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ABSTRACT

The corrosion rates in the presence of Hexa Prapyl&lycol Cyclotriphosphazene (HPGCP) ascarbonlstee
corrosion inhibitor in 3 % NaCl has been investigghin temperature ranging from 298 to 328 K usireight loss
measurements and electrochemical polarisation. ifilnébition efficiency of HPGCP decreases with thiserof
temperature. HPGCP is adsorbed on the steel surfaosording to Langmuir isotherm model. Both kinetic
parameters (activation energy, enthalpy of actmatand entropy of activation) and thermodynamicadsforption
(enthalpy of adsorption, entropy of adsorption a@ibbs free energy) were calculated and discussdw T
fundamental thermodynamic functions were used tmimbimportant information about HPGCP inhibitory
behavior.

Key words: Cyclotriphosphazene, carbon steel, 3 % NaCl, tdigss, electrochemical polarisation and Langmuir
isotherm model.

INTRODUCTION

Carbon steel is among the most widely used engimganaterials such as metal processing equipmeatinm
applications, nuclear and fossil fuel power plarntansportation, chemical processing, pipelinesnimgi and
construction, where they are deployed in variousise environments containing, acids, alkalis aalf solutions
[1-4].

Therefore, the protection of steel from corros®amn important topic among the researchers dus wide range of
industrial applications [5]. The use of inhibitassan important method of protecting materials agiaileterioration
due to corrosion [6].

Most of the corrosion inhibitors are heterocycliompounds containing heteroatoms such as oxygen,
nitrogen,sulphur, phosphorous, unsaturated bongaae conjugated systems [7-10]. The inhibitorycacof these
compounds is usuallyattributed to their adsorptiteraction with the metal surface [11-14]. A bandy be formed
between electron pairs and/or electron cloud ofdbeor atoms of the inhibitors and the metal s@fabereby
reducing the corrosive attack in environments dairtg, acids, alkalis and salt solutions.The stgbibf the
adsorbed inhibitor film on the metal surface deseml some physico-chemical properties of the méde@lated to
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their functional groups, aromaticity, the possiieric effects, electronic density of donor atotgpe of corrosive
environment and the nature of the interaction betwber orbital of the inhibitors and the‘d’ orbital ofoin [15].
The objective of the present work is to study thermodynamic and the kinetic characterisation ebaa steel
corrosion in 3% NacCl in the range of temperatucenfr298 to 308 K at different concentrations, in phhesence of
hexa propylene glycol cyclotriphosphazene denotw@dfter HPGCP[16-19]. Various thermodynamic anmetkt
parameters for inhibitor adsorption on carbon steeface were estimated and discussed.

MATERIALS AND METHODS

Materials

Carbon steel strips containing C 0.11 wt.%, Si 246, Mn 0.47 wt.%, Cr 0.12 wt.%, Mo 0.02 wt.%, ONiL wt.%,

Al 0.03 wt.%, Cu 0.14, Co <0.0012 wt.%, V <0.003%t W 0.06 wt.% and the remainder iron were used fo
gravimetric studies and potentiodynamic polarizatiseasurements. Prior to all measurements, arelednaith a
series of emery paper from 400 to 1200 grade. Tgezisiens are washed thoroughly with bidistilled ewat
degreased and dried with ethanol.The neutral soluif 3% NaCl as a corrosive solution. We prepd@d ml of
3% NaCl, namely 3g of NaCl, which are dissolved @®ml of distilled water.The chemical structurettoé studied
compound is presented in figure 1.
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Figure 1. Structure of hexa propylene glycol cycleiphosphazene(HPGCP)

Gravimetric measurements

The carbon steel sheets of 5 cm x1 cm x0.2 cm aler@ded with different emery papers (grade from #40800),
washed with double distilled water, rinsed with agtbl and then dried at room temperature. After hieig
accurately, the specimens were immersed in beat@ntained 100 ml of 3% NaCl solution with different
concentrations of the tested inhibitor for 48 waious temperatures (298-328 K).

After the specimens were taken out, washed, daed,weighed accurately. In order to obtain goodasycibility,
experiments were carried out in triplicate.

