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ABSTRACT

This work describes the successful performanceraéif@aria bursa-pastoris as an eco-friendly corrosiinhibitor

for mild steel in HCI 1M solution. This study intrgated by weight loss measurement, electrochenmgaédance
spectroscopy (EIS) and Tafel polarization. The hitan mechanism is discussed considering thermahjecs of
adsorption and kinetics of the electrochemical teas. Gracilaria bursa-pastoris is a mixed-typdiisitor and the
mode of inhibition results from the geometric biagkeffect of physisorbed inhibitive species atrttetal surface.
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INTRODUCTION

These days, studies of steel corrosion phenomeraldecome an academic and industrial subject, edlyaa acid
media [1]. More recently, much effort has been dedoto the development of the so-called green smro
inhibitors that are defined to be more eco-frierttign the majority of the currently applied orgacdenpounds [2].
Currently, research in corrosion is focused onetgr corrosion inhibitors”, that show good inhibiti efficiency
with low risk of environmental pollution [3]. Theetm “green inhibitor” or “ecofriendly inhibitor’ refers to
substances that are biocompatible such as plardctxtsince they are of biological origin [4- 6]huB natural
products (derived from plant materials) are beituglied for their corrosion inhibition potential ey are showing
good corrosion protection and are more environnfieandly [5-6]. We have successfully reported mamgen
corrosion inhibitors for metals in acid media frearious plant sources [7].

Some investigations have in recent times been rirddethe corrosion inhibiting properties of natupgbducts of
plant origin, and some natural products have beend to generally exhibit good inhibition efficiees [8]. The
significance of this area of research is primadle to the fact that natural products are envirorially friendly

and ecologically acceptable. The yield of thesaunahtproducts as well as the corrosion inhibitidiliges of the

plant extracts vary widely depending on the parthef plant [9] and its location [10]. One compouwffictive in a
certain medium with a given metal may be ineffeztior the same metal in another medium [11]. Gaaieilbursa-
pastoris is a red algal species. It is broadlyritisted in the lagoon of Nador in the Mediterrané&roccan costs.
It contained a high total phenolic content, vitarBinvitamin C and the antioxidant capacity. It denutilized as a
source of natural antioxidant molecules and coeldigeful for food industry [12] and as a biofileémutrients [13].
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To the best of our knowledge, there is no previep®rt on the study of the corrosion inhibitiveeetf of Gracilaria
bursa-pastoris extract.

The objective of this work is to study the influenaf Gracilaria bursa-pastoris on the corrosiomid steel in 1M
HCI acid medium at different concentrations of bitdr by electrochemical measurements: weight Ipekarization
curve and electrochemical impedance spectroscopy.

MATERIALS AND METHODS

2.1. Solutions and samples preparation:

Corrosion experiments were performed on mild ssmicimens (Coupons were cut into 1.5x 1.5 x 0.08 cm
dimensions) with weight percentage compositiornoélewis: (0.09% P, 0.01 % Al, 0.38 % Si, 0.05 % N1 % C,
0.05 % S and Fe balance). Specimens were wet-grosimgy emery paper from grade 400 to 1200; rinsgd w
distilled water, degreased with acetone and drigd warm air before use.

The aggressive solutions of 1.0 M HCI were prepdredlilution of an analytical grade 37% HCI with uixde

distilled water. Reed algae Gracilaria bursa-p#steas collected from Nador lagoon (Figure 1) iny\2815. The
algal species was identified by Professor N. Elft{lgaculty of Sciences Ain Chock, seaweed grougsablanca,
Morocco).

Distribution map of Gracilaria bursa-pastoris
in the Nador lagoon and Méditerraneen

Figure 1: sampled from Nador lagoon in Mediterrarean Moroccan costs

In the laboratory, the algae was carefully cleaneashed several times with tap water, distilledemathen dried at
40°C, ground and kept in dark. Different inhibitmmcentrations (0.125, 0.25, 0.5 and 1 g/l) weepared from the
algae powder by dissolving the required amount iafc@aria bursa-pastoris in 100 mL of 1 M HCI witirring at
room temperature. 100 mL of 1 M HCI without inh@ivitvas used as blank test solution.

