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Inhibition performance of 3-methyl-1-propargylquinoxalin-2(1H)-one (MPQQO) against corrosion of
carbon steel in 1.0 M HCI was investigated by weight loss and electrochemical measurements. The
inhibition efficiency increased with increasing inhibitor’s concentration, but decreased with the
increase in temperature. The results showed that MPQO acts as a mixed type inhibitor in 1.0 M HCI by
suppressing simultaneously the cathodic and anodic processes. Adsorption of used inhibitor led to a
reduction in the double layer capacitance and an increase in the charge transfer resistance.
Thermodynamic analysis indicates that both physisorption and chemisorption probably occur in the
adsorption process. The adsorption behaviour of MPQO follows Langmuir’s isotherm.
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1. INTRODUCTION

Corrosion inhibitors are of great practical importance, being extensively employed in
minimising metallic waste in engineering materials. The wide spread use of carbon steel in a variety of
petroleum applications, such as down hole tubular, flow lines and transmission pipelines arewell
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known. Hydrochloric acid solutions are widely used in petroleum fields, for cleaning and descaling of
iron and steel alloys [1].The use of inhibitors is one of the bestknown methods of corrrosion
protection. Organic compounds used as inhibitors act through a process of surface adsorption, so the
efficiency of an inhibitor depends not only on the characteristics of the environment in which it acts,
the nature of the metal surface and electrochemical potential at the interface, but also on the structure
of the inhibitor itself, which includes the number of adsorption active centres in the molecule, their
charge density, the molecule size, the mode of adsorption, the formation of metallic complexes and the
projected area of the inhibitor on the metal surface [2]. Compounds with functional groups containing
hetero-atoms, which can donate lone pair electrons are found to be particularly useful as inhibitors for
metal corrosion [3-6]. Recently more study shows that the inhibitive effect is found to enhance several
nitrogen containing organic compounds for carbon steel in acid solutions. Organic nitrogen compounds
which usually employed for their rapid action in acidic solutions specify the corrosion behaviour of
iron and steel [2]. Compounds with w-bonds also generally exhibit good inhibitive properties by
providing electrons to interact with metal surface [7-11].

The objective of this investigation is to determine the effect of 3-methyl-1-
propargylquinoxalin-2(1H)-one (MPQO) on the corrosion of carbon steel in 1.0 M HCI solution. The
corrosion protection effect of MPQO was investigated by means of weight loss measurement,
potentiodynamic polarisation, and electrochemical impedance spectroscopy (EIS). The effect of
concentration and temperature on the inhibition efficiency has been examined. The thermodynamic
parameters for dissolution processes were calculated and discussed. The chemical structure of the
studied quinoxaline derivative is given in Fig 1.

Figure 1. The chemical structure of the studied quinoxaline.

2. EXPERIMENTAL METHODS

2.1. Materials

The steel used in this study is a carbon steel (Euronorm: C35E carbon steel and US
specification: SAE 1035) with a chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 %
Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remainder iron
(Fe). The carbon steel samples were pre-treated prior to the experiments by grinding with emery paper
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SiC (120, 600 and 1200); rinsed with distilled water, degreased in acetone in an ultrasonic bath
immersion for 5 min, washed again with bidistilled water and then dried at room temperature before
use. The acid solutions (1.0 M HCI) were prepared by dilution of an analytical reagent grade 37 % HCI
with double-distilled water. The concentration range of MPQO employed was 10° M to 10 M.

2.2. Synthesis

Inhibitors studied are synthesized in our laboratory according to the procedure described in the

schemes 1 and 2.
In the literature, 3-methylquinoxalin-2-one is prepared according Philips method [12] schemel;

NH, HsC O N\ CHj
NH; EtO o) N 0O

Schemel. Synthesis of, 3-methylquinoxalin-2-one

To a solution of 3-methylquinoxalin-2(1H)-one (1 g, 6.22 mmol) in DMF (20 ml) was added
propargyl bromide (0.82 ml, 6.22 mmol), potassium carbonate (1 g, 7.46 mmol) and a catalytic
quantity of tetra-n-butylammonium bromide. The mixture was stirred at room temperature for 24 h.
The solution was filtered and the solvent removed under reduced pressure. The residue was
recrystallized from ethanol to afford 3-methyl-1-(propargyl)quinoxalin-2(1H)-one as colorless crystals
[13] scheme 2.

