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ABSTRACT

During oil production process, tubing steel immersed in oil wells produced water are exposed to high
pressure of CO, and this leads to increase their corrosion susceptibility. The present study is aimed to study
the corrosion behavior of tubing steel exposed to formation water saturated with CO, at varies temperatures
in the absence and presence of newly synthesized nonionic surfactants, using electrochemical impedance and
potentiodynamic polarization techniques. Surface analytical techniques (SEM and EDS) were used to study the
thickness of the adsorbed surfactants molecules on carbon steel. Surface active properties such as surface
excess concentration (I'max), the area per molecule at interface (Amin), and the effectiveness of surface
tension reduction were determined from the adsorption isotherms of the prepared surfactants. The results of
polarization measurements indicated that the selected surfactants act as mixed type inhibitors in formation
water saturated with CO,. The inhibition efficiency (IE) is dependent upon inhibitor concentration and the
number of ethylene oxide unites. It was found that, the charge transfer resistance (R;) on carbon steel was
increased with increasing the inhibitor concentration indicating that the corrosion process is mainly controlled
by charge transfer reaction. Quantum chemical parameters such as Euomo, ELumo, AE, AN were calculated
discussed.

Keywords: Corrosion in carbon dioxide, Inhibitors, Carbon Steel, Formation water, Polarization, Surface
analysis, Surfactants.
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INTRODUCTION

Corrosion of steelby CO, hasbeen one of the major problemsin the oil industry since
1940. Recently , it has again come to the fore because of the technique of CO, injection for enhanced oil
recovery and exploitation of deep natural gas reservoirs containing carbon dioxide [1].Crude oil and natural
gas can carry various high-impurity produces which are inherently corrosive. In the case of oil and gas wells
and pipelines, such highly corrosive media are carbon dioxide (CO,), hydrogen sulfide (H,S), and free water [2].
Carbon dioxide (CO,) corrosion is a great concern in the oil and gas industry [3-4].Up to now, corrosion
inhibitor injection is still the most cost-effective method to solve the problem. Among various types of
corrosion inhibitors, surfactants have been proved to be effective in controlling CO, corrosion [5-7].

Corrosion is the destructive attack of a material by reaction with its environment [8] and a- natural
potential hazard associated with oil and gas production and transportation facilities [9]. Almost any aqueous
environment can promote corrosion, which occurs under numerous complex conditions in oil and gas
production, processing, and pipeline systems [10].The costs attributed to corrosion damages of all kinds have
been estimated to be of the order of 3% to 5% of industrialized countries' gross national product [11-13].The
total annual cost of corrosion in the oil and gas production industry is estimated to be $1.372 billion, broken
down into $589 million in surface pipeline an d facility costs, $463 million annually in down hole tubing
expenses, and another $320 million in capital expenditures related to corrosion [14]. Corrosion costs the oil
and gas industry tens of billions of dollars in lost income and treatment costs e very year [15]. Corrosion costs
US industries alone an estimated $170 billion a year in which the oil and gas industry takes more than half of
these costs [16]. Internal corrosion in wells and pipelines is influenced by temperature, CO, and H,S content,
water chemistry, flow velocity, and surface condition of the steel [17]. Having a greatly reduced corrosion rate
(mm /year) can dramatically increase component life, which leads to much greater benefits such as reduced
maintenance costs. Currently, many components used for oil and gas extraction are made from carbon steel -
based alloys.

Carbon dioxide corrosion is one the most studied form of corrosion and major problems in oil and
gas industry. In the light of common and expensive problems occurring in the oil and gas industry, CO,
corrosion has been extensively studied in the past few decades. This is generally due to the fact that the
crude oil and natural gasfrom the oil reservoir /gaswell usually contains some level of CO, with
CO, corrosion in oil and gasindustry is that CO,. The major concern corrosion can cause failure on the
equipment especially the main down hole tubing and transmission pipelinesand thus can disrupt the
oil/gas production.

Control of internal corrosion of carbon steel pipeline can be achieved by the injection of corrosion
inhibitors [18].Corrosion inhibitors are surface active compounds that, in small quantities (ppm level), produce
a reduction in metal loss due to corrosion. Vast majority of corrosion inhibitors are made up of molecules
which are composed of separate hydrophilic head and hydrophobic tail. It is this combined
hydrophilic/hydrophobic nature that causes an inhibitor to partition between oil and water phases in pipe
flow.

