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Abstract—The corrosion inhibition of carbon steel in CO,-saturated 3% NaCl solution by anise extract (AE)
dissolved in ethylene glycol (EG) was studied using weight loss, electrochemical and surface analysis (AFM)
techniques. Inhibition efficiency increased with increase in AE concentration and temperature, reaching
maximum value of 93% at 400 ppm AE concentration. Polarization results show that AE functions as a
mixed-type inhibitor. Corrosion inhibition is assumed to occur by physicochemical adsorption following
Langmuir adsorption isotherm model. Morphological studies of the carbon steel electrode surface under-
taken by AFM confirm the adsorption of the extract on the metal surface.
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1. INTRODUCTION

Carbon steel is used in large quantity in marine
applications, chemical processing, petroleum produc-
tion and refining, construction and metal—processing
equipment. They have been found to be very useful
and economical [1, 2] despite its high corrosion sus-
ceptibility. These applications usually induce serious
corrosive effect on equipment, tubes and pipelines
made of iron and its alloys [3].

Carbon dioxide corrosion (CO,) one of major
problems in oil and gas industry and for several years
causes losses amounting to millions of dollars per year
[4]. In CO, corrosion, CO, dissolves and hydrates to
form carbonic acid (H,CO;), which then dissociates

into bicarbonate (HCOj, carbonate (CO?) and
hydrogen ions [5, 6]. Aqueous carbon dioxide (car-
bonic acid) is corrosive and corrodes the carbon steel
pipelines. Carbon dioxide corrosion has been of inter-
est to researchers in oil industries for many years and
there exists many theories about the mechanism of
CO, corrosion [7, 8]. The presence of CO, increases
the rate of corrosion of carbon steel in aqueous solu-
tions primarily by increasing the rate of the hydrogen
evolution reaction. In strong acids, which are fully dis-
sociated, the rate of hydrogen evolution occur accord-
ing Eq. (1) and cannot exceed the rate at which H*
ions are transported to the surface from the bulk solu-

! The article is published in the original.

tion (mass transfer limit). In CO, solutions, where
tiypically pH > 4, this limiting flux of H" ions is small;
therefore, it is the presence of H,CO; that enables
hydrogen evolution at a much higher rate. Thus, for
pH > 4 the presence of CO, leads to a much higher
corrosion rate than would be found in a solution of a
strong acid at the same pH. The presence of H,CO;
can increase the corrosion rate in two different ways.
Dissociation of H,CO;, as given by Eq. (2), serves as
an additional source of H* ions [9].

2H" +2¢~ — H,, (1)
H,CO; 22 H' + HCO;, (2)

Fe — Fe’" +2¢7, (3)

Fe’ + CO;” — FeCO,, 4)
Fe’ + 2HCO; — Fe(HCO;),, (5)

Fe(HCO;), — FeCO; + CO, + H,0. (6)

The anodic reaction is mainly the dissolution of
iron (Eq. (3)) though it is maybe through several steps.
During these corrosion processes, a corrosion scale
(FeCO;) would form on the surface of the carbon
steels (Egs. (4)—(6)) [10].

In order to reduce the corrosion of carbon steels in
the oil and gas industry, inhibitors are frequently
added to the produced fluid to control corrosion as an
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economical and flexible method. Organic inhibitors
such as imidazoline-based compounds have excellent
inhibition ability in acidic media, they are widely used
for protecting oil well, gas well or pipelines from CO,
corrosion in the oil and gas industry [11]. However,
the exorbitant cost, toxicity concerns and micelles for-
mation by the long chain imidazolines based organic
corrosion inhibitors are some of the drawbacks of this
class of inhibitors. It is therefore highly desirable that
new inhibitors for carbon steel that are non-toxic and
environment-friendly be explored as a suitable
replacement of the toxic ones. Natural products of
plant origin has been advocated as an alternative to
toxic organic and inorganic corrosion inhibitor given
the facts that they are cheap, renewable, readily avail-
able, ecologically acceptable and environmentally
friendly. More so, can be obtained by simple
extraction procedures. The use of natural products as
corrosion inhibitors in acidic media have been widely
reported by several authors [12, 13]. These natural
organic compounds are either synthesized or extracted
from aromatic herbs, spices and medicinal plants.
Presently, there is a scanty report on inhibitive effects
of plant extracts on CO, corrosion of steel. Recently
Singh et al. has reported on the inhibitive effect of
extract of Momordicacharantia (Karela) seeds on car-
bon steel in CO,-saturated 3.5% NaCl solution [14].
As our contribution to the growing interest on the use
of bio-based corrosion inhibitor, we hereby report for
the first time the inhibitive effect of anise extract on
the CO, corrosion of the carbon steel.

Anise (Pimpinellaanisum L., Apiaceae) is a grassy
annual plant with white flowers and small green to yel-
low seeds, grown inlran, Turkey, India, Egypt, and
many other warm regions throughout the world [15]. It
has been used as an aromatic herb and spice since
Egyptian times and antiquity and has been cultivated
throughout Europe [16].

