OCP at a scan rate of 1 mV/s.Ftoepblarization curves, corrosion potential andagion current
were calculated. The inhibitor efficiency was céted using the formula [29]:

Inhibition Efficiency (%) = dor I* cord lcorx100
where },and I*,o; are corrosion current in the absence and pressnGi extract in 1N HCI solution.

2.7 Electrochemical impedance studies

The corrosion inhibition efficiency &JL extract on carbon steel in 1N HCI solution in #isence and presence of
best concentration (800 ppm) was investigated bgguelectrochemical analyzer(BioLogic-VSP, FrancEje
impedance measurements were carried at the opeuitgdotential in the frequency range of 100kHzltaHz.A
plot of Z' vs Z” were made. From the Nyquist pltite charge transfer resistance) (Ras calculated and the double
layer capacitance (J was calculated using the following equation [30]:

1

Cy=—"—
@ 2T frnax Rt

whereR.ischarge transfer resistance @pd is double layer capacitance. The percentagehibiiion efficiency was
calculated using the equation [31]:
R*t—R¢t

Inhibition Efficiency (%)= —— % 100

R*t
where R* and R are the charge transfer resistance in the presemtabsence @&JL extract in 1N HCI solution.

2.8 Surface morphologicalstudies

The study was carried out by immersing the carlieal specimens in 1N HCI in the absence and presehthe
best concentration afJLextract for 3 hoursat 3C.After 3 hours, the specimens were taken outddaied kept in
desiccators. The protective film formed on the &cef of carbon steel was confirmed by metallurgiciroscope
with the magnification of 1000x.

RESULTS AND DISCUSSION

3.1 Weight loss studies

Weight loss of carbon steel in 1IN HCI was determime 303K in the absence and presenceZif extract
concentrations ranging from 200 to 800 ppm. Froemvieight loss, percentage of inhibition efficier{itly %) and
corrosion rate are calculated and summarized ile thbit is cleared from the table that the peragatof inhibition
efficiency increases with concentrationZil extract. The decrease in corrosion rate with ie®een concentration
of ZJL is due to the fact that the surface coverage dalniecreases by the adsorption of inhibitor molesuA
maximum inhibition efficiency of 82.2% is obtainatithe concentration of 800 ppm of extract.
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Table-1 Corrosion parameters obtained from weightdss measurements for carbon steel

of ZJL extract

in 1N HCI caining different concentrations

Conc. ofZJL o . . . Weight Corrosion Inhibition Surface
extract |n|t|al(\év)e|ght Flnal(\év)elght Loss Rate Efficiency Coverage
(ppm) (@) (mmpy) (%) 8)
Blank 3.7096 3.6601 0.0495 20.4581
200 3.7611 3.7462 0.0149 6.1582 70.0 0.700
400 3.6239 3.6101 0.0138 5.7035 72.2 0.722
600 3.8879 3.8759 0.0120 4.9593 75.8 0.758
800 3.6324 3.6236 0.0088 3.6370 82.2 0.822
90
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Fig. 1 Variation of inhibition efficiency with vari ous concentrations of ZJL extract on carbon steehi1lN HCI solution

3.2 Effect of immersion time

The results obtained for the effect of immersiongtion percentage inhibition efficiency of carbogesin 1N HCI

at 30°C in presence of the best concentration (@90) of ZJL extract is shown in Table 2. The variation of
inhibition efficiency against immersion time is shoin Fig.2. It shows that inhibition efficiency tie extract was
decreased with increasing immersion time from 24ohours. Higher inhibition efficiency of 82.3% athour
reflects the strong adsorption of constituents gmein theZJL extract on the carbon steel surface. But when the
time is increased from 3 to 24 hour, the inhibitefficiency is slightly decreased to 80.0% whiclowk desorption

process started slowly.
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Fig. 2 Effect of immersion time on percentage inhition efficiency of carbon steel in 1N HCI at 30°Gn presence of an optimum
concentration (800ppm) of ZJL extract
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Table -2 Effect of immersion time on percentage hibition efficiency of carbon steel in 1N HCI at 8°C in the presence of an optimum
conc. (800ppm) of ZJL extract