The basic CO, corrosion reaction mechanisms have been well understood and accepted by many
researchers through the work done over the past few decades. Sweet corrosion, also called CO, corrosion,
is major chemical reactions include CO, dissolution and hydration to form carbonic acid as shown in
equations (1) and (2),

CO; [g] «» CO,[aq] (1)
CO, [g] < CO,[aq] (2)

CO, corrosion was also referred to as “acid corrosion” due to the major chemical reaction includes
CO, and hydration to form a weak carbonic acid in two steps as in equations (3) and (4),

H,CO, [agq] < H® +HCO, a)
HCO; & HT + €O, 4)

November - December 2015 RJPBCS 6(6) Page No. 746



ISSN: 0975-8585

CO, corrosion is an electrochemical reaction with the overall reaction between Steel and water
given in equation (5)

Fe +CO, + H,0 & FeCO, + H, (5)

Thus,CO, corrosion leads to the formation of a corrosion product, FeCO;, which when
precipitated could form a protective or a non protective scale depending on the environmental conditions
[19].The electrochemical reactions atthe steel surfaceinclude the anodic dissolution of iron
as given in equation (6)

Fe « Fe'? 4 2&~ (6)

The cathodic reactions are proton reduction reaction and the direct reduction of carbonic acid as in
equations (7) and (8)

2H + 2e” = H, (7)
H,CO; +2e « H, +2HCO, 8)

Despite more thanthree decadesof intense research,it isstill not known which of the
two reactions (7) and (8) actually occur on the metalsurface. Hence, the net cathodic
current was assumed to be the sumof the currentsof the two cathodic reactions. It has been
suggested that the direct reduction of bi carbonate ion becomes important at higher pH [20].

EXPERIMENTAL
Synthesis of Surfactant Corrosion Inhibitors

The first step was done by reacting one mole of maleic anhydride with one mole of oleic acid to
produce the adduct as dark brown liquid and denoted as (MOA) for maleic anhydride- oleic acid adduct [10].
Three ethoxylated hexadecyl amines with different ethylene oxide units (15, 25 & 35) were prepared in the
second step [21-22].The ethoxylated product is appeared as a brown viscous liquid, named as ethoxylated
Hexadecyl amine (EisH, ExsH and EssH,).Finally Esterification of (MOA) maleic anhydride — oleic acid adduct
from the first step with the ethoxylated hexadecyl amine (E.,) H) [23] from the second step to produce the
studied inhibitors I, Il and lll. The overall scheme of reaction is shown in Fig.1.

Chemical composition of the investigated carbon steel alloy

The working electrodes were machined out from commercial carbon steel grade X65.The surface
preparation was carried out by grinding/polishing with 1200 grit of silicon carbide paper then degreasing with
iso-propanol to remove any dust and scratches so that only the corrosion examined is that which occurred in

the cell, and the chemical composition is listed in Table 1.

Table 1: Chemical composition of carbon steel alloy

[ Element | ¢ Si Mn P S Ni Cr Mo v Cu Al Fe
W
‘Contf/”)t( t‘ 0.09 022 | 152 | 001 | 0.05 | 004 | 0.02 | 0.004 | 0.002 | 0.02 | 0.04 | Rust
(]

Deep oil formation water

The formation water used in this study was supplied from Khalda-Apache “KPC” Petroleum Company,
Moghra Zone, Salam Field, Western Desert, Egypt. Most oil and gas field water contains a variety of dissolved
organic and inorganic compounds, The Chemical composition of the formation water used in this paper and its
physical properties are listed in Table 2.
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Where (x+y) = 15, 25 and 35

Scheme 1 of surfactant inhibitors preparation

Table 2: Chemical composition and Physical properties of deep oil well formation water used in this investigation

Test Density Turbidity Iron Total Sulphate Salinity as Coonduc.@
g/cm3 NTU (mg/l) hardness(mg/I) (mg/l) NaCl (mg/1) 25 C pus/cm
Result 1.0199 745 2.2 2714 920 30694 76.5
. Bi- .
Test Chloride carbonate PH Phosphate Carbonate Barium Cupper
(mg/l) (mg/l) (mg/l) (mg/l) (mg/1)
(mg/l)
Result 18227 550 6.69 340 Nil Nile Nil
Test Calcium Magnesium Zinc Potassium T.D.S.
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) - -
Result 810 193 0.35 1450 35250
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Structure confirmation of the prepared Surfactants inhibitors

FTIR spectra were analyzed with a Nicolet FTIR spectrophotometer using KBr in a wave number range
of 4000-500 cm™ with a resolution accuracy of 4 cm™ all samples were ground and mixed with KBr and then
pressed to form pellets. The ADSA-100 analysis required accurate density measurements, which were
measured as functions of temperature and nanogels concentration with an AP Paar DMA45 MC 1296
densitometer. Pendent drops were formed on the tip of a Teflon capillary with an outside diameter of 0.1 in.
and inside diameter of 0.076 in.

