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Abstract

Corrosion of steel pipes, tubing, and casings éndilfield by acidizing fluids is a major
cause of materials failure. Corrosion of X80 steelhydrochloric acid, a typical
acidizing solution, was probed using gravimetricd aglectrochemical techniques.
Fluvoxamine (FLU) was used as anticorrosive adelitie the acid, and monitored
between 30C to 90°C. FLU offered efficient protection for the X80 stéy inhibition.
The inhibitive effect increased with a higher FLWOncentration, but decreased as
temperature increased. The highest concentrationFldf (10x10° M) afforded
inhibition efficiency of 93.5% and 80.4% in 1 M at8% HCI, respectively, at 3.
The efficiency decreased to 88.5% and 73.3%, réispdc at 90 °C. Inhibition
efficiency was improved by blending FLU with gltiaine, polyethyleneglycol and
potassium iodide. Adsorption and thermodynamic isgideveal that the inhibitor
functions, by spontaneous exothermic adsorptiolXX®d surface, were best described
by Langmuir adsorption model. Impedance measuremegrdgals increase in charge
transfer resistance with decrease in double lagpacitance. Polarization studies show
that FLU acts as a mixed type inhibitor. Scannedrogiraphs of X80 surface show a
lower pitting in the presence of FLU than in thesefracid, demonstrating the
effectiveness of FLU as X80 steel corrosion inloibit

Keywords: acid corrosion, charge transfer resistance, cmoshibitor, double layer
capacitance, SEM, EIS.

Introduction

Acidizing is an important field technique in oildugas production, comprising
wellbore, matrix and fracture acidizing procedufgp In wellbore acidizing,
acid is used to wash the wellbore in order to regnesales, corrosion products,
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and some acid soluble debris from drilling, complet production treating or
stimulation [2]. Matrix acidizing involves treatinthe formation with acid
beyond the wellbore [3]. In fracturing, acid isded under high pressure through
the well bore into the reservoir rock formationdieemically react with rocks
(calcite, limestone and dolomite) and dissolve themd to open new flow
channels and enlarge existing ones [4, 5]. In tloegss, cracks are produced in
the formation, and acidic solution is introducetbithe fracture to etch the flow
channels and enlarge pore spaces [4]. Techniguesnisanced oil recovery,
removal of scales and driling mud damage are alseociated with the
introduction of acids [2].

The most commonly used acid in acidizing procedigeHCI, and at a
concentration up to 15% [2]. Formic acid, acetitlaand hydrofluoric acid have
also been used, and sometimes as a mixture wighwsut, phosphoric, nitric,
citric, methanesulphonic and chloroacetic acids526]. Hydrochloric acid is
more economical and reacts very fast with the faionabut is highly corrosive.
Owing to this corrosive nature of HCI, corrosiorhilmitors (Cls) are usually
added to protect the surface of steel materials fcorrosion and pitting. Many
corrosion inhibitors have been reported to be &ffean various acid solutions
in different concentrations [5, 7-9]. However,atmore desirable that a corrosion
inhibitor (Cl) be cheap and environmentally and gdedriendly. It should also
be easy to synthesize or processed from inexpessstainable sources.
Fluvoxamine is a non-toxic compound which has beeed as anti-depressant
[10], for treatment of obsessive-compulsive diso(@CD) [11], and as a potent
inhibitor of the metabolism of caffeine in vitro]L It is also one of the major
compounds that can be obtained from seedardfonia simplicifolia [13]. Many
electron rich sites found in efficient organic @mion inhibitors reported in
literature [5, 7] are also found in the chemicalsture of FLU (Fig. 1).

FsC
Figure 1. Molecular and ball and stick structures of FLU.

