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Abstract

The impact of cupral compound on steel in presence of deaerated 0.25 M H,SO,4 and 0.5M HCl acidic solutions
at 298.15K was examined by employing electrochemical measurements. It has been observed that the corrosion
efficiency increased by increasing of cupral concentration of the corrosion inhibitor and this enhanced the
inhibitory action as mixed type inhibitor. Several different adsorption models were examined which indicate the
adsorption of cupral compound as inhibitor on the carbon steel electrode surface follows the Langmuir isotherm
equation. The thermodynamic factors governing adsorption, as well as the parameters of kinetics corrosion have
been estimated. The role of nanosilica has been observed to reduce the values of current density of corrosion
process and this was confirmed by study the surface morphology of electrode via SEM-EDX and AFM
techniques by formation a protective layer on carbon steel electrode.

Keywords: cupral, X65-steel, corrosion inhibition, AFM, acidic solution, SEM-EDX
1. Introduction

Iron's alloys are amongst the most important materials in the world because of the good characteristics and
varied applications in which they are used (Alaoui, M. et al., 2014). This is especially true of carbon steel, which
is one of the low steel, high-strength alloys, that is frequently used in offshore drilling platforms, agitators,
pipelines, and tanks, etc. (Preethi et al., 2013). Carbon steel is used on a large scale as a building material for the
pipe work in the gas and oil manufacture, for instance the tubular bottom of the well, the flow lines, and
pipelines transfer (Okafor et al., 2010). It is an integral part of the equipment used in the oil and other
manufacturing industries (Alaoui et al., 2014) and is particularly important because of its easy availability and
low cost, making it possible to use it in the fabrication of complex and large-scale installations. This is also the
case in water pipes (Jawich et al., 2012), cooling water, boiler and process industries, oil and gas, refining and
extraction system, etc. (Ostovari et al., 2009). Corrosion of carbon steel is a big problematic in gas
manufacturing industry, especially in oil pipes and this has caused significant economic losses for some
countries (Li et al., 2012). Acidic media are the most problematic to deal with from the perspective of corrosion
as the building and materials industries often use an acid solution to eliminate scale and salts from the surface of
steel alloys as well in the cleaning process for storage tanks and pipelines (Panossian et al., 2012). Organic
compounds are thus applied as inhibitors to avert corrosion of metals, which is a great concern (Obayes et al.,
2014). Organic compounds that have functional groups containing lone pairs of electrons are the best corrosion
inhibitors for metals (Morad, 2008).

Previously, researchers have studied used sodium diethyl dithiocarbamate (cupral) as an inhibitor for the
CuNilOFe alloy in seawater (saline solution) (Aljinovi et al., 2000). In other studies dithiocarbamate has been
found to inhibit the bronze alloy TM23 corrosion in 0.1N HNO; solution (D’Ars de Figueiredo et al., 2013).
Furthermore, the inhibition of the corrosion of brass by using sodium diethyl dithiocarbamate in 3% NaCl
medium was investigated by Liao (Liao et al., 2011). The present work aims to investigate the inhibitory effect
of cupral compound and nanosilica on the corrosion of carbon steel in deaerated 0.25M H,SO,4 and 0.5M HCl
acidic solutions by using electrochemical methods. The surface of X65-Steel will be inspected by atomic force
microscopy (AFM), scanning electron microscopy (SEM) as well as Energy dispersive X-rays analysis (EDX) to
evaluate the composition of protective layer.
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2. Experimental Details
2.1 Solutions and Materials

The X65-steel (carbon steel) specimen was taken from Iraq's oil fields and had the following composition, as
revealed by optical emission spectroscopy (PMI MASTER Pro2 Oxford, UK) shown in Table 1. The pipe was
cut, using an electrical hack saw, into a number of test samples of appropriate size with dimensions (1 cm x 1 cm)
and thickness (1 c¢cm). The samples polished to mirror finish, using emery paper. Usually, the samples were
finally polished on a soft cloth with diamond paste as a polishing material using drops of lubricating oil.
Afterwards, the specimens were degreased using hot benzene and acetone and dried under nitrogen.

Table 1. Chemical composition of carbon steel (X65-steel) by Optical Emission Spectroscopy

Elements C Si Mn Cr Mo Ni Cu Fe
Wt.% 2.180 3.100 1.360 0.102 0.127 0.213 0.596 Balance

