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The effect of static and hydrodynamic conditions (0-2000 rpm) on corrosion inhibition of a water-base
acrylic terpolymer (ATP), methyl methacrylate/butyl acrylate/acrylic acid, for SAE1018 steel in simulated
sour petroleum corrosive solution (NACE 1D196) were investigated by AC/DC electrochemical tests.
Increase in rotation speed accelerates the corrosion rate; however the corrosion inhibitor efficiency
increases. This was attributed to the enhanced mass transport of inhibitor molecules to the metal surface.
OM examinations also demonstrate that in presence of ATP, a decrease in corrosion attacks is observed.
Thermodynamic calculations also showed that ATP obeys Langmuir adsorption isotherm and adsorbs
B EIS chemically into the surface.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Petroleum industry is one of the most important industrial sec-
tions. Carbon steels are cheap and high strength and therefore are
most applicable alloy in this industry and possibly in other indus-
trial sections. Consequently, the study of carbon steel corrosion is
important in petrochemical industries [1-4]. The oil and gas prod-
ucts of petrochemical industry contain some impurities such as
CO,, H3S, 0,, H,0, chlorides, some organic acids and bacteria. All
impurities have certain influence on corrosion of carbon steels.
H,S is very soluble in water. It is 200 times more soluble than oxy-
gen and three times more soluble than CO, in water at atmospheric
pressure and temperature. H,S corrodes steel, is forming various
forms of iron sulfide which results in pitting corrosion. But, it was
reported that the formation of iron sulphide decreases CO,-contain-
ing petroleum solution corrosion due to formation of iron sulp-
hides. CO, itself can form various structures of iron carbonate. If
no liquid water is present, CO, is noncorrosive. Low-molecular-
weight organic acids (acetic, propionic, etc.) can cause severe corro-
sion when exists in the petroleum at ppm levels. Chlorides produce
conductive solutions on surface to form a cell for corrosive attack to
occur [5-13].

The adsorption of organic molecules at the metal/solution inter-
face is a great interest in surface science and can markedly change
the corrosion resistance of the metal [14]. It is generally accepted
that the first step in the adsorption of an organic inhibitor on a me-
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tal surface usually involves replacement of one or more water mol-
ecules adsorbed at the metal surface [15]:

inhibitor e -+ XH;0 ags) — inhibitor ags) + XH0 g0

The inhibitor may then combine with freshly generated Fe?*
ions on steel surface, forming metal inhibitor complexes [16,17]:
Fe>* + inhibitor s — [Fe inhibitor]’y,,

Most of the well known acid inhibitors are organic compounds
containing nitrogen, sulfur and/or oxygen atoms [18,19]. Recently,
application of some organic polymers as corrosion inhibitor is
noticeable since they have environmental friendly characteristics,
are non toxic and show excellent corrosion inhibition behavior.
Polymers have large chain molecules; however have less solubility
and high attraction point and as a result excellent stability and cor-
rosion inhibition [20-22]. In the present study, inhibiting perfor-
mance of an environmental friendly and water-base acrylic
terpolymer (ATP), methyl metacrylate, butyl acrylate, acrylic acid,
was investigated. The present ATP is emulsified in aqueous solu-
tion; however use of this terpolymer as corrosion inhibitor does
not need any solvent which is a great advantage as a solvent-free
inhibitor. This water-base copolymer is already used in adhesive
commercial resin in coating industry and so far, no study has been
carried out on inhibitive performance of this compound as corro-
sion inhibitor in acidic media, particularly the influence of hydrody-
namic conditions during rotating disc electrode (RDE) experiments.
In this work, inhibition behavior of ATP on corrosion of SAE1018
steel in petroleum solution was studied by electrochemical tests
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such as potentiodynamic and electrochemical impedance spectros-
copy and open-circuit potential. These tests were carried out in 0
(stagnant), 500, 1000, 1500 and 2000 rpm RDE speeds in absence
and presence 0.1, 0.2, 0.4, 0.6 and 0.8 ppm (mmol/L) of inhibitor.
Surface morphology of the polished mild steel in petroleum solu-
tion in absence and presence of inhibitor in static and hydrody-
namic conditions was investigated through optical microscope
(OM) imaging technique.