Inhibition Efficiency (%)
System Time (h)

3 6 9 12 15 18 21 24
800ppm | 82.3| 82.1| 81.7 814 814 808 804 80.0

3.3 Gasometric studies
The results obtained from gasometric studies wamengnTable 3. From the table it was observed thatvolume

of hydrogen gas evolved is decreased from 7.43aril. with increase in the concentrationZ3t. extract from 200
to 800 ppm. The maximum inhibition efficiency of.8% is obtained at the concentration of 800 ppris tevealed
thatZJLextract had the tendency to inhibit carbon steslosion in acid medium.

Table 3 Inhibition efficiency obtainedfrom gasometic measurements for carbon steel in 1N HCI containg various concentrations of

ZJL extract at 30°C
Conc. ofZJLExtract | Volume of Hydrogen Gas evolved| Inhibition Efficiency

(% in viv) (mL) (%)
Blank 7.4 -

200 2.2 70.1

400 2.0 725

600 1.8 75.9

800 1.3 82.4

3.4 Electrochemical polarization studies
Fig. 3 shows the polarization curves for carborlsite 1N HCI solution in the absence and preserfogptimum

concentration (800 ppm) @IL extract and their corresponding electrochemicinmation parameters are given in
Table 4. It was obvious from the table that the@sipn potential (k) was not shifted markedly in the presence of
optimum concentration (800 ppm) &L extract. The 4, value for the best concentration AJL extract was
decreased when compared to blank solution. Thisdserin d,, is an indication of decrease in corrosion reaction
since corrosion current is proportional to themagie of corrosion reaction. Thg,, b, and bcvalues were changed
upon the addition oZJL extract,which means the extract molecules are bddoboth on the anodic and cathodic
sites. This results in the inhibition ofboth anodietal dissolution and cathodichydrogen evolutieactions. Hence,

it is inferred that th&JL extract works through mixed mode of inhibition [32]
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Fig. 3 Potentiodynamic polarization curves for cebon steel in 1N HCI solution in the absence and pisence of an optimum conc. of ZJL
extract
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Table-4 Potentiodynamic polarization parameters forcarbon steel in 1N HCI in the absence and presenoéan optimum concentration
of ZJL extract

Conc. of ZJL Extract Ecorr | corr Tafel Slope | Inhibition Efficiency
(ppm) (Vvs SCE) | (mA/cm?) | (mV/decade) (%)
ba be
Blank -0.442 3.785 204.6 224. _
800 ppm -0.454 0.666 145.0  201. 82.30

3.5 AC- impedance studies

Fig.4 shows the impedance spectra for carbon sieEN HCI solution in the absence and presencenad@imum
concentration (800 ppm) afJL extract and their corresponding impedance parametech as double layer
capacitance (§), charge transfer resistance)(Bnd inhibition efficiency are given in Table 5.chn be seen from
theNyquist plot that a single semicircle has beleseoved is due to charge transfer takes placesetretie/solution
interface. From the table it was observed thatdkerease in & value can be attributed to the decrease in local
dielectricconstant and/or an increase in the trésknof electricaldouble layer and the increaseynal&e indicates
that the extent of adsorption increases in presefhtiee best concentration (800 ppm)ZIL extract and also the
adsorbed extract forms a protectivefiim on the carteel surface which becomes a barrier to hindarthss and
charge transfer processes [33]. These resultsrimeraase in the inhibition efficiency. The maximinvalue of
113.89 cnt and the minimum & value of 20.52pF/cfwas obtained at the best concentration of 800pptheo
ZJL extract, which gave the maximum inhibition effiodynof 81.8 %. This result has good concurrence With
results obtained from non-electrochemical methods.