This motivated us to investigate FLU as alternatoagrosion inhibitor for
acidizing fluid. Different concentrations of HCI veeused to simulate acidizing
fluids. The X80 steel was used in this study, beeasuch steel grades like API
5L X70, X80, X60, X65, X52 and X42 are extensiveleferred for line pipes,
transfer tubings, drilling pipes, casings, etc.,[14].The use of FLU as corrosion
inhibitor for X80 steel is being reported for thesf time. Electrochemical and
gravimetric techniques were employed to determieeinhibition efficiency and
mechanism of inhibition. The morphology of the pied metal is studied using
SEM. The effect of temperature on the inhibitorfpenance is also examined.
Cl is also blended with synergistic additives teess their performances at high
temperature.
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Experimental methods

Preparation of steel specimens

X80 steel specimens with 2 cm x 2 cm dimensionsevgipplied by Qingdao
Tengxiang Instrument and Equipment Co. Ltd., Chilis:received surface of
X80 steel was treated as provided by NACE RecomexdriRlactice RP-0775
and ASTM G-1 & G-4, for surface finishing and clean of weight loss
coupons. Coupons for electrochemical studies wieradad with various grades
of silicon carbide paper, and 1 tof the exposed surface was finished to mirror
surface with CC-22F P2000 grade of silicon carbmigper. The prepared
specimens were enclosed in sealed water-proof &agistored in moisture free
desiccator prior to use. The chemical compositibms %) of X80 were C
(0.065), Si (0.24), Mn (1.58), P (0.011), S (0.Q03u (0.01), Cr (0.022), Nb
(0.057), V (0.005), Ti (0.024), B (0.0006), Fe ¢dade).

Preparation of test solutions

Analytical grade HCI was diluted to concentratiomis1 M and 15% using
double-distilled water. As received powdered fluammine (AR), supplied by
Meyers Co. Ltd., China, was prepared to differertoentrations (1x1€ 3x10°,
5x10° and 10x1€¢ M) in HCI solutions. The additives used in blendiacg:
industrial grade polyethyleneglycol, PEG-4000 (PE&)d analytical grade
potassium iodide (KI) supplied by Richest group.L8hanghai; analytical grade
sodium gluconate (NaG) and industrial grade glitai (GLU) supplied by
Wuhan Yuancheng Gongchuang Technology Co. Ltd.n&hand potassium
chloride (analytical grade) supplied by Meyer ChaahiTechnology Co. Lt.,
Shanghai, China. All reagents were used as suppligkdout further analysis or
purification. 1x16 M of each additive was blended with 1051 FLU in the
ratio 1:1 and prepared in the HCI with vigorousrstg.

Weight loss measurement

Weight loss measurements were conducted accordiA$éTM standard method
explained in literature [5]. All weight measurengmnere conducted using a
Sartorius CPA225D analytical balance with sengiti#i0.00001 g. Pre-weighed
X80 coupons were immersed in acid solutions witld amthout different
concentrations of FLU for five (5) hours, and mainéd at 30C in a water bath.
The retrieved coupons were cleaned in 20% NaOHisalgontaining about 200
g/L of zinc dust, dried in air after rinsing in &@ee, and weighed to determine
the weight loss. This was repeated using the itdrllolends. Triplicates of the
experiments were conducted per test solution, laadnteans of the weight losses
(g) were computed and reported. The corrosion (@R of iron, percentage
inhibition efficiency §,,;) and degree of surface coveraggwere calculated as
follows

— B76 AWmean
CR=—1 (1)
—em, ) (2)

E.HH_ _ 1[":'[(_'Rh CR;
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8 = 0.015,, (3)

whereaAW,, .., is the mean weight loss,r,, and (r; are the corrosion rates (cm
h'1) in the absence and presence of the inhibifois the density of iron (gct),
Ais the average surface area frnof the metal specimens, andis the
immersion time (h). The values of corrosion ratéaoled were converted to
another unit (mmpy) using conversion factors exmdiin literature [16]. This
procedure was repeated at other temperatures su¢b’@, 60°C, 75°C and 90
°C in the different test solutions.

Electrochemical measurements

The electrochemical workstation used for measurémas Gamry ZRA REF
600-18042 Potentiostat/Galvanostat. The convenitihinaee electrode set up was
used, consisting of saturated calomel electrodeEjS&% reference electrode,
platinum as counter electrode and X80 coupons agkimgpelectrode. The EIS
were conducted at a frequency of 10 kHz to 10 niblzppen circuit immersion
time of 30 minutes, at 3W. The voltage was changed to -0.15 V to +0.15 V vs
Eoc at scan rate of 0.2 mV/s for PDP measurements. aLirgolarization
resistance measurements (LPR) were carried o0t2Q V to +0.20 V vs. & at

1 mV/s. Electrochemical Frequency Modulation (EFRgasurements were
conducted using two frequencies: 2 Hz and 5 Hz. Fdse frequency was 1 Hz,
hence, the waveform repeats after 1 s. A peak g®ltZf 10 mV was used. E-
Chem software package was used for data fittingasuadlysis.