@) ' (b)

Figure 2: Gracilaria bursa-pastoris, a) plant, b) pwder

2.2. Gravimetric measurements:

Gravimetric measurements are carried out in a dowdlled glass cell equipped with a thermostateoling
condenser. The solution volume is 100°cithe immersion time for the weight loss is 6 {3@8+1) K. In order to
get good reproducibility, experiments were carrged in duplicate. The average weight loss was abthi The
corrosion rate (v) is calculated using the follogvequation:
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st
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Where: w is the average weight loss, S the totd,aand t is immersion time. With the corrosior relculated, the
inhibition efficiency (Ew) is determined as follows

vV %
Ew % = X 100 (2)

70

Where: VO and V are, respectively, the valuesoofasion rate with and without inhibitor

2.3. Electrochemical measurements:
The electrochemical study was carried out usingt@miiostat PGZ100 piloted by Volta master softavarhis
potentiostat is connected to a cell with threetetele thermostats with double wall. A saturates el 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 afleriments, the
potential was stabilized at free potential duri@gn3in. The polarisation curves are obtained fror@G-81Vv to —200
mV at 308 K. The solution test is there after deatezl by bubbling nitrogen. Inhibition efficienci[{%) is defined
as Equation (3), where icor(0) and icor(inh) repreéscorrosion current density values without anthwihibitor,
respectively.

icor(0) — icor(inh)

0 -
Ep% = —) % 100 (3)

The electrochemical impedance spectroscopy (ElS)sorements are carried out with the electrochersigstem,
which included a digital potentiostat model VoltalaGZ100 computer at Ecor after immersion in sotutvithout
bubbling. After the determination of steady-staterent at a corrosion potential, sine wave voltédemV) peak to
peak, at frequencies between 100 kHz and 10 mHz@perimposed on the rest potential. Computer progr
automatically controlled the measurements perforitetest potentials after 0.5 hour of exposureQ& B. The
impedance diagrams are given in the Nyquist reptatien. Inhibition efficiency (ER%) is estimateding the
relation(4), where Rt(0) and Rt(inh) are the chatgesfer resistance values in the absence anckrmesof
inhibitor, reEpec}tively:
Rt(inh) — Rt(0)
] j—
ER% Rt(inh) x 100 {4)

RESULTS AND DISCUSSION

3.1. Weight Loss Measurements:

3.1.1. Effect of inhibitor concentration:

The corrosion rate (v) and the inhibition efficign&w(%), values obtained from weight loss methoditierent
concentrations of Gracilaria bursa-pastoris aftér & immersion in 1 M HCI at 308C were given inblal. It is

obvious from these results that along with the éase of the inhibitor concentration, the valued’ afecreases
gradually, i.e. the corrosion of steel was retardgdracilaria bursa-pastoris, or the inhibitionsvemhanced by the
inhibitor concentration. Indeed, the variation iw Bith concentration of inhibitor, presented in fig 3, showed
that the protection inhibition efficiency increasefth the increase of the inhibitor concentratidine maximum
Ew(%) of 98% was achieved at 1g/l after 6 h of imsran in 1 M HCI. Noticeably, when the concentratiof
Gracilaria bursa-pastoris was less than 0.5g/l,iitbreased sharply with an increase in concentrabaha further
raise inhibitor concentration caused no appreciabbnge in inhibitive performance. This behavion @ due to
the fact that the adsorption coverage of inhibitorsteel surface increases with the inhibitor cotre¢ion.

Table 1. Corrosion parameters obtained from weightoss measurements for carbon steel in 1 M HCI coritéing various concentrations
of Gracilaria bursa-pastoris at 308 K

Inhibitor Concentration \ . Ew

(g (mgcm”h) | (%)

1M HCI - 8.82 -

1 0.02 98

Gracilaria bursa-pastoris 0.5 0.06 93
0.25 0.09 89
0.125 0.10 88
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Figure 3. Relationship between corrosion rate andazrosion inhibition efficiency of mild steel in 1 M HCI and concentration of
Gracilaria bursa-pastoris

3.2. Electrochemical impedance spectroscopy (EIS).

EIS experiments were undertaken mainly, as an ewlggnt and complementary tool to determine cornosites in

a rapid and accurate way. Additionally, EIS allowedjain insight into kinetics of electrochemicabgesses and
the inhibition mode which occur at the mild steeM1HCI interface modified by the presence of Graigd bursa-

pastoris. Figure 4 shows impedance spectra as Blygldgts that were obtained for mild steel in thsence and

presence of different concentrations of Gracilatiesa-pastoris.

