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Abstract

The corrosion inhibition properties of piroxicamRR) for mild steel corrosion in HCI solution weraalysed by
electrochemical impedance spectroscopy (EIS), pioynamic polarization and gravimetric methodsys$ital
adsorption is proposed for the inhibition and thecpss followed the Langmuir adsorption isotherrhe T
mechanism of adsorption inhibition and type of apgton isotherm were proposed from the trend ofhition

(4]

efficiency with temperaturels, and AG;. Potentiodynamic polarization study clearly reeeathat piroxicam

acted as mixed type inhibitor. The experimentahdatowed a frequency distribution and thereforeodatting
element with frequency dispersion behaviour, a @mgphase element (CPE) has been used.
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1. Introduction

Mild steel is widely applied as the constructiomahterial in many industries due to its excellentchamical
properties and low cost. The main problem of apgyinild steel is its dissolution in acidic solutsorRecently,
the inhibition of mild steel corrosion in acid stiuns by different types of organic inhibitors Haeen extensively
studied [1-4].

The use of inhibitors is the most economical aratiical methods of reducing corrosive attack onafset
[5-7]. During the past decade, the inhibition ofdrsteel corrosion in acid solutions by variousetyf organic
inhibitors has attracted much attention [8, 9]. fEhis a continuing effort to find a corrosion initdy that exhibits
a greater effect with a smaller quantity in thergsion medium. This is a challenging problem ingteel industry
because corrosion over mild steel surfaces afteotg term industrial projects. The performancehs torrosion
inhibitors based on organic compounds containifigpgén, sulphur and oxygen atoms shows promisiagltse
The inhibitors influence the kinetics of the electiemical reactions which constitute the corrogiomcess and
thereby modify the metal dissolution in acids. Exesting data show that most organic inhibitorstacadsorption
on the metal surface. They change the structutieeoélectrical double layer by adsorption on théaingurface

This article reported our attempt to use electrothal impedance spectroscopy (EIS), potentiodynamic
polarization and weight loss method to investightenature of adsorption of piroxicam on the milee$ surface.
The structure of piroxicam is shown in Figure 1.

OH 0 =
X N \N
H
N
/s< ek,
O/ \o

Figure 1 Structure of Piroxicam molecule
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2. Experimental

2.1 Inhibitor

The studied compound piroxicam, a non-steroidaliafitammatory drug, is available under the brarude
feldene.Stock solution of piroxicam was made in 10:1 ratater: ethanol mixture to ensure solubility. Thisck
solution was used for all experimental purposes.

2.2 Corrosion measurements

Prior to all measurements, the mild steel specimesgang composition (wt %) C = 0.17, Mn= 0.463).26, S =
0.017, P = 0.019 and balance Fe, were abradedssively with emery papers from 600 to 1200 grade T
specimen were washed thoroughly with double déstilvater, degreased with acetone and finally dridubt air
blower. After drying, the specimen were placedeasidcator and then used for experiment. The aggeess
solution 1 M HCI was prepared by dilution of anaist grade HCI with double distilled water and etpberiments
were carried out in unstirred solutions. The regtdar specimens with dimension 2.5 x 2.0 x 0.025@Te used
in weight loss experiments and of size 1.0 cm xcinQlexposed) with a 7.5 cm long stem (isolatedh wit
commercially available lacquer) were used for etamttemical measurements.

2.3 Electrochemical impedance spectroscopy
The EIS tests were performed at 303 +1 K in a tlefeetrode assembly. A saturated calomel electnaeused as
the reference; a 1 éplatinum foil was used as counter electrode. Ateptals are reported vs. SCE.
Electrochemical impedance spectroscopy measurer(iei8swere performed using a Gamry instrument
Potentiostat/Galvanostat with a Gamry frameworkesysbased on ESA 400 in a frequency range of 1062200
0.01 Hz under potentiodynamic conditions, with atagle of 10 mV peak-to-peak, using AC signakEay;.
Gamry applications include software DC105 for ceima and EIS300 for EIS measurements, and Echertygtna
version 5.50 software packages for data fittinge €kRperiments were measured after 30 min. of imioreis the
testing solution (no deaeration, no stirring). TWarking electrode was prepared from a square sifestld steel
such that the area exposed to solution was“ cm

The charge transfer resistance values were obt&ioedthe diameter of the semi circles of the Nggui
plots. The inhibition efficiency of the inhibitorag calculated from the charge transfer resistaakees using the
following Eqn.