In continuation of our ongoing programme to
develop the inhibitive properties of green inhibitors in
acidic media [17], we present here the inhibitive prop-
erties of extract of anise-fruits and its synergistic
behavior with ethylene glycol, on CK10 carbon steel in
CO,-saturated 3.0% NaCl solutions using gravimetric
and electrochemical techniques. A substantial number
of studies concerning the inhibitor performance of
glycols have been published [18, 19]. From an environ-
mental point of view, glycols present a low toxicity; it
is not surface active and bio accumulable. It is degrad-
able and recycled in the process. It serves a dual func-
tion: hydrate prevention and corrosion control. The
present work was undertaken with the aim of improv-
ing significantly the corrosion inhibition efficiency of
a glycol-water system by addition of relatively low con-
centration of a bio-based green corrosion inhibitor.
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2. EXPERIMENTAL METHODS
2.1. Preparation of Inhibitor
Pimpinellaanisum (anise) extract (AE) were

obtained by percolation extraction using ethanol as
solvent. The extraction cell (2.4 cm of internal diame-
ter X 12 cm of height) was supplied with 10 g of ground
anise previously packed in a filter paper extraction
thimble. A solvent flask was filled with ethanol at the
ratio 2 : 1 (v/w), which was recirculated through the
system using a Masterflex pump (Barnant Company,
model Solid State Speed Control, IL) adjusted to
0.2 g/s, making sure the raw material was covered with
solvent all the time. The process was carried out with-
out heating, for 72 h. The extract was concentrated
initially using vacuum evaporator and finally by evap-
oration to dryness on a steam bath to obtain a solid res-
idues devoid of the extractive solvent.

2.2. Materials Preparation

The test material selected for study was CK 10 steel,
its composition (wt %) was 0.1 C, 0.35Mn, 0.17 Si, 0.13
Cr, <0.04 Mo and Fe balance. Dish-shaped samples
of 26 mm diameter and 3 mm diameter with total sur-
face area measuring 13.1 cm? were used for weight-loss
measurements. For electrochemical measurements,
the metal samples were embedded in epoxy resin,
leaving a geometrical surface area of 1 cm? exposed to
the electrolyte. The surfaces were abraded with a series
of silicon carbide papers, rinsed with distilled water
and degreased in acetone and dried. Samples for AFM
test had dimensions of 26 mm diameter and 2 mm
thickness. The surface preparation method was similar
to that described above.

An aqueous solution of 3.0% NaCl saturated with
CO, at atmospheric pressure by continuous purging
with carbon dioxide was used as test corrosive
medium. Extracts of anise (AE) in concentrations
ranging from 100 to 400 ppm was dissolved in 5 mL
ethylene glycol (EG) and the obtained solution was
added to CO,-saturated 3.0% NaCl solution. The
temperature was maintained within £1°C in all the
experiments by placing the cell on a thermostatted
water bath. The solution was prepared from analytical
grade chemicals using double distilled water.

2.3. Corrosion Weight-Loss Measurements

CK10 steel specimens were immersed in 500 mL of
3.0% NaCl CO,-saturated solution with and without
the anise extract at 25, 55 and 75°C for 24 h. The pH
of the solution was 4.53. The coupons were then taken
out of the test solution; the corrosion products were
removed following ASTM G-31 standard practice
procedure of cleaning of metals after weight loss tests,
rinsed with distilled water, dried and weighed.
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2.4. Electrochemical Measurement

For electrochemical measurement, the cell assem-
bly consisted of CK10 steel as working electrode, a
graphite rod of convenient area as counter electrode
and a saturated calomel electrode (SCE) as a reference
electrode. Electrochemical measurements were made
using a PARSTAT 2273 electrochemical measurement
system connected to a computer. Electrochemical
impedance spectroscopy (EIS) was measured with
perturbation amplitude of 5 mV at the corrosion
potential and the frequency range was from 100 kHz to
10 mHz. The data were interpreted with Zview soft-
ware. The potentiodynamic polarization study was
from cathodic potential of —250 mV to anodic poten-
tial of + 250 mV with respect to the corrosion potential
at a sweep rate of 1 mV/s. The stabilization of the open
circuit potential was achieved at about 60 minutes after
immersion. The linear Tafel segments of the anodic
and cathodic curves were extrapolated to corrosion
potential to obtain the corrosion current densities
(i.orr)- Each experiment was carried out three times to
estimate reproducibility and average values of the elec-
trochemical parameters are reported.

2.5. AFM Topographic Images and Force-Distance
Curve Measurement

Atomic force microscopy (AFM) measurements
were performed with a commercial AFM (dualscope-
¢26, Japan). The force curves were measured in con-
tact mode using Si;N, tips with spring constant of
0.02 N/m and the imaging process were performed in
tapping mode using Si tips with spring constant of
3 N/m. The samples were immersed in test solutions
for 24 h at 75°C, and then they were taken out of the
electrolytes and slightly rinsed with distilled water,
dried in a stream of air and submitted for AFM exam-
ination.