It should be mentioned that previous studied reported that cor-
rosion rate in hydrodynamic conditions is different to static condi-
tions. Very often, the increase of rotating disk electrode velocity
causes an increase in corrosion rate. This was attributed to en-
hanced mass transport of reactant agents including aggressive ions
toward metal surface. Accordingly, the corrosion inhibition behav-
ior at hydrodynamic condition depends on adsorption of inhibitor
on the surface at different rotating speed [23,24].

2. Material and experimental
2.1. Poly(methyl methacrylate/butyl acrylate/acrylic acid)

Fig. 1 represents the structure three monomers of present
copolymer. The copolymer used as corrosion inhibitor in this work
was a water-base acrylic terpolymer of methyl methacrylate/butyl
acrylate/acrylic acid with 49:49:2 wt% ratio, respectively and con-
taining 50 wt% water. This copolymer was produced using the free
radical copolymerization mechanism and molecular weight of this
terpolymer is 10° g/mol, the average particle size is about 160 nm
and has Tg about 20 °C.

2.2. Specimen and corrosive media

The specimen (working electrode) was selected from a SAE1018
steel rod with following chemical composition (in wt%): 0.15% C,
0.6% Mn, 0.0005% B, 0.2% Cu, 0.1% Pb and Fe balance which was
mounted in a polyester resin in such a way that only the end side
of electrode was left uncovered, resulting in 0.785 cm? area. A
home-built rotating machine was used to control the rotation
speed in the range of 0 and 2000 rpm in petroleum solution in ab-
sence and presence of different inhibitor concentrations. Before
each test, the specimen was ground up to 1200 grit emery paper
then washed in double distilled water and dried with warm air.

The simulated petroleum corrosive solution was prepared
according to NACE 1D196 standard as follows [8,25,26]:

In the first stage, the solution containing 3.5 wt% NaCl,
0.305 wt% calcium chloride and 0.186 wt% magnesium chloride
hexahydrate was degassed by purging CO, gas with pressure of
1 atm during 1 h. After this process, the pH of solution was mea-
sured (its value was approximately 3.9). It should be noted that
0, in a concentration more than 10 ppm reacts with H,S, produc-
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Fig. 1. Molecular structures of (a) methyl methacrylate (b) butyl acrylate (c) acrylic
acid.

ing considerable H,SO,. Finally, CH3COOH 1700 mmol/L and Na,S
3530 mmol/L were added in solution in a sealed cell to generate
500 ppm H,S and to arrive in 4.7 pH.

2.3. Electrochemical measurements

The electrochemical measurements were carried out in a con-
ventional three-electrode cell in which the working electrode
was as mentioned above and saturated calomel electrode (SCE)
and a platinum wire were as reference and counter electrode,
respectively. An IVIUM Potentiostat was employed to perform all
electrochemical measurements. In order to reach a steady state,
the working electrode was immersed in solution for 10 min. Poten-
tiodynamic polarisation was performed with a constant sweep rate
of 1 mV/s in the range of —300 to +300 mV with respect to corro-
sion potential. The impedance measurement was performed using
AC signals with 10 mV amplitude for the frequency range from
100 kHz to 0.01 Hz at corrosion potential. EIS Analyzer software
was used to fit the experimental results of EIS measurements using
appropriate equivalent circuit.

2.4. Corrosion attack morphology investigation

Optical microscopy was employed to investigate the corrosion
attack morphology in absence and presence of inhibitor. The spec-
imen surface was mechanically polished down to 0.05 pm alumina
slurry. Subsequently, the sample was immersed in petroleum solu-
tion in absence and presence of 0.8 ppm (mmol/L) for 15 min at
room temperature in static and hydrodynamic conditions. After
sample eliciting from solution, it was washed and cleaned by eth-
anol and immediately dried with warm air.

3. Results and discussion
3.1. Effect of concentration in static condition

3.1.1. Potentiodynamic polarisation

Anodic and cathodic polarisation curves for carbon steel, in ab-
sence and presence of various concentrations of ATP in simulated
petroleum corrosive solution in static conditions, are shown in
Fig. 2.