Charge transfer resistance obtained from analyisiNyguist plot was used to
compute the inhibition efficiency according to Eg.The inhibition efficiency
from PDP was calculated from the corrosion curr@ensities obtained from
analysis of Tafel plot using Eqg. 5.

£ = 100(F22) (g

ctl

whereR._,; andR.,, are charge transfer resistances in the absencerasdnce
of the inhibitor, respectively.

— _I:::lrr
Epp = 100(1 — £7) (5)

corr

where IZ,... and I, are the corrosion current densities in the absemmk
presence of the inhibitor, respectively. The magtet of the double layer
capacitance d;,) of the adsorbed film was calculated from constphase
element (CPE), constark,{ and charge transfer resistange,f using Eq. 6.

Ca= (Y Rcrn_lji (6)

where nn is a constant showing a degree of roughness ofntatal surface
obtained from the phase angle, given ifjat= —1)a is the phase angle of CPE
andn = 20/n) is the CPE exponent.
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SEM study

To study the morphology of the metal in both uniiieid and inhibited solutions,
the steel coupons of size 1 cm x 2 cm were abramedrror finish, as described
above. The SEM images were recorded in the vacuwdenbefore and after
immersion in HCl using AMETEX S4800 SEM/EDAX TSLhiB was repeated
with a coupon immersed in HCI containing 1018 FLU solution. The
instrument was operated at 5 kV.

Results and discussion

Weight loss experiment: effect of inhibitor and acid concentration

The corrosion rate (CR), inhibition efficiencysl) and fractional surface
coverage obtained from weight loss measurementshiicorrosion of X80 in
both 1 M HCI and 15% HCI containing the differewincentrations of FLU are
presented in Table 1.

Table 1. Corrosion rate, inhibition efficiency and fracted surface coverage data for
the inhibition of X80 steel corrosion in 1 M and%31ClI using different concentrations
of FLU at 30°C.

Concentration in1M HCI in 15% HCI
CR (mmpy)  &p1(%) 0 CR (mmpy)  ep1(%) o
Blank solution 39.45 - - 69.40 - -
1x10°M 9.37 76.25 0.76 21.72 68.70 0.69
3x10°M 8.26 79.05 0.79 20.54 70.40 0.70
5x10°M 6.54 83.42 0.83 16.73 75.19 0.75
10 x 10°M 2.25 94.30 0.94 13.38 80.41 0.80

Inhibition efficiency obtained increased from 78250 94.30%, when the
concentration of FLU was increased from 1X1 to 10x10° M, at constant
temperature. The efficiency of FLU was also testedooth 1 M HCI and 15%
HCI, and results were compared. The effectivenédsLty declined when the
acid concentration was increased from 1 M to 15&6.iRstance, the inhibition
efficiency decreased from 94.3% in 1 M HCI to 80.4245% HCI at 30C. This
represents about a 14.7% decrease in inhibitioriefity on about a 340%
increase in acid concentration, which is reasonahté may be improved using
some synergistic intensifiers.

Effect of temperature

Nowadays, many industries have ventured into tleelystion and recovery of
hydrocarbons from deep pay zones. Since the temuperat the surface is
usually different from down-hole temperature, ustlnding the effect of
temperature on a corrosion inhibitor is essenfialone goes down the well, the
difference in temperature per unit well length bagn described as geothermal
gradient. It is believed that the universal averggethermal gradient is about 25
°C per km of depth (1°F per 70 feet of depth) [18]. From literature, the
average geothermal gradient in Nigeria Niger dékéds is 28°C/km [19].