HC
§C
N
T THZ
N 0 N O
DMF/K2CO3/BTBA
+ HC=C—CH,Br >
= N CH,

N CHj

Scheme2. Synthesis of, 3-methyl-1-propargylquinoxalin-2(1H)-one

2.3. Measurements

2.3.1. Weight loss measurements

The gravimetric measurements were carried out at definite time interval of 6 h at room
temperature using an analytical balance (precision + 0.1 mg). The carbon steel specimens used have a



Int. J. Electrochem. Sci., Vol. 7, 2012 8961

rectangular form (length = 1.6 cm, width = 1.6 cm, thickness = 0.07 cm). Gravimetric experiments
were carried out in a double glass cell equipped with a thermostated cooling condenser containing 50
mL of non-de-aerated test solution. After immersion period, the steel specimens were withdrawn,
carefully rinsed with bidistilled water, ultrasonic cleaning in acetone, dried at room temperature and
then weighted. Triplicate experiments were performed in each case and the mean value of the weight
loss was calculated.

2.3.2. Electrochemical measurements

Electrochemical experiments were conducted using impedance equipment (Tacussel-
Radiometer PGZ 100) and controlled with Tacussel corrosion analysis software model Voltamaster 4.
A conventional three-electrode cylindrical Pyrex glass cell was used. The temperature is
thermostatically controlled. The working electrode was carbon steel with the surface area of 1 cm? A
saturated calomel electrode (SCE) was used as a reference. All potentials were given with reference to
this electrode. The counter electrode was a platinum plate of surface area of 1 cm?. A saturated calomel
electrode (SCE) was used as the reference; a platinum electrode was used as the counter-electrode. All
potentials are reported vs. SCE. All electrochemical tests have been performed in aerated solutions at
308 K.

For polarization curves, the working electrode was immersed in a test solution during 30 min
until a steady state open circuit potential (Eocp) Was obtained. The polarization curve was recorded by
polarization from -600 to -300 mV/SCE with a scan rate of 1 mV s ). AC impedance measurements
were carried-out in the frequency range of 100 kHz to 10 mHz, with 10 points per decade, at the rest
potential, after 30 min of acid immersion, by applying 10 mV ac voltage peak-to-peak. Nyquist plots
were made from these experiments. The best semicircle can be fit through the data points in the
Nyquist plot using a non-linear least square fit so as to give the intersections with the x-axis.

3. RESULTS AND DISCUSSION
3.1. Gravimetric study

3.1.1. Effect of quinoxaline derivative on corrosion rate and inhibition efficiency

The gravimetric method (weight loss) is probably the most widely used method of inhibition
assessment [14-17]. The simplicity and reliability of the measurement offered by the weight loss
method is such that the technique forms the baseline method of measurement in many corrosion
monitoring programmes [18].

The corrosion rate (CR) was calculated from the following equation [19, 20]:

AW

=t (1)

R
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where W is the average weight loss of three carbon steel sheets, S the total area of one carbon
steel specimen, and t is the immersion time (6 h). With the calculated corrosion rate, the inhibition
efficiency nw. (%) was calculated as follows [21,22]:

T (%) = (1—ﬁjx1oo )

Wo

where wy and w; are the corrosion rates of the carbon steel coupons in the absence and presence
of inhibitor, respectively. Weight loss data of carbon steel in 1.0 M HCI in the absence and presence of
various concentrations of inhibitor were obtained and are given in Table 1.