3. RESULTS AND DISCUSSION
3.1. Weight Loss Measurements

Weight loss measurements provide the most reli-
able results concerning the efficiency of a given inhib-
itor compound, such that the corresponding corrosion
data obtained from the technique approaches service
conditions more accurately than the data obtained
with any other test methods. Table 1 presents the val-
ues of the corrosion rates (V) and the inhibition effi-
ciency (/E,), derived from weight-loss method at 25,
55 and 75°C in the absence and presence of EG and
EG in combination with anise extract in CO,-satu-
rated 3.0% NaCl solution, the corrosion rate and inhi-
bition efficiency were calculated using the following
equations [20]:

_8.76x10'AW
pAt ’

V @)
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Vy, =V,
e: 0 mh’ 8
BT (3)
IE,, (%) = 6x100, 9)

where A is the electrode surface area (cm?), ¢ rep-
resents the immersion time (h), AW is the weight loss
(g). p corresponds to the steel density (kg/m?), Vi,
and Vj, are the corrosion rate (mm/yr) of steel with and
without the additives, respectively. It is evident from
Table 1 that the anise extract inhibitor when added to
EG can inhibit CK10 steel from CO, induced corro-
sion effectively at 25, 55 and 75°C. The inhibition effi-
ciency decreased with the addition of 5 mL EG, but it
abruptly increased when 100 ppm AE was added to
5 mL EG. The highest /E of 96.7% was obtained in the
presence of 5 ml EG in combination with 300 ppm
AE. The inhibition efficiency of EG increased as the
temperature increases. At 25, 55 and 75°C inhibition
efficiencies of —20, —10 and 34% respectively were
obtained in CO, saturated brine solution containing
5 mL EG. The presence of EG and anise extract leads
to decrease of the corrosion rate. From Table 1, it
could also be observed that /E decreased with increase
in temperature for inhibiting solution comprised of
EG in combination with the extract. For instance, at
25, 55 and 75°C inhibition efficiencies of 96.7, 92.5
and 86% respectively were obtained in CO, saturated
brine solution containing 5 mL EG in combination
with 300 ppm AE.

3.2. Potentiodynamic Polarization Measurements

In order to assess the ability of anise extract to
function as inhibitor for pipeline steels, electrochemi-
cal experiments were conducted on CK10 carbon steel
in CO,-saturated 3.0% NaCl without, with EG and
EG combined with selected concentrations (200 and
400 ppm) of anise extract at 25°C. Figure 1 shows the
potentiodynamic polarization curves for the carbon
steel, in CO,-saturated brine solution containing dif-
ferent concentrations of anise extract at 25°C. As seen
in Fig. 1, cathodic current increased with the addition
of EG, but it abruptly decreased depending on anise
extract concentration added to EG. The corrosion
potential shift to negative values and the decrease of
cathodic currents correlates well with the growth of
inhibitor concentration. Practically parallel shift of
cathode curves shows that the adsorption of anise
extract compounds does not depend on potential in a
wide range till —200 mV with respect to the corrosion
potential and that in the cathode region molecules are
not desorbed from the metal surface. Upon anodic
polarization, the slope of the curves is sharply changed
with respect to the blank due to the significant
decrease of the anodic currents. More significant
decrease of anode currents in comparison with cath-
ode currents show that the studied compounds are
Vol. 54
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Table 1. Corrosion parameters obtained from weight-loss method for CK 10 steel in 3.0% NaCl solution saturated with CO,
with ethylene glycol contain various concentrations of anise extract at 25, 55 and 75°C for 24 h

Temperature, Systems Weight_losi, 5 [Ew, % Corrosion rate,
°oC mgem 2 h~! mpy
25 3.0% NaCl 0.0959 — — 42.1

3.0% NaCl + 5 mL EG + 0 ppm AE 0.1150 —0.02 =20 50.8
3.0% NaCl + 5 mL EG + 100 ppm AE 0.0096 0.900 90 4.2
3.0% NaCl + 5 mL EG + 200 ppm AE 0.0064 0.933 93.3 2.8
3.0% NaCl + 5 mL EG + 300 ppm AE 0.0032 0.967 96.7 1.4
3.0% NaCl + 5 mL EG + 400 ppm AE 0.0064 0.933 93.3 2.8
55 3.0% NaCl 0.1278 — — 56.2
3.0% NaCl + 5 mL EG + 0 ppm AE 0.1406 —0.01 —10 62.1
3.0% NaCl + 5 mL EG + 100 ppm AE 0.0134 0.895 89.5 5.9
3.0% NaCl + 5 mL EG + 200 ppm AE 0.0128 0.900 90.0 5.6
3.0% NaCl + 5 mL EG + 300 ppm AE 0.0096 0.925 92.5 4.2
3.0% NaCl + 5 mL EG + 400 ppm AE 0.0128 0.900 90.0 5.6
75 3.0% NaCl 0.1598 — - 70.2
3.0% NaCl + 5mL EG + 0 ppm AE 0.1054 0.034 34 29.1
3.0% NaCl + 5 mL EG + 100 ppm AE 0.0265 0.834 83.4 11.7
3.0% NaCl + 5 mL EG + 200 ppm AE 0.0246 0.846 84.6 10.8
3.0% NaCl + 5 mL EG + 300 ppm AE 0.0224 0.860 86.0 9.8
3.0% NaCl + 5 mL EG + 400 ppm AE 0.0249 0.844 84.4 11.0

inhibitors of the mixed type with the predominant
influence on the anodic process.