The corrosion rateW.,,,), surface coverag®) and inhibition efficiency K, %) were calculated from the following
Egs. (1)-(3) [20-21] :

Wiy e o Wi 1

corr‘T ( )

g = WoWi o
Wo

Wo-W;
E, = \(/)Vo 'x100 (3)

where W, and W are the weight loss values in absence and presénckibitor, respectively, S is the total area pe
cnt and t is the immersion time in h.
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Potentiodynamic polarization measurements

The electrochemical behaviour of carbon steel sanmpinhibited and uninhibited solution was studigdrecording
anodic and cathodic potentiodynamic polarizatiorves. Measurements were performed in the 3% NalGtisn
containing different concentrations of the testelibitor by changing the electrode potential auttcadly from -
1200 to 300 mV/Ag/AgCl versus corrosion potengiah scan rate of 1 mV*sThe linear Tafel segments of anodic
and cathodic curves were extrapolated to corropmtential to obtain corrosion current densitigg,. From the
polarization curves obtained, the corrosion cur(ggt) was calculated by curve fitting using the equat(ié) :

i =1ig+i.=lcor -{exp[bg X (E — Ecory)] — explb; . (E — Ecor)1} 4)

b. andby are respectively the Tafel constant of anodic eattiodic reactions (Y. These constants are related to the
Tafel slopes (V dec?) in usual logarithmic scale by:

_In(10)  2.303
~ b b )

The inhibition efficiency was evaluated from theawered.,,, values using the relationship:

igorr - icorr
=2 % 100 (6)
Leorr

wherd?,,.andi.,,, are the corrosion current density in absence a@skepce of inhibitor, respectively.
RESULTS AND DISCUSSION

Effect of temperature

Gravimetric measurements

The influence of temperature on the corrosion bihavof steel/ 3% NaCl in the presence and absefdbe
HPGCP at various concentrations is investigated/éght-loss trend in the temperature rang 298-388Hng 24h
of immersion.

Table 1 collects the values of corrosion rate ofdnsteel at different concentrations of HPGCP deieed by
weight loss measurements at various temperatuBs328 K) as well as the corresponding inhibitidficencies
and surface coverage.

Table 1. Influence of temperature on the corrosiomate and inhibition efficiency of carbon steel in 36 NaCl at different concentrations
of HPGCP

Concentration© W eorr E.% 2]
(M) (mglcntht)
298 K
Blank 00 3 - -
10° 0.23 92 | 0.92
10° 0.22 93 | 0.93
HPGCP 10* 0.17 94 | 0.94
10° 0.12 96 | 0.96
308 K
Blank 00 5.51 - -
10° 0.78 86 | 0.86
10° 0.67 88 | 0.88
HPGCP 10* 0.52 90 | 0.90
10° 0.41 92 | 0.92
318 K
Blank 00 8.89 - -
10° 1.93 78 | 0.78
10° 1.76 80 | 0.80
HPGCP 10* 1.58 82 | 0.82
10° 1.31 85 | 0.85
328 K
Blank 00 11.45 - -
10° 2.88 75 | 0.75
10° 2.53 78 | 0.78
HPGCP 10* 2.28 80 | 0.80
10° 2.05 82 | 0.82

286
www.scholarsresearchlibrary.com



M. El Gouri et al Der Pharma Chemica, 2015, 7 (4):284-293

The evolution of corrosion rate and inhibition eiiincy with temperature for carbon steel in 3% NaldHPGCP at
different concentrations is shown in figure2.
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Figure 2. Variation of corrosion rate and inhibition efficiency with temperature for carbon steel in 86 NaCl at different concentrations
of HPGCP.

The results indicate that for a given temperatthe, corrosion rate of steel decreased with incngasihibitor
concentration. The values of inhibition efficiermiytained from the weight loss for different inhdsiconcentrations
and at various temperatures in 3% NacCl are givaabte 1 and figure 2.

Is clear that inhibition efficiency increased withcrease in inhibitor concentration. The maximunmugaof
inhibition efficiency €,%) obtained for 18M of HPGCP is 96 % at 298 K. It shows that inhiitiefficiency
decreased at higher temperatures. This behaviaraited desorption of inhibitor molecule [22].

300 305 340 345 320 3325 330 335 340
1000 / T(K )

Figure 3. Arrhenius plots of carbon steel in 3% NaCat different concentrations of HPGCP.

Kinetic parameters of activation corrosion process

The adsorption process was well elucidated by uaitigermodynamic model.A kinetic model was anotissful

tool to explain the mechanism of corrosion inhdoitifor the inhibitor. To calculate kinetic and thmdynamic
activation parameters at different concentraticndPGCP such as activation enefigy entropyAS* and enthalpy
AH* of activation, Arrhenius Eq. (7) and its altetiva formulation called transition state Eq. (8% aised :
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Weor =Aexp (=2 ) (7)

w _RT AS* ( AH*) g
corr — hN exp ( R )exp RT ( )
wheree, represents the apparent activation energy, Reisitiiversal gas constaritjs the absolute temperaturés
Plank's constanl\ is Avogadro's number, amdis the pre-exponential factor.

