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ABSTRACT

The marine macroalgae extract of caulerpa proliferaaqueous 1 M HCI was systematically investigatied
ascertain its inhibitor effect on corrosion of mateel and its mechanism of the inhibition by etettemical and
weight loss methods. The results revealed a higibitive effect of C. prolifera. The inhibition iefency was found
to increase with increasing concentration of thgadlextract but decreased with increase in tempegatvhich is

attributed to the physisorption. Potentiodynamitapi@zation measurement showed that C. proliferaaottacted as
mixte type inhibitor. The increase in activationeinergies of corrosion process in presence of ¥teaet indicates
that C. prolifera retarded the rate of corrosionmafld steel in 1 M HCI solution. The nature of aggmn of the C.

prolifera on mild steel surface was in conformitjthwLangmuir isotherm. The results obtained witlffedent

method are in good agreement.
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INTRODUCTION

Acid solutions are widely used in industry suchaasd pickling, acid cleaning, or acid decaling mdores of
metallic materials. Because of aggressive propeieacid solutions, inhibitors are commonly usedreduce
corrosive attack of acids. Many synthetic compouritisr good anticorrosive action, but most of thieeing highly
toxic to both human and environment (1-3). Thusapplication of synthetic corrosion inhibitor shdpdde replaced
with natural inhibitor. In recent years, reseamtoithe use of low-cost and ecofriendly compourgl€@rosion
inhibitors for mild steel were intensified. Manysearchers have studied the use of plant baseditothénd the
results shows that this new type of inhibitorsnsven effectively to reduce the corrosion ratelmnrmetal (4-12). In
the literature, other researchers reported thaextiects of marine algae investigated as inhibitafrcorrosion on
metals in acid media (13,14) possessed excellemsion inhibitive effects.

The encouraging results obtained in our laborabyryaturally oils and extracts as corrosion inloitstof steel in
acid solutions permit to test more plan@aulerpa proliferaLamouroux is a marine alga, belonging to the
Caulerpaceae family. It is broadly distributed e tMediterranean Moroccan costs from Saidia to iegng
(Benhissoune and al, 2001) (15). Earlier studiek dfeown anti HSV-1 (16), antibacterial activil/7), antitumor
activity (18) and plant regulatory effects (19pr caulerpin. Ahmed and col. (20yeported that C. prolifera
methanolic extract played a vital role in ameliorgtdyslipidemia and its complications particulaolyidative stress
and inflammation. Recently, Sethuraman and Kama) (2ported that extracts of marine algae viz., |€pa
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racemosa possessed a high corrosion inhibitiveteffe the best of our knowledge, there is no pmesireport on
the study of the corrosion inhibitive effect of Brolifera extract. In the present study, we ingggtd the corrosion
inhibition of C. Prolifera on carbon steel in 1 MCHsolution at different temperatures and conceiotna and we
elucidate the mechanism of inhibition. This studgrwealized by weight loss and electrochemical uapee

spectroscopy (EIS) methods.

MATERIALSAND METHODS

The aggressive solutions of 1.0 M HCI were prepdgdlilution of an analytical grade 37% HCI with ulde
distilled water. Green algaaulerpa proliferaLamouroux (Caulerpaceae) was collechen Nador lagoon (Fig. 1)

in October 2013, March and June 2014
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Figure 1: Caulerpa prolifera sampled from Nador lagoon in Mediterranean Moroccan costs

In the laboratorythe alga was carefully cleaned, washed severaktinith tap water, distilled water, then dried at
40°C, ground and kept in dark, labeled till usell€xbed samples were determined by Pr. Elkhiatiiyersity
Hassan I, Morocco). Different concentrations (®.,12.25, 0.5 and 1 g/l) were prepared from the plgader by
dissolving the required amount of C. proliferal®0 mL of 1 M HCI with stirring at room temperatud®0 mL of

1 M HCI without inhibitor was used as blank teduson.

(b)

Figure 2: Caulerpa prolifera, Family: Cauler paceae, Order: Caulerpales, Genus: Caulerpa,, a) plant, b) powder