Anodic reaction is iron dissolution:
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Fig. 2. Typical polarisation curves for corrosion of SAE1018 in the absence and
presence of inhibitor in stagnant conditions.
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Fei) — Fe’y +2e~ (oxidation of Fe) (1)

It was reported that the decrease in corrosion rate of carbon
steel in petroleum environment may occur due to the formation
of iron sulphide (FeS) [5,9] as follows by the following reactions
(in the present study, this issue has not been investigated):

Fe?:) +S.q — FeS) (sediment of iron sulfide) )

Fig. 2 shows that the current densities of anodic branches are
under activation-controlled while the cathodic ones are under dif-
fusion-controlled. As seen, the anodic current densities of inhibited
solutions which are independent of inhibitor concentration are
considerably lower than the uninhibited solution. In cathodic
branches, the current densities decrease with increasing in inhibi-
tor concentration. The main cathodic reactions in petroleum envi-
ronment are reported as follows:

ZH(*aq) +2e” — Hyg (reduction of hydrogen) (3)

2H,C035q + 26~ — 2HCO3,,,,

+ Hyg (reduction of corbonic acid) (4)
2H,S(aq) + 2 — 2HS |, + Hyg (reduction of H,S) (5)

2CH3COOH(aq> +2e — 2CH3COO(;Q)
+ Hyg (reduction of CH;COOH) (6)

It is believed that the formation of iron sulphide on steel surface
give rise to the reduction rate of mentioned species is controlled by
their diffusion from bulk to the steel surface [5-7,9,10,27,28]. This
topic will be deeply discussed in the EIS section.

The corrosion parameters extracted from polarisation curves
containing corrosion current density (icr), corrosion potential
(Ecorr) and the anodic and cathodic Tafel slopes (S, c) have been
presented in Table 1. Also, the values of surface coverage (0) and
inhibition efficiency (%IE) have been calculated as a function of
ATP concentration according to following equations [29,30]:

-0

1 - iCOlT
6= —— (7)
lCOl‘l‘
%1 =6 x 100 (8)
Where i and ico are the corrosion current densities in ab-

sence and presence of inhibitor, respectively. It can be seen from
Table 1 that the corrosion current density of carbon steel in petro-
leum solution considerably decreases with increasing in terpoly-
mer concentration. This indicates that present terpolymer act as
a suitable inhibitor for carbon steel corrosion. In addition, for pres-
ent terpolymer the most efficient concentration found to be
0.8 ppm in which the efficiency value reaches 71%. It is believed
that the decrease in corrosion rate with adding inhibitor to the
petroleum solution is mainly due to the adsorption of long chains

Table 1
Electrochemical potential dynamic polarisation parameters for SAE1018 corrosion in
the absence and presence of inhibitor at stagnant conditions.

Concentration Ecorr (MV vs. icorr (MA/ Ba (MV/ 0 n%
(mmol/L) SCE) cm?) decade)

Blank —664 0.2641 97 - -
0.1 —-595 0.2077 103 021 214
0.2 —-597 0.1977 96 025 252
0.4 —598 0.1409 83 0.47 46.7
0.6 —-598 0.1074 76 059 594
0.8 —-596 0.0985 61 0.63 628

of terpolymer onto metal surface [21,22]. Table 1 shows that the
cathodic and anodic Tafel slopes remain almost constant in pres-
ence of various concentrations. This could be an indication that
the addition of terpolymer does not alter the corrosion mechanism
and the corrosion rate is diminished by blocking the active anodic
and cathodic sites. It should be noted that the terpolymer can di-
rectly adsorb onto the surface metal. Also, it has been reported that
cationic inhibitors such as present terpolymer bind to HS™ anions
adsorbed on the metal surface, which act as bridges facilitating
the inhibitor adsorption [21,31]. Since in presence of ATP, both
anodic and cathodic current densities have been decreased, thus
this compound is classified as mixed inhibitor.

3.1.2. Electrochemical impedance spectroscopy

Impedance measurements of carbon steel were performed in ab-
sence and presence of different concentrations of inhibitor in static
condition at the open-circuit potentials. The influence of terpolymer
concentration on impedance spectra of steel has been presented in
the form of Nyquist and Bode plot in Fig. 3. The impedance spectrum
for inhibited and uninhibited solutions is similar in shape and re-
corded values suggesting similar characteristics. The equivalent cir-
cuits proposed to fit the experimental data in static conditions have
shown in Fig. 4a and b. The equivalent circuit proposed to fit the
experimental data consists of solution resistance R; in a serial con-
nection with one time constant: R; (CyR,W) in impedance data of
corrosion behavior of blank solution on static condition and two
time constants: Ry(CaRct)(CiayerRiayerW) in presence of corrosion
inhibitor. The first time constant in the high frequency region is pro-
posed to be a result of a fast charge transfer process of steel dissolu-
tion, with R, being the charge transfer resistance. A reasonable fit of
the R..C4W sub-circuit is obtained when Cg is replaced by a constant
phase element (CPE) with the exponent, n. This impedance element
is calculated by following equations [32]:

Zewe = [Q(j)") ! 9)
where Q is the constant, w is the angular frequency, and n is the CPE
power.