E% =LR(°)‘X1OO @)
t

where F{St and F{t are the charge transfer resistance in absencmgmdsence of inhibitor, respectively.

2.4 Potentiodynamic polarization
The electrochemical behaviour of mild steel samiplenhibited and non-inhibited solution was studiby
recording anodic and cathodic potentiodynamic fddion curves. Measurements were performed il theHCI
solution containing different concentrations of tiested inhibitors by changing the electrode pddent
automatically from -250 to +250 mV vs. corrosiorteutial at a scan rate of 1 mV:.sThe linear Tafel segments of
anodic and cathodic curves were extrapolated tmsimn potential to obtain corrosion current deesif ;).
The inhibition efficiency was evaluated from theawrered ., values using the relationship:
0 i
E% e Icorr 5 | corr xloo (2)

corr

0 i . o e e .
where, | .. and | . are the corrosion current density in absence aeskpce of inhibitor, respectively.

2.5 Linear polarization measurement

The corrosion behaviour was studied with polaraatiesistance measuremerfgs) (n 1 M HCI solution with and

without different concentrations of studied inhilbg. The linear polarization study was carried foorn cathodic

potential of -20 mV vs. OCP to an anodic potertiiat 20 mV vs. OCP at a scan rate 0.125 m\isstudy the

polarization resistancdzfyand the polarization resistance was evaluated thmrslope of curve in the vicinity of
corrosion potential. From the evaluated polarizatiesistance value, the inhibition efficiency watcalated using

the relationship:

E%=ﬂxloo 3)

where, R? and R'J are the polarization resistance in absence ane@pecesof inhibitor, respectively.

102



J. Mater. Environ. &ci. 1 (2) (2010) 101-110 Snghetal.

2.6 Weight loss measurements

Weight loss measurements were performed on redanguid steel samples having size 2.5 x 2.0 x 5.6@ by
immersing the mild steel coupons into acid solut{@@0 mL) without and with different concentration
isoniazid derivatives. After the elapsed time, $hecimen were taken out, washed, dried and weigbedrately.
All the tests were conducted in aerated 1 M HCI.tAé experiments were performed in triplicate aveérage

values were reported. From the evaluated weigls, lite surface coveragé) (and inhibition efficiency E%)
was calculated using:

6= % @
0
E% = M (5)
Wo

where 0 is surface coveragdl, is weight loss in free acid solution ai'g is weight loss in acid solution in
presence of inhibitor, respectively.