Table 2. Corrosion parameters obtained from weight loss measurements for carbon steel in 1.0 M HCI
containing various concentrations of inhibitors at 308 K.
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Figure 2. Variation of the corrosion rate and inhibitive efficiency against the MPQO concentrations.
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Fig. 2 illustrates the corrosion rate of CRS and inhibition efficiency values obtained from the
weight loss in 1.0 M HCI at 308K in the presence of different concentrations of quinoxaline derivative.
The corrosion rate reduces after addition of this compound, and decreases with the inhibitor
concentration due to the fact that the adsorption coverage increases, which shields the steel surface
efficiently from the medium. Indeed, corrosion rate values of carbon steel decrease when the inhibitor
concentration increases while mw (%) values of MPQO increase with the increase of the concentration.
The efficiency of an organic compound as corrosion inhibitor depends not only on the characteristics
of the environment in which it acts, the nature of the metal surface and electrochemical potential at the
interface, but also on the structure of the inhibitor itself, which includes the number of adsorption
active centres in the molecule, their charge density, the molecule size, the mode of adsorption, the
formation of metallic complexes and the projected area of the inhibitor on the metallic surface [23-29].
The molecular weight of the inhibitor has a direct influence on its inhibition efficiency. The increase in
molecular weight of the inhibitor is due to an increase in the length of the hydrocarbon chain of amines
[24], nitriles [25] or mercaptants [26]. The rise of the inhibition efficiency is due to the inductive effect
of the methyl groups. Quinoxaline compounds are good inhibitors of iron corrosion in hydrochloric
acid [30, 31]. Their inhibiting effect is closely related to the molecular structure containing two
nitrogen atoms in the quinoxaline ring. The corrosion inhibition can be attributed to the adsorption of
the quinoxaline derivative at the steel/acid solution interface.

3.1.2. Effect of temperature

Temperature has a great effect on the corrosion phenomenon. Generally the corrosion rate
increases with the rise of the temperature. For this purpose, we made weight loss experiments in the
range of temperature 308—-343K, in the absence and presence of various concentrations of MPQO after
1 h of immersion.

Table 3. Various corrosion parameters for carbon steel in 1.0 M HCI in the absence and the presence
of optimum concentration of MPQO at different temperatures after 1h.

Inhibitor Cr (mg/cm© h)

Blank 1.070 e e
308 MPQO 0.097 90.9 0.909

Blank 1490 - e
313 MPQO 0.237 84.1 0.841

Blank 2870 - e
323 MPQO 0.623 78.3 0.783

Blank 5210 - e
333 MPQO 1.730 66.8 0.668

Blank 1002 - e
343 MPQO 5.962 40.5 0.405
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The corresponding data are shown in Table 3. From the Table 3, it is clear that the 7w %
decreases with the increase of temperature. The decrease in inhibition efficiency with increase in
temperature from 308 to 343K may be probably due to increased rate of desorption of MPQO from the
steel surface at [32,33]. The fractional surface coverage & can be easily determined from weight loss
measurements by the ratio mw % / 100 if one assumes that the values of nw % do no differ
substantially from 6.

In order to calculate activation parameters for the corrosion process, Arrhenius Eq. (3) and

transition state Eq. (4) were used [34]:

E
C, =kexp| ——2 3
R xp( RT] (3)
RT AS AH
C,=—°t & lexp| ——=2 4
R thp(R]Xp{ RT] @

where Kk is the Arrhenius pre-exponential factor, T the absolute temperature, E, the activation
corrosion energy for the corrosion process, h the Planck’s constant, N the Avogado’s number, AS, the

entropy of activation, AH, the enthalpy of activation and Cr is the rate of metal dissolution reaction.
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Figure 3. Arrhenius plots of Ln Cg vs. 1/T for steel in 1.0 M HCI in the absence and the presence of
MPQO at optimum concentration.

The activation corrosion energy (E;) of MPQO is calculated by linear regression between
Ln(Cg) and 1/T (Fig. 3) and the result is shown in Table 4. The linear regression coefficients are close
to 1, indicating that the steel corrosion in hydrochloric acid can be elucidated using the kinetic model.
Analysis of the temperature dependence of inhibition efficiency as well as comparison of corrosion
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activation energy in absence and presence of inhibitor gave some insight into the possible mechanism
of inhibitor adsorption. A decrease in mw % with rise in temperature, with analogous increase in E, in
presence of inhibitor compared to its absence, is frequently interpreted as being suggestive of
formation of an adsorption film of physical (electrostatic) nature. The reverse effect, corresponding to
an increase in nw % with rise in temperature and lower E, in presence of inhibitor, suggests a
chemisorption mechanism [35]. From the foregoing, the trend for 3-methyl-1-propargylquinoxalin-
2(1H)-one (MPQO) adsorption onto the carbon steel surface in 1 mol L™ HCI suggests physisorption.