In these electrical circuits Zy is a finite length Warburg imped-
ance element that represents the diffusion of reactive species. The
total impedance is calculated by following equations [33,34]:

Ret

Ziotal = Rs + —— 55—
total + 1 + Q(ICU)chr

Riayer
+ ; e 05 05 (10)
1+ Rlayer]wc + Rlayero(]w) coth[B(jw)™]

where j is the imaginary number (j? = —1), B is the diffusion fac-
tor, C is capacity and O is the finite length diffusion element. The
quantitative analysis of the experimental impedance data was per-
formed using Eq. (10) by a non-linear least squares minimization
method developed by Boukamp [35]. The fit parameters obtained
for various concentrations of terpolymer were extracted and ana-
lyzed. The results of this analysis were shown in Table 2. The re-
sults show that a new layer on the surface of electrode was
formed by polymeric corrosion inhibitor and capacitance of layers
decrease with increasing in inhibitor concentration. The significant
decrease in capacitance with increasing inhibitor concentration is
attributed to the formation or reinforcement of a protective film
on the electrode surface, that this decrease in according to Egs.
(11), (12) was attributed to characterizations of double layers at
surface [36,37].

Ca = P'"RY" (11)

&€
Ca :% (12)
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Fig. 3. Typical (a) Nyquist (b) Bode-magnitude and phase plots obtained for SAE1018 in blank and inhibited solutions at stagnant conditions.

Riayer

Fig. 4. The electrochemical equivalent circuits for corrosion and corrosion inhibi-
tion of SAE1018 RDE in (a) stagnant conditions in absence of inhibitor (b) stagnant
conditions in presence of inhibitor (¢) hydrodynamic conditions in absence of
inhibitor (d) hydrodynamic conditions in presence of inhibitor.

Table 2
Electrochemical impedance spectroscopy parameters for SAE1018 corrosion in the
absence and presence of inhibitor at stagnant conditions.

Concentration  R; Ret Riayer 0 n% Ca Clayer
(mmol/1) (Qecm?) (Qcm?) (Qcm?) (UF/  (uF/
cm?)  cm?)
Blank 9.0 33.0 - - - 320 -
0.1 9.0 81.6 214 0.69 68.6 88 724
0.2 9.3 98.4 224 0.73 732 79 417
0.4 9.4 103.3 46.2 0.78 779 73 285
0.6 10.6 110.1 79.3 0.83 829 63 145
0.8 10.4 110.5 163.6 0.88 879 58 143

where P, n and R are the magnitude of the constant phase element
(CPE), deviation parameter and charge transfer resistance of mild
steel respectively and d is the thickness of the film, S is the surface
of the electrode, ¢, is the permittivity of the air and ¢ is the local
dielectric constant. The decrease in Cg is probably due to a decrease
in local dielectric constant and/or an increase in the thickness of a
protective layer at electrode surface in presence of inhibitor [38].
Although by increasing in inhibitor concentration, a decrease of
the surface area acting as a place for charging may also be as other
reason for Cy decreasing [39].

The results of impedance measurement show that the total
resistance of the system (R), i.e. the sum of R.; and Rygyer values in-

creases with increasing in inhibitor concentrations. The change in
total shape of impedance diagrams in absence and presence of
inhibitor can be related to the change in the protective layers con-
taining the polymeric layer and the charge transfer surface layer
which have been reinforced in presence of acrylic terpolymer.
The total resistance of the system was used to calculate the inhib-
itor efficiency for inhibitor [40]:

R-R°
R

%on = x 100 (13)
where R and R? represent the total resistance with and without the
inhibitor, respectively. The inhibitor efficiency of terpolymer as a

function of the inhibitor concentration is presented in Table 2.

3.2. Effect of hydrodynamic condition

3.2.1. Potentiodynamic polarisation

Fig. 5 shows typical potentiodynamic polarisation curves of SAE
1018 samples in uninhibited and inhibited solutions at different
hydrodynamic conditions. The electrochemical parameters includ-
ing corrosion current density (icor), corrosion potential (Ecorr) €X-
tracted from the polarisation curves and also the inhibition
efficiency calculated by Eq. (8) have been presented in Table 3.

