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ABSTRACT

The inhibition effect of alizarin red (AZR) on tberrosion of carbon steel in 2.0 M3PIO, solutions at 298K was
investigated by using electrochemical impedancetspgcopy EIS, potentiodynamic polarization andgheiloss
measurements. A significant decrease in the cmmosate of steel was observed in the presencewadstigated
alizarin red. Potentiodynamic polarization curvesvealed that this inhibitor acted as mixed-typeibitbr,
affecting both cathodic and anodic corrosion prasss The adsorption of the inhibitor on carbon Isseeface in
2.0 M HPO, was found to follow Langmuir adsorption isotherffhermodynamic adsorption parameters

o

(K,AG,,) of investigated inhibitor were calculated fronetinear form of Langmuir adsorption isotherm.
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INTRODUCTION

Carbon steel as an important construction matésiaxtensively used in all kinds of industry androsion of
carbon steel known to occur especially in acid emrnent such as cleaning, pickling, oil well adihtion and
descaling processes [1-5]. It is a major task tatrob the carbon steel corrosion for both corrossoientist and
material technologist. Several methods are emplagegrevent carbon steel from corrosion but additif

inhibitors has been known to be the most effecthathod for its practical application [6-9]. A largeimber of
studies about various types of organic inhibitasehbeen previously reported [10-32]. Organic mdks can form
a barrier through adsorption on the metal surfaceduce the corrosion of metal in acidic solu{i®8]. So most of
efficient inhibitors are organic compounds in th&nuctures containing heteroatoms (such as, En&0) donating
lone pair electrons, unsaturated bonds (such ableldaonds, or triple bonds), and plane conjugatestess
including all kinds of aromatic cycles [34-37]. Engrmore, organic inhibitor adsorption on metalfate is

influenced by organic inhibitor nature, surface rges on the metal, the type of aggressive soluting the
interaction of inhibitor with the metal surface.

Phosphoric acid shows strong corrosiveness onusramd ferrous alloys. There is a great need ttegrcteel
materials used in the phosphoric acid industry. elmv, several works [38-44] appears to have beee do the
corrosion inhibition of steel in phosphoric acidimns. Khamis et al. [43] investigated the coiosinhibition of
steel in 35% KPO, by some thiosemicarbazide derivatives. Their teglowed that the protection efficiency of all
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the compounds reached up to 99%. However, it has beported [45] that the inhibitors which are ubef
hydrochloric acid solutions are generally also @ffe in H;PO, solutions.

The goal of this work is to study the effectivenessl electrochemical behavior of alizarin red oa tlorrosion

behavior of the carbon steel in 2.0 MRD, solution by using standard electrochemical tealsgas polarization
curves, electrochemical impedance spectroscopy) (Bl weight loss measurements. The structurbeoélizarin

red that used in this study can be shown below:

Figure 1. The molecular structure of alizarin red.

MATERIALSAND METHODS

Materials

The steel used in this study is carbon steel (fanm: C35E carbon steel and US specification: SBB5) with a
chemical composition (in wt%) of 0.370 % C, 0.2308%0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011 %0T059
% Ni, 0.009 % Co, 0.160 % Cu and the remainder {f®). The carbon steel samples were pre-treaied torthe
experiments by grinding with emery paper SiC (1800 and 1200); rinsed with distilled water, degeeam
acetone in an ultrasonic bath immersion for 5 ravashed again with bidistilled water and then dr&édoom
temperature before use. The acids solution (2.0:MQy was prepared by dilution of an analytical reaggnaide
85% HPO, with double-distilled water. The concentration ramjAZR employed was IOM to 102 M.

M easurements

Weight loss measurements

Gravimetric measurements were carried out at deftime interval of 2 h at room temperature usamganalytical
balance (precision + 0.1 mg). The carbon steelispats used have a rectangular form (length = 1.6veidth =

1.6 cm, thickness = 0.07 cm). Gravimetric experitmemere carried out in a double glass cell equippét a

thermostated cooling condenser containing 80 mhooi-de-aerated test solution. After immersion pkrtbe steel
specimens were withdrawn, carefully rinsed withidtiled water, ultrasonic cleaning in acetoneedriat room
temperature and then weighted. Triplicate experimaevere performed in each case and the mean vdltiee o
weight loss was calculated.