Table 2 shows electrochemical parameters of the
carbon dioxide corrosion of carbon steel, obtained
from Tafel extrapolation method, such as corrosion
current density (i), corrosion potential (E,,,),
cathodic Tafel’s slope (B.), anodic Tafel’s slope (J3,)
and inhibition efficiency, /E, (%) for different con-
centrations of anise extract at temperatures 25—75°C.
IE, (%) was calculated as follows:

.0 .
1, (%) = 100 x [lj)m - lcorr:l’

lcorr

(10)

where iCOOrr and i, are corrosion current densities
without and inhibitor respectively determined by
extrapolating the linear Tafel regions of the polariza-
tion curves to the E_,, [21]. It can be seen that anise
extract inhibits the corrosion of the carbon steel to an
appreciable extent and that the extent of inhibition is
dependent on the inhibitor concentration at all tem-
peratures.

Potentiodynamic studies showed that the activity
of inhibitor is connected not only with the blocking of
the metal surface as a result of adsorption of inhibitor’s
molecules, but also with a significant change of the
mechanism of anodic and cathodic reactions. The
change of polarization curves gives the evidence that

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

the tested compounds inhibit one or more adjoining
reactions on the electrode surface.

3.3. Electrochemical Impedance Measurements

Figure 2a shows Nyquist plots for carbon steel elec-
trode in the CO, saturated 3.0% NaCl solution with-
out inhibitor as well as in the presence of various con-
centrations of anise extract at 25°C. In the absence of
inhibitor impedance diagram usually observed in CO,
media [22, 23], consisting of a large capacitive loop at
high frequency followed by a not well defined induc-
tive one at low frequencies is observed. The slightly
depressed nature of the semicircle which has the cen-
ter below the real axis is the characteristic for solid
electrodes that show frequency dispersion. Such fre-
quency dispersion has been attributed to roughness
and other inhomogeneties of the solid electrode. It is
seen that the diameter of high-frequency semicircle
grow upon the increase in the inhibitor’s concentra-
tion. As usually indicated in the EIS study, the capac-
itive loop is related to the charge transfer process of
carbon steel through adsorption of intermediate cor-
rosion product [24]. In the conditions of our experi-
ment in which we used laminar flow with a stirring rate
of 500 rpm, we did not observe a straight line in the
low frequency range (Warburg impedance). This indi-
cates an insignificant level of a convective mass trans-
port or mass transport limitations. Furthermore on the
Vol. 54
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Fig. 1. Polarization curves of carbon steel in brine containing different concentration of anise extract at (a) 25; (b) 55 and (c) 75°C.

Bode graphs (Fig. 2b, 2c) there is only one maximum,
which is sharply increased and is moved together with
growth of concentration of anise extract in low-fre-
quency area. These facts specify that the electrode
reactions are controlled by charge transfer.

The impedance data for CK10 carbon steel in CO,-
saturated 3% NaCl in the absence and presence of the
additives (EG and EG + anise extract) were analyzed
using the equivalent circuit (EC) model shown in
Fig. 3. The circuit is made up of hierarchical arrange-
ment comprises of two stacked resistance-constant
phase element (CPE) pairs, R, as the solution resis-
tance, R, and R; as the charge transfer resistance and
inhibitor film resistance respectively. The EC repre-
senting the interface phenomena is composed of ele-
ments describing the properties of the inhibitor exem-
plified by Q;and R; and those related to the corrosion
process exemplified by Qg4 and R, on the carbon steel
surface. Excellent fit with this model was obtained for
all experimental data. The constant phase element
(CPE) is used instead of capacitor to account for the

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

roughness and inhomogeneities of the solid electrode
[25]. The impedance, Z of CPE is given by:

Zcpg = Yoil(j(’))_n, (11)

where Y, is the CPE constant and » the CPE expo-

nent; j = (— 1)]/ ? which is an imaginary number and ®
is the angular frequency in rad/s.