3. Results and Discussion

3.1Electrochemical impedance spectroscopy

The corrosion behaviour of mild steel in 1 M HClahsence and presence of piroxicam were investigateElS
after immersion for 30 min at 303 + 1 K. Nyquisb{s of mild steel in uninhibited and inhibited aaidlutions
containing 200 ppm concentrations of piroxicam gresented in Figure 2a. EIS spectra obtained dsnsisone
depressed capacitive loop (one time constant ineBidthse plot). The increased diameter of capacitioe
obtained in 1 M HCI in presence of piroxicam indézh the inhibition of corrosion of mild steel. Tlnggh
frequency capacitive loop may be attributed todharge transfer reaction.
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Figure 2 (a) Nyquist plots in absence and presesfc200 ppm concentration of piroxicam and (b) The
electrochemical equivalent circuit used to fit tilepedance measurements that include a solution
resistanceRs), a constant phase eleme@PE) and a polarization resistance or charge trar{Sfgr
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Corrosion kinetic parameters derived from EIS meawents and inhibition efficiencies are given in
Table 1. Double layer capacitand®yf and charge transfer resistanBg)(were obtained from EIS measurements
as described elsewhere [10]. It is apparent froinlél & that the impedance of the inhibited systemliied with
the inhibitor theCy values decreased with inhibitor. This decreasgyjmesults from a decrease in local dielectric
constant and/or an increase in the thickness ofitluble layer, suggested that inhibitor molecutdshiit the iron
corrosion by adsorption at the metal/acid interfddd. The depression in Nyquist semicircles igatfire for solid
electrodes and often referred to as frequency diggeand attributed to the roughness and otheynmdgenities
of the solid electrode [12]. In this behaviour ofid electrodes, the parallel network: charge tlangesistance-
double layer capacitance is established where aibifar is present. For the description of a frayme
independent phase shift between an applied ac tatand its current response, a constant phaseeele(CPE) is
used which is defined in impedance representagdn &qgn. (6)

ZCPE :Yo ' ('w) " (6)

where,Y, is the CPE constang is the angular frequency (in rad)si’ = -1 is the imaginary number ands a
CPE exponent which can be used as a gauge of temgeneity or roughness of the surface [13]. Ddjmgnon
the value oh, CPE can represent resistance (n ¥,G& R), capacitance (n = ¥y = C), inductance (n =-¥,=1L)
or Warburg impedance (n = 0%, = W).

Figure 2bshowed the electrical equivalent circuit employedhalyse the impedance spectra. Excellent
fit with this model was obtained for all experimandata.

The electrochemical parameters, includRgR., Yo andn, obtained from fitting the recorded EIS data
using the electrochemical circuit of Figure 3 aisted in Table 1.Cy values derived from CPE parameters
according to Eqgn. (7) are listed in Table 1:

C:dl = (YO'RCt _n)lln

Table 1. Impedance parameters and inhibition efficiencyigalfor mild steel after 30 min immersion period.in
M HCI in absence and presence of 200 ppm of pieoric

@)

I nhibitor Conc. (ppm) R, (Q cm?) R (Q cm?) Ca (F cm? E%
Piroxicam - 1.07 11 66 -
200 0.82 324 37 97

3.2 Potentiodynamic polarization measurements

Polarization measurements were carried out in dadgain knowledge concerning the kinetics of tathodic and
anodic reactions. Figurg presented the results of the effect of piroxicamtle cathodic and anodic polarization
curves of mild steel in 1 M HCI, respectively. &uid be observed that both the cathodic and arredictions were
suppressed with the addition of piroxicam, whichgested that the piroxicam reduced anodic dissoiwnd also
retarded the hydrogen evolution reaction. Electeotical corrosion kinetics parameters, i.e. cormogotential
(Econ), cathodic and anodic Tafel slopels, (b, ) and corrosion current density.f) obtained from the
extrapolation of the polarization curves, were giire Table 2.

Table 2. Potentiodynamic polarization parameters for mitkkin absence and presence of 200 ppm piroxioam i
1 M HCI

Inhibitor Conc. Tafel data Linear polarization
(ppm) data
Ecor(MV lcorr (LA ba(MV | be(mV | E% R, (@ E%
vs. SCE) cm?) dech) dec!) cn?)
Piroxicam | - -471 1050 95 173 - 17.2 -
200 -468 84 96 182 92 324 97

The parallel cathodic Tafel curves in Figures@ggested that the hydrogen evolution is activation
controlled and the reduction mechanism is not &bty the presence of the inhibitor. The regiotwken linear
part of cathodic and anodic branch of polarizatiomves becomes wider as the inhibitor is addechéoacid
solution. Similar results were found in the litenat [14]. The values ob, changed with increasing inhibitor
concentration, indicated the influence of the commts on the kinetics of hydrogen evolution.