421



E. Ituen et al. / Port. Electrochim. Acta 34 (2016) 417-432

Therefore, minimally deep wells in the Nigerian dliglelta region have been
reported to be about 2-4 km deep, correspondingaterage downhole
temperatures of 65-12& [20].

On this basis, the performance of FLU was examateligher temperatures up
to 90°C. Results obtained are shown in Table 2. Inhibitdficiency initially
increases as temperature increases, and lateradesraith higher temperatures.
With 10x10° M FLU in 1 M HCI solution, the inhibition efficiencincreases
from 94.3% at 30°C to 95.1% at 60C, before decreasing to 88.5% at @
Similar trend was obtained in 15% HCI.

Table 2. Effect of temperature on the inhibition efficien() of 10x1®® M FLU as
corrosion inhibitor for X80 steel in acidic solut®

T(°C) %Il in1M HCI %] in 15% HCI
30 94.3 80.4
45 94.7 81.1
60 95.1 83.7
75 92.0 78.0
90 88.5 73.3

This behaviour is graphically illustrated in Fig. Phis implies that if FLU is

used as CI in acidizing fluid, it will perform morefficiently at surface

conditions than at down hole conditions. In literat similar trend of inhibition

efficiency is associated with both physical andnoival adsorption mechanism
[21].

Effect of additives

It has been reported that certain substances dcatensifiers) can increase the
inhibition efficiency of some corrosion inhibito[S]. Intensifiers are desirable,

because corrosion inhibitors often may not proxddequate protection to steels,
at high temperatures and long exposure time.
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Figure 2. Variation of inhibition efficiency with temperatiin (i) 1 M HCI and (ii)

15% HCI.

Therefore, 10x1®M FLU in both 1 M and 15% HCI solutions were bledde
with potassium iodide (KI), polyethylene glycol (B sodium gluconate (NaG),
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and glutathione (GLU). The results obtained (TaBley show that the additives
improved the inhibition efficiency of FLU. For imsice, at 9CC, the blends
containing PEG, Kl and GLU affordeélol of 93.5%, 94.5% and 95.6 %,
respectively, in 1 M HCI and 79.6%, 80.8%, and 8¢ if 15% HCI.

Table 3. Effect of intensifiers on inhibition efficiency (%9f FLU on X80 steel in 1 M

HCI solution.
T(°C) FLUonly FLU+KI FLU+PEG FLU+NaG FLU+GLU

30 94.3 99.8 99.7 98.9 99.9
45 94.7 98.1 98.9 97.6 99.9
60 95.1 97.5 97.3 96.2 99.8
75 92.0 96.5 96.8 94.8 99.5
90 88.5 93.5 94.5 90.3 98.1

This demonstrates that the inhibitor blends obtaiceuld be suitable alternatives
for various oilfield acidizing procedures assodaiaterith high temperature
operations. However, a study is ongoing to forneutae FLU using surfactants,
other intensifiers, solvents, etc., to optimizesefiveness at high temperatures.

Table 4. Effect of intensifiers on inhibition efficiency (%0f FLU on X80 steel in 15%

HCI solution.
T(°C) FLUonly FLU+KI FLU+PEG FLU+NaG FLU+GLU

30 80.4 94.6 95.7 88.1 97.5

45 81.1 90.1 91.2 86.2 96.3

60 83.7 85.5 87.6 84.5 94.8

75 78.0 82.7 83.5 79.1 89.6

90 66.3 79.6 80.8 72.4 84.5
Adsorption study

Adsorption of Cls can be either by physical or cleainadsorption mechanism.
To predict this mechanism, surface coveraed@ta were fitted into adsorption
models namely, Langmuir, Temkin, Freundlich, Flblyggins and El-Awady et
al. The best fit was obtained with Langmuir isother(Fig. 3), with
adjustedr® = 0.99255.
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Figure 3. Langmuir adsorption isotherm for the inhibitionX80 steel corrosion in (i) 1
M HCI and (ii) 15% HCI, using different concentoats of FLU.
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The expression for the model is given in Eq. 7 [22]

finh — 1 t Cinn (7)

wherec,,, is the concentration of inhibitor (M) in the acidligtion andx ;. is
the adsorption-desorption equilibrium constant,clhielates to the free energy
change of adsorptiomA§,,,.), according to Eq. 8.