The double layer capacitance was been estimated
by using follows equation:

Cdl = YO (23-[fmax)n_1 >

where f,,,, is frequency at which the imaginary compo-
nent of the impedance is maximum. The values of
electrochemical impedance parameters derived from
the Nyquist plots in the absence and presence of the
additives are given in Table 3. Also presented in Table 3 is
the inhibition efficiencies, /E,%, values of the tested
inhibitors calculated from the R values at different
concentrations using the following equation:

(12)
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Table 2. Potentiodynamic polarization parameters for CK10 carbon steel in 3% NaCl solutions saturated with CO, at

pH 4.53 without and with inhibitors

_ i, —B., -B.,
Tempf(r:ature, Systems rﬁi(/)r A ccm_z mV%ec mV/Bgec 1E,, % mpy
25 3.0% NaCl 659 59.4 271 63 — 27.3
3.0% NaCl + 5mL EG + 0 ppm AE 699 70.1 322 86 —18 32.2
3.0% NaCl + 5 mL EG + 200 ppm AE 677 15.2 218 110 74.4 6.9
3.0% NaCl + 5 mL EG + 400ppm AE 694 4.2 200 96 92.8 1.9
55 3.0% NaCl 670 102 240 86 — 46.9
3.0% NaCl+ 5 mL EG + 0 ppm AE 679 112 384 85 —-9.8 51.5
3.0% NaCl + 5 mL EG + 200 ppm AE 696 9.4 230 88 90.8 4.3
3.0% NaCl + 5 mL EG + 400 ppm AE 704 10.1 213 89 90.1 5.6
75 3.0% NaCl 668 236.7 430 79 — 108.9
3.0% NaCl + 5mL EG + 0 ppm AE 694 160.9 507 82 32.0 74.0
3.0% NaCl + 5 mL EG + 200 ppm AE 686 12.4 170 85 94.7 5.7
3.0% NaCl + 5 mL EG + 400 ppm AE 706 12.5 219 87 94.6 5.8

Table 3. Electrochemical impedance spectroscopy parameters for CK10 carbon steel in 3% NaCl solutions saturated with

CO, at pH 4.53 without and with inhibitors

| | |
g g £
1:;?;?22_ Systems Ng ) :: Ng . :: ) ‘\'g ) QZ 5\2
Sa|RE| & |Ea¥E| F |FLa|lFE B
25 3.0% NaCl 4 1999 | 0.96 5 1154 | 0.93 195 | 1083 -
3.0% NaCl + 5 mL EG + 0 ppm AE 8 451 0.94 1 1129 | 0.81 168 730 |—16.1
3.0% NaCl + 5 mL EG + 200 ppm AE 3 18 | 0.93 4 60 | 0.81 600 29 | 674
3.0% NaCl + 5 mL EG + 400 ppm AE 9 54 | 0.76 33 27 | 0.85 | 2361 19 | 91.7
55 3.0% NaCl 5 | 1398097 | 12 | 939|096 | 66| 87| —
3.0% NaCl + 5mL EG + 0 ppm AE 5 580 | 0.84 60 184 | 0.95 59 224 |—12
3.0% NaCl + 5 mL EG + 200 ppm AE 4 42 | 0.75 10 137 | 0.83 | 1333 93 | 95.0
3.0% NaCl + 5 mL EG + 400 ppm AE 5 57 | 0.83 16 136 | 0.83 978 92 | 93.2
75 3.0% NaCl 5 11650 | 096 | 6 | 1098 | 0.92 | 58 | 1004
3.0% NaCl + 5 mL EG + 0 ppm AE 7 1395 | 0.66 0 171 | 0.97 106 159 | 45
3.0% NaCl + 5 mL EG + 200 ppm AE 5 1609 | 0.59 7 165 | 0.84 489 97 | 88.1
3.0% NaCl + 5 mL EG + 400 ppm AE 6 47 | 0.81 12 142 | 0.84 952 99 | 93.9
R° additives by virtue of adsorption of the inhibitor on the
IE, (%) = (1 - —“] x 100, (13) electrode surface which replaces the water molecules
ct and hence decreasing the extent of dissolution reac-

where RCOt and R are the charge-transfer resistance
values in the absence and presence of inhibitor,
respectively. Results in the table show that R, values
increased while C, values decreased in the presence of
the additives compared to the blank which was more
pronounced in the EG + anise extract inhibiting sys-
tem at all temperatures studied. The increase in R
values indicates corrosion protection effect of the
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tion. On the other hand, the decrease in Cy, value of
inhibited solution with respect to that of the blank
solution is attributed to the decrease in dielectric con-
stant and/or an increase in the double-layer thickness.

3.4. Adsorption Isotherm

The adsorption isotherms describe interaction of
the inhibitor molecule with the active sites on the steel
Vol. 54

No.1 2018



128 AMIN PEIMANI, MOJTABA NASR-ESFAHANI
a
980 - @)
[ Blank
<} o
- . ° AEG
g @ EG + 200 ppm AE
o ° o
G ® EG + 400 ppm AE
=" =] L J
N 480 +
| © ©
.°,000. %0 ° °
=
_20 = 1 ‘ 1 1 1 1 |
0 500 1000 1500 2000 2500 3000
7', Qcm?
b
10000 ®) 90 - (©)
o Blank 2 Blank
- +EG “EG
teee., . « EG + 200 ppm AE 70 - ‘ Lot e, “EG+200ppm AE
NE 1000 g * EG + 400 ppm AE o O e, *. *EG +400 ppm AE
5 0000240000000 ,..o.. ‘:“. -. .
< s - IR
E ]00 ’:0. . 3 . H . a N i 3
el T30l s N ...
10 W teea,., 8o P
‘:A‘A. AAAAAAAA ? 10 _. ;..,. ... 7‘]A‘ 0.:.
M T YOO ,;$:’,’:.°0° - “Aﬁz“‘*:o‘:’;
0.01 0.1 1 10 100 1000 10000100000 0.01 0.1 1 10 100 1000 10000 10000