The activation energ¥.s calculated from the slope of the plots of LW.{,)vs. 1/T(Figure. 3). Plots ofLn
(Weord T)vs. 1/T give straight lines with slopes Mfi*/Rand intercepts of (Ln(R/Nh)AS*/R) as shown in figure 4.
From equation 8, the values difi* andAS* can be calculated.

Ln(W_/T) |,’_111;=:>,|:111'I nti! )

I I
3.00 3.05 3,10 315 3.20 325 3,30 3,35 3.40

1000/ T (K)

Figure 4. The relationship between Ln\WV/T) and 1/T for carboon steel at different concentations of HPGCP.

The calculated parameters at different concentratad the inhibitor are collected in Table 2. Tle#i\ation energy
E, increase in the presence of HPGCP. Generallyjnthibitive additives cause a rise in activation rgiyevalue
when compared to the blank solution. The changbeefalues of the apparent activation energieseanterpreted
as an indication of adsorptive film formation bplaysical (electrostatic) mechanism [23].

Table 2.Values of activation thermodynamic parametes for carbon steel dissolution in 3% NaCl in the dsence and presence of different
concentrations of HPGCP.

Concentration Ea AH" AS
C(M) (kJ/mol) | (kJ/mol) | (J.mol™ K™
00 35.82 39.22 -66.06
10° 64.32 66.73 -31.83
10° 67.64 70.22 16.95
10* 70.63 72.21 31.16
10° 78.95 81.52 49.53

The kinetic data obtained in Table 2 show that palameters of corrosion process increases with HPGC
concentration. The positive value of the enthalfy is an endothermic nature of the carbon steel hlifen
process [24], while the increase of the entropgaiivation4S eveals that an increase in disordering takes place
going from reactant to the activated complex [ZHjis behavior can be explained as a result of épacement
process of water molecules during adsorption of BP®n steel surface.
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Adsorption isotherm and thermodynamic parameters

The adsorption isotherms can give valuable infolmnabn the interaction of inhibitor and metal sedaSo, it is
essential to know the mode of adsorption and theoradion isotherm.According to this isotherm, theface
coverage @) is related to inhibitor concentratio@;(,) by [16]:

Langmuir isotherm

10 =KagLCinn (9)

0
1-
Rearranging Eq. 9 gives:
% 1
0

whereK,g4sis the equilibrium constant of the inhibitor adsarp processCi, is the inhibitor concentration arg@lis
the surface coverage. This model for Langmuir'sogatson isotherm has been used extensively initeetures for
various metal/inhibitor/alkaline chloride solutisgstems [26-29].

For obtaining the best description of adsorptiohawior of the inhibitor, all of the above adsorptisotherms were
tested. The plot of;,, / 8 versusCinyielded a straight line with a slope near to 1 aadelation coefficient 0.999,
as shown in Figure 5.

The K,gs values can be calculated from the intercept limesheC,,;, / #-axis. This is related to the standard free
energy of adsorptiomG,4) With the following equation 10:

AG,ys = —RTLn (55.5 Ky45) (10)

where the value of 55.5 is the molar concentratibwater in solutionmol/df R is the universal gas constant, and
T is the absolute temperature.
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Figure 5. The relationship betweerC;, / éand Ci,» of HPGCP at various temperatures.

Table 3. Thermodynamic parameters of adsorption oHPGCP on the carbon steel surface at different tengratures.

TK) | K10 | AG4
(L/mol) | (kJ/mol)

298 1.18 -44.57
308 1.02 -45.69
318 0.86 -46.72
328 0.59 -47.17

The values ofK.4s indicate that the inhibitor molecule possessesngtradsorption ability onto the carbon steel

surface [30].Generally, values of a6,y up to -20 kJ mot are consistent with physisorption, while thoseuacb-
40 kJ mot* or higher are associated with chemisorption bexafishe sharing or transfer of electrons from aiga

molecules to the metal surface to form a coorditeted [31].The large values afG,4 and its negative sign is
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usually characteristic of strong interaction on tiagbon steel surface, suggesting electrons sharitigansferring
between HPGCP molecule and carbon steel surface-oydinate type of bonds [32].

Potentiodynamic polarization measurements
In order to confirm the results extracted from wi¢pss test and to acquire more information almstosion
mechanisms,using potentiodynamic polarization cairve

The effect of temperature on the various corrogi@arameterS.q, l.or andzn (%) was studied in 3% NacCl at
temperature range 298-328 K in the presence 8fM®f HPGCP (Figure 6). Variation of temperatures laémost
no effect on the general shape of the polarizationes. The results were listed in Table 4

I (mA / cm?)