Coupons were cut into 1.5x 1.5 x 0.05°aimensions having composition (0.09%P, 0.01 %088 % Si, 0.05 %
Mn, 0.21 % C, 0.05 % S and Fe balance) used faghwdédbss measurements. Prior to all measuremédmgxposed
area was mechanically abraded with 180, 400, 8000,11200 grades of emery papers. The specimensaateed
thoroughly with bidistilled water degreased ancedrivith ethanol. Gravimetric measurements are emut in a
double walled glass cell equipped with a thermestatooling condenser. The solution volume is 5G. chine
immersion time for the weight loss is 6 h at (30BKL In order to get good reproducibility, experinte were
carried out in duplicate. The average weight logs wbtained. The corrosion rate (v) is calculatsiohgi the

following equation:
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v=o €Y)

Where: W is the average weight loss, S the toed,aand t is immersion time. With the corrosiore realculated,
the inhibition efficiency () is determined as follows:

EW%:VO—V

X 100 )

Where: Vo andV are, respectively, the values of corrosion raté wnd without inhibitor

The electrochemical study was carried out usingotergiostat PGZ100 piloted by Voltamaster soft-warhis
potentiostat is connected to a cell with threetebele thermostats with double wall. A saturatedw! electrode
(SCE) and platinum electrode were used as referandeauxiliary electrodes, respectively. Anodic aathodic
potentiodynamic polarization curves were plotted ablarization scan rate of 0.5mV/s. Before aflerikments, the
potential was stabilized at free potential duri@gn3in. The polarisation curves are obtained fror@G-81V to —200
mV at 308 K. The solution test is there after deatel by bubbling nitrogen. Inhibition efficiencl¢6) is defined
as Equation (3), where icorr(0) and icorr(inh) esEnt corrosion current density values without witd inhibitor,
respectively.

o _ icor(0) — icor(inh)
Ep% = icor(0)

x 100 3)

The electrochemical impedance spectroscopy (ElS)sorements are carried out with the electrochersigstem,
which included a digital potentiostat model VoltaleGZ100 computer at.& after immersion in solution without
bubbling. After the determination of steady-staterent at a corrosion potential, sine wave voltédemV) peak to
peak, at frequencies between 100 kHz and 10 mH=@perimposed on the rest potential. Computer progr
automatically controlled the measurements perforitedest potentials after 0.5 hour of exposure(& R. The
impedance diagrams are given in the Nyquist reptaten. Inhibition efficiency (%) is estimated using the
relation(4), where Ryand Ry are the charge transfer resistance values in teenak and presence of inhibitor,
respectively:

., _ Rt(inh) — Rt(0)
ER% = WX 100 (4)

RESULTSAND DISCUSSION

3.1. Weight loss measur ements

Values of the inhibition efficiency and corrosicate obtained from the weight loss measurementsildfsteel for
different concentrations of C. prolifera in 1 M H@t 308K after 6 h of immersion are given in tableThe
inhibition efficiency is defined as follows:

7
Ey % = —

X100  (5)

0

Where: Vo andV are, respectively, the values of corrosion raté and without inhibitor.

The analysis of these results (Figure 1) showsrlglehat the corrosion rate decreases (W (mg/f.omhile the
inhibition efficiency (g, %) increases with increasing inhibitor concentratieaching a maximum value of 96.34 %
at a concentration of 1 g/l. This behavior can theébaited to the increase of the surface cover€d,, %/100), and
that due to the adsorption of natural compoundthersurface of the metal, as the inhibitor conegiun increases.
We can conclude that C. prolifera is a good coomsnhibitor for mild steel in 1 M HCI solution.
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Figure 1. The corrosion rate and the inhibition efficiency E,,% for Mild steel in 1 M HCI containing different concentrations of C.
prolifera

3.1.1. Effect of temperature
The effect of temperature on the inhibition effig, in the temperature range 308-353 K, in 1 M H@ls studied
using gravimetric experiments in the absence aadguce of 1 g/l of inhibitor after 1 h of immersiime.