To prepare the working (X65-steel) electrode, X65-steel was covered with a cured epoxy resin, so that its
cross-sectional area, 1 cmz, was in contact with the solution. Experiments were carried out at constant
temperature 25.15 +1°C by using a calibrated thermostat water bath circulator (from HYSC Company). The
solutions for all the experiments were prepared freshly with doubly distilled water, in sulfuric acid and
hydrochloric acid (which were supplied by the Scharlau company). 0.25M H,SO,and 0.5M HCI solutions were
prepared by dilution of an analytical reagent grade (97%) H,SO4and 36% HCI with doubly distilled water. A
study was made of the inhibitory action of cupral (SIGMA-ALDRICH Company) and SiO, nanoparticles
(obtained from the Nanjing Nanotechnology Company with 23 nm particle size and 96.7% purity) towards the
corrosion of carbon steel in acidic solutions. Experiments were carried out in 0.25M H,SO, and 0.5M HCI in the
absence and presence of various molarities of cupral (from 1 x 1073 Mto 3 X 10~3 M) and with the addition
of silica nanoparticles (0.05 g) into the aggressive medium with cupral (6x10* M), whose chemical structure of
the investigated compounds is given below:

NaS N CH3 A 3H20

Figure 1. The chemical structure of cupral inhibitor

2.2 Electrochemical Measurement

In order to conduct the electrochemical measurements (to obtain both open circuit potential and potentiodynamic
polarization curves) the arrangement used was a five neck Pyrex glass cell, containing three electrodes, including
a working electrode (the carbon steel under study), a platinum electrode as an auxiliary electrode and a saturated
Calomel electrode (Hg | Hg,Cl, () | KCI) as a reference. The remaining two necks, allowed the ingress and egress
of nitrogen gas (99.99% purity). The working electrodes were made of carbon steel which was held using the
epoxy resin with a square surface area of 1cm”. The platinum auxiliary electrode was prepared from a high purity
rod stock; a platinized auxiliary electrode was used in the experiments due to its large surface area and high
catalytic activity, The saturated Calomel electrode is usually brought in contact with the electrolyte through a
glass tubing known as a "Luggin capillary" and the tip of the Luggin tube is placed in the corrosion cell in close
proximity to the carbon steel after filling it with test solution to minimize the IR drop effect (Li et al., 2012).
Afterwards, the working electrode, auxiliary electrode and reference electrode, with a Luggin capillary, were
immersed in the test solution in the corrosion cell and connected to the Potentiostat/Galvanostat Research Grade
Interface 1000 (GAMRY company, USA). In all the experiments at various inhibitor concentrations of the test
media, the solution was deaerated by bubbling nitrogen gas through it for 1h before measuring a
potentiodynamic polarization curve. The carbon steel electrode was allowed to corrode freely and record an open
circuit potential as a function of time for 10 min. Subsequently, potentiodynamic polarization measurements
were scanned from the cathodic to the anodic direction at a scan rate of 3mv/s . Later, the Tafel polarization
curves were analyzed and fitted using an Echem Analyst (version 6.23) to obtain the electrochemical parameters
for each polarizing value £ 100 mV with respect to the potential value for free corrosion (E VS SCE). The
above-mentioned steps were repeated for each measurement.
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2.3. Surface Analysis

The surface of the X65-steel was studied before and after having exposure to 0.25M H,SO4and 0.5M HCI acidic
solutions, both in the absence and the presence of the concentration of the inhibitor (3 X 1073 M cupral + 0.05 g
nanosilica) at 25.15+1°C. The surface was examined by SEM (Type ZEISS sigma300, Germany) at a resolution
of 2.2 nm @ 1 kV, a maximum scan speed of 100 ns/pixel, and an accelerating voltage (0.02 — 30 kV). The SEM
was linked with Energy Dispersive Spectroscopy (EDS) Analysis (Oxford Instruments, UK) to study and
determine the composition of the cover film on the electrode surface. Atomic force microscopy (AFM, AA3000,
Angstrom Advanced Inc. USA) was employed at a resolution of: 0.26 nm (lateral) and 0.1nm (vertical) and
precision of 50 nm to study and examine the carbon steel surface. The samples washed gently in distilled water
before being dried and examined without further treatment.

3. Result and Dissuasion
3.1. Potentiodynamic Polarization Curves

As cited in the electrochemical measurement section, special attention was given to the stability of open circuit
potential value (OCP) before the potentiodynamic polarization scan was recorded. The measurement of the
variation of OCP values of the carbon steel electrode with time is also significant to define kinds of corrosion
inhibition, both incomplete and comprehensive inhibition as well as determining the inhibitor concentrations
(Shams, E. D. et al., 1997). This means that the open circuit potential gives a clear means to understand the
interference of metals that are immersed in solution and is especially sensitive to the addition of inhibitors (Li &
Fedkiw, 2007). In order to study the kinetics of the corrosion process, which includes both the cathodic and
anodic reactions that occur on the carbon steel, the electrode was immersed in 0.25 M H2SO4 and 0.5 M HCI
acidic solutions at concentrations 6x10-4 M of cupral in the absence and presence of nanosilica (0.05 g) at
298.15 K. The data obtained from the polarization measurements are shown in Figures 1 and 2. The parameters
associated with electrochemical kinetics, corrosion current density (Icorr), corrosion potential (Ecorr), and Tafel
constants are listed in Table 2. There are slight changes in the OCP towards the negative direction at the different
concentrations of inhibitor. This behaviour can be attributed to the adsorption — desorption equilibrium process
for the inhibitor molecules on the surface of the electrode (Badawy et al., 2006).