Frequency, Hz

Frequency, Hz

Fig. 2. Nyquist plots for carbon steel in CO, saturated brine containing: (a) 0, 200, 400 ppm, and blank at 25°C, (b and c) Bode

plots for 0, 200, 400 ppm, and blank at 25°C.

surface. In order to obtain these isotherms, it was
assumed that the corrosion process occurs only at the
free active sites of the metal surface and the sites, cov-
ered by adsorbed molecules, have zero corrosion rates.
The degree of surface coverage (6) was calculated
using Eq. (8) from the weight loss measurements.
Attempts were made to fit surface coverage values (0)
to various adsorption isotherms and the correlation
coefTicient (R?) was used to choose the isotherm that
best fit the experimental data. The Langmuir isotherm
was found to provide best description of the adsorption
of anise extract on metal surface. Langmuir isotherm
is characterized by:

0
— =K _4C. 14
5= K (14)
Rearranging gives:
€-_1L . (15)
e Kads

where K, is the equilibrium constant of the adsorp-
tion-desorption process, C is the inhibitor concentra-
tion and 0 is the degree of surface coverage.
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Figure 4 depicts the plot of C/0 against C which is
found to be straight line with slopes around unity. This
suggests that the adsorption of anise extract on metal
surface followed the Langmuir adsorption isotherm
model. Adsorption parameters derived from the Lang-
muir isotherm are given in Table 4. K, 4 values which
usually indicate adsorption strength between the
adsorbate and adsorbent is seen in Table 4 to increase
with increase in temperature an indication that anise
extract exhibits a stronger tendency to adsorb on steel

al

Fig. 3. Equivalent circuit model used to analyze the
impedance data.
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Fig. 4. Langmuir adsorption plots for CK10 carbon steel in
CO,-saturated brine at different temperatures.

surface with increase in solution temperature. The
most important thermodynamic adsorption parame-

ter, the free energy of adsorption (AG,,,) is related to
the equilibrium constant of adsorption-desorption
process, K, 4, by the following equation [26]:

1 AG
K, = (—)ex (——*‘dsj,
s = \55.5) P\ " rr

where 55.5 is the concentration of water in mol/dm?.
The calculated values of standard free energy of

adsorption (A G, ) are also listed in Table 4. The neg-
ative values of AG,4indicates the stability of the
adsorbed layer on the steel surface and spontaneity of the
adsorption process. The dependence of AG,,4, on tem-
perature can be explained by two cases as follows [27]:

(16)

(a) AG,4 may increase (becomes less negative)
with the increase of temperature which indicates the
occurrence of exothermic process.

(b) AG,,, may decrease (becomes more negative)
with increasing temperature indicating the occurrence
of endothermic process.

Table 4. Thermodynamic parameters for the adsorption of
anise extract in CO, saturated brine solutions on the carbon
steel at different temperatures

Temperature, 5 K AG
Sl ads
°C R Pl Lmg | kJ/mol
25 0.998 1.048 254.5 23.7
55 0.997 1.101 4000 30.5
75 0.997 1.176 2174 28.9
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Therefore, the decrease of AG,4 with temperature
reveals that the inhibition of carbon steel by anise
extract is an endothermic process. In an endothermic
process adsorption was favorable with increasing reac-
tion temperature due to the inhibitor adsorption on
the steel surface [28]. It is suggestive that the mecha-
nism of adsorption of the inhibitor on the carbon steel
surface is mainly by a chemical adsorption mecha-
nism. For physical adsorption, the inhibition effi-
ciency is expected to decrease with increasing tem-
perature, but for chemical adsorption, the inhibition
efficiency is expected to increase with increasing tem-
perature.

3.5. Effect of Temperature

The effect of temperature on the carbon steel in the
absence of EG and AE and presence of EG and EG
with 200 ppm AE in the CO, saturated solutions in the
range of temperature 25—75°C was examined using
the potentiodynamic polarization technique. Typical
potentiodynamic polarization curves for the different
systems studied are shown in Fig. 5. Increase in tem-
perature is observed to accelerate both the anodic and
cathodic reactions in the absence and presence of
anise extract, as evident in the increased i, with tem-
perature (Table 2). This is due to the acceleration of all the
processes involved in corrosion: electrochemical, chemi-
cal, transport, etc. with increase in temperature [29].

Arrhenius-type dependence is observed between
corrosion rate (V) and temperature often expressed as
in Eq. (17):

%

V = Aexp _L, ,
RT

A7)

where V'is the corrosion rate, F : is the apparent acti-
vation energy, R is the molar gas constant, 7 is the
absolute temperature, and A is the frequency factor.