AG_,. = —RT In(55.5K_,.) (8)
where 55.5 represents the concentration of watdecules displaced by the
inhibitor molecules,R is the universal gas constant afids the absolute
temperature. The values &f ;. and AG,,. obtained are given in Table 5.

The constantK.;. , relates to the strength of the inhibitor-metakface
interaction. It can be observed thit,. decreases as temperature increases,
which indicates that the strength of adsorptivelinig of FLU to the steel surface
decreases as temperature increases, perhaps desdiption of its molecules
from the surface. ThK ,,. values are also higher in 1 M HCI than in 15% HCI,
demonstrating that the inhibitor is more strongtis@bed on X80 steel in the
former than in the later.

The AG.4 Vvalues obtained are higher than -40 kJmsluggesting that the
mechanism is of chemical adsorption [23]. This catles that the adsorption of
FLU on X80 surface is facilitated by chemical imietions between FLU
electrons and empty d-orbitals of iron in the stddle Langmuir adsorption
isotherm assumes equivalent X80 sites with the mageo of FLU molecules, as
shown in the almost unity values of the slope olatdi Therefore, the results
obtained are in agreement, since chemisorption aresim is consistent with
monolayer adsorption. In addition, adsorption ofUFls more spontaneous as
temperature increases.

Table 5. Parameters deduced from Langmuir adsorption isothat different
temperatures.

T 1M HCI Solution 15% HCI solution

(OC) Koge Ay Slope Ad] Kaa: AGoye Slope AdJ
(x10°M71)  (kJmol ) R? (x10°M71)  (kJmolh) R’

30 2.36 -41.28 1.01 0.9925 1.96 -41.67 1.02 0.9979

45 2.37 -43.33 1.03 0.9963 1.99 -42.88 1.11 0.9968

60 2.28 -45.26 1.01 0.9961 1.21 -43.52 1.15 0.9941

75 1.65 -46.38 1.04 0.9942 0.95 -44.78 1.24 0.9966

90 1.41 -47.07 1.07 0.9925 0.63 -46.71 1.39 0.9990

Kinetic and thermodynamic studies

The corrosion rate data were fitted into Arrhenkisetic model (Eg. 9), and
activation energy was calculated from the slopknefar plots oflog CR, against
reciprocal of temperature (Fig. 4). The obtainetivation energy increased on
addition of the inhibitor, depending on the inhobis concentration. From the
concept of activation and collision theory, it da@ considered that, before the
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acid solution corrodes the steel, the moleculeghefacid must collide with the
metal molecules on the surface. The acid mole@Heslld possess energy up to
a minimum threshold called activation energy.

logCR = logA — :.aigm (9)

whereE, is the activation energy is the Arrhenius pre-exponential factor or
frequency factor,R is the universal gas constant afdis the absolute
temperature. In the presence of the inhibitors,attivation energy values were
higher than in the uninhibited solutions (Table B)erefore, the acid molecules
must acquire extra (higher) energy in the presefdke inhibitor, for corrosion
to occur, hence, corrosion inhibition [24]. The myye also increases as the
inhibitor concentration increases. The activatioergy was lower in 15% HCI
than in 1 M HCI, implying that molecules of 15% H€Mlution require a lower
energy barrier to cross the activated complex @mch fcorrosion products with
mild steel than that of 1 M HCI. The increase itivation energy in the presence
of the inhibitor in both acids is consistent witartds reported in literature, and it
Is associated with physical adsorption mechanissh [2

26
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Figure 4. Arrhenius plot for the inhibition of corrosion ¥80 steel in (i) 1 M HCI and
(i) 15% HCI, using different concentrations of FLU
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Table 6. Activation and thermodynamic parameters for coomm®f X80 steel in both 1
M HCI and 15% HCI, containing different concentoats of FLU.