Surface Active Properties for nonionic inhibitors

Surface tension is measured for different concentrations of the synthesized nonionic surfactants
dissolved in distilled water at 30 2C. The measured values of (y) are plotted against InC of the surfactant
concentration; the intercept of the two straight lines designates the critical micelle concentration where
saturation in the surface adsorbed layer takes place. The surface active properties of the surfactant,
effectiveness (m.mc), maximum surface excess ([may) and minimum area per molecule (A,,) were calculated and
discussed [24].

Electrochemical Measurements

Electrochemical open circuit potential (OCP) is carried out in acidic media. The electrode is immersed
in test solution at OCP for 30 minutes at room temperature to be sufficient to attain a stable state. The
polarization curves are measured by scanning rate at ImV s-1 in range #0.25 V in both cathodic and anodic
potentials to investigate the polarization behavior. All experiments are performed at 40 2C. Potentiodynamic
polarization curves are obtained by changing the electrode potential automatically from -1.2 to -0.4 Vvs.SCE.
Electrochemical impedance spectroscopy (EIS) is carried out at OCP in the frequency range of 100 kHz 10 MHz
using 10 mV peak-to-peak voltage excitation, An AC sinusoid +10 mV is applied at the corrosion potential (E.or)
[25-26].

Surface analysis properties of carbon steel

The scanning electron microscope (SEM) is a type of electron microscope that images the sample
surface by scanning it with a high energy beam of electrons in a raster scan pattern. EDX system attached with
a JEOL JSM-5410 scanning electron microscope is used for elemental analysis or chemical characterization of
the film formed on carbon steel surface.

RESULTS AND DISCUSSION

The Diels-Alder reaction is one of the most important C-C bond forming organic synthesis reactions in
a one-step reaction it enables the regio- and stereoselective construction of five, six and seven membered
carbocycles and heterocycles [27].There is only few examples of this cycloaddition are described for
unsaturated fatty acids. The reaction is based on converting of un conjugated fatty acids, such as oleic acids,
which have been converted into conjuenic acid by conjugation of the double bonds undergoes Diels-Alder
reactions at high temperature with dienophiles bearing electron withdrawing groups[28].Not reported yet are
Diels-Alder cycloaddition reactions of malice anhydride as dienes and fatty acid derived dienophiles. In this
respect, the present work aims to prepare nonionic surfactants from Diels-Alder reaction between modified
rosin ester and fatty acid. These extensions of the Diels- Alder reaction with unsaturated fatty acids are
addressed in this contribution. The Diels-Alder addition of oleic acid with malice anhydride without any solvent
at 150 oC under nitrogen yielded the Diels—Alder adduct after a reaction time of 2 h in an isolated yield of 78%
(Scheme 1). The compounds was separated from the reaction mixture by column chromatography and
recrystallized from petroleum ether/diethyl ether (4:1).
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Structure confirmation of the synthesized inhibitors
FTIR spectroscopy

FTIR spectrum confirmed the expected functional groups in the synthesized nonionic surfactant
showed the following absorption bands. The absorption peaks centered at 1770 and 1851 cm™ are the two
characteristic bands which correspond to the absorption of C=0 of the anhydride groups in the unreacted
cyclic five-membered ring. The stretching absorption bands at 2900 and 2880 cm ™ are assigned to v and v, of
the alkyl group. The peak at 1050cm™ is due to the ethereal band (C-O) stretching: It is clear that as ethylene oxide
increase, the ethereal band intensity increase. The peak at 1250 cm™ shows the C-N stretching: The band at 3435
cm™ is for the terminal OH stretching group of the ethylene oxide unites. FTIR spectrum of the synthesized
inhibitor is shown in Fig.1.
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Figure 1: Finger Print for FTIR Spectra of Inhibitor Il

Relationship between Critical Micelle Concentration and Degree of Ethoxylation of the Synthesized
Surfactants
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Figure 2: Surface Tension y - In C Adsorption Isotherm for investigated inhibitors at 30 2C

The CMC values of the synthesized surfactants are determined at 30 2C from the change in the
slope of the plotted data of surface tension (y) versus the natural logarithm of the solute molar concentration.
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Surface tension measurements of the synthesized surfactants are shown in Fig.2. The presented curves are
used for estimating surface activity and confirming the purity of the studied surfactants. It is of interest to
mention that all the obtained isotherms showed one phase, which is considered as an indication of the purity
for the prepared surfactants. The critical micelle concentration (CMC) is the point in concentration at which it
becomes thermodynamically favorable for surfactant molecules in solution to form aggregates (micelles) in
order to minimize interaction of either their head groups or their tail groups with the solvent. For the under
investigated surfactant, micellization is due to entropic considerations. Water molecules in close proximity to
the hydrophobic group of the surfactant molecules take on a certain ordered configuration, which is
entropically unfavorable. Once the surfactant concentration reaches a certain level (CMC), the water structure
forces aggregation of the hydrophobic tail groups-thus forming surfactant micelles. These plots show that, the
surfactant is molecularly dispersed at low concentrations leading to a reduction in surface tension. This
reduction increases as the concentration of the surfactant increases. At higher concentrations, however, when
a certain CMC is reached the surfactant molecules form micelle, which are in equilibrium with the free
surfactant molecules. This is clear in Fig.2.