Figure 6 depicts an Arrhenius plot (logarithm of V'
against the reciprocal of temperature (1/7)) for CK10
carbon steel in the absence and presence of EG and
EG in combination with 300 ppm AE in the CO,-sat-
urated solutions in the range of temperature 25—75°C.
Linear plots were obtained and the values of activation
energy (E,) obtained from the slope of the plot are
given in Table 5. In the absence of EG and anise
extract, the activation energy obtained was 8.7 kJ mol™!
for CK10 carbon steel in the CO,-saturated solution.
These values are slightly higher than that of aqueous
diffusion coefficient and indicate a mixed interfacial
reaction/diffusion control [30]. The presence of EG
was observed to increase the activation to 16.1 kJ mol™!
for the corrosion of CK10 carbon steel in the CO,-sat-
urated solution. The presence of EG and 300 ppm
anise extract was observed to increase the activation to
33.1 kJ mol~!. The increase in activation energy after
Vol. 54
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Fig. 5. Polarization curves for CK10 carbon steel in CO,-saturated brine solution in the absence of inhibitor (a) in the presence
of EG without AE (b) and in the presence of EG with 200 ppm AE (c) at 25, 55, and 75°C.

the addition of the inhibitor in comparison to the
blank solution coupled with a decrease in inhibition
efficiency with temperature rise has often been
attributed from literature report to the formation of an
inhibitor film by physicochemical adsorption mecha-
nism [31, 32]. The value of E, (33.1 kJ mol~") obtained
for 300 ppm anise extract — EG mixtures fits into the
range of values (30—50 kJ mol™!) reported for adsorp-
tion of organic molecules on carbon steel surface.

The enthalpy of activation (A H*) and the entropy
of activation (AS*) for the corrosion of CK10 carbon
steel in CO,-saturated brine solution were obtained by
applying the transition-state equation [33]:

1 AH*

og—

(ros35)+ (3558 7 0arr
T AN! \2.303R/] 2.303RT

where h is the Planck’s constant and N is the Avoga-
dro’s number. Figure 7 shows a plot of log(V/T) versus
1/T. Straight lines are obtained from which the values
of AH* and AS* were obtained from the slope and

Vv

(18)
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Fig. 6. Arrhenius plot of variation of (logV) vs. (1/7) for
dissolution of CK10 carbon steel in CO,-saturated brine
solution in absence and presence of 300 ppm of anise
extract.
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Table 5. The values of activation parameters for CK10 carbon steel in CO, saturated brine solutions in the absence and the

presence of different concentrations of AE

System E,, kJ/mol AH*, kJ/mol AS*, J/mol K
3.0% NaCl 8.7 6.1 3.9
3.0% NaCl + 5 mL EG + 0 ppm AE 16.1 13.7 32.8
3.0% NaCl + 5 mL EG + 300 ppm AE 33.1 31.1 48.3

intercept respectively of the plots and are given in
Table 5.

In comparison to the blank solution, the value of
enthalpy of activation (A H*) increased in the presence
of EG and further increased when EG was added to
anise extract. This result suggest that the corrosion
reaction requires high energy to occur in the presence
of the extract in combination with EG and more so,
the activated complex or transition state complex
formed with a slower rate in this inhibiting system.
Inspection of the data in Table 5, reveals that AS* val-
ues in the presence of the additives are more than that
of the uninhibited solution and again is found to be
more pronounced in anise extract + EG inhibiting
system compared to EG alone. Both AH* and AS*
values are positive in the absence and presence of the
additives. The positive A H* indicates the endothermic
nature of the steel dissolution process whereas that of
the AS™* suggests that active complexes were formed by
the substitution of water the inhibitor [34, 35].

3.6. Explanation for Inhibition Mechanism

It is now known that anise extract and ethylene gly-
col provide inhibition to carbon steel corrosion in CO,
saturated brine solution; however, the characteristic of

0 —
— A
T
= '\0\_‘
o
I
g
5)
%D M EG + 300 ppm AE
= A EG
~ @ Blank
oL :
Ny
)
i

-3 1 1 1 1 1 )
0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
/T, K

Fig. 7. Transition-state plots of log(V/T) versus 1/T in
CO,-saturated brine solution in absence and presence of
various concentrations of AE.
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the constituents that provide the inhibition is still
unclear. To identify the probable constituents respon-
sible for the inhibition, the chemical composition of
the extract was studied by use of gas chromatography
and mass spectrometry (GC—MS). The analysis of
anise seeds extract, obtained by hydro distillation,
using Gas Chromatography (GC) and Gas Chroma-
tography/Mass Spectrometry (GC/MS) showed that
the major components were trans-anethole (81.4.0%),
limonene (6.50%), chavicol (2.10%), and anisalde-
hyde (1.81%) [36]. The molecular structure of trans-
anethol is shown in Fig. 8. As can be seen, anethole is
the major components among the other anise constit-
uents. It can form complex compounds and also shows
good oxygen scavenging characteristic. Thus, the
mechanism of corrosion inhibition of carbon steel in
CO, saturated brine solution by the phytochemicals of
the extract can be explained on the basis of adsorption
on the metal surface. This indicates that the /E of the
extract is due to the presence of some or all the above
listed phytochemical constituents. The adsorption of
the inhibitor molecules on the carbon steel surface is
due to the donor — acceptor interaction between 7
electrons of donor atoms O and aromatic rings of
inhibitors and the acceptor, i.e. vacant d orbital of iron
surface atoms [37]. The inhibitor molecules can also
be adsorbed on the metal surface in the form of nega-
tively charged species which can interact electrostati-
cally with positively charged metal surface, which led
to increase the surface coverage and consequently pro-