Table 4. Activation parameters for the steel dissolution in 1.0 M HCI in the absence and the presence
of MPQO at optimum concentration.

Inhibitors A Linear = AH, AS,
regression kd/mol kd/mol Jimol K
coefficient (r) ( ) ( ) ( )

Blank 3.0066x10°  0.99961 55.75 53.05 -72.49

MPQO 6.5239x10™ 0.99703 98.97 96.27 48.81

Fig. 4 shows a plot of Ln (Cg/T) against 1/T. Straight lines were obtained with a slope is equal
to (AH, /R) and intercept is equal to (Ln (R/Nh + AS,/R))), from which the values of AH, and

AS, were calculated and listed in Table 4. It is seen that E, and AH, varied with the same trend and

are higher in the presence of inhibitor than in the blank solution, indicating that the energy barrier of
the corrosion reaction increased in the presence of MPQO molecule [36]. The positive sign of AH,

reflected the endothermic nature of the steel dissolution process suggesting that the dissolution of steel
is slow [37] in the presence of inhibitor.
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Figure 4. Arrhenius plots of Ln(Cg/T) vs. 1/T for steel in 1.0 M HCI in the absence and the presence
of MPQO at optimum concentration.
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The value of AS, is lower for the solution without inhibitor than that for the solution with

inhibitor. This might be attributed to the rate-determining step for the activated complex was the
association rather than the dissociation step [38]. The positive values of AS, reflected the fact that

the adsorption process is accompanied by an increase in entropy, which is the driving force for the
adsorption of the inhibitor onto the steel surface.

3.1.3. Adsorption isotherm

The action of an inhibitor in aggressive acid media is assumed to be related to its adsorption at
the metal/solution interface. The adsorption of an organic adsorbate at a metal/solution interface can be
regarded as a substitution adsorption process between the organic molecule in the aqueous solution
Org(sol) and the water molecules on the metallic surface HyOgs) [39]:

Org,, +nH,0_, < Org_, +nH,0

(ads) (sol)
where Orgsoy and Org(ags) are the organic specie dissolved in the aqueous solution and adsorbed
onto the metallic surface, respectively, H,Ogs) is the water molecule adsorbed on the metallic surface
and n is the size ratio representing the number of water molecules replaced by one organic adsorbate.
To obtain an effective adsorption of an inhibitor on metal surface, the interaction force between metal
and inhibitor must be greater than the interaction force of metal and water molecule [40]. The
corrosion adsorption processes can be understood using adsorption isotherm. The most frequently used
adsorption isotherms are Langmuir, Temkin, and Frumkin. So these adsorption isotherms were tested
for the description of adsorption behavior of MPQO on steel surface in HCI solution. The correlation
coefficient, R?, was used to choose the isotherm that best fit experimental data. The fit to the Langmuir
isotherm was determined by plotting Cinn / 8 versus Cin, according to the following equation [41]:

Cinh: 1 +Cinh (5)
0 K

ads
where Kags is the adsorption constant, Ci, is the concentration of the inhibitor and surface

coverage values (0) are obtained from the weight loss measurements for various concentrations. The
equilibrium constant for adsorption process is related to the free energy of adsorption, AG,,., and is

ads?

expressed by following equation [42]:

LnK,, =Ln 1 _AG, (6)
555 RT

where 55.5 is the molar concentration of water in the solution expressed in M (mol L™), R is
the gas constant (8.314 J K™ mol™) and T is the absolute temperature (K). The relation between Ci/0
and Ciyn 1s shown in Fig. 5. The thermodynamics parameters derived from Langmuir adsorption
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isotherm (obtained from weight loss measurements) are given in Table 5. The correlation coefficient,
R? was used to choose the isotherm that best fits the experimental data. The strong correlation
(R® > 0.999) suggests that the adsorption of inhibitor on the carbon steel surface obeyed this isotherm.
The free energy of adsorption value, AG_,, was obtained from Eq. (6). Results presented in the Table

indicate that the value of AG_ is negative. The negative values also indicate a spontaneous adsorption

of the inhibitor molecules.