The fractional surface covera@ecan be easily determined from weight loss measenésrby the ratio f2 / 100

if one assumes that the values gf&Edo no differ substantially from®. It is clear from Table 1 that increasing the
corrosion rate (V) was more pronounced with the o§temperature for blank solution. In the preseatthe C.
prolifera inhibitor, the corrosion rate of mild stedecreased at any given temperature as inhibdacentration
increased due to the increasing of the degreertdicoverage. The results obtained are summairizédble 1.

Table 1.Effect of temperature on the corrosion rate of mild steel in 1 M HCI at different concentrationsin the temper atur e range 308-333
K for 1h

Temperature (K) | Inhibitor [ V (mg/cm®h) [ E (%) | ©
308 HCI 1M 0.82 -- -
C. prolifera  0.03 96.34 0.96

313 HCI 1M 1.69 - -
C. prolifera  0.11 93.49 0.93

323 HCI 1M 3.23 -- -
C. prolifera  0.27 91.64 0.92

333 HCI 1M 6.73 -- -
C. prolifera  0.67 90.04 0.90

In order to calculate activation parameters fordbgosion process, Arrhenius Eq. (6) and transittate Eq. (7)
were used [22]:

-E
V= A 2
PRy @

RxT - AS - AH
V= exp( ) exp( a
NI 8]y R )expt

RxT ) @)

Where Ea is the apparent activation corrosion enefgyis the universal gas constaikt;is the Arrhenius pre-
exponential factorhis Plank’s constaniN is Avogrado’s numberASa is the entropy of activation aidHa is the
enthalpy of activation.

Arrhenius plots for the corrosion rate of mild $teee given in Fig. 2 and Fig. 3. Values of appar@cetivation
energy of corrosion (ft for mild steel in 1.0 M HCI with the absence ahd presence of various concentrations of
cababes were determined from the slope of Ln(v3u®id/T plots C. prolifera extract and shown inl&gh The
value of 63.50 kJ mdlobtained for the activation energy & the corrosion process in 1.0 M HCl lies in thege

of the most frequently cited values, the majorityvbich are grouped around 60 kJ H@3].
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Figure 2. Arrheniusplots of LnVvs. 1/T for mild steel in 1.0 M HCI in the absence and the presence of C. proliferaat optimum
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Figure 3. Arrheniusplots of Ln(CR/T) vs. /T for steel in 1M HCI in the absence and the presence of C. prolifera at optimum

concentration

Table 2.Activation parametersfor the steel dissolution in 1.0 M HCI in the absence and the presence of C. prolifera extract at optimum

concentration

Inhibitor [ A (mg/cn? h) | Lin.reg.coef (] Ea (kJ/mol)[ AHa (KJ/mol)

1M HCL
C. prolifera  3.03501E+15

3.92534E+11

0.99057 63.50 57.97

0.97564 99.40 6.33

Inspection of Table 2 showed that the value of Bgminined in 1M HCI containing compound is high@9.40kJ
mol™?) than that for uninhibited solution (63.50kJ Mol The increase in the apparent activation energy be

interpreted as physical adsorption that occursiénfirst stage [24]. The positive sign 8o reflect the endothermic

nature of the steel dissolution process suggegtiaf) the dissolution of steel is slow [25] in theesence of

inhibitor.
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3.1.2. Adsorption isotherm

In order to gain more information about the modead$orption of C. prolifera on the surface of nstéel, the
experimental data have been tested with severalptitsn isotherms, including Langmuir, Frumkin, &nellich and
Temkin isotherms. However, the best fit was obtifrem the Langmuir isotherm. Correlation betweenface
coverage ) defined by E% / 100 and the concentration of inhibitor (C) dae represented by the Langmuir
adsorption isotherm, the isotherm is given by [26]:

%:i-kcinh

8 Kads (8)

Where Kygsis the adsorption constant,,(Js the concentration of the inhibitor and surfaogerage valued) are
obtained from the weight loss measurements forouariconcentration,qs is the equilibrium constant of the
adsorption process and is related to the standénlis@nergy of adsorptiohG,gs, according to [27]:

-A o
Kads = 1 ex Gads
5555 RT

WhereR is the universal gas constant and the absolute temperature. The value 55.5 irabtee equation is the
concentration of water in solution in mol/L. Therdynamic parameters are important to study thebitité
mechanism. The values of.l& R? and AG,qs are calculated and are (out) given in Table 3. fiation between
Cinn/6 and Gy, is shown in Fig. 4. These plots are linear witiape equal to unity. This suggests that the adisorp
of C. prolifera extract on metal surface followée t_angmuir adsorption isotherm. This isotherm aesithat the
adsorbed molecule occupy only one site and thera@interactions with other adsorbed species [#8-3

(9)
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Figure 4. Langmuir adsor ption of C. proliferaon the mild steel surfacein HCI solution

The correlation coefficient, Rwas used to choose the isotherm that best fitseiperimental data. The strong
correlation (B> 0.999) suggests that the adsorption of inhibtothe carbon steel surface obeyed this isotherm.

Table 3. Thermodynamic parametersfor the adsor ption of C. proliferain 1.0 M HCI on the mild steel at 308K

Inhibitor | Slope [ Kaa M) [ RZ |
C. prolifera  0.98651 34.56 0.999

3.2. Potentiodynamic polarization curves:

Potentiodynamic polarization curves of carbon sitedl.0 M HCI containing C. prolifera at 308K at@osvn in Fig.
5. The electrochemical corrosion parameters inolgidiorrosion current density.{,), corrosion potentialH),
cathodicTafel slopep€) and inhibition efficiency (K%)) values were derived from cathodic current—ptad
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curves are presented in Table 4. TRE& was calculated from polarization measuremectsming to the relation
given below [31]:

lcorr —1 corr(i)
Ex(%) = lcor  x 100 (10)

wherelq,r andl o) are the corrosion current densities for steeltedée in the uninhibited and inhibited solutions,
respectively.
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Figure5: Tafel plot of mild steel with different concentrationsof C. proliferain 1M HCI solution

Inspection of the figure 5 shows that the additidrC. prolifera has an inhibitive effect in the bainodic and
cathodic parts of the polarization curves and gaheshifted theE ., value towards the positive direction compared
to the uninhibited mild steel. Thus, addition astimhibitor reduces the mild steel dissolutiorvae| as retards the
hydrogen evolution reaction. The presence of Clifpra does not prominently shift the corrosionetal, which
indicates the studied C. prolifera inhibitor actnaiged-type inhibitor [32, 33]. Furthermore, in theesence of this
inhibitor, the slight change @k indicates that the cathodic corrosion mechanitste®l does not change.

Table4: Tafel polarization parameter s obtained at different concentrationsof C. prolifera

Inhibitors gj‘/’lr)‘ce”"a“on “Ecor{MV/SCE) I(C;X/cmz) pe I(EoZ)
IMACT - 264 1386 164 -
1 397 70 134 9495
. prolifera 05 394 72 143 9481
0.25 398 97 147 93.00
0.125 425 162 147 8831

3.2. Electrochemical impedance spectr oscopy
The corrosion behaviour of mild steel, in aciditution in the presence and absence of inhibitoimvgstigated by

the electrochemical impedance spectroscopy (EISJ0&t K after 30 min of immersion. Fig. 6 show thiSE
diagrams carried out at 208 K in acid solution watid without C. prolifera. The impedance paramedersved

from these investigations are mentioned in Table 5.

Eop = Rettinm=Ret 4 (11)

ct(inh)

Where Rgjny and R, are the charge transfer resistance in the presemtabsence of C. prolifera.

The charge transfer resistance)(RRalues are calculated from the difference in idgee at lower and higher
frequencies, as suggested by Tsuru et al [34].dtuble layer capacitance {jCand the frequency(.) at which
the imaginary component of the impedance is max{rZal,,) are found as represented in equation:
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1
(W.Rct)

With  ©=2fpax (12)

Cq =

where G;: Double layer capacitanc@R.cm?); fna: maximum frequency (Hz) and.RCharge transfer resistance
(Q.cr)

It is also clear that these impedance diagramsiston$ one large capacitive loop and they are nextfgrt
semicircles and this difference has been attribtitettequency dispersion [35, 36] and the hetereggrof the
metal surface [37- 39].