Due to the presence of some active sites, suchoasatic rings, hetero-atoms in the studied compound
for making adsorption, they may act as adsorptiohibitors. Being absorbed on the metal surfacesehe
compounds controlled the anodic and cathodic reastiduring corrosion process, and then their cammos
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inhibition efficiencies are directly proportiona the amount of adsorbed inhibitor. The functiogedups and
structure of the inhibitor play important roles idgrthe adsorption process. On the other handleatren transfer
takes place during adsorption of the neutral oganmpounds at metal surface [15]. As it can ba §ean Table
2, the studied inhibitor reduced both anodic artiazdic currents with a slight shift in corrosiontgatial (3 mV).
According to Ferreira and others [16, 17], if thieptecement in corrosion potential is more than 85with
respect to corrosion potential of the blank sohtithe inhibitor can be seen as a cathodic or antyge. In the
present study, the displacement was 3 mV whichcatdd that the studied inhibitor is mixed-type bitar. The
results obtained from Tafel polarization showeddjagreement with the results obtained from EIS.

=200.0 mV

1= Blank
2=200 ppm

-400.0 mV

Ecorr (mY vs SCE)

S500.0mV -

-B00.0'mV
100.0 nA 1.000 pA 10.00 pA 100.0 pa 1.000 mA 10,00 ma 100.0 mA

lcarr ()

Figure 3 Typical polarization curves for corrosifimmild steel in 1 M HCI in the absence and presearic200
ppm concentration of piroxicam

3.3. Linear polarization resistance
Polarization resistance values were determined fh@slope of the potential-current lines,

dE
=A— 8
R, dl ®

whereA is surface area of electrodd; i change in potential and id change in current. The inhibition

efficiencies and polarization resistance parametegpresented in Table 2. The results obtainad frafel
polarization and EIS showed good agreement withidlelts obtained from linear polarization resis&an
3.6 Weight loss measurement

3.6.1 Effect of inhibitor concentration

Figure 4a showed the trend of inhibition efficie@xbbtained from weight loss measurements forréifife
concentrations of piroxicam in 1 M H@&lter 3 h immersion at 308 K. It followed from thigure 9a that the
inhibition efficiency increased with increase itilpitor concentration. This trend may result frdme fact that
adsorption and surface coverage increased withntinease in piroxicam concentration.

3.6.2 Effect of immersion time

The effect of increasing time on the efficiencyp@bxicam is shown in Figure 4b. At 200 ppm, inGieg
immersion time resulted in increase in efficienpyau4 h but thereafter decrease in inhibition éficy. The
decrease in inhibition efficiency can be attributedesorption of inhibitor from mild steel surface

3.6.4 Effect of temperature

The effect of temperature on the performance ofrthiitor at a concentration of 200 ppm for mitéed in 1 M
HCI at 308, 318, 328 and 338 K was studied usinghitdoss measurements as shown in Figure 4c. dhresion
rate increased with increasing temperature boffemand inhibited acid. It could be seen thatpgam had good
inhibition efficiency (E%) against corrosion of mild steel in HCI solutidiit, decreased with increasing
temperature, which suggested that corrosion irbibibf mild steel by piroxicam caused by the adgsorpof
inhibitor molecule while higher temperatures caubeddesorption of piroxicam from the mild steeffage [5].
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3.7 Adsorption isotherm

Adsorption depends mainly on the charge and naifitke metal surface, electronic characteristicthef metal
surface, adsorption of solvent and other ionic gse¢emperature of corrosion reaction and on kbetr@chemical
potential at solution-interface. Adsorption of ibtor involves the formation of two types of intetian
responsible for bonding of inhibitor to a metal fage. The first one (physical adsorption) is weaklitected
interaction and is due to electrostatic attracti@mtween inhibiting organic ions or dipoles and #hectrically
charged surface of metal. The potential of zerorgdhglays an important role in the electrostatisoagtion
process. The charge on metal surface can be ergr@sserms of potential difference) between the corrosion

potential Eor) and the potential of zero chardg, ) of the metal p=E_,, — Epzc). If O is negative, adsorption