Table-5 Impedance parameters for the corrosion ofarbon steel in 1N HCI in the absence and presencéan optimum concentration of

ZJL extract at 30°C
Conc. ofZJL Extract R: Cal Inhibition Efficiency
(ppm) (Qcm) | (uFfen?d) (%)
Blank 20.65 116.9 -
800 ppm 113.89 20.52 81.8
= Blank
904 e ZJL (800 ppm)
~ 60
£ . .
<
S ° °
£
T3 e ®
o [ ]
[ ] °
pE N °
Oi .\ T T T '
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Re (2Z) (Ohm)

Fig. 4 Impedance diagrams for carbon steel in 1N HiGolution in the absence and presence of an optimu concentration of ZJL extract

3.6 Effect of Temperatures

Fig.5 shows the influence of different temperatuoesthe corrosion inhibition efficiency of best centration
(800ppm) ofZJL extract on carbon steel immersed in 1N HCI sotutithe corrosion rate and inhibition efficiency
were calculated for blank and best concentratiorzdif extract from weight loss measurements at different
temperatures (30, 50, 70 and 90°C) are shown inTtide 6. From the table it is clear that the csion rate of
carbon steel increased with temperature both imbisence and presenceZdt. extract and the inhibition efficiency
was found to slightly decreases from 82.3% to 74.98s shows that the adsorption of the extracthencarbon
steel may be due to physical adsorption. However,imhibitor could be efficiently used at 30°C amdximum
efficiency being 82.3%.
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Table - 6 Corrosion of carbon steel in the absen@nd presence of an optimum concentration of ZJL exact in 1N HCI at different
temperatures obtained by weight loss method

System | Temperature| Corrosion Rate | Inhibition Efficiency
(°C) (mmpy) (%)
30 122.46
Blank 50 152.92
70 189.46
9C 241.6(
30 21.66 82.3
800 ppm 50 28.44 814
70 40.54 78.6
90 60.64 74.9

60 T T T T T T T
30 40 50 60 70 80 90

Temperature (°C)

Fig. 5 Effect of temperature on the corrosion inhilition efficiency of carbon steel in 1N HCI in presece of an optimum concentration
(800ppm) of ZJL extract

3.7 Mechanism of corrosion inhibition
To explain the mechanism of corrosion inhibitior thctivation parameters were calculated from Arideetype
plot according the following equation [34].

Inr=A-Ea/RT

where r is the corrosion rate, A is the pre-exptiaéfactor, E is the apparent activation energy, T is the alteolu
temperature and R is the universal gas constant.

Arrhenius plots for the corrosion of carbon steelhie absence and presence of the best concent(@@6 ppm) of
ZJL extract in 1N HCI medium are shown in Fig.6.It slimogva straight line and revealing the effect of pemature.
The calculated values of activation energy) (Enthalpy of adsorptiom{), free energy of adsorptiodG°) and
entropy of adsorptionAS) for carbon steel in the absence and presenttedfest concentration (800 ppm)Z3L
extract in 1N HCI solution are shown in Table 7shbws that the higher value of Eain presenceeZih extract
compared to that in the absence of the extractiégstd physical adsorption [35] andthe adsorbedrocgmatter
creates a physical barrier to charge and massféranseading to reduction in corrosion rate.Theefenergy of
adsorption was calculated using the following eiqumat

AG®,4s= —RT In (K 55.5)

where the value of 55.5 is the concentration ofewat solution (mol [). K is the degree of surface coverage on the
metal surface, R is the universal gas constanflasdhe absolute temperature.

The negative sign of free energy of adsorptiondatdis that the adsorption DIL extract on carbon steel surface is
a spontaneous process. In this study A& values are in the range of -10.46 kJ frail363K.As the values of free
energy of adsorption are less than -20 kJ“mulhere the mode of inhibition is due to physisionpt[36].The
positive values oAH both in the absence and presenc&lf extract reflect the endothermic nature of the carbo
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steel corrosion process. It is also obvious thatattivation energy supporting the proposed inioibimechanism.
Low and positive values oAS entropies imply that the process was slow andatitivated complex is the rate
determining step represents an association raktaer & dissociation step, meaning that a decreadisandering
takes place on going from reactants to the activatemplex. Similar observation has been reportedhi
literature[37].From the literature survey it wasufiol that the majorterpenoid presentZilL extract are betulonic
acid, oleanonic acid, ursolic acid, ceanothic acetropiacic acid, hydroxyoleanoic acid lactonsttown in Fig. 7.
[38].These compounds adsorbed on the carbon stdate made a barrier for charge and mass transfeding to
a decrease in the interaction of carbon steel thithcorrosive environment. As a result, the coasate of carbon
steel decreased.