025

0.25H H;504

— = 0.25H H;S04 + 1x10" inhibitor
------ 0.25M HS04 + 310 inhibitor
= == 0.25H Hz504 + 510" inhibitor b s
0] — = 025MH;504 + 1x10% inhiditor / TH 3
—— . 251 HzS04 + 3%10 inhibitor I ¥
——mmem 0250 H;S04 +6x10* inhibitor + 0.05 nanosilica / / ’,‘

L

-0.25

0.75

E vs.SCE (V)

15
sx107 x10° 2a0? S10® 10 20f a10% a0t 20t Sdrt 10?2107 axi0? 1m0t 20? 5e10% a0t B0’
i (Alem?)
Figure 2. The potentiodynamic polarization curves of carbon steel in deaerated 0.25 M H,SO,4 with and without
cupral inhibitor as well as in the presence of silica nanoparticles at 298.15 K
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Figure 3. The potentiodynamic polarization curves of carbon steel in deaerated 0. 5 M HCl with and without
cupral inhibitor as well as in the presence of silica nanoparticles at 298.15 K

The extent of this displacement in the values of the OCP indicates that inhibitor molecules instantaneously
impact both the cathodic and anodic processes, i.e, the organic compounds can be classified as a cathodic and/or
an anodic inhibitor (Oguzie, E. E. et al., 2007) and necessitates to change in the values of OCP with the
additive's inhibitor with reference to the blank acidic solution. Thus, the variation in the OCP and corrosion
potential values are clearly shown in Table 2 and displacements in potential values of up to ~23mv are shown
under the same conditions in the presence of inhibitor and nanosilicate additive. This indicates the influence of
anodic and cathodic reactions and retards these reactions with respect to the OCP conditions (De Souza &
Spinelli, 2009). Furthermore, only slight shifts are observed between the corrosion potential E,, and OCP values
upon the addition of the cupral molecules. This behaviour indicates that the energetic effects are strong, but may
ignore the blocking effect on the electrode surface (Martinez & Metikos-Hukovié, 2003). Regarding the
polarization curves exhibited in Figures 2 and 3, it can be observed that the corrosion potentials values drift to a
more negative direction in the presence of cupral and with the addition of the silica nanoparticles at a fixed
concentration of inhibitor.

Table 2. The kinetic parameters as well as inhibition efficiency of carbon steel in deaerated 0.5 M HCland 0.25
M H,S0O, in different concentrations of cupral inhibitor and in the presence of SiO, nanoparticle at 298.15 K

Acidic  Conc.inh.  Ocp. icor Ecor Ba Bec corrosion 9% IE 0
Medium M) (mV) (uA/em?)  (mV) (mV/decade) (mV/decade) (;?;‘;) °
0 -533 256.0 -511.0 50.80 134.4 95.12 --- ---
1x10™ -574 77.10 -542.0 50.20 108.7 51.60 69.88 0.69
3x10™* -571 69.80 -550.0 49.40 89.00 25.90 72.73  0.72
025M 6x10™* -563 31.30 -544.0 40.20 78.30 11.64 87.77 0.87
H,S0, 1x107 -540 17.00 -553.0 52.30 79.70 6.326 93.35 0.93
3x107 -539 7.540 -551.0 51.90 62.70 2.799 97.05 0.97
0.05g silica nanoparticles
6x10™* -560 6.720 -568.0 42.80 84.40 2.493 97.3  0.97
0 -528 100.0 -516.0 155.0 121.0 37.12 --- ---
1x10™ -552 74.70 -577.0 184.9 123.3 27.74 253 025
3x10™* -536 64.30 -527.0 96.10 92.80 23.89 357 035
0.5M 6x10™ -541 56.10 -552.0 83.10 76.40 20.82 439 043
HC1 1x107 -545 47.00 -541.0 46.30 74.60 17.45 53.0 0.53
3x107 -525 38.30 -547.0 137.6 123.4 14.23 61.7 0.61
0.05g silica nanoparticles
6x10™ -556 5.600 -559.0 43.50 66.80 2.079 944 094

85



www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 10; 2016

These results are in agreement with the open circuit potential values in Table 2 and confirm the influence of the
organic inhibitor in retarding the corrosion reaction by the adsorption process and subsequent blocking of active
sites on the surface electrode (De Souza & Spinelli, 2009), (Martinez & Metikos-Hukovi¢, 2003). The corrosion
current density decreased considerably and a greater shift is observed in 0.25 M H,SO4 when compared with 0.5
M HCl acidic solutions with increasing concentration of cupral and with the addition of silica nanoparticles at a
particular inhibitor concentration. The variation in anodic and cathodic Tafel slope constants were observed as
the inhibitor concentration was varied and significant changes were observed in the cathodic Tafel constants.
This change also clearly includes an anodic slope constant in the presence of SiO, nanoparticles, demonstrating
interference in the reaction mechanism for corrosion at the cathode in the presence of the inhibitor (De Souza &
Spinelli, 2009). This behaviour reflects the fact that the cupral inhibitor acts as mixed type inhibitor and mainly
controls the cathodic reaction through retarding the evolution of hydrogen and is exclusively reduced by the
blocking effect (Martinez & Metikos-Hukovi¢, 2003). However, in the presence of nanosilica in acidic solution it
seems clear that the action of mixed control is prevalent on the anodic and the cathodic reactions. Moreover,
when increasing the concentration of the cupral inhibitor, the values of the corrosion current densities are
decreased so that the extent of the decline becomes more pronounced in the presence of the SiO, nanoparticles to
reach~5pA/cm’.