The corrosion inhibitive efficiency of compound 1185 (g/l) for mild steel electrodes in 1 M HCI wasamined
via electrochemical impedance spectroscopy analbt&ined Nyquist plots are shown in Figure 4. Thpadance
diagrams for blank (without inhibitor) and those fie- 0.125 feature a depressed semicircle (Fighréndicating
that the corrosion process was mainly controlledchgrge transfer and the presence of this compalichdhot
change the mechanism of mild steel dissolution@ H4, 15].
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Figure 4. Nyquist plots of mild steel in 1 M HCI wthout and with different concentrations of Gracilaria bursa-pastoris at 308 K
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Analysis of the Nyquist plots (Figure 4) showedegpissed capacitive loop which arises from the tiovestant of
the electrical double layer and charge transfastasce. This could be attributed to different pbgsphenomena
such as roughness and in homogeneities of the soifdces, impurities, grain boundaries and distidgin of the

surface active sites [16]. All the curves obtaiaed approximated by a single capacitive semicirsi®wing that
the corrosion process was mainly charge-transfetralbed [17]. The general shape of the curveseiy wimilar for

all concentrations; the shape is maintained througthe whole test period, indicating that almastchange in the
corrosion mechanism occurred either due to the irsiow time or to the inhibitor addition [18].

Table 2. Impedance elements derived from spectracorded for steel in 1 M HCI with varying concentraions of Gracilaria bursa-
pastoris at (308 + 1) K

Inhibitor Concentration Rt Rs (o E
(g/l) (Q.cn?) | (Q.cnf) | (uflecnd) | (%)
1M HCI - 14.57 1.37 200 --
1 683 1.88 58.25 | 97
Gracilaria bursa-pastoris 05 232 167 69.81| 94
0.25 227 1.71 77.18| 93
0.125 164 1.81 86.31| 91

From Table 2, it is observed that addition of intabincreases Rct values (14.57-@32m2) while decreases Cdl
values (200-86.31uf/cm2); which indicated reducfioicorrosion rate. Correspondingly, studied infuibshowed
good E(%) with similar trend and reached maximuratwdve 97% at concentration level of 1g/l.

Figure 5 show a typical set of impedance diagraors nild steel in 1 M HCI without and with various
concentrations of Gracilaria bursa-pastoris. Thejilst diagram in the absence of inhibitor showsy omhe
depressed capacitive loop at the higher frequeange (HF) with one capacitive time constant in Bogle-phase
plot (Figure 5). In this case, the standard Randiesiit model of Figure 6, which has been previpused [19],
fits well our experimental results. In this equas circuit, Rs is the solution resistance, Rctsere the charge
transfer resistance and CPE is the constant pHeseert. The constant phase element, CPE, is intestlin the
circuit instead of a pure double layer capacitooider to take into account the electrode surfasterbgeneity
resulting from surface roughness, impurities, diatmns, grain boundaries, adsorption of inhibitdosmation of
porous layers [20, 21] and therefore to give a more

accurate fit [22].
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Figure 5. Experimental data and best-fit results foimpedance spectra (plotted as Nyquist and Bodeiagrams) for steel in 1 M HCI
containing 1.0 g/l ofGracilaria bursa-pastoris
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Figure 6. Equivalent circuit used to fit the electochemical impedance data
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3.3. Potentiodynamic polarization study

Figure 7 displays the potentiodynamic polarizatomves of mild steel in 1 M HCI medium which weretained
before and after the introduction of various dosésGracilaria bursa-pastoris inhibitor. Various mamion
parameters viz., corrosion current density (icaroyrosion potential (Ecorr) and Tafel slope valg&) derived from
these figure are given in Table 3. The corrosiorrenu densities were estimated by Tafel extrapmtatf the
cathodic and anodic curves to the open circuitazion potential.