1x10*

1x10° 4

10°

10° — ; ;
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

E (V/Ag/AgCl)
Figure 6. Potentiodynamic polarisation curves of adon steel in 3% NaCl in the presence of 1t of HPGCP at different temperatures.

Table 4. The influence of temperature on the eleatichemical parameters for carbon steel electrode imensed in 3% NaCl and 3% NacCl
+10° M of HPGCP.

T (K) Ecorr Icorrxloﬁ n
mV/Ag/AgCl (Alcm?) %
Blank | 10°Mof | Blank | 10°Mof | -
HPGCP HPGCP
298 -559 -320 280 3 99
308 -568 -415 345 23.4
318 -653 -486 556 85.8 85
328 -677 - 492 706 137.5 80

An inspection of Table 4 shown that, as the tentpegancreased, the valuesf,, shift in the negative direction,
while the values of,,, increase ang (%) decrease. This behaviour reflects physicabaudi®on of HPGCP on the
steel surface [33].

Kinetic parameters of activation corrosion process

Effect of temperature on the corrosion parametarbeadeduced by comparing the activation enerdlieérpresence
and absence of the inhibitor.In order to calcuthgactivation energy of the corrosion processiamestigation of
the mechanism of inhibition, polarization measuretaevas carried out at various temperatures. Thertence of
the corrosion rate on temperature can be exprdgstte Arrhenius equation (11)[34-37] :

. Ea
Icorr=A exp ( ’R_T ) (11)

whereig, is corrosion current, A is the constaht,is the activation energy of the metal dissolutieaction, R is
the gas constant and T is the temperature. Arrkgrints for the corrosion rate of carbon steel vggven in Figure
7. Value ofE, for carbon steel in 3% NaCl and presence of thismpn concentration IOM of the inhibitor were
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estimated by calculating the slope of Lip,§ vs. 1/T. Moreover, the Arrhenius equation cancbeverted an
alternative equation as follow [38]:

RT

. AS,
leorr = m exp (T)exp (_

where N is Avogadro’s constant, h is the Plank'sstant,4S, is the entropy of activation antH,is the enthalpy of
activation (Figure 8). A plot of Ln'EO"/T) against 1/T should give a straight line with apsl of (AHa/T)and

intercept of[Ln(R/Nh)+ (Asa/R)], E., 4H, and4S, were calculated and tabulated in Table 5.
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Figure 7. The relationship between Lni¢,r)and 1/T for carbon steel in 3% NacCl in the absencand presence of HPGCP.
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Figure 8. Transition state plots for carbon steelri 3% NaCl in the absence and presence of ¥ concentration of HPGCP.
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Table 5. The influence of temperature on the eleadchemical parameters for carbon steel in 3% NaCl ath 10°M of HPGCP.

Ea AH, A4S,

(kJ/mol) | (kI/mol) | (J.mol* K™

Blank 26.38 23.80 -118.42
10° M of HPGCP | 79.52 76.44 26.26

Inspection of Table 5 shows that values of bBtland4H, obtained in presence of HPGCP are higher tharethos
obtained in the inhibitor-free solutions.There twe possibilities : in the first cas&{ inw>Ea, nac) the inhibitor is
adsorbed on the most active adsorption sites (galdmvest energy) and the corrosion process takasepl
predominantly on the active sites of higher enehgyhe second cas&y{ in< Ea nac), i-€. @ smaller number of more
active sites remain uncovered which take part i trrosion process.This observation further supptirte
proposed physical mechanism [39].

On the other hand, the positive valuedsf, reflects the endothermic nature of the carbonl slissolution process
[40], while the increase ofS, reveals that an increase in disordering takeseptat going from reactant to the
activated complex [41]. This behavior can be exm@dias a result of the replacement process of watdzcules
during adsorption of HPGCP on steel surface.

CONCLUSION

The following conclusions may be drawn from thedgtu

1) Results obtained qualified that HPGCP tested isficient inhibitor.

2) Data obtained from gravimetric measurements amgowd agreement with those of the polarization tase
method.

3) Increase of temperature leads in a decrease ofezftiy and an increase of theactivation corrosimngy.

4) The adsorption of HPGCP on the carbon steel sufface 3 % NaCl obeys a Langmuir adsorption isotherm

5) Taking into account the increase of activation gndor the kinetic process of iron dissolution ahd values of
Gibbs free energy and heat energy for thermodynamicess of HPGCP adsorption on carbon steel syriae
authors believe that the adsorption mechanism @&EIP physisorption.
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