IE% — (icorr. Iuninh._icorr. inh.) x 100 (1)
leorr. uninh.

The inhibition efficiencies are estimated independently of the corrosion current density, with (izoprinn) and
without ( icopruninn. ) the cupral inhibitor, according to equation (Ozcan et al., 2004), (Sahin et al., 2002) and
shows the corrosion efficiencies increase with increasing the inhibitor concentration in different acidic solutions.
For a given inhibitor concentration, the values of corrosion efficiencies are higher in sulfuric acid when
compared to the hydrochloric acid and the maximum value occurs at 3x107 M. It can also be observed that the
degree of corrosion inhibition changes strongly in the presence of silica nanoparticles to reach 94.4% within the
corrosive hydrochloric acid medium as illustrated in Table 2. Thus, it might interpreted that cupral is an excellent
inhibitor for controlling the corrosion process in sulfuric acid solution and it has been found that the addition of
silica nanoparticles enhances the inhibitory effect towards corrosion and leads to an increase in the values of
corrosion inhibition efficiency. This finding is consistent with decreasing the corrosion rate and the corrosion
current density.

3.2 Adsorption Isotherm

The results of these experiments were designed to derive basic information about the interaction between the
inhibitor molecules and the surface of carbon steel by classifying the type of adsorption isotherms observed.
Commonly, the organic inhibitor could work through physical adsorption or chemisorption with the surface of
metal (Fuchs-Godec &Pavlovi, 2012). To obtain more information about the interaction between the surface and
the inhibitor, it was tested using a different adsorption isotherm. So, the coverage surface 6 of electrode in a
various concentrations of cupral inhibitor in 0.25M H,SO, and 0.5M HCl acidic solutions were calculated by the
potentiodynamic polarization measurements according to equation (2) (Moretti et al., 2004) as shown in Table

Q).

0= (icorr. ‘uninh._icarr. inh.) (2)
lcorr. uninh.

Thus, to study the interaction between the electrode surface of carbon steel and cupral inhibitor a number of
adsorption models were selected to study the interactions that would characterize the cupral performance. It is
essential to calculate the experimental adsorption isotherms, which are best fitted to the data for the surface
coverage in order to use these measurements of potentiodynamic scans to calculate the thermodynamic
parameters relating to inhibitor adsorption. Models that were deemed successful were used (Umoren et al., 2007),
(Ibrahim et al., 2012) and the graphical plots are shown in Figure 4.

- Cinh, 1
Langmuir Th = Koae + Cinn. @)
1
Freundlich 6 = K,4s Cipp.n )
Temkin exp(f- 9) = Kags Cinn. ®)
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0
El'awady -0 = Kads.cinh.y (6)

The definition of the parameters in equations (3-6) are as follows: K45 refers to the equilibrium constant, C,y, ,
the concentrations of cupral inhibitor, n; the adsorption intensity, f the uniformity coefficient energetic and
yequal 1/x ; x is the number of H,O molecules that are displaced by one cupral molecule. Thus, we get the best
fit for straight lines when the Langmuir equation is applied and a linear relationship results with good correction
coefficient (r2). In sulfuric acid solution the value r* = 0.999 and the slope is exactly equal to unity, but in
hydrochloric acid solution under the same conditions, r* = 0.998 and the slope is 1.523. So, the data from the
experiments conducted on the cupral inhibitor for the adsorption on the surface electrode of carbon steel obeyed
the Langmuir equation for the adsorption process as shown in Figure 4.
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Figure 4. Langmuir adsorption plots of carbon steel in deaerated 0.25 M HCl and 0.5 M H,SO, solutions at
298.15K

Thus, the deviation of the slope from unity implies that the Langmuir isotherm model may be not firmly applied
and is attributed to the natural interactions that occur on the surface electrode between the molecules (species) of
the adsorbate and the metal of carbon steel (Oguzie et al., 2005), (Oguzie et al., 2004b). Other authors have
indicated that this behaviour results in a change in the heat of adsorption that corresponds to an increase
in 6 degree which is not considered in the Langmuir equation (Oguzie et al., 2004a),(E E Oguzie et al., 2007).
Furthermore, the important thermodynamic parameters, such as K,4s, may be calculated from the intercept of
equation and the value of free energy of adsorption by equation (7). Consideration of these data gives a clear
vision for the interactions occurring between the inhibitor molecules and the surface of carbon steel (Solmaz et
al., 2008).