In hydrodynamic condition, the anodic sub-process, dissolution
of iron, is considered as an activation-controlled reaction, while the
cathodic ones are considered to be under diffusion-controlled. This
is pronounced when the limiting current density (i) is plotted as a
function of w%° (w is the angular frequency of rotation of the disc)
according to Levich equation as follows [41]:
i, = 0.62nFD} Ve C° (14)
where n is the number of electrons transferred, v is the kinematic
viscosity of the electrolyte and D is the diffusion coefficient of the
reacting species of bulk concentration (C°). Almost, linear relation-
ships could be observed in all uninhibited and inhibited solutions
in Fig. 6, this can be an indication of diffusion-controlled process.
It should be noted that some features of mixed-controlled is ob-
served in cathodic branches of high rotation speeds (i.e. 1500 and
2000 rpm), but they are also considered to be under diffusion-con-
trolled because mixed-controlled is established in a small part of
these cathodic curves and it has a minor effect on measuring corro-
sion rate. As observed in Fig. 5, the current density of cathodic
branches in inhibited and uninhibited solutions increase with
increasing in rotation speed so that the current density of cathodic



48 M. Vakili Azghandi et al. / Corrosion Science 64 (2012) 44-54

-200 4

2004 _a_plank —=—blank
1—=—10.1 ppm 1—=—0.1 ppm
3004 _,_ 2 ppm -3oo~. o2 bem
) | —+— 0.4 ppm @ 50— 04ppm
@ 400 {—+0.6ppm 4 | —<—0.6 ppm
g’: 500 ——0-8 ppm g, 5004 ——0-8ppm
> 1 > ]
E -600- E -600-
= ] = ]
'*E 7004 £ 700
2 [ 8 1
E -800 3 -800
=900 -900 b
P P T P B i ur " o
Current density (mA/cm? Current density (mA/cm?
-2004 _a—plank 2004 _4 plank
—e— 0.1 ppm 1—=—0.1 ppm
3004 _,_ 0.2 ppm -300__ s 0.2 ppm
o —v— 0.4 ppm ) 4 —v— 0.4 ppm
= 00 -
4 4009 0.6 ppm 3 | —<—0.6 ppm
gi 500 > 0.8 ppm g.; 500 —*—0-8 ppm
= > )
£ -600- _g -600 -
2 -700- £ -700-
c s ]
8 ‘g -800
g -800 4 o l d
-900 4 -900 4
10 10" 10° 10’ 10° 107 10" 10° 1 o'
Current density (mA/cm? Current density (mA/cm®

Fig. 5. Typical polarisation curves for corrosion of SAE1018 in the absence and presence of inhibitor in hydrodynamic conditions. (a) 500 rpm, (b) 1000 rpm, (¢) 1500 rpm and
(d) 2000 rpm.

Table 3
Electrochemical potential dynamic polarisation parameters for SAE1018 corrosion in the absence and presence of inhibitor at different rotation speeds.

Rotation speed (rpm) Reynolds numbers Concentration (mmol/I) Ecorr (MV vs. SCE) icorr (MA/cm?) Ba (mV/decade) 0 n%

500 1433 Blank —612 3.17 162 - -
0.1 —591 1.46 204 0.54 53.9
0.2 —583 1.44 156 0.54 54.5
04 -591 0.94 140 0.70 704
0.6 -593 0.50 100 0.84 84.3
0.8 -585 0.49 91 0.83 85.1

1000 2865 Blank -623 3.71 191 - -
0.1 —587 1.81 187 0.51 51.0
0.2 —590 1.48 183 0.60 60.2
04 —586 1.10 171 0.70 704
0.6 —585 0.78 105 0.79 79.0
0.8 —589 0.54 109 0.85 85.3

1500 4298 Blank -607 5.49 270 - -
0.1 —585 2.21 208 0.60 59.6
0.2 —587 1.61 202 0.64 64.2
0.4 -582 1.13 182 0.79 79.4
0.6 —581 0.95 166 0.83 82.6
0.8 -578 0.62 142 0.89 88.7

2000 5731 Blank —608 9.27 356 - -
0.1 —586 2.31 219 0.78 78.2
0.2 —586 1.97 204 0.83 82.6
0.4 -577 1.23 201 0.87 86.7
0.6 —582 1.20 205 0.88 87.8