As the concentration of surfactant molecules approaches the CMC, micelles are formed in solution,
and similar aggregate structures such as bilayers and multilayers form on the surface Fig.3. Further increase in
surfactant concentration above the CMC results in other types of aggregates such as lamellar structures and
rod-like micelles that can form in solution as well as analogous bilayers or multilayers that form at interfaces
[29-30].

Table 3: Surface Active Properties for Investigated Inhibitors at 30 2C

4 10 .
Surfactants yeme.mNm™ CM? X 193 I1 cmc. I max x 120 An?ln e
mol.dm mNm’ mol.cm’ (nm molecule™)
| 38 1.36 34.3 1.27 131.16
Il 35 0.90 37.3 1.11 148.84
11l 31 0.68 41.3 0.93 178.74
85
75 } \‘.

Minamal Adsorbtion

/\

| Aggregation and Multilayer
1 Adsorption
= r cmc

35 F Moderate Adsorption

65 |

25

-25 -23 -21 -19 -17 -15 -13 -11 -9 -7 -5 -3
Ln C,mol dm™3

Figure 3: Change of Surface Tension y-In C with the concentration of the synthesized inhibitors at 40 2C.

The values of CMC and the surface tension at CMC (ycuc) are listed in Table 3. By careful inspection of
the surface tension values, it can be concluded that, the values decrease be increasing the hydrophilic group
from 15 to 35 ethylene oxide units due to the increase in the functional group which enhances the adsorption
at the interface. The hydrophobic group tends to expel the surfactant molecules from the solution and
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enhance their departure to the interface to get away from the hydrophilic water media. The effectiveness
(Tteme) increased as the result of accumulating the surfactant molecules at the interface. The adsorption
effectiveness of the prepared surfactants expressed by the maximum reduction of surface tension which was
calculated from the equation:

AV = Ywater. = Yeme (11)

The concentration of the prepared surfactants at the solvent-air interface, ., and the area per
molecule at the interface, A, were calculated and listed in Table 3.The surface excess concentration of the
prepared surfactants at the interface can be calculated from the surface or interfacial tension data [31] using
the following equation.

Mmax= 1/RT £ (-0y /dInc) T (12)

Where (-dy / dInc) T is the slope of the plot of y versus Inc at constant temperature (T), and R is the
gas constant (in J mol™ K '1).Fmax values were used for calculating the minimum area (A...) at the aqueous—air
interface. The area per molecule at the interface provides information about the degree of packing and the
orientation of the adsorbed surfactants, when compared with the dimensions of the molecules obtained from
models. From the surface excess concentration, the area per molecule at the interface is calculated using the
equation:

Amin = 10"°/N T (13)

Where N is Avogadro’s number, the area occupied at the interface is increased [31]. The maximum
surface excess (I'max) is expressed as the concentration of surfactant molecules at the interface per unit area, It
is clear in Table 3 and Fig.3, that the increase of hydrophilic moiety length of surfactant molecules, shift I, to
lower concentrations. The effectiveness values as well as the maximum surface excess considered as a clear
description for the accumulation extent of amphiphiles molecules at the air-water interface. Decreasing the
maximum surface excess values indicates the decreasing of the adsorbed molecules at the interface, hence the
area available for each molecule will increase. A, increased by increasing the hydrophilic moiety. Since, the
molecular weight increases and the availability of the surfactant to be adsorbed on the interface per molecule
will decrease. In other words, the larger the molecule, the larger the area occupied per molecule. Hence, small
numbers of these surfactants will be needed to be occupied to give the best active properties.

Free Energy of Micellization

By using the values of CMC obtained in Table 2, AG,,. values are listed in Table 4.The free energy
changes of micellization and adsorption showed negative sign showing the spontaneity of the two processes at
30 °C. The Gibbs free energies of adsorption and micellization, AG,ys and AG,,. decrease gradually by the
increase in the number of ethylene oxide groups. This may be due to the increase of hydrophilic moiety of
surfactant molecule which enhances the adsorption and micellization at the interface [32]. It is clear that, the
negativity of AG,q4, and AG,,. increase with increasing the hydrophilic group. That is because the hydrophilic
group in the amphiphile will be larger and the large hydrophobic group will push it to the interface to be
adsorbed at large area per molecule from the interface at the sites which had greater free energy to be calmed
down and be in a stable state. In other words, the increase of hydrophilic moiety of surfactant molecule
enhances the adsorption and micellization at the interface.