of cations is favoured. On the contrary, the adsampof anions is favourable ifl is positive. The second type of
interaction (adsorption) occurs when directed fergevern the interaction between the adsorbateadadrbent.
Chemical adsorption involves charge sharing orgdéransfer from adsorbates to the metal surfamasain order
to form a coordinate type of bond. Chemical adsomphas a free energy of adsorption and activadinergy
higher than physical adsorption and, hence, usitabyirreversible [18]. Adsorption isotherms argually used to
describe the adsorption process. The establishimfeatdsorption isotherms that describe the adsarptib a
corrosion inhibitor can provide important cluesthie nature of the metal- inhibitor interaction. Adstion of the
organic molecules occurs as the interaction eneegpreen molecule and metal surface is higher thanbetween
the HO molecule and the metal surface [19].
In order to obtain the adsorption isotherm, theredegf surface coveragé)(for various concentrations of the
inhibitor has been calculated according to Eqgn. (@nhgmuir isotherm was tested for its fit to theerimental
data. Langmuir isotherm is given by following eqoat

C

_lnh = i +C. (9)

) K. inh

whereK,gsis the equilibrium constant of the adsorption-dpson process) is the degree of surface coverage and
Cinn is concentration of inhibitor in the bulk solutiodbangmuir isotherm was found best fit for the agsion of
piroxicam on the mild steel surface in HCI solut{ggure 5)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

log (8/1-6)

| 1.5 2 2.5

logC

Figure 5 Langmuir adsorption isotherm for the agBon of piroxicam on the mild steel surface in 1H@I

3.8 Kinetic and thermodynamic consider ations

The dependence of corrosion rate at temperaturbeaxpressed by Arrhenius equation and transitiae Eqn.
[20-22]:

-E
log(CR) = ———2—+logA 10
9CR) 2.30RT J (10
CR:Eexp E ex —ﬂ (11)
Nh R RT

where E, apparent activation energyl the pre-exponential factoAH " the apparent enthalpy of activation,

AS the apparent entropy of activation, Planck’s constant anfl the Avogadro number, respectively. The
apparent activation energy and pre-exponentialofacin absence and presence of 200 ppm concenmtrafio
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piroxicam can be calculated by linear regressiaween|ogCR andl/T , the results were shown in Table 3.

Figure 6a depicted an Arrhenius plots for mild kteenersed in 1 M HCI in absence and presence 6f @im
concentration of piroxicam. The plots obtained simight lines and the slope of each straight tines its

apparent activation energy. Table 3 preserftedind values in absence and presence of 200 ppm coatientr
of piroxicam. Inspection of Table 3 showed thatappt activation energy increased with inhibitor.
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Figure 6 Adsorption isotherm plots in absence anedgnce of 200 ppm concentration of piroxicam &rg¢gCg
vs. 1/T and (b) log Cr/T) vs. 1/T

The increase irE, could be interpreted as the physical adsorpti@au8r and Brand [23] explained that the

increase in activation energy can be attributedn@ppreciable decrease in the adsorption of thibiior on the
mild steel surface with increase in temperature ambrresponding increase in corrosion rates oatuesto the
fact that greater area of metal is exposed to ¢iteenvironment.

Table 3. Thermodynamic activation parameters for mild steel M HCI in absence and presence of 200 ppm
piroxicam

Inhibitor conc. (ppm) E. (kJ mol™) AH™ (kJ mol™) AS (JK'moal™
- 37 33 -100
200 78 72 3
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According to Eqn. (11), corrosion rat€R) is being affected by botk, andA. In general, the influence
of Ea on the mild steel corrosion is higher than that.dflowever, if the variation in was drastically higher than
that of4, the value ofl might be the dominant factor to determine the rskekl corrosion. In present cade, and
/4 increased with inhibitor (the highEr, and lower. led to lower corrosion rate). As it can be seemfiFigure 6a,

the corrosion rate of steel decreased with inhibitence, it is clear that increment bf, is the decisive factor
affecting the corrosion rate of mild steel in 1 NCH
The relationship betweelog (CR/T) andl/T were shown in Figure 6b. Straight lines are ofein

with a slope (—AH*/2.3OZR) and an intercept @Iog (R/ Nh)+ (AS'/2.30R )} from which the value of