0.8 —581 0.61 110 0.93 93.3
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Fig. 6. Levich plot (i, vs. @) for SAE 1018 mild steel at (a) blank solution (b) 0.1 ppm (c) 0.2 ppm (d) 0.4 ppm (e) 0.6 ppm and (f) 0.8 ppm inhibitor concentration.

branches in uninhibited solution is always higher than inhibited
ones in various hydrodynamic conditions. The increase in cathodic
limiting current densities of uninhibited and inhibited solutions
with rising in rotation speed is because of increasing in mass transfer
of species which participate in cathodic reactions from bulk to sur-
face [42]. From Table 3, it is clear that the corrosion current density
of SAE 1018 in petroleum solution increases under hydrodynamic

conditions in comparison with stagnant solution. It can be also seen
from Tables 1 and 3 that the presence of terpolymer in stagnant
solution (0 rpm) and hydrodynamic solutions decreases corrosion
current densities (icor) and shifts the E.,, toward more positive
potentials. This terpolymer is known as mixed anodic and cathodic
inhibitor in stagnant and hydrodynamic conditions, which acts
through prevention of anodic dissolution of metal and cathodic reac-



50 M. Vakili Azghandi et al. / Corrosion Science 64 (2012) 44-54

= stagnant 5
501 4 500 pm 36 Hz
e 1000 rpm 44 46 Hz *
v 1500 rpm 48 Hz'
) 3d %
401 <« 2000 rpm 60Hz  e%dia, i
- 2 ‘n‘. ¥y .::l‘A '
o il
5 0 NN
5 .,
§ " -
S 2. 36HZ_ & & 10 12 1a
-N [ |
" - " . - 0.1 Hz
10 - a® i
. '\v-"
0. J&
10 20 30 e 50

L]
Z ohm.cm?

= stagnant
300+ e 500 rpm 304 1.3 Hz
4 1000 rpm 10Kz 1\ .,
22Hz 0.1 Hz
250~ v 1500 rpm 20 yeaha SEs
< 2000 rpm ela '-.12:1 ' K

NE 200+ b 104 ..5:.':-""' v" .. "
2w Wi
=Q, - 28 Hz 20 40 60 80
N. - .
50_ .-.-..Illl .-... 0.1 Hz
- » ",
0- h
T v T T . T . T ¥ T d T
0 50 100 150 200 250 300
'
Z ohm.cm?

Fig. 7. Typical Nyquist plots obtained for SAE1018 RDE in stagnant and hydrodynamic conditions in (a) blank and (b) inhibited solutions in optimum concentration.

Table 4

Electrochemical impedance spectroscopy parameters for SAE1018 corrosion in the absence and presence of inhibitor at different rotation speeds.

Rotation speed (rpm) Concentration (mmol/l) Rs (Q cm?) Re: (Q cm?) Riayer (Q cm?) 0 n% Car (UF/cm?) Clayer (UF/cm?)
500 Blank 5.1 8.7 - - - 553 -
0.1 6.1 14.8 30.2 0.81 80.6 115 366.9
0.2 5.8 154 34.0 0.82 82.4 87 246.3
04 5.8 154 35.2 0.83 82.8 87 249.9
0.6 6.2 40.0 19.0 0.85 85.2 60 300.4
0.8 6.8 303 34.7 0.87 86.6 99 176.6
1000 Blank 5.1 7.9 - - - 645 -
0.1 6.8 8.6 30.0 0.80 79.5 39 3453
0.2 6.8 10.0 29.0 0.80 79.7 46 2473
0.4 6.6 249 29.7 0.85 85.5 52 234.3
0.6 5.8 241 343 0.86 86.4 37 169.5
0.8 6.8 303 34.8 0.88 87.8 99 167.4
1500 Blank 6.1 5.6 - - - 944 -
0.1 6.9 10.9 21.8 0.83 82.8 49 485.2
0.2 7.4 9.9 22.7 0.83 82.8 61 411.2
0.4 7.0 14.7 232 0.85 85.2 73 324.0
0.6 8.0 18.0 24.0 0.87 86.6 83 365.9
0.8 8.3 28.4 19.3 0.88 88.2 89 156.7
2000 Blank 5.5 3.6 - - - 924 -
0.1 7.7 13.0 17.0 0.88 87.9 62 546.8
0.2 6.0 10.9 19.8 0.88 88.2 77 485.8
0.4 5.9 13.2 19.9 0.89 89.0 81 342.6
0.6 74 12.8 19.6 0.89 88.8 90 252.5
0.8 6.8 15.4 239 0.91 90.8 95 288.7