FLU Conc 1M HCI 15% HCI

(x10°M) E.(kJmolY)  amr*(kImol ) A5"(kdmol)  E (kJmol?) AR (kJmol)  As*(kImol ™)
0 14.52 -12.25 0.19 13.01 -14.36 0.12
1 19.16 -24.79 0.17 23.05 -19.55 0.14
3 20.76 -26.35 0.15 24.07 -22.42 0.12
5 26.54 -30.87 0.13 29.53 -26.60 0.10
10 33.87 -33.92 0.11 38.46 -34.09 0.08

The other activation parameters given in Table Gevderived from the transition
state equation (Eg. 10). Linear pIotsla@[%} against reciprocal of temperature
are given in Fig. 5.
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og(F) = [(log(35) + (55))] - (=) (10

where AH® and AS“are the enthalpy and entropy changes of activation,
respectively. Thealues ofAS™ are all negative, which implies that a decrease in
disorderliness of the system takes place on movmgh reactants to the
activated complex. It also indicates that the atéd complex in the rate
determining step involves an association of théoitdr on metal surface, instead
of dissolution of the metal [26]. The negative sefmH" reflects the exothermic
nature of X80 steel corrosion in HCI. Thermodynaatiig it is consistent for an
exothermic process with decreasing entropy to lmmtspeous at temperatures
that are not too high [27].
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Figure 5. Transition state plots for the corrosion of X88edtin 1 M and 15% HCI, in
the absence and presence of different concentsatibRLU.

ElS experiment

Nyquist and Bode plots shown in Fig. 6 were obtifrem analysis of the EIS
results for the corrosion of X80 steel in 1 M H@lith and without different

concentrations of FLU. The Nyquist plot yields seingies with larger diameters
in the presence of FLU than in of HCI solution, eeging on FLU’s

concentration.

e | HCI
e 13 107°M FLU
e 33 10°M FLU
. 53 10°°M FLU
—t—10x10"M FLU

Phase angle (deg)

T T T T T T T T T T
o 200 400 800 8002 1000 1200 -1 0 1 2 3
2+ (2cm?) Iog f (Hz)

Figure 6. Nyquist (left) and Bode (right) plots for inhitot of X80 steel corrosion in 1
M HCI, using different concentrations of FLU.

The difference in diameter size from that of thelHGlution is due to the
influence of FLU on the corrosion rate of X80 stéketough the inhibition
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process. This is further supported by an increasdiameter, as the inhibitor
concentration increases, as it also happens with dbtained inhibition
efficiency. The semicircles are imperfect in shagred this has been attributed to
the inhomogeneity of the steel surface, due torgtisn of the inhibitor [28].

CPE &

A

Rect

Figure 7. Electrochemical equivalent circuk{ (R .0z ) model used for data fitting.
The shapes of the plots were similar in both thebited and free acid solution,
indicating that the mechanism of steel corrosionnd influenced by the
introduction of FLU. The single capacitive loop aibed also indicates that the
mechanism of corrosion is mainly controlled by geairansfer process [26]. The
R. (R..0.pz) equivalent circuit model (Fig. 7) provides a gditdy? < 10%) for
the obtained data.

With this model, a constant phase element (CPE)pemsates the surface
inhomogeneity of the steel. The CPE is a non-integement dependent on
frequency, and its impedance can be estimated &5iagdn in Eq. 11.

Zepe== () (jw)™" (11)

whereZ.¢ is the impedance of the CPE, is the CPE constany; is the angular
frequency,j is an imaginary complex numbef§? = —1)a is the phase angle of
CPE andth = 20/n ).

Some of the EIS parameters calculated are presenfkable 7. The value ot
decreases on addition of FLU, indicating that goison of FLU molecules
increases the surface roughness of the steel [R&lso shows that there is
relative and/or integrated influence on the CPEheam than just a single
resistance, capacitance or inductive element. [@serenn on addition inhibitors
also signifies insulation of the metal/solutioneiriace by formation of a surface
film. Film formation increases the charge transtsistance in the presence of
the inhibitor. The charge transfer resistance m®ee with an increase in the
inhibitor’'s concentration, showing that the ‘blatikg’ property of the film is
better at higher inhibitor’s concentrations.

Table 7. EIS parameters obtained from Nyquist plots for X&el corrosion in 1 M
HCI containing different concentrations of FLU.