In order to fit and analyze the EIS data, an edeitacircuit was selected and is shown in Fig. fisTcircuit is
generally used to describe the mild steel/acidriate model [40, 41]. Excellent fit with this modehs obtained
with our experimental data. As an example, the Nstqand Bode plot for C. prolifera at 1g/L in 1M H@re
presented in fig. 8a and 8b, respectively. Theeahf inhibition efficiency were calculated usitg trelation:
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Figure 6: Nyquist plot at different concentrationsof C. proliferain 1M HCI solution

Table5: Impedance parametersfor mild steel in 1M HCI in the absence and presence of different concentrationsof C. prolifera

Inhibitor Concentration Rt Ry (o E

(g/l) Qe  (Qcnd)  (uflcnd) (%)

1M HCI - 14.57 1.37 200 -
1 276 151 46.09 94.72
C. prolifera 0.5 202 1.52 49.78 92.79
’ 0.25 143 2.86 55.60 89.81
0.125 91 1.91 70.34 83.99

From table 4, it is clear that the;Ralues increase with inhibitor concentration antisequently the inhibition
efficiency increases to 94.72 % at 1g/L. In fabg presence of C. prolifera is accompanied by thesase of the
value of R; in acidic solution confirming a charge-transfepgass mainly controlling the corrosion of C-steel.
Values of double-layer capacitance are also brodghn to the maximum extent in the presence ofitdni and
the decrease in the values qf. 0he decrease ingds due to the adsorption of the inhibitor on thetah surface
leading to the formation of film or complex fromi@ic solution [42].

Rs CPE
VA )
RCt

Figure 7. Electrochemical equivalent circuit used for impedance spectra of C. prolifera

In this equivalent circuit, Ris the solution resistanceRs the charge transfer resistance and CPE is stamun
phase element. The impedance function of the CRE isllows:

ZCPE: Y_l (j(l))-n (13)
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Where Y is the magnitude of CPE, x is the angulegdency (2pfmax), and the deviation parameteranialuable
criterion of the nature of the metal surface anfteces microscopic fluctuations of the surface. For 0, Zpe
represents a resistance with R 2;Yi = -1 an inductance with L =% n = 1 an ideal capacitor with C = Y [43].

-200

—— FitResul 1[}5 _
| i — FitResul
a2
N [
|
10t
: -"'h-...___,.
10‘3 AT AT R A A TE AR 101 NI AT MAWAT,
0 100 200 300 (R | S TV AN
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Figure 8a: EIS Nyquist plot for mild steel /AM HCI+1g/L C. Figure 8b: EISBode plot for mild steel /AM HCI+1g/L C. prolifera
proliferainterface: ----- experimental (data ----- calculated) interface: ----- experimental (data ------- calculated)

The measured and simulated data fit very wells lbbhserved that the fitted data follow almost thee pattern as
the original results along the whole diagrams, withaverage error about 1% in all cases. A quickréxation of

the electrochemical and EIS parameters indicatasliie values of the corrosion potential, anodit eathodicTafel

slopes vary slightly in the presence of C. protifeoncentration. These results suggest that thenaat molecules
of C. prolifera act by pure geometric blocking loé electrode surface.

CONCLUSION

The results revealed the inhibitive effect of Colifera which acted as mixed type inhibitor. Thehibition
efficiency was found to increase with increasingaantration of the algal extract but decreased withease in
temperature which is attributed to the physisomtibhe results ob tained from the polarization téghe were in
good agreement with those obtained from the eleb&mical impedance spectroscopy (EIS) and gravienetr
method with a small variation. The inhibition actiof the studied compound is mainly due to thesaagtion on
the mild steel surface. Adsorption process obeyghanir adsorption isotherm. The thermodynamic patarse
(KadgsAGgg9 Of adsorption for the studied compounds are ¢afed from their adsorption isotherms. The negative
values ofAG,qs Show the spontaneity of the adsorption. The impedameasurements at the corrosion potential
showed a single capacitive looprelated to dielegroperties of the surface film.
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