Table 4: Thermodynamic Properties for Investigated Inhibitors at 30 C

Surfactants A G (K mol™) AGggs (K mol™) AGic. -AGags (KJ mol™)
I -22.42 -25.13 2.71
Il -23.45 -26.80 3.34
1] -24.18 -28.63 4.45

Moreover, AG,4 has an obvious increase in negativity than AG.,.. That showed the higher
tendency of these amphiphiles towards adsorption rather than micellization then the adsorption will be
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accompanied with micellization at last. The tendency towards adsorption is referred to the interaction
between the aqueous phases and the hydrophobic chains which pump the amphiphile molecules to the
interface [32].

Evaluation of the Efficiency of Synthesized Surfactants as Corrosion Inhibitors

The aim of this part is to investigate how the synthesized nonionic surfactants inhibit the carbon steel
corrosion in the oil wells formation water saturated with CO, using different techniques, and to propose the
adsorption models of surfactants on carbon steel surface. The electrochemical techniques Potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS)] are applied to evaluate the corrosion
inhibition parameters. The scanning electron microscope (SEM) and energy dispersive analysis of X-ray
spectroscopy (EDX) are applied for studying the surface morphology and elemental analysis or chemical
characterization of the film formed on the carbon steel surface

Electrochemical Studies

In this study, two types of electrochemical techniques, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) are used. These studies are carried out for the synthesized
nonionic surfactants as corrosion inhibitors with concentrations (50, 100, 150, 200, 250 and 300 ppm), at
different temperatures (40 2C) in the oil wells’ formation water saturated with CO, as aggressive media.

Potentiodynamic Polarization Measurements
Cathodic and anodic polarization curves for carbon steel in oil wells’ formation water saturated with

CO, in the absence and presence of various concentrations of the nonionic surfactants are show in Fig.5. The
inhibition efficiency (IE %) was calculated using the equation 14:[33-38],

IE%=1—[["“""] (14)

=
[E‘D'E'E

Where IQcorr and I, are the corrosion current density values without and with inhibitor, respectively.
The electrochemical parameters, corrosion current density (l..), corrosion potential (E..), anodic Tafel slope
(Ba) and cathodic Tafel slope (B.), associated with polarization measurements and the inhibition efficiency (IE
%) at different inhibitor concentrations are listed in Table 5. It is obvious from Fig. 4 and Table 5 that,
according to . and IE % values, the inhibitive properties of the studied surfactant inhibitor followed the
order/;

Inhib Il > Inhib 1l > Inhib |

The surfactant molecules have the ability to inhibit both anodic and cathodic reactions because Tafel
lines are shifted to more negative and more positive potentials with respect to the blank curve by increasing
the concentration of the inhibitor. So they act as mixed type inhibitors [39]. This means that the inhibitors
have significant effects on retarding both the cathodic reaction and inhibiting the anodic dissolution of carbon
steel, [32].This behavior supports the adsorption of inhibitor onto metal surface and caused a barrier effect for
mass and charge transfer for anodic and cathodic reactions [40]. Lower corrosion current densities (l.,) are
observed with increasing the concentration of the nonionic surfactants inhibitors with respect to the blank
without nonionic surfactants inhibitors [32, 41-42].
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Figure 4: Potentiodynamic polarization curves for the carbon steel in oil wells’ formation water saturated with CO, in
absence and presence of various concentrations of investigated inhibitors (1, Il & Ill) at 40 oC.
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Obtain the results showed that ethoxylation of Hexadecyl amine (E,H) with 15,25 and 35 degrees ,
then etherifying the ethoxylated amine with the Diels Alder product adduct (MOA) causes a decrease in the
current density due to the newly existence of oxygen which increased as the degree of ethoxylated unite
increased. Hence, the inhibitor effect is to reduce the current density to lower values (lower corrosion rate) as
a result of increasing the function group which help in attaching the metal surface. The results can be
attributed to the different in the molecular structure of both inhibitors.

The value of inhibition efficiency in Table 5 is increased with increasing the inhibitor concentration
from 50 ppm to 300 ppm while the maximum value of (El %) is obtained for Inhibitor (Inhib I1l) [40-42]. It is
clear that the corrosion current densities (i) decrease with increasing inhibitor concentration. The effect was
maximal for the concentration 300ppm, which is the optimum concentration of inhibitor required to achieve
the efficiency (87%) This could be explained on the basis of inhibitor adsorption on the metal surface and the
adsorption process enhances with increasing inhibitor concentration [42].Table 5 show the values of cathodic
Tafel slope (B.) and anodic Tafel slope (B,) of surfactants are found to change with inhibitor concentration
indicating that the inhibitors controlled both the two reactions[40,43]. In other words, the inhibitors decrease
the surface area for corrosion without affecting the mechanism of corrosion and only cause inactivation of a
part of the surface with respect to the corrosive medium Table 5. Indeed, accurate evaluation of Tafel slopes
by Tafel extrapolation is often impossible, simply because an experimental polarization curve does not exhibit
linear Tafel regions [32, 44].