AGugs = —RT In(55.5 Kous) 7

The values of K,gqs and AG,gs are 1.27 X 10* M-1 and -33.4 kJ mol-1 respectively for steel in deaerated 0.25
M H2S04 acidic solution, while 2.72 x 103 M-1 and -29.6 kJ mol-1 in 0.5 M HCI solution. Firstly, the
negative value for the change in the free energy of the adsorption process indicates its spontaneity as well as
implying the stability of the adsorbed layer that has formed on the surface of the carbon steel (Solmaz et al.,
2008), (Martinez & Stern, 2002). Typically, when the value of free energy of adsorption is near -20 kJ mol-1 it
shows that the electrostatic forces or interactions are established between the surface of metal and the charges of
inhibitor molecules. On the other hand, if the value of AG,4;s = —40 kJ mol-1 it corresponds to chemical
adsorption to form coordinates type bonds which form the basis of electron transfer and sharing between the
inhibitor molecules with the metal (Bouklah et al., 2006). In this case, the values of AG,q4s lie in range -29.6 kJ
mol-1 to -33.4 kJ mol-1, and therefore, the absorption mechanism of cupral on the surface of the carbon steel
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electrode is predominantly through chemical adsorption from the deaerated 0.25 M H,SO,4 and the 0.5 M HCI
acidic solutions. However, Moretti et al. and Abiola et al. have reported values of free energy for the adsorption
process which were less than the value required for chemical adsorption, indicating that physisorption occurred
through the formation of protective films on the surface of the carbon steel with characteristics of electrostatic
interactions (Moretti et al., 2004), (Abiola & Oforka, 2004). Thus, one can visualize the coordinate bond type
through the donation of unpaired electron on the sulfur and nitrogen and may be via the m — electron of a
double bond noted in Figure 2.

3.3 The Effect of Temperature

By estimating the activation energy of the corrosion process in the presence of the cupral inhibitor it is possible
to understand the mechanism of inhibition. Thus, the independent potentiodynamic measurements, which were
achieved over a range of temperature (298.15 — 318.15) K, were recorded in 0.25 M H,SO4and 0.5 M HCl acidic
solutions containing the optimum concentration of the cupral inhibitor and the results are listed in Table 3. There
is not much change in the general shape of the Tafel scan when the temperature was increased over the range and
the data obtained in the figures are practically the same as those illustrated in Figures land 2. It can be seen from
the Table 3, that the corrosion current density and the corrosion rate decreased with respect to a particular
temperature value, while the corrosion potential values in 0.25 M H,SO, acidic solution are shifted less in the
negative direction in contrast to the more corrosive 0.5 M HCl solution. In the same context, the values of %IE
decreased in 0.25M H,SO, when compared with the 0.5 M HCl solutions as temperature was increased over the
range.

Table 3. The kinetic parameters as well as inhibition efficiency of carbon steel in deaerated 0.5 M HCland 0.25
M H,SO,in 3x10° M of cupral inhibitor in range of temperatures (298.15-318.15) K

Acidic Medium Temp i Ee 8 B corrosion
: . orr ort. a c 0
/ Co(nl\i.)lnh. (K) (nA/cm?) (mV) (mV/decade) (mV/decade) (ﬁt}fy) PIE
298.15 256.0 -511.0 50.80 134.4 95.12 ---
308.15 83.40 -562.0 73.30 105.1 30.84 ---
025 M H,SO,  313.15 196.0 -554.0 180.1 187.6 72.61 ---
318.15 177.0 -550.0 266.6 253.6 65.45 ---
298.15 7.540 -551.0 51.90 62.70 2.799 97.05
0.25 M H,SO,+ 308.15 14.00 -528.0 37.50 57.20 5.175 83.21
3x107 313.15 46.00 -531.0 90.10 72.10 17.03 76.53
318.15 70.90 -532.0 97.00 76.20 26.23 59.94
298.15 100.0 -516.0 155.0 121.0 37.12 ---
308.15 104.0 -569.0 109.8 115.3 38.42 ---
0.5 MHCI 313.15 383.0 -527.0 156.6 98.00 141.8 ---
318.15 844.0 -514.0 126.0 101.3 312.3 ---
298.15 38.30 -547.0 137.6 123.4 14.23 61.70
05MHCI + 308.15 12.70 -568.0 53.00 75.10 4.697 87.78
3x107 313.15 73.30 -547.0 153.9 93.80 27.11 80.86
318.15 122.0 -549.0 242.2 113.6 45.19 85.54

This behaviour indicates an increase in the rate of dissolution of the carbon steel as a result of the desorption of
the cupral molecules from the surface of the carbon steel electrode (Quraishi et al., 2010). The modified
Arrhenius equation, as well the transition state equation, were applied independently to give the logarithm of
corrosion current density over the temperature to determine the AE,, AH"and AS* values, respectively
(Ghasemi & Tizpar, 2006), (Yurt et al., 2004) and are given below:

—E,
2.302 RT

log icorr. = +logA (®)

log% _ %exp (A;‘*) exp (_ ARHT*) ©®)

Where the A is a pre-exponential factor, E, the apparent activation energy, N is Avogadro’s number, h is the
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Planck's constant, AH" is the apparent enthalpy of activation and AS* is the apparent entropy of activation.