EIS Parameters IM  1x10°M  3x10°M  5x10°M  10x10°M
HCI FLU FLU FLU FLU

R, (ficn?) 30.64 162.4 199.84 239.1 622.9
R, (ficn?) 1.063 0.963 0.926 0.874 0.790
T,x107¢ (0 tsPem ™) 206.4 193.8 190.5 188.2 184.7
n 0.877 0.862 0.847 0.819 0.803

Cq X10°(F) 12.60 9.03 5.02 4.83 0.16

£ (%) - 81.13 84.47 87.19 95.08
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Increase in peak heights of the Bode plots suggekigher capacitive response
of the interface, caused by the presence of therlbed inhibitor layer [28], due
to the formation of an electrochemical double laygh a magnitude capacitance
(C4p estimated using Eq. 6. The calculatgglvalues decrease in the presence of
inhibitors, similar to what is reported in litera@u[28, 29]. This is attributed to a
decrease in the local dielectric, or to an incrdaste thickness of the double
layer or both, caused by the adsorbed protectinedt the inhibitors.

PDP experiment

The chemical composition of X80 steel shown abdwens that it is a mixture of
many metals, hence, a number of oxidation reactigng occur at the anode (Eq.
11). The oxidation of iron in the steel sample epresented by Eq. 13. The
reaction at the cathode could involve reductiowater in agueous environments
with sufficiently negative potential (Eq. 14), aodkevolution of hydrogen (Eq.
15).

Anode: My — Mnil, + ne- (12)
Fel:j,:l — Fel::;qjl + 29' (13)
Cathode:  H,0+ e~ = H® +O0H™ (14)
2H( o+ 27 = Hy (15)

The driving force (i.e. potential) was controllenl & to measure the current as a
function of the net change in reaction rate. Tha sfl currents resulting from the
electrode processes can be used to obtain the oomg®m current or free
corrosion current densityl.{,..) and the corresponding potentid&_[,.) using
Tafel plots (Fig. 8).

—— 1M HCI
1x10°M FLU
3x10°M FLU
5x10°M FLU
10x10™°M FLU

-0.7 ' -0.6 -0.5 -0.4 -0.3

E (V vs. SCE)
Figure 8. Tafel plots for X80 steel corrosion in 1 M HCI caming different
concentrations of FLU.

Also, the cathodic and anodic constanf% and 5,) and some other PDP
parameters were obtained and are shown in Table 8.

The I, values decreased with an increase in the inhibitooncentration,
compared to the free acid solution. This is du¢heoformation of an adsorbed
protective film of FLU on the X80's steel surfad®.displacement oft_,.,. to
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less negative values in the inhibited solutions garad to the free acid solution
was also observed. Corrosion inhibitors that dsplg,,,. to less negative
values are usually identified as anodic inhibitomhereas cathodic inhibitors
displace the potential to more negative values.[30refore, thet,,... values
obtained indicate that the inhibitor has dominafiuence on the partial anodic
reaction. However, the highest difference from thiathe free acid §E_,,..) IS
not up to -85 mV, hence, not sufficient to categeithe inhibitor as cathodic or
anodic type. Such corrosion inhibitors are usualgarded as mixed type
inhibitors with anodic predominance [31]. The ob&l values ofs. and 3,
differ on addition of inhibitor from those of theek acid solution. The highest
difference was obtained wit#),, confirming that FLU exhibits more influence on
the anodic reaction.

Table 8. Some PDP parameters for X80 steel corrosion in IH®I, containing
different concentrations of FLU.

PDP 1M 1x105M 3x10°M  5x10°M  10x10°M
parameters HCI FLU FLU FLU FLU
. (mV/decade) 82.1 106.3 107.4 108.2 117.0
B (mV/decade) 98.5 99.1 99.8 99.7 103.4
I orr (UA) 693.7 156.5 119.8 102.9 77.5
Eemrr (MV) -487.0 -478.8 -473.6 -473.6 -461.0
Exp (%) - 77.4 82.7 85.2 88.8

A mixed type inhibitor acts by blocking some actargodic and cathodic sites of
the metal, without changing its corrosion mechani$m other words, FLU
inhibits both the iron dissolution and hydrogen lation processes, but more
actively inhibiting iron oxidation (anodic reactjopnThe mechanism may be
activation or diffusion controlled. The -calculatadhibition efficiency also
increased with an increase in concentration ofrthiitor, similar to EIS results.