Table 5: Electrochemical polarization parameters for the corrosion of carbon steel in the oil wells’ formation water
saturated with CO, in the absence and presence of various concentrations of investigated inhibitors at 40 2C

Inhibitor conc. (mV Ef:.”sCE) (u/lc/oc"énz) (K oh?r:).cmz) (mv[?jaec'l) (mv[zcec'l) IE(%)
Blank 833.4 39.9 124 311.6 1086 |

50 -917.0 26.1 2.47 208.2 214.7 34.6

100 -916.3 20.8 2.20 161.9 -183.1 47.9

150 -924.3 17.1 2.47 183.5 -167.0 57.1

200 -855.7 12,5 3.33 154.5 -191.0 68.7

250 -904.6 8.8 3.65 151 -166.2 77.9

300 -825.0 7.5 3.99 113.8 -188.9 81.2

50 -942.6 24.1 2.11 145.8 255.8 39.6

100 877.1 18.9 1.32 1224 -168.2 52.6

150 -880.2 15.1 3.18 161.0 -168.9 62.2

! 200 -920.5 10.3 3.51 169.9 -160.5 74.2
250 -832.9 7.9 3.59 100.3 135.4 80.2

300 -842.5 6.2 4.95 141.9 -179.6 84.5

50 -869.0 222 125 99.0 11583 44.4

100 -924.3 17.7 2.47 183.5 -167.0 55.6

0 150 -905.4 13.8 4.24 185.0 -170.2 65.4
200 -845.3 8.7 3.44 108.9 -150.8 78.2

250 -846.4 6.7 3.97 88.9 1136 83.2

300 -814.3 5.1 5.31 115.2 127.4 87.2

Electrochemical Impedance Spectroscopy Measurements (EIS)

Fig. 5 shows the Nyquist plots of carbon steel immersed in oil wells formation water saturated with CO, in the
absence and presence of various concentrations of the nonionic surfactants as corrosion inhibitors.
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Figure 5: Nyquist plots for carbon steel in oil wells’ formation water saturated with CO, in the
different concentrations of investigated inhibitors at 40 2C.
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Curves have been obtained after 3h of immersion in the formation water saturated with CO,. It has
been reported that the Nyquist plots are generally associated with the charge transfer at the
electrode/electrolyte interface [45-46]. EIS data are shown in Table 6 and the suitable fitted by EIS analyzer
equivalent circuit is program and shown in Fig.5.

AN C .

Ry

Figure5: Equivalent circuit used to fitting impedance data of carbon steel in formation water at 40 °C saturated with CO,
environment.
Where R, is solution resistance, R; is the film resistance, C; is film capacitance, Cy is the
electrochemical double layer capacitance and finally R; is the charge transfer resistance. The inhibition
efficiency is calculated by charge transfer resistance obtained from Nyquist plots, according to the Eq. (15).

t Uninhib

R
IE%=1——"—"7++ (15)
Ry tnhib

Rt uninhibited and Rt inhibited Without and with inhibitor, respectively. Various electrochemical parameters
derived from Nyquist plots and IE% values were calculated and listed in Table5 and listed in Table 6. The
impedance data indicate that, the values of both (IE %) inhibition efficiency and R; an increase in charge
transfer resistance are found to increase by increasing the inhibitor concentration, while the values of Cy are
found to decrease. This behavior can be attributed to a decrease in dielectric constant and / or an increase in
the thickness of the electrical double layer, suggests that the inhibitor molecules act by adsorption mechanism
at carbon steel / formation water interface [47-48]. The higher the R; value is, the greater the resistive
behavior of the steel, implying a more effective inhibitor. The increase in charge transfer resistance R; for the
inhibited system can be explained by an increase of the resistive behavior of steel owing to the formation of
the adsorbed inhibitor molecules on steel surface. Results of EIS data show that (IE %) increases by increasing
the inhibitor concentration reaching a maximum value at 300 ppm concentration. The order is in the following
direction:

Inhibitor | < Inhibitor Il < Inhibitor Il|
This order is in a good agreement with the data obtained from polarization techniques
Corrosion inhibition mechanism by surfactant molecule