The linear relationship obtained from the graph arising from equation (8) was plotted as logi.o.. versus % ,

Icorr.
T

—-Eq
2.302R

gave a straight line with a

SN

with the slope equal to . The plot of the values of log versus

slope — o and the intercept as a log(N;Rh) + AS*/2.303R.. The kinetic parameters such as E,, AH*and

2.303R

AS* are tabulated (Table 4) and shown graphically in Figures 3 and 5.

Table 4. Kinetic corrosion and thermodynamic parameters in deaerated 0.5 M HCland 0.25 M H,SO, solutions
in with and without 3x10” M of cupral inhibitor in range of temperatures (298.15-318.15) K

Acidic Medium (M) A cAm'2 kJArE(a)r' kJAr;Iol'l J mﬁf" K

0.25 M H,SO 2478 x 10%°  -10.79600 -13.353311  -206.093

025M H,S0,+ 3x10” cupral inhibitor 7.850 x 10"  91.83556  89.27826  -189.5920
0.5 M HCI 414E x 10" 8428618  81.72888  -189.8700

0.5 M HCI+ 3x107 cupral inhibitor 8551.94400 48.97872  46.42142  -196.5550

From Table 4 it is clear that the activation energy has a high value in the inhibited system in 0.25 M H,SO,
solution, whereas this is in contrast with the case involving 0.5 M HCl acidic solution under the same conditions,
which is in agreement with the corrosion inhibition at the elevated range of temperature (Popova et al., 2003).
That is to say, that the %IE in 0.25 M H,SO, acidic solution decreases when the temperature increases, this
behaviour is interpreted as the physisorption happening at the first stage (Zarrouk et al., 2014),(Benabdellah et
al., 2006) and this is correlated with increasing the electrical double layer thickness which encloses the surface
carbon steel electrode. This establishment of this formation yields a high value for the activation energy and
leads to hindrance of metal dissolution by forming a protective film. The high activation energy reflects the
enhanced inhibitory action, notably at low temperatures (Chauhan & Gunasekaran, 2007). The negative value of
AE, of the uninhibited 0.25 M H,SO, solution suggests that the experimentally calculated activation energy of
corrosion is apparent, i.e. E, = Eyp,. Thus, the true energy of activation E. can be given by the expression,
Eapp = Etrue + AH, for this a highly exothermic reaction and when the value of Eis small one might expect
the E, value to be negative (Zhang et al., 2012). Thus, the values of activation energy are higher than the
enthalpy of activation as shown in Table 3 which refers to the evolution of hydrogen gas and is related to the
reduction in the total volume of hydrogen evolution in the cathodic process (Hassan, 2007), (Ekanem et al.,
2010). Besides, the difference between the activation energy and the enthalpy of activation remain in range of
(2-3) kJ mol ™ i.e. approaching the average value of the absolute gas constant when multiplied by the degree of
temperature. This behaviour suggests that the corrosion reaction is unimolecular in nature (Ekanem et al., 2010).
It is clear from equation (8) that the corrosion current density that is achieved can be determined by the
activation energy and the pre-exponential factor. That is, the value of A may refers to the number of the active
sites on the surface of the electrode as alluded to by some researchers (Ashassi-Sorkhabi et al., 2005), (Popova et
al., 2007). Thus, the variation in the pre-exponential factor and the values of AE, have a dominant influence
when estimating the kinetics of the corrosion process.

In the present work, except in the case of unhibited system of 0.25 M H,SO, solution, it is clear the value of A
decreases in the presence of cupral inhibitor, which is associated with a reduction in the number of active sites
(Singh, 2012) and lowers the rate of corrosion. This explains the sharper decline in the pre-exponential in 0.25 M
H,SO, for the uninhibited solution as the decisive factor that influences the rate of corrosion for carbon steel in
corrosive media with respect to the value of AE, that it shown in Table 4.