OMe

CH = CH,CH;

Fig. 8. Molecular structure of main component in anise
extract.
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tect efficiency even in the case of low inhibitor con-
centration.

Due to the two hydroxyl groups, glycol is a highly
structured and water-like liquid [38]. It is fully misci-
ble with water at room temperature. The auto-protol-
ysis constant of EG solutions pK,, remains close to 14,
much like water, indicating that aqueous acid-base
equilibria dominate. The experimental findings for
physiochemical properties of water-glycol solutions
showed which could influence the corrosion rate [18].
The solution viscosity increases strongly with increas-
ing glycol concentration, and the diffusivity of CO,
accordingly decreases. The increase of IE with tem-
perature is explained with the change in the adsorption
character: it is physical at a low temperature and trans-
forms into chemical with its increase [39] and specific
interaction between the inhibitor molecule and the
carbon steel surface [40]. Hence it can be suggested
that molecules of EG adsorb and block an essential

(a)  [3.69 um] 4.05 um

(b)

m
um

/v/ / \\Jh /V\

C=rm=—
OO
T I<J7I

[2.47 um] 2.79 pm
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part of the active sites on the carbon steel surface with
forming strong chemisorption bonds.

3.7. AFM Surface Morphology

The surface morphologies of carbon steel speci-
mens immersed in different test solutions were studied
using atomic force microscope (AFM). AFM is ideally
suited for characterization of the surface roughness of
the metal specimens on a micro scale. The 3D and 2D
images obtained after 24 h of immersion are presented
in parts a—c of Fig. 9. It is observed that the carbon
steel surface in 3.0% NaCl solution saturated with CO,
is very rough. This rough surface is due to the rapid
corrosion of the mild steel in 3.0% NaCl solution sat-
urated with CO,. However, in the presence of the EG
and EG—AE mixtures, the carbon steel surface rough-
ness was significantly reduced indicating the corrosion
inhibition effect of the additives with more pro-
nounced effect noticed with EG-AE mixtures. From

[384nm]4l6nm £ -
350 -
300 -
250
200

20 pm 0 10

20 um 0 10 20 um

Fig. 9. Three and two-dimensional AFM images for exposed CK10 in (a) 3.0% NaCl solution saturated with CO,, (b) 3.0% NaCl
solution saturated with CO, containing 5 mL EG and (c) 3.0% NaCl solution saturated with CO, containing S mL EG + 300 ppm AE

at 75°C for 24 h.
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the 3D AFM images, the average roughness could not
be read for the blank solution because of too rough
surface. In the presence of the EG the average rough-
ness was reduced to 2.79 um. Addition of AE to EG
further reduces the average roughness to 416 nm. The
surface morphology results obtained on addition of
anise extract to the EG are in agreement with the
results obtained from electrochemical impedance
spectroscopy and potentiodynamic polarization mea-
surements and points to the existence of synergistic
behavior of the anise extract compounds in combina-
tion with ethylene glycol.

4. CONCLUSIONS

Anise extract (AE) dissolved in ethylene glycol
(EG) has been evaluated for its ability to reduce corro-
sion damage of CK10 carbon steel in CO,-saturated
brine, and from the results obtained the following con-
clusions can be drawn:

1. Anise extract dissolved in EG inhibited the cor-
rosion of CKI10 carbon steel in CO,-saturated 3%
NaCl solution and the extent of inhibition was found
to be dependent on AE concentration.

2. Potentiodynamic polarization results revealed
that the extract acts as a mixed-type corrosion inhibi-
tor affecting both anodic metal dissolution and
cathodic hydrogen evolution/oxygen reduction reac-
tions.

3. The corrosion inhibition of the carbon steel was
afforded by the adsorption of AE on the metal surface
following the Langmuir adsorption isotherm model.

4. Impedance spectra show a high frequency
capacitive loop related to the charge-transfer process
of the metal corrosion and the double layer behavior.
The EIS spectra are well fitted to the proposed struc-
tural model of the interface carbon steel/CO,-satu-
rated 3% NaCl + AE.

5. The AFM surface analysis confirmed the
adsorption of the extract on the carbon steel surface
leading to the reduction in the surface roughness in
presence of anise extract in comparison to the one in
uninhibited solution.
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