The transition of metal/solution interface from a state of active dissolution to the passive state
is of great interest [49].Adsorption of the surfactant molecules occurs because the interaction energy between
the surfactant molecules and the metal surface is higher than that between water molecules and the metal
surface. So the inhibition effect by surfactants is attributed to the adsorption of the surfactant molecule via
their functional groups onto the metal surface. The adsorption rate is usually rapid and hence the reactive
metal is shielded from the aggressive environment. Corrosion inhibition depends on the adsorption ability
of the surfactant molecules on the corroding surface, which is directly related to the capacity of the
surfactant to aggregate to form clusters (micelles). The critical micelle concentration, CMC, is a key
factor in determining the effectiveness of a corrosion inhibitor. Below CMC as the surfactant
concentration increases, the molecules tend to aggregate at the interface, and this interfacial
aggregation reduces the surface tension. Above CMC the metal surface is covered with a monolayer of
surfactant molecules and the additional molecules combine to form micelles or multiple layers. This showed in
Fig.3, consequently, does not alter the surface tension and the corrosion rate [50].

November - December 2015 RJPBCS 6(6) Page No. 757



ISSN: 0975-8585

Table 6: Data obtained from electrochemical impedance spectroscopy (EIS) measurements of carbon steel in oil wells’
formation water saturated with CO, in the absence and presence of various concentrations of investigated inhibitors at

40 °C.
Inhibitor Conc. Q_R:nz ny K.Ql.:{cfmz uFfrfn n, .(Z.E':nz HFE?‘I”'_Z IE %
Blank 6.5 088 | - | - 0.94 0.75 139.0 | -
50 8.2 0.90 0.026 41.8 0.87 1.16 102.9 35.2
100 10.4 0.92 0.029 36.2 0.90 1.45 90.7 48.1
150 12.8 0.95 0.035 31.9 0.85 1.80 81.7 58.3
200 15.3 0.84 0.039 22.1 0.79 2.43 71.2 69.2
250 18.1 0.91 0.041 20.7 0.76 3.57 50.4 78.4
300 19.3 0.83 0.042 19.8 0.81 4.28 35.2 82.5
50 9.3 0.97 0.028 43.2 0.91 1.25 56.6 40.1
100 10.4 0.96 0.034 37.5 0.80 1.58 50.2 52.6
i 150 11.8 0.84 00.41 31.4 0.75 2.01 48.6 62.8
200 14.5 0.79 0.044 25.2 0.81 2.94 40.5 74.5
250 17.2 0.83 0.049 23.6 0.92 4.87 36.5 81.6
300 19.6 0.85 0.052 22.8 0.76 5.03 32.8 85.1
50 12.8 0.82 0.033 45.1 0.81 1.37 65.5 45.2
100 14.3 0.94 0.039 39.3 0.78 1.72 46.2 56.4
" 150 15.2 0.85 0.041 33.8 0.91 2.22 38.2 66.2
200 19.5 0.92 0.046 26.7 0.79 3.59 35.4 79.1
250 22.3 0.79 0.053 24.9 0.85 4.87 34.9 84.6
300 25.1 300 0.055 23.5 0.82 6.19 31.1 87.9

Quantum chemical study:

Computational study

Table 7 Quantum Chemical Parameters of the Investigated Inhibitors

Table 7 shows the calculated quantum chemical parameters for inhibitor I) which included, the energy of the
highest occupied molecular orbital (Eomo), the energy of the lowest unoccupied molecular orbital (E ymo), the
energy gap (AE), the dipole moment (n) and logP.

S

Z| Exomo ELumo AE 1] LogP Polarizability Hydration energy, Surface area, || Total energy,
Efl (ew) (ev) || (ev) [ (debye) g (A3) Enyar (k cal mol™) A, (nm?) Er, (eV)
1| 667 [ 0236 | 6906 | 433 | 7.45 130.43 -24.45 2449.02 -376037

According to the frontier molecular orbital theory, chemical reactivity can be considered in terms of

interaction between the E om0 and the Ejyvo. Enomo indicates the tendency of a molecule to donate electron
while E_ymo indicates the tendency of a molecule to accept a lone pair of electron [51].Therefore, higher value
of Eyomo and lower value of E yvo signify better inhibition efficiency. Careful examination of the experimental
results reveals that based on increasing values of E,omo and on decreasing value of Eywo. This trend is
consistent with results obtained from experiments.

The AE of a molecule is defined as the difference between the E ymo and the Eyomo (i.€ AE = Elymo —
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Enomo). The AE of a molecule is a measure of the hardness or softness of a molecule [52]. Hard molecules are
characterized by larger values of AE and vice versa. However, hard molecules are less reactive than soft
molecules because the larger the gap between the last occupied orbital and the first virtual orbital, the more it
is difficult for intermolecular electron transfer to proceeds. From the calculated values of the AE, the trend for
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the variation of the inhibition efficiency of the studied inhibitor with decreasing value of AE is similar to that
deduced from experimental data.