LPR measurement

The polarization resistances in the absence andepce of different
concentrations of FLU were obtained using insigfitam the Stern-Geary
equation (Eg. 16). Inhibition efficiency was cak@d from the polarization
resistances using Eq. 17.

_ Babc
P 23081, (BatB) (16)
Rpi— R
£xp = 100 (L 1E2) (17)

whereR,; andRp, are the polarization resistances with and withbatinhibitor,
respectively. Obtained values @&, (Table 9) increased with an increase in
FLU’s concentration.

The obtained inhibition efficiency followed simil&rend as PDP, with respect to
concentration. However, the obtained inhibitionicéincy was relatively lower
than that from PDP measurements, but comparalidéStoesults.
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Table 9. Some LPR parameters for corrosion of X80 steel iM HCI, containing
different concentrations of FLU.

LPR 1M 1x10°M 3x10°M 5x10°M 10x10°M
parameters  HCI FLU FLU FLU FLU
R, (fcnv) 58.2 219.3 251.7 295.1 403.0
Ezz (%) - 73.5 76.7 80.3 85.6

EFM measurement

EFM measurement was also carried out using smghats to obtain the
causality factors (CF-2 and CF-3) and Tafel coristdisplayed in Table 10. The
obtained causality factors CF-2 and CF-3 are clsetheoretical values,
indicating that the measurements are of good gqui@#]. The slight differences
can be attributed to the influence of electrochammoise on the measurement.
Variation in the values of the Tafel constants dest@tes that the inhibitor has
more influence orf,, supporting PDP results.

Table 10. Some EFM parameters for corrosion of X80 steel ikl HCI, containing
different concentrations of FLU.

Parameters 1M 1x10°M 5x10°M 5x10°M 10x10°M
HCI FLU FLU FLU FLU
B.(mV/decade) 83.73 85.13 86.60 87.28 95.34
8.(mV/decade) 93.44 95.21 97.22 97.08 98.94
CF-2 1.771 1.887 1.823 2.003 2.086
CF-3 2.727 2.897 2.509 2.995 2.553
SEM studies

Micrographs of an abraded X80 steel coupon priofindonersion, and then
immersed in 1 M HCI, with and without FLU, for 24urs, were recorded by
SEM. Results reveal that the surface of the coupanersed in the free acid
solution (Fig. 9, left) experienced damage, dua tworrosive attack leading to
pitting and undulation. However, the surface of tmpon immersed in the

solution containing FLU (Fig 9, right) was relatiyesmoother compared to the
free acid solution.

|||||||||||

Figure 9. SEM microgrphs of abraded X80 steel immrsedﬁm HCI (left) and in 1
M HCI containing 10x10M FLU (right).

8mm x4 54800
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This demonstrates that the addition of inhibitoduges the corrosive pitting
which occurs in the free acid solution. The extmntrotection can be considered
to be high, since pitting decreases significantly.

The protective layer formed by the inhibitor wag ewenly distributed over the
metal surface, which is why some portions on thdase are smoother than
others. Thus, the active sites on the steel surfaigit not be equivalent or

possess similar affinity for the active moleculdstite inhibitors. Also, some

cracks, which may arise during cleaning of the cougfter retrieval, are visible

on the protected surface.

Conclusions

Fluvoxamine has been assessed as an alternaticeremgion additive for X80
steel surface protection in hydrochloric acid. Efieciency of FLU on inhibition
of X80 steel corrosion decreases as temperatureases, and increases as FLU
concentration increases. Blending of FLU with pstas iodide,
polyethyleneglygol and glutathione further improtes efficiency. FLU behaves
as a mixed type inhibitor with anodic predominarnksdsorption of FLU on X80
steel surface is spontaneous, exothermic and bestrided by Langmuir
adsorption model. SEM micrographs of X80 steelaefare protected from the
aggressive HCI solution by addition of FLU. FLU at&lblends could be useful
as effective alternative ecofriendly corrosion bitars for X80 steel materials in
acidic well treatment fluids.
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