Table-7 Calculated values of activation energy (Eagnthalpy of adsorption AH), free energy of adsorption AG°) and entropy of
adsorption (AS) for carbon steel in the absence and presenceasf optimum conc. of ZJL extract in 1N HCI solution

System | Temp. Ea AG® AH AS
(K) | (KImol?) | (KImol™®) | (KImol™) | (KImol™)
303
Blank 323 9.04 6.35
343 9.87 7.02
363 12.58 9.56
303 -8.73
800 ppm 323 11.08 -9.31 8.39 0.055
343 16.32 -9.89 13.47 0.068
363 20.84 -10.46 17.82 0.078
3.0
= Blank
2.8 e ZJL (800ppm)
2.6+
2.4+
~ 2.2 -\\.\
@
e
o 2.0+
)
1.8+
1.6+
1.4+
1.2 — —

—T T T
2.7 2.8 29 3.0 31 3.2 3.3 3.4

amx10°3k?

Fig. 6 Arrhenius plots for carbon steel immersed irLN HCI solution in the absence and presence of apptimum concentration (
800ppm) of ZJL extract

1
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Betulonic acid Oleanonic acid
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Ursolic acid

o Cecropiacic acid

Hydroxvoleanoic acid lactone

Fig.7 Structure of Triterpinoids
3.8 Adsorption isotherm
Adsorption isotherm provides information about fheéeraction between th&JL extract and the carbon steel
surface. The value of surface coverajehias been obtained from weight loss measuremests fitted to different
isotherms.A plot of G versus C gives a straight line (Fig. 8) with atstope suggesting that the adsorptioz dif
extract on the surface of carbon steel in 1N H@itgan follows Langmuir adsorption isotherm.

1200
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5004
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3004 g

200 4b—+—+————F—+—1—+—1—+—1—+1+—1—

100 200 300 400 500 600 700 800 900 1000
C (ppm)

Fig. 8 Langmuir adsorption isotherm plot for theadsorption of various concentrations of ZJL extraton the surface of carbon steel in
1N HCI solution

3.9 Surface morphologicalstudies

The micrographs obtained for carbon steel immensddN HCI solution in the absence and presen@&06fppm of
ZJL extract are shown in Fig.9 (a & b). A comparisos haen done with the morphology, uninhibited cartieel
showed more pits and rough surface, while inhibitatbon steel showed smooth and less corrodedcsurfdis
may be due to adsorption of phytochemical congittipresent iZJL extract on carbon steel.
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]:ig.g(a) Metallurgical microscopeimage Fig. 9(b) Metallurgical microscopeimage
of carbon steel immersed in 1N HCI of carbon steel immersed in 1INHClsolution
solution (blank) containing 800ppm of ZJL extract

CONCLUSION

The ziziphus jujuba leaves extract behaves as goawsion inhibitor for carbon steel in 1N HCI sidim and it
shows maximum inhibition efficiency (82.2%) at tencentration of 800 ppm. It acts as mixed typébitdr since

its Ecorr Values are not shifted significantly with respexthe blank. The inhibition efficiency percentagatained
from weigh loss measurements are comparable wibtlsettobtained from electrochemical measurements. The
adsorption of the extract follows Langmuir adsarptisotherm. The obtained thermodynamic paramételisate

that the adsorption oZJL extract on carbon steel may be due to physisorptimtess.Surface morphological
studies showed that the carbon steel in 1N HCI thigtZJL extract was found smother than without A3 extract.
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