— HCI 1M

—1g/l

— 0.5¢g/I
0.25g/1
0.125g/1

Log I(mA /cm®)

-5‘00 -4‘00
E (mV / SCE)

T T T T T
-800 -700 -600 -300 -200

Figure 7. Tafel plots for mild steel in 1 M HCI medum in presence and absence @racilaria bursa-pastoris

Table 3: Polarization parameters for the mild steeln 1 M HCI containing different concentrations of Gracilaria bursa-pastoris

Inhibitor CO”?S/'I‘)"&“"” Eeor(MVISCE) | A';g';nz) pe | Pa (oi |
1M HCI - 464 1386 164] 13§ --
1 456 48 172| 74| 97
Gracilaria bursa-pastoris 0.5 456 50 140 67| 96
0.25 446 68 131 67| 95
0.125 437 128 190 72 91

From this table, it can be concluded that:

- The Icorr values decrease with increasing inhiltmcentration.

- The values of inhibition efficiency (E %) increasih inhibitor concentration reaching a maximunhuea(97%)
at1g/L.

- The Gracilaria bursa-pastoris inhibitor is a mikelibitor.

On the other hand, the excellent behaviour of Gaaai bursa-pastoris previously indicated in theiykeloss and
EIS measurements is confirmed. Figure 8 gives théition efficiency of Gracilaria bursa-pastoris aggressive
medium calculated by different methods.

98

96

94 /

E(%)

92 /

90

—&— Weight loss measurements

/ —8— Potentiodynamic polarization
88 b Electrochemical impedance spectroscopy
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
C(g/l)

Figure 8. Inhibition efficiency vsinhibitor concentrations calculated by different mehods
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3.4 Adsorption Isotherm

Because the corrosion of metals is associated aittegative change in the Gibbs free energy, anrptiso

isotherm must be calculated for the system in otdeobtain the adsorption free energyG(.q9 values; this
isotherm is very necessary for understanding thehar@sm of corrosion inhibition. In order to dosthithe

adsorption behavior must be known. It was assurhatthe adsorption of this inhibitor followed tharigmuir

adsorption isotherm. The Langmuir adsorption isothepresented in Eg. (5), is most often used toutale the

equilibrium constant (k9. The valued in Eq. (5) represents the degree of surface cgeeabtained from the
potentiodynamic data [23]. Figure 9 showsy@ vs. G,, and the straight line obtained f@racilaria bursa-

pastoris The values oAG°,qsare obtained using Eg. (6). The values of therdefgt are used to calculatgyK Table

4 shows the calculated values qf$andAG®,4e

c 1
E=T{+C (5)

AG®,4, = —RT.In(35.5.K) (6)

In general, for values afG°,4up to -20 kJ mal, the adsorption types were regarded as physisorpiihere the
inhibition occurs due to the electrostatic intei@ts between the charged molecules and the charggdl. For
AG°,4s Values of -40 kJ mdlor smaller were regarded as chemisorption, whictiuss to the charge sharing or a
transfer from the inhibitor molecules to the medafiface to form a covalent bond. Table 4 showed tha
calculated values of were in the range of -19.5mkl*. This suggested that ti@racilaria bursa-pastoriswere
adsorbed physically onto the mild steel surface P5).

1.0+

0.8

0.6 +

Cle

0.4

0.2

0.0 , ; . ; . ; . ; . ;
0.0 0.2 0.4 06 08 1.0
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Figure 9. Adsorption isotherms of Gracilaria bursapastoris on the mild steel surface in 1 M HCI

Table 4. Thermodynamics parameters adsorption of Gacilaria bursa-pastoris on the steel mild in HCl 1Mmedia

- AG®s | Linear coefficient

Inhibitor Kass | 13 mol? regression (r)

Gracilaria bursa-pastoris| 36.87 -19.51 0.994
CONCLUSION

From the principal result of the present work \ae conclude that:

v' The data obtained from the Tafel polarization carvelectrochemical impedance spectroscopy (EI$) an
Weight loss , approve th@racilaria bursa-pastorigs effective corrosion inhibitors for mils steelinrv HCI.

v' The Tafel polarization curves indicate that bd®nacilaria bursa-pastorisis mixed anodic-cathodic type
inhibitors.

v' The adsorption ofsracilaria bursa-pastorisfollowed the Langmuir adsorption isotherm, and #usorption
mechanism of inhibitor on mild steel surface frorl HCI occurred physically.
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