Electrochemical measurements

Electrochemical experiments were conducted usingettance equipment (Tacussel-Radiometer PGZ 100) and
controlled with Tacussel corrosion analysis sofavanodel Voltamaster 4. A conventional three-elatdro
cylindrical Pyrex glass cell was used. The tempeeatvas thermostatically controlled. The workingatiode was
carbon steel with the surface area of 1°.ch saturated calomel electrode (SCE) was used mfeaence. All
potentials were given with reference to this eleaér The counter electrode was a platinum platudace area of

1 cnf. A saturated calomel electrode (SCE) was useHeareference; a platinum electrode was used asotineter-
electrode. All potentials are reported SCE. All electrochemical tests have been perfdrineaerated solutions at
298 K.

For polarization curves, the working electrode \wamersed in a test solution during 30 min untilt@agly state
open circuit potentialE,) was obtained. The polarization curve was recofdea -800 to -200 mV/SCE with a
scan rate of 1 mV & AC impedance measurements were carried-out ifrég@iency range of 100 kHz to 10 mHz,
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with 10 points per decade, at the rest potentfedr 80 min of acid immersion, by applying 10 mV\aidtage peak-
to-peak. Nyquist plots were made from these expamis1 The best semicircle was fit through the gaiats in the
Nyquist plot using a non-linear least square fiasdo give the intersections with thaxis.

RESULTSAND DISCUSSION

Tafel polarization

The anodic and cathodic polarization behavior abea steel in 2.0 M BHPQ, in the absence and presence of
different concentrations of AZR is given in Fig.The extrapolation method for the polarization esrwas applied
and the data for corrosion potentialf, corrosion current density.¢l), and Tafel slopes {pare shown in Table
1. The results in Fig. 2 and Table 1 illustratet tha the additive concentration increases thei shift in the
corrosion current density () to lower values relative to the blank. Meanwhilee corrosion potential (k) is
shifted to the noble direction values. The resintlicate that the additives provide an inhibitioffieet on the
corrosion of carbon steel electrodes in 2.0 WP, solutions and behave mainly as a mixed-type intibithe
values of l,, decreases with increasing inhibitor concentratow the Tafel slopes remain almost unchanged,
indicating that the presence of these compoundhénsblution has no effect on the mechanism of thsotiition
process of the metal and the adsorbed moleculehan@mally screen the coated part of the electrodktherefore
protect it from the action of the corrosion medi48, 47].

The reaction mechanism of the corrosion proce&0rM H;PO, solution free from inhibitor is different from that
in the presence of the inhibitor. From the inspectdf data given in Table 1, it is clear that ie fhresence of
inhibitor the value of bis greater than that in free acid solution. Thebdwvior could be due to the decrease of the
cathodic transfer coefficient, which can be asditethe thickening of the electric double layethwr formation of
multimolecular layers on the metal surface [48]eTpercentage inhibition efficiencyjrael (%), was calculated
using the following equation and is listed in Table

”Tafel% = I corr o_ I corr X 100 (1)

corr

where, |~ and |’ are the corrosion current density in absence amdepce of inhibitor, respectively. The

corr corr
corrosion current densities are calculated fromithersections of the cathodic curves with statfgnzorrosion
potentials (E,,). The obtainedjra (%) values (Table 1) reveal that the order ofhition efficiency increases with
increasing inhibitor concentration.
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Figure 2. Potentiodynamic polarisation curves of carbon steel in 2.0 M H3PO, in the presence of different concentrations of AZR.
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Table 1. Electrochemical parameters of carbon stedl at various concentrationsof AZR in 20 M H3PO,and corresponding inhibition

efficiency.