W is the measure of the polarity in a bond and is related to the distribution of electron in a molecule
[53]. Although, there are some inconsistencies on the use of p as a predictor for the direction of a corrosion
inhibition reaction, it is generally agreed that the adsorption of polar compounds possessing high dipole
moments on the metal surface should lead to better inhibition. Comparison of the results obtained from
qguantum chemical calculations with orbital experimental inhibition efficiencies indicated that the inhibition
efficiencies of the inhibitors increase with decreasing value of . Also, it was found that the higher the value of
logP, the more hydrophobic is the molecule hence water solubility is expected to decrease with increasing
value of logP. From the point of view of corrosion inhibition process, the processes of inhibition that are
affected by hydrophobicity are not well established. However, it is most probably that hydrophobicity can be
used to predict the mechanism of formation of the oxide/hydroxide layer on the metal surface (which reduces
the corrosion process drastically) [54]. From the results obtained, the inhibition efficiency of the studied
inhibitors is found to increase with increasing value of logP. This trend supports experimental results.

Fig.9 shows the (HOMO, LUMO) molecular orbitals of inhibitor | or a representation sample in addition to its
electrostatic potential.

Electrostatic

Figure 9: the frontier Molecular orbital density distribution for the investigated inhibitor.
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Figure 7: SEM images and EDX for the carbon steel surface: (a) polished sample, (b) after immersion in the oil wells
formation water under sour conditions) and (c) after immersion in the oil wells formation water at 40 2C saturated with
CO, environment in the in presence of 300 ppm of the best inhibitor (Inhib IIl).

Fig. 5 (a) shows a characteristic inclusion observed on the polished carbon steel surface, which is
probably an oxide inclusion [55], and The EDX spectrum in Fig.5 (a) shows the characteristics peaks of some of
the elements constituting the polished carbon steel surface. Hence, a comparison can be drawn with the
morphology after exposure to the corrosive media. SEM image of the surface and the spectrum of the polished
of carbon steel specimen after immersion in the oil wells formation water saturated with CO, in absence and
presence of 300 ppm of the best inhibitor (Inhib IIl) for 30 days, are shown in Fig.6 (b) and (c) respectively. The
resulting scanning electron micrographs reveal that, the surface is strongly damaged and observed as high
surface roughness, owing to corrosion in the absence of the inhibitor, but in presence of the inhibitor, there is
a much less damage on the surface. This may be attributed to the formation of a good protective film on the
carbon steel surface. Hence, the inhibitor (Inhib IlI) provides good protection for the carbon steel surface
against corrosion in the oil wells’ formation water saturated with CO,. The protective film formed on the
carbon steel surface in presence of 300 ppm of inhibitor (Inhib Ill) appears to be very smooth and to cover the
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whole surface. This confirms the obtained high inhibition efficiency of inhibitor (Inhib 111) from electrochemical
measurements at 300 ppm concentration. The spectra of Fig.3 (c) show that the Fe peak is decreased
considerably relative to the samples in Fig.6 (a) and (b). This decreasing of the Fe band indicates that the
strongly adherent protective film of inhibitor (Inhib Ill) is formed on the polished carbon steel surface, which
leading to a high degree of inhibition efficiency [55].The appearances of oxygen signal in Fig.6 (b) is due to the
carbon steel surface exposed to the formation water saturated with CO, in the absence of the inhibitor (Inhib
II).Therefore, the EDX and SEM examinations of the carbon steel surface support the results obtained from
the chemical and electrochemical methods that the synthesized surfactants inhibitors are a good inhibitor for
the carbon steel in the oil wells formation water saturated with CO,.

1. The critical micelle concentration considers a key factor in determining the effectiveness of surfactants as
corrosion inhibitors due to large reduction of surface tension at CMC.

2. The inhibition efficiency percentage of the surfactants increases by increasing the ethylene oxide units of
inhibitor molecules.

3. All the investigated nonionic surfactants are effective inhibitors for corrosion of carbon steel in oil wells’
Formation water saturated with CO,.

4. The inhibition mechanism is attributed to the strong adsorption ability of the selected surfactants on
carbon steel surface, forming a good protective layer, which isolates the surface from the aggressive
environment.

5. The potentiodynamic polarization curves indicated that, the inhibitor molecules inhibit both anodic metal
dissolution and also cathodic oxygen reduction, so that the undertaken surfactants classified as mixed
type inhibitors.

6. A good correlation was observed between the EIS data and the results of polarization measurements.

7. The formation of a good protective film on carbon steel surface is confirmed using SEM and EDX
techniques.
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