tions due to blocking of active surface and decrease in reaction
agents in solution [43]. However, hydrodynamic conditions may also
affect the inhibition of metal corrosion. It is clear from data pre-
sented in Table 3 that current density has been increased in blank
and inhibited solutions with increasing rotation speed, which can
be attributed to enhance in mass transport of reduction agents
rather than anodic dissolution species (cations). This can be verified
by the fact that the current densities of anodic branches show little
increase with increasing rotation speed. But an increase in efficiency
at hydrodynamic conditions can be attributed to the enhanced mass
transport of inhibitor molecules to the metal surface with increase in
speed and can be attributed to improving in cooperative action of
adsorption of inhibitor and anion species in high rotation speed. It
was reported that anions such as Cl~ can operate as bridge between
inhibitor chain and metal surface. This effect can be seen in polarisa-
tion curves in which in the presence of inhibitor, anodic current den-
sity and especially cathodic current density have decreased the total
current density in hydrodynamic condition more than stagnant con-

ditions. Also, the current density at hydrodynamic conditions is
dependent to inhibitor concentration and it decreases with increas-
ing in inhibitor concentration. In fact, hydrodynamic conditions may
have two effects on inhibition performance [23,24,44]: (i) Flow can
increase mass transport of inhibitor molecules toward metal surface,
which causes the formation of more protective layers (FeS and inhib-
itor layer) on metal surface. This effect can improve the inhibitor
performance. (ii) The high shear stress resulted from high velocity
can also separate the protective films from metal surface, as a results
the inhibition efficiency decrease. The balance of above mentioned
effects lead to the changes of inhibition efficiency with electrode
rotation rate. The reason of little change of efficiency in high rotation
speed is attributed to the negative effect of the high shear stress re-
sulted from high velocity.

3.2.2. Electrochemical impedance spectroscopy
The EIS results of inhibited and uninhibited solutions at various
hydrodynamic conditions have been presented in Fig. 7, the inhib-
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Fig. 8. Langmuir adsorption isotherm of inhibitor in petroleum solution at (a) stagnant (b) 500, (c) 1000, (d) 1500 and (e) 2000 rpm.

ited solution was prepared by 0.8 ppm concentration of ATP. Eval-
uation of physical parameters concerning corrosion process is dis-
cussed using an electric equivalent circuit model for the metal-
solution interface. When the steel electrode is immersed in the
petroleum solution in various rotation speeds, the Nyquist plots
show a depressed capacitive loop, which have an asymmetrical
form like stagnant condition but does not have Warburg tail. The
reasons of this phenomenon can be attributed to diminishing the
thickness of diffusion layer and enhancing in mass transfer of
reduction agents under hydrodynamic conditions [45]. An appro-
priate equivalent circuit for blank solution in hydrodynamic condi-
tions is shown in Fig. 4c in which Ry is solution resistance, R is

charge transfer resistance and CPEq is constant phase element re-
lated to the double layer capacitance. The values of double layer
capacitance have been calculated by Eq. (11).

Similar to the blank solution in presence of inhibitor in different
rotation speeds, the Nyquist plot shows a depressed asymmetrical
capacitive loop. Thus, the equivalent circuit shown in Fig. 4d was
used to fit these spectra in which R; is solution resistance, R.; and
Riayer are charge transfer and polymeric layer resistances, respec-
tively. In addition, CPEg and CPEj.y.r are constant phase element
related to the double layer and polymeric layer capacitance. By fit-
ting the experimental data at all rotation rates, impedance param-
eters have been obtained and listed in Table 4. It can be seen from
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EIS results that in blank solution the R.; values are decreased as the
electrode rotation rate increases which is in agreement with the
polarisation results. A similar trend is observed in presence of
inhibitor that can be attributed to enhance in mass transfer of
cathodic agent from solution toward surface [42]. The inhibition
efficiencies can also be calculated from R values using the Eq.
(13). It is clear from data presented in Table 4 that addition of
inhibitor has formed a new resistance layer on the surface by ter-
polymer and has increased charge transfer resistance of surface
double layer. An increase in inhibitor concentration has increased
resistances and has decreased capacities of surface layer. As de-
scribed in previous section, fluid flow has several effects on the
behavior of inhibitor. It can improve the performance of inhibitor
through increasing the mass transport, and worsen the inhibition
action by separation of protective films. The balance of these oppo-
site effects leads to the overall changes of inhibition efficiency with
rotation rate. Therefore, as the electrode rotates, the increase of
inhibitor supply on metal surface cause an increase in inhibition
efficiency. Under these circumstances, the beneficial effects of flow
are dominant and an increase in n% is observed. But at higher
speeds the interference of high shear stresses causes a little in-
crease in inhibition efficiencies [23,24,44,46,47].