‘i Conc Ecorr Icorr ‘bc | Tafel
Inhibitor " VISCE) (uAler?)  (mvidec) (%)
Blank  2.00 506 2718 135 —

102 -492 173 145 93.6

AZR 10° -488 473 132 82.6

10° -499 950 146 65.0
10° -513 1240 143 54.4

Electrochemical impedance spectr oscopy measur ements

Impedance diagrams (Nyquist) at frequencies ran§img 100 kHz to 10 mHz with 10 mV amplitude sigral
OCP for carbon steel in 2.0 M3PIO, in the absence and presence of different condenisaof this compound are
obtained. The equivalent circuit that describes roetal/electrolyte interface is shown in Fig. 3 veh&, R and
CPE refer to solution resistance, charge transfgstance and constant phase element, respectively.

Rect

1 —
Rs

| S

Cdl
| |

Figure 3. Equivalent circuit of constant phase element (CPE).

EIS parameters and %p were calculated and tabulated in Table 2.

Table 2. Electrochemical |mpedance parametersfor corrosion of steel in acid medium at various contents of AZR.

i Conc Rct fmax Cdl i
Inhibitor "\ 0'and) (g (uF om®) (%)
Blank 2.00 20.68 148.50 51.82  --—---

10° 160.00 63.15 15.75 87.1
AZR 10° 90.26 97.32 18.11 77.0
10* 57.20 134.40 20.70 63.7
10° 40.60 156.20 25.09 48.3

The obtained Nyquist plot for this compound is shaw Fig. 4. Each spectrum is characterized bynglsifull
semicircle. The fact that impedance diagrams haveagproximately semicircular appearance shows that
corrosion of carbon steel is controlled by a chargasfer process. The diameters of the capadiiop obtained
increases in the presence of AZR, and were indieaif the degree of inhibition of the corrosion gess. It was
observed from the obtained EIS data that iRcreases and f decreases with the increasing of inhibitor
concentrations. The increase i Ralues, and consequently of inhibition efficienoyay be due to the gradual
replacement of water molecules by the adsorptiorthef inhibitor molecules on the metal surface tomfaan
adherent film on the metal surface and this sugdéstt the coverage of the metal surface by the diecreases the
double layer thickness. Also, this decrease gfdf the metal/solution interface with increasing tinhibitor
concentration can result from a decrease in logdédric constant which indicates that the intibivas adsorbed
on the surface at both anodic and cathodic sit8k [Bhe impedance data confirm the inhibition bebawf the
inhibitor obtained with other technique. From timpedance data (Table 2), we conclude that the vefug,
increases with increase in concentration of thébitdr and this indicates an increase in the caorosnhibition
efficiency, which is in concord with the potentiodymic polarisation results obtained. In acidic sohy the
impedance diagrams show perfect semi-circles @igvhose size increases with the concentratiomefihibitor
indicating a charge-transfer process mainly colitiglthe corrosion of steel. In fact, the presewnédnhibitor
enhances the value of the transfer resistanceidicaolution. Values of double layer capacitanoe @so brought
down to the maximum extent in the presence of itdiiland decrease in the values gf The decrease ingds due
to the adsorption of this compound on the metaiaserleading to the formation of a film from thdédic solution
[50].

Values of the double layer capacitancg)(@ere calculated from the frequency at which theedance imaginary
component (-%) was maximum, using the following equation:
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1
f(-Z,) :m )

% m; was calculated using the equation:

7 = Rct(inh) - Rl(uninh %100 3)
Rl(inh)

where Ryinnandreuninny@re the charge-transfer resistance values withwéthdut inhibitor, respectively.
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Figure 4. Nyquist diagramsfor carbon steel electrode with and without AZR at E.y after 30 min of immersion.

Weight loss, corrosion rates and inhibition efficiency
The corrosion of carbon steel in 2.0 MR, in the absence and presence of various concemsstld to 10° M) of
alizarin red was studied by weight loss experimeFie corrosion rate) and the percentage protection efficiengy
% were calculated according to the following equrai

U= w ©)
St

Wherev was the corrosion rate in (mg éni’), w is the average weight loss of three parallel cariteel sheets
(mg), Swas the total area of one carbon steel sheed) (@mdt was immersion time (h).

u,~U
)

0

N %= x100 4)

Whereun, ando are the values of corrosion rate without and witfecent concentration of inhibitor, respectively.