Table 5. Thermodynamic parameters for the adsorption of MPQO in 1.0 M HCI on the C38 steel at

308K
Inhibitor Slope AG,, (kJ/mol)
MPQO 1.10 110372.23 0.99949 -40.02
0.0012
0.0009
0.0006 - *
QL
OE
0.0003
0.0000
0.0600 I 0.0603 I 0.0606 I 0.0609
C,,, (mol/L)

Figure 5. Langmuir adsorption of MPQO on the carbon steel surface in 1.0 HCI solution.

The value K,gs calculated from the reciprocal of intercept of isotherm line is indicating in
Table 5. The high value of the adsorption equilibrium constant reflects the high adsorption ability of
this inhibitor on carbon steel surface. Adsorption of negatively charged species is facilitated if the
metal is positively charged. Positively charged species can also protect the positively charged metal
surface acting with a negatively charged intermediate such as acid anions adsorbed on the metal
surface
[21, 43].

Generally, values of AG.,_ up to -20 kJ mol™ are consistent with electrostatic interaction

between charged molecules and a charged metal (which indicates physical adsorption) while those
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more negative than -40 kJ mol™ involves charge sharing or transfer from the inhibitor molecules to the
metal surface to form a co-ordinate type of bond (which indicates chemisorption) [21]. The calculated
standard free energy of adsorption value is closer to -40 kJ mol™. This value is in frontier between the
two modes of adsorption, therefore, it can be concluded that the adsorption is a competitive
phenomenon between chemical and physical adsorption [44, 45]. We may also introduce the
interamolecular synergistic effect between propargylic and quinoxaline well known in literature as
corrosion inhibitors [30,31, 46].

3.2. Tafel polarization study

Potentiodynamic polarization curves of carbon steel in 1.0 M HCI containing MPQO at 308K
are shown in Fig. 6, respectively. In all cases, addition of this compound causes a remarkable decrease
in the corrosion rate i.e., shifts the both anodic and cathodic curves to lower current densities. In other
words, both cathodic and anodic reactions of carbon steel electrode are drastically inhibited by the
quinoxaline compound. It should be noted that in anodic domain, it is difficult to recognize the linear
Tafel regions. Accordingly, the corrosion current density values are estimated accurately by
extrapolating the cathodic linear region back to the corrosion potential. Similar fitting method has also
been widely used [47]. The electrochemical corrosion parameters including corrosion current density
(Icorr), corrosion potential (Ecorr), cathodic Tafel slope (5;) and inhibition efficiency (77rare1(%)) values
were derived from cathodic current—potential curves are presented in Table 6. The 77ra(%) was
calculated from polarization measurements according to the relation given below;

Leorr = D conr(
corr corr(l
M

Trafel(%0) = 100 (7

corr

where leor and leorr(y are the corrosion current densities for steel electrode in the uninhibited and
inhibited solutions, respectively.

The analyses of the data in Table 6, revealed that the Il decreases considerably with
increasing MPQO concentration. In Table 6, l¢or value decreases from 1077.8 to 89.5 pA cm with the
highest concentration of MPQO (10°M). The obtained efficiencies (777a5e1(%0)) indicate that MPQO acts
as an effective inhibitor. The values of 7rari(%) increase with the inhibitor concentration reaching its
maximum value, 91.7% at 10°M. An increase in the inhibitor concentration probably increased the
number of inhibitor molecules on the surface and thus decreased the corrosion current density. It can
be concluded that this inhibitor acts through adsorption on carbon steel surface and formation of a
barrier layer on the metal surface. The presence of MPQO does not prominently shift the corrosion
potential, which indicates the studied quinoxaline derivative act as mixed-type inhibitor [48].
Furthermore, in the presence of this inhibitor, the slight change of B. indicates that the cathodic
corrosion mechanism of steel does not change.



Int. J. Electrochem. Sci., Vol. 7, 2012 8969

Table 6. Polarization data of C38 steel in 1.0 M HCI without and with addition of inhibitor at

308 K.
Inhibitor Conc -Ecorr -Be lcorr Tafel
(M) (MV/SCE) (mV dec™) (A cm™) (%)
HCI 1 475.9 176 1077.8 -
10 471.1 168 089.5 91.7
MPQO 10™ 474.0 188 208.5 80.6
10° 492.3 156 315.3 70.7
10° 493.2 190 458.5 57.5
0.1 4
0.01.;
G 1E34 sl
£ T e e
S el e
E 1E45 S —— 1M HCI
- . A ‘ - - 10°M
1E-5 4 5 - 10"M
] 'J, 10°M
1 W 10°M
1E-6 5 |
-0|.6 I -0|.5 I -0|.4 I -0.3
E (mV/SCE)

Figure 6. Polarisation curves of carbon steel in 1.0 M HCI for various concentrations of MPQO.