89



www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 10; 2016

* — = 0.25M H;S04 X
—-=— 0.25 M HzS04 + 3x10° cupral inhibitor
” -... ——me— 0.5 M HCI
32 ~..., 0.5 W HCI + 3x10° cupral inhibitor
~.
3.5
2375
‘r
§ 4
3
= 425
o
L
4.5
4.75
5
~ la
\“
525 L— - -
3.125x10° 3475102 3.225x10 3.275x10° 3.325x10™ 3.375x10°

UT(K™)

Figure 5. Arrhenius plots of carbon steel in the absence and the presence 3x10~ M of cupral in deaerated 0.25 M
HCI and H,SO, solutions

Regarding the thermodynamic parameters for the activation state as a AH* and AS”, and compared with the
data in Table 3, it can be seen the enthalpy of activation has a positive value, which it suggest dissolution of
carbon steel electrode is an endothermic reaction, requiring energy, whereas in contrast value is negative in the
0.25 M H,SOy solution, an exothermic corrosion process. Furthermore, the values of entropy for the activation
state were negative, the shifts in the values of AS* from -206.093 to 189.592 J mol™ K' reveal the reduction in
disorder that comes from the reactants at the expense of activated complex, i.e. the dissolution process is no
longer dominant in the rate of determining step of the activation complex (Martinez and Stern, 2002), (Obot and
Obi-Egbedi, 2010). Our results are similar to other found in the literature (Singh, 2012), (Mu et al., 2004).
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3.4 Surface Characterization (ESM/EDX and AFM)

A combination of techniques was used to characterize the surface: images were obtained from scanning electron
microscopy (SEM) and data were generated using energy dispersive x-ray (EDX) measurements, and atomic
force microscopy (AFM). Using this combination, it was possible to give the clear vision of the nature of the
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inhibition of corrosion in the presence of certain concentrations of nanosilica with the cupral inhibitor in the 0.25
M H,SO, and 0.5 M HCI solutions as depicted in Figures 7a-d. Figure 7a shows the image of the sample present
in the 0.5M HCI corrosive medium, the surface seems more damaged and appears to be pitted while there is a
crack which appears to display wavy lines characteristic of the electrode surface. Additionally, the surface colour
ranges from grey to black, characteristic of a Fe;C film (S. Nesic, 1994) and the chemical analysis of EDX
shows the iron content to be about 79.5% and the carbon to be 20.5% in the carbon steel electrode. Figure 4b
illustrates the system containing (0.5 M HCI + 0.05 g nanosilica + 6x10* M cupral), and the surface of the
electrode seems to have sustained less damage in aggressive medium, due to the disappearance of the pitting and
cracking with the formation of a very pale grey film. There is underscoring of the protective layer on the
electrode surface and this causing an improvement in the integrity of the surface. Considering the composition
obtained from the EDX analysis, it appears that other elements such as copper and oxygen are present, the latter
at 10.7% which may be a result of the silica nanoparticles which are spread on the surface. These also tend to
suppress the iron content to 68.3%. Likewise, Figure 7c shows the ESM image and the data from the EDX
measurement in the presence of the corrosive 0.25 M H,SO, solution. Overall, the attack seems less severe
resulting from the sulfuric acid, the pits appear less deep and are less evident on the surface of the electrode
when compared with Figure 7a. The EDX results yield an iron content of 64% and carbon of 33.8%.
Furthermore, inspection of Figure 7d, suggests that the surface is more protected from the aggressive attack of
the sulfuric acid in the presence of nanosilica and the 6x10*M cupral with an improved electrode surface as a
result of the protective layer formed from the adsorbed molecules. The EDX analysis is consistent with the
strengthened protection layer and appears to show more lines of elements of different intensities and content:
oxygen 12.8%, sulfur 1.5%. The latter arises from the cupral molecules, along with bands that arose from the
original alloy components. The SEM images and EDX charts are consistent with the electrochemical studies that
suggest the carbon steel surface is protected through the cupral inhibitor via the adsorption process. This is
thought to block the central active site and retard the dissolution of the metal and curb the evolution of hydrogen
while the role of the nanosilica is to enhance and increase the corrosion resistance by reducing the corrosion
current density as mentioned in potentiodynamic polarization curves in above section.
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Figure 7. The SEM and EDS for the carbon steel electrode surface in (a ) 0.5 M HCI and (b) The presence of
silica nanoparticles with cupral inhibitor in hydrochloric acid solution (c¢) 0.25 M H,SO, and (d) Silica
nanoparticles with cupral inhibitor in 0.25 M H,SO,at 298.15 K

AFM is an important technique used to evaluate the morphology of the electrode surface to give a clear
perception of the inhibition of corrosion. The 2D and 3D dimensional AFM images portray the samples in both
aggressive media (0.25 M H,SO, and 0.5 M HCI solutions) in the presence of the 6x10™* M cupral containing a
certain amount of nanosilicate particles as shown in Figures 8a-e. It can be seen from Figure 8a that the
polished surface of the uncorroded carbon steel electrode seems to display a topology that has a high order of
regularity and uniformity. However, one may notice a slim groove which results from the polishing process by
using sandpaper sheets - the average roughness parameter (R,) is found to be 23.3 nm. In the presence of the
aggressive media (in the absence of additives) the average roughness R, is found to 73.3nm in 0.25 M H,SO,4 and
71.1nm in 0.5 M HCI solutions respectively. The surface appears to be covered with potholes and the topography
has steeply sided surface irregularities with a few more notches and grooves evident; the uneven shape is clearly
illustrated in Figures 8b, c. Figure 8d depicts similar for samples containing the cupral inhibitor and nanosilica
(0.5 g) in sulfuric acid. In contrast, the surface topology appeared more regular and smooth; lacking the deep
gullies, i.e., the surface seems less convoluted, so that R, is now 7.25 nm. Likewise, the roughness parameter
which was obtained following exposure to the hydrochloric acid solution is 43 nm in the presence of cupral and
the nanosilica. There is also apparently less surface damage in comparison with previous samples; the existence
and effect of the protons and the chloride ions form a protective adsorbent layer on the surface to give the
necessary protection of the surface electrode as demonstrated in Figure 8e.
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3.5 Inhibition Mechanism of Corrosion