3.3. Absorption isotherm

Adsorption isotherms provide information about the interaction
among the adsorbed molecules themselves and also their interac-
tions with the electrode surface. The adsorption free energy (
—AGgqs) reflects a spontaneous capacity of inhibitor molecule ad-
sorbed on the surface of the metal, which is less than 20 k] mol~!
for spontaneous physical adsorption, and is more than 40 k] mol ™!
for the chemical adsorption and between these is composited of
chemical and physical adsorption [48], linear relation of C and ¢/
0 in Fig. 8 in stagnant and various speeds of rotating disk electrode
show that present acrylic terpolymer obeys Langmuir isotherm in

static and hydrodynamic conditions and free energy calculated
from the following equations [49]:

c 1
7 kL€ (15)

AG; = —RTIn(55.5Koq5) (16)

where 0 is the degree of coverage on the metal surface, C is the
inhibitor concentration (mol/L), and K is the equilibrium constant.
Since the experimental concentration unit is mmol/L, Eq. (15)
would be transferred to correspond with them. —AG,qs is calcu-
lated. The calculated —AGyy values at different rotation speed
was 35-40 k] mol~! that was greater than 20 k] mol~' and near to
40 kJ mol~'. This shows that the terpolymer adsorbed on the sur-
face of mild carbon steel in petroleum medium is composited of
chemical and physical adsorption at 25 °C in static and hydrody-
namic conditions.

3.4. Corrosion attack morphology

The surface morphology of the SAE 1018 sample immersed in
inhibited and uninhibited (blank) solutions for 15 min, was studied
by optical microscopy and the metallographic result were pre-
sented in Fig. 8. The polished surface of mild steel immersed in
blank solution was rough and severely corroded in static and
hydrodynamic conditions and several pits are dispersedly observed
at the surface in hydrodynamic conditions (Fig. 9(a and b)). While
in the case of inhibited solution (Fig. 9(c and d)), a less corrosion
attack is observed and specimen surface is nearly unchanged. In
micrograph of inhibited solution in hydrodynamic solution, pearl-
ite phase has been partially etched and the grain boundary of fer-
rite phase is not observed. While in the case of inhibited solution in
static condition is quite unchanged. These micrographs confirm re-
sult of electrochemical test in different conditions [50].

Fig. 9. Optical microscopy images in presence of (a) blank solution in stagnant conditions, (b) blank solution in hydrodynamic conditions (c) inhibited solution in stagnant

conditions (d) inhibited solution in hydrodynamic conditions.
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4. Conclusion

1. Addition of the acrylic terpolymer methyl methacrylate/butyl
acrylate/acrylic acid (ATP) to the petroleum solution inhibited
the corrosion of SAE 1018. The inhibition is due to the adsorp-
tion of this compound on the surface of mild steel.

2. Polarisation measurements showed that the ATP functions as
mixed type inhibitor.

3. The inhibition efficiencies of ATP increased with increasing
velocity of work electrode, which could be attributed to increas-
ing in mass transport of terpolymer.

4. EIS measurements recorded for SAE 1018 in the petroleum solu-
tion in the absence and presence of the ATP inhibitors in static
conditions showed that the Nyquist diagrams consist of a large
capacitive loop in blank and two capacitive loops in inhibited
solutions. It determines that ATP despite increases charge trans-
fer resistance of double layer on the surface, form a polymeric
layer on the surface electrode.

5. Adsorption on present inhibitor obeys Langmuir isotherm and
thermodynamic data extracted by this rule is showing most
likely chemically adsorption process in static and hydrody-
namic conditions.

6. Optical microscopy obviously shows that SAE 1018 surface
severely corrode in the hydrodynamic conditions into static
conditions in absence and presence of ATP. And it depicts that
the corrosion attack decreases in presence of inhibitors in
petroleum solution in static and hydrodynamic conditions.
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