AH™ andAS were calculated and presented in Table 3. Theipesign of enthalpy reflect the endothermic
nature of steel dissolution process meaning thsaotlition of steel is difficult. On comparing th&lwes of entropy
of activation @S*) listed in Table 3, it is clear that entropy ofiaation increased in presence of the studied
inhibitor compared to free acid solution. Such atwin is associated with the phenomenon of ordedand
disordering of inhibitor molecules on the mild dteerface. The increased entropy of activatiorhi presence of

inhibitors indicated that disorderness is increamedoing from reactant to activated complex.
The equilibrium constant for the adsorption prociem Langmuir isotherm is related to the standard

free energy of adsorption by the expression:
1 -AG;
exp{ ads} (12)

Kads =
55.5 RT

where, R is the molar gas constant, T is the absofimperature and 55.5 is the concentration oémiatsolution

(o]

.dgs: Which can characterize the interaction of

expressed in molar. The standard free energy obrptisn,AG

adsorption molecules and metal surface, was caézlilay equation (13). The negative values’lmﬁﬁgdS ensure the
spontaneity of adsorption process and stabilityhef adsorbed layer on the mild steel surface. Gdgethe

values of around -20kJ mbbr lower are consistent with physisorption, whiiese around -40 kJ mbbr higher
involve chemisorptions [24]. The values AG:dsfor piroxicam are given in Table 4 and these valundgate that

piroxicam molecules are physisorbed onto mild steelace. The adsorption is enhanced by the presahihiree

N atoms with lone pairs of electrons and the déiped 77-electrons in the inhibitor molecules that makes it
adsorbed electrostatically on the metal surfaceifog insoluble stable films on the metal surfaagstidecreasing
metal dissolution.

Table 4. Thermodynamic parameters for the adsorption apiam in 1 M HCI on the mild steel at different
temperatures

Inhibitor conc. (ppm) Temperature (K) Kags (10*M ™) AG.,, (kJ mol™)
200 303 10.9 -17.1
313 4.8 -16.7
323 2.6 -16.5
333 2.0 -16.3

4. M echanism of inhibition

The inhibition efficiency of piroxicam against therrosion of mild steel in 1 M HCI can be explairedthe basis
of the number of adsorption sites, molecular simkrmode of interaction with the metal surface [25]. Physical
adsorption requires presence of both electricdlprged surface of the metal and charged spectéeg inulk of the
solution; the presence of a metal having vacantdaergy electron orbital and of an inhibitor witllecules
having relatively loosely bound electrons or hetttwns with lone pair electrons. However, the conmglou
reported is an organic base which can be protonated acid medium. Thus they become cations, iagid
equilibrium with the corresponding molecular form

PRX + xH o [PRX]" 13)
The protonated piroxicam, however, could be attd¢behe mild steel surface by means of electrmstat
interaction betweerCl™ and protonated piroxicam since the mild steel serfaas positive charge in the HCI
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medium [5]. This could further be explained basedhe assumption that in the presencéCdf , the negatively

chargedCl|~ would attach to positively charged surface. Whenxicam adsorbs on the mild steel surface,
electrostatic interaction takes place by partahsference of electrons from the polar atom (N aooh
delocalizedr-electrons of the aromatic ring) of piroxicam te tinetal surface.

5. Conclusion

The following main conclusions are drawn from tmegent study:

1. Piroxicam was found to be a good inhibitor faldnsteel corrosion in acid medium.

2. The inhibition efficiency of piroxicam decreaseith temperature, which leads to an increase fivaoon
energy of the corrosion process.

3. Potentiodynamic polarization curves revealetl piraxicam is a mixed-type inhibitor
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