The values of inhibition efficiencies and corrosiates obtained from gravimetric measurements thithaddition

of different concentrations of AZR after 2 h immersin 2.0 M PO, solutions at 298K are summarized in Table
3. The addition of this compound inhibits the ac@rosion of steel at all concentrations used ia study. The
inhibition efficiency increases with the increase dgoncentration. The optimum concentration for nmaxin
efficiency was found to be TOM. At the optimum concentration, the efficiencytaits 90.0 % at 298K. The
corrosion inhibition can be attributed to the agsion of the inhibitor at the steel/acid solutionerface. The ability
of the molecule to chemisorb on the steel surfaas dependent on the heteroatoms and the electrmityden
these atoms [51]. The high inhibitive efficiencydige to the bonding of (adsorbed) AZR onto the heeiedace; the
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strong bonding is mainly attributed to higher alestdensities at active functional groups preserihé adsorbate
molecule.

Table 3. Effect of AZR concentration on corrosion data of steel in 2.0 M H3PO,.

Inhibitor  Conc v mwe 0
(M) (mgcm?®h?) (%)
Blank 20 10972

10°  0.197 90.0 0.900
AZR 10° 0.387 80.3 0.803
10°  0.590 70.0 0.700
10°  0.923 53.2 0.532

Adsor ption isotherm

Figure 5 shows a plot of €against C for the inhibitor at 298K in;PIO, medium, which gives straight lines with
almost unit slope indicating that the inhibitor gb¢he Langmuir adsorption isotherm. Accordinghis isothern®

is related to concentration of inhibitor C via

6
—Z_=KC 5
1-6 ©

where K is the equilibrium constant of the adsamptprocess. The values of surface covefagere evaluated by
mass loss measurements using the equation:

f=— (6)

A linear relationship is obtained with slope eqt@mlK which is related to the standard free enerfypdsorption

o

(AG,,,) by the equation:
1 -AG.
K= ex — 7
55.5 p( RT j .

where R is gas constant and T is absolute temperaifi experiment and the constant value of 55.5hés
concentration of water in solution in mof'L

The thermodynamic parameters for the adsorptionga®were obtained from this figure are shown inld'4.

Table 4. Thermodynamic parametersfor the adsor ption of AZR in 2.0 H3PO,4 on the carbon steel at 298K .

= AG,

K ads
-1
(M) (kd/mol)
AZR 1750357 009994 -34.16

Inhibitor

The value ofAG;dSis negative which indicate that these investiga@uipound is strongly adsorbed on the carbon
steel surface and show the spontaneity of the ptisorprocess and stability of the adsorbed layethe carbon
steel surface. Generally, vaIuesAG;ds up to -20 kJ mot are consistent with the electrostatic interactietween

the charged molecules and the charged metal (@yaitsorption) while those more negative than -dQviol*
involve sharing or transfer of electrons from thkibitor molecules to the metal surface to fornoardinate type of

bond (chemisorption) [52]. The value d‘fG;dSobtained was approximately equal to -34 kJ hatdicating that

the adsorption mechanism of the AZR on carbon $te2l0 PO, solution involves both electrostatic adsorption
and chemisorptions [53]. The large value of K imphtter more efficient adsorption and hence bettiibition
efficiency [54].
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Figure 5. Langmuir adsor ption of AZR on the carbon steel surfacein 2.0 HsPO, solution.

CONCLUSION

On the basis of the collected data, the followingausions may be drawn:

» AZR could acts as an effective corrosion inhibftorthe phosphoric acid corrosion of carbon steel.

» AZR is classified as a mixed-type inhibitor withegominant anodic character.

» The decrease infvalues, obtained from impedance measurementstelatsd to the decrease of local dielectric
constant §) or increase of thickness of electrical doubleetagiue to the formation of a protective layer bg th
adsorption of inhibitor molecules on the carboreksarface.

» The adsorption of AZR on the surface of steel olikgd_angmuir adsorption isotherm.
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