To forecast the mechanism by which inhibition occurs for the adsorption of molecules on the surface of carbon
steel, the corrosion mechanism of metals must first be known. Some searchers have proposed the following
mechanism for the corrosion of carbon steel in acidic solution, where equations (10-13) represent the anodic
reaction and equations (14-16) refer to the cathodic reaction. The letters M, A and N represent a metal (iron),
acid and the number of electrons, respectively (Quraishi et al., 2010) (Singh, 2012).

M+ A" 2 (MA" ).4s. (10)
(MA™ )ags. & (MA" )ags +ne” (11)
(MA" )ags. & (MA™ ) 6+ ne” (12)
(MA™ )ags. = (M*F ). + A" (13)

M+ Ht = (MH"Y),q4s (14)

(MH")aqs. + ne™ = (MH),q;. (15)
(MH%Y),4s + H  +ne” > M + H, (16)

The phenomenon of the adsorption of molecules of cupral on solid surfaces cannot be regarded purely as
physical adsorption or purely chemisorption. Herein lies the importance of the thermodynamic factors such as
the Gibbs free energy of adsorption which was previously determined in the two acidic solutions. The results
demonstrate that the adsorption of inhibitor is enhanced: in first stage physical adsorption is observed and
chemical adsorption occurs sequentially. Figure 1 shows the molecular structure of inhibitor, wherein it can be
observed that the sulfur and nitrogen heteroatoms have electron lone pairs (not involved in the formation of
covalent bonds) as well the electron density in the double bond (r — electron). The non-bonded electron pairs
could be shared with the vacant d-orbital in the iron atoms to yield a coordinate bond, on the basis of the Lewis
base/acid (electron acceptor and donor) phenomenon (Behpour et al., 2008), (Mehdi et al., 2002). Thus, the
sticking feature which performed the corrosion inhibition i.e. the number of sulfur atoms that formed the
d, — d; chemical bonds, occurs through the overlap between the vacant orbital in the sulfur atom and the three
electrons in the d-orbital in the iron atom (Jafari et al., 2014). One can also distinguish another type of electronic
overlap to form a further bond by back donation of the electron density of the double bond that forms between
the d-orbital of the metal and the m* — orbital (Ahamad et al., 2010). Moreover, the role of the nanosilicate
nanoparticles in involved in improving the stability of the protective layer formed on the surface of the carbon
steel electrodes. Furthermore, it may be concluded independently from the above results which demonstrate that
the protection efficiency was higher in 0.25M H,SO, acidic medium than the 0.5M HCI solution, indicating to
the role of the sulphate ion is to form an adsorbed species ( FeS03;2),q4s. according to the equation (10) and as
(FeCl™)aqs.- That is to say, according to equations (11-13), the subsequent oxidation process for the above
adsorbed species leads to the release of sulfate and chloride ions, respectively. Thus, one knows intuitively that
chloride ions are more harmful for the metal compared with sulfate ions. One might also expect that the
mechanism is prevented in other way according to the equations (11-13). If protonation of the cupral molecules
occurs then the availability of excess negative charge on the surface electrode (Singh and Quraishi, 2011) will
become associated with the protective layer as (MCI™!cupral *),qs or (MSOz%cupral *).4s . Likewise,
competition may occur between the (cupral *) and H* in cathodic process according to equations (14-16) to
reduce the evolution of hydrogen gas.

4. Conclusion

Cupral was studied as a corrosion inhibitor for (X65-steel) carbon steel in deaerated 0.25 M H,SO, and 0.5M
HCI acidic solutions. It was also examined in combination with a certain amount of silica nanoparticles, the
results indicate the inhibitor works well to prevent and inhibit the corrosion process in sulfuric acid. Under the
same conditions, the corrosion efficiency was increased with increasing inhibitor concentration; on the other
hand, the polarization scan measurements confirmed the type of inhibitor as having mixed action for the cathodic
and anodic reactions. The protective film layer, which formed on the surface of the carbon steel electrode, was
characterized by SEM/EDX and AFM techniques. The values of thermodynamic and corrosion kinetics
parameters were estimated to give a clear vision on the adsorption of inhibitor molecules on the electrode
surface.
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