3.3. Electrochemical impedance spectroscopy (EIS) studies

EIS has also been used for the investigation of inhibition performance of MPQO. Nyquist plots
for carbon steel in 1.0 M HCI solutions with and without inhibitor are shown in Fig. 7. These diagrams
merely present a capacitive loop in the first quadrant, indicating that there is only one time constant.
As shown in Fig. 7, the capacitive loops are slightly depressed as semi-circular shapes because of the
roughness and other inhomogeneities of carbon steel surface resulting in a phenomenon called
““dispersing effect’” [49,50]. It is apparent that the impedance response of carbon steel has
significantly changed after the addition of MPQO. The diameters of those loops increase with
increasing concentrations of MPQO. The impedance data are analyzed based on the electrochemical
equivalent circuit shown in Fig. 8. Rs represents the electrolyte resistance, R, is the polarization
resistance, CPE represents constant phase element to replace a double layer capacitance (Cgj) for more
accurate fit. The impedance of a constant phase element is described by the expression:
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Zge =Y, (Jo) " (8)

where Y is a proportional factor, n has the meaning of a phase shift. For n = 0, CPE represents
a resistance, for n = 1 a capacitance, for n = 0.5 a Warburg element and for n = -1 an inductance. The
impedance parameters derived from these plots are given in Table 7. The double layer capacitance
(Cai) and inhibition efficiency (77(%)) are defined as follows:

Ca=Yo (a)r;)n_l 9)

R -R
%= () <100 (10)

p

where @ is the angular frequency at which the imaginary part of the impedance has a

maximum. R, and R,, are the values of polarization resistance in the absence and presence of inhibitor,
respectively.

In EIS, value of R, reflects the degree of difficulty in corrosion reaction, the higher the value is,
the lower the corrosion rate is. It can be seen from Table 7 that the value of R, increases significantly
with increasing concentrations of MPQO, which demonstrates that the inhibitor prevents the corrosion
reaction effectively. Additionally, the value of Cgy decreases with increasing concentrations of
inhibitor, which can be attributed to the decrease in local dielectric constant or an increase in the
thickness of the electrical double layer. This result, therefore, suggests that MPQO molecules function
by adsorption at the interface of metal/solution as a consequence of replacement of water molecules by
MPQO molecules [51].

300
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Figure 7. Nyquist diagrams for carbon steel in 1.0 M HCI containing different concentrations of
MPQO at 308 K.
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CPE

Rs

— 11—
Rp

Figure 8. Equivalent circuit model used to fit the impedance spectra.

Table 7. Electrochemical impedance parameters for carbon steel in 1.0 M HCI in absence and presence
different concentrations of inhibitor.

Inhibitor Conc

(M)
HCI 1 1.6 031.0 63.3 80.99 -
107 0.5 351.8 25.0 18.10 91.2
MPQO  10* 0.4 163.5 31.6 30.80 81.0
10° 1.2 109.7 31.6 45.90 71.7
10° 1.0 074.0 40.0 53.80 58.1

The results obtained from the EIS technique in 1.0 M HCI solution were in good agreement
with those obtained from weight loss method and potentiodynamic polarization method.

4. CONCLUSION

MPQO was proved to be an effective inhibitor for the corrosion of carbon steel at different
temperatures in 1.0 M HCI solution. Inhibition efficiency increases with increasing inhibitor
concentration but decreases with rise in temperature. MPQO acts as a mixed-type corrosion inhibitor,
inhibiting the anodic and cathodic processes of the corrosion reactions by forming a protective film on

metal surface. The adsorption model obeyed Langmuir adsorption isotherm. The negative values of
AG,,, indicated a spontaneous adsorption of the inhibitor on the surface of steel. The inhibition

efficiencies obtained from EIS, Tafel polarisation and weight loss methods are in reasonable
agreement with each other.
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