J Bio Tribo Corros (2016) 2:16
DOI 10.1007/s40735-016-0046-z

=
@ CrossMark

ORIGINAL PAPER

Corrosion Inhibition of Carbon Steel in 1 M Hydrochloric Acid
Solution by Aqueous Extract of Thevetia peruviana

A. S. Fouda' - H. E. Megahed? - N. Fouad” - N. M. Elbahrawi'

Received: 19 March 2016/Revised: 3 May 2016/ Accepted: 13 May 2016/ Published online: 1 June 2016

© Springer International Publishing Switzerland 2016

Abstract The inhibitive effect of Thevetia peruviana on
the corrosion behavior of carbon steel in 1 M HCI was
studied using the weight loss method, polarization, AC
electrochemical impedance spectroscopy and electro-
chemical frequency modulation techniques. The inhibition
efficiency was found to depend on the concentration of the
extract and the temperature of the medium. Results showed
that this extract acts as a mixed-type inhibitor. The charge
transfer resistance increases but the double layer capaci-
tance decreases by increasing the extract concentration. It
was found that the investigated extract acts via adsorption
on the carbon steel surface and obeys the Temkin adsorp-
tion isotherm. The effect of temperature on the corrosion
rate in the absence and presence of the extract was inves-
tigated, some activated, and the adsorption parameters
were calculated. The results of the electrochemical meth-
ods were in good agreement with the weight loss mea-
surement results.
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1 Introduction

The dissolution of metals, especially in aqueous solutions,
is commonly mitigated by using corrosion inhibitors [1]. In
the metallurgical industry, hydrochloric and sulfuric acids
are widely used in various processes such as pickling of
metals to remove scale, deactivation of equipment in atomic
power establishments, chemical or electrochemical pro-
cesses in oil refinery, rocket fuel components in rocket
technology, etc. [2, 3]. Organic compounds containing
nitrogen, oxygen and phosphorus atoms are assumed to
have protective action against the corrosion of different
metals and alloys [4]. Many synthetic compounds have
shown good anticorrosive activity, but these compounds are
very toxic to both human beings and the environment. The
toxicity, safety and environmental issues of corrosion
inhibitors have given prominence to the use of naturally
synthetic products as alternative corrosion-preventive
agents, which are harmless and environmentally safe. From
the standpoint of safety, the development of non-toxic, safe
and effective inhibitors, known as eco-friendly or green
corrosion inhibitors, has become increasingly desirable
[5-9]. Over the past couple of decades, studies have focused
on the application of non-toxic inhibitors called green or
eco-friendly environmental inhibitors. Natural plants in the
form of extracts, oils or pure compounds may play major
roles in keeping the environment more healthy, safe and
under pollution control. Among the various natural prod-
ucts, such as the Lawsonia extract [10], Hibiscus sabdariffa
extract [11], Garcinia kola extract [12], fenugreek extract
[13], Phyllanthus amarus extract [14], Azadirachta indica
[15], blackener [16] and Gossypium hirsutum L. [17], all
have been reported to be good inhibitors for steel in acidic
solutions. In our laboratory, several extracts of natural
plants, such as coffee husk extract [18], gave 88 %
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inhibition efficiency for a-brass in 1 M HNO; at 500 ppm,
Melilotus officinalis extract [19] gave 88 % inhibition
efficiency at 300 ppm for Al in 1 M HCI, Roselle extract
[20] gave 93 % inhibition efficiency at 500 ppm for C-steel
in 0.5 M HCI, and Ceratonia siliqua extract gave more than
80 % inhibition for Cu in nitric acid.

This work is a continuation of the earlier works and an
attempt to evaluate the inhibitive action of natural Thevetia
peruviana on the corrosion of C-steel in 1 M HCI using
chemical and electrochemical techniques.

2 Materials and Methods
2.1 Composition of Material Samples
2.1.1 Solutions

A 1-M aggressive solution (hydrochloric acid) was pre-
pared in the laboratory by diluting the appropriate volume
of analytical grade 37 % HCI with bi-distilled water. The
acid was standardized by a standard solution of sodium
carbonate.

2.1.2 Chemical Structure of Compounds Present
in the Plant (Thevetia peruviana)

Thevetia peruviana belongs to the Apocynaceae family and
is commonly called yellow oleander or Pilakanher. All
parts of the plant contain a variety of cardiac glycosides
[21]. Figure 1 shows some of the important chemical
constituents present in the plant.

2.1.3 Preparation of Plant Extract

The dried plant was crushed into small pieces of 5-10 mm
using a cylindrical crusher and extracted with bi-distilled
water. The extract was obtained by mixing 100 g of the
dried plant in 250 ml of water at 80 °C for 30 min. The
extract was left overnight, then filtered through a filter
paper, completed to 1000 ml with bi-distilled water and
finally stored under refrigeration in glass flasks tapered
with a screw plastic lid [22].

2.1.4 Weight Loss Tests

The specimens with dimension of (2 x 2 x 0.2) cm were
used for the weight loss measurements. The specimens
were abraded successively with different series of emery
paper of variable grades starting with the coarsest (80) and
proceeding in steps to the finest (1200) grade, degreased
with acetone and air-dried. The weight loss experiment was
completed in a 100 ml 1 M HCI solutions without and with
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various concentrations of the investigated extract. The
corrosion rates (CRs) were determined using the following
equation [23]:

Corrosion rate (CR) = Am/st (1)

Here, Am is the mass loss, s is the exposed surface area of
the specimen (cmz), and ¢ is the immersion time. The
inhibition efficiency, %IE and degree of surface coverage,
0, were determined using the following equation [24]:

%IE = 0 x 100 = [1 — (CRipn/CReorr)] X 100 (2)

Here, CR..; and CR;,, are the corrosion rates of carbon
steel without and with extract, respectively.

2.1.5 Gasometric Method

Carbon steel sheets with dimension of (2 x 2 x 0.2 cm)
were used for the hydrogen evolution experiments. Prior to
each experiment, the surfaces of the carbon steel specimens
were treated as before. The specimen was inserted in a
beaker having a capacity of 100 ml evolved hydrogen gas
and collected through a side arm connected by flexible
polyethylene tubing to a gas burette standing in a beaker
filled with water. This allowed measurement of the varia-
tion of the volume of hydrogen evolved during dissolution
of the metal as a function of time. The experiments were
carried out in the absence and presence of the different
concentrations of extract. The corrosion rate (r) was taken
as the slope of straight lines obtained from the relation
between the volume of evolved hydrogen and time. The
inhibition efficiency (%IE) was calculated as follows:

} x 100 (3)

re—ri

YIE — {

i
Here, r; and r; are the corrosion rates in the absence and
presence of the extract.

2.1.6 Potentiodynamic Polarization Tests

Potentiodynamic polarization experiments were conducted
in a conventional three-electrode cell using platinum gauze
as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. The working electrode
was prepared from a square carbon steel sheet of the same
chemical composition as shown in Table 1 embedded in
epoxy resin of polytetrafloroethylene such that the exposed
surface area was 1 cm?. Prior to each test, the electrode
surface was pretreated in the same manner as in the weight
loss experiments. Before measurements, the electrode was
immersed in solution at the open-circuit potential for
25 min until a steady state was reached. The cell was
equipped so that the temperature during each experiment
was kept constant and measurable. The potential of the
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Fig. 1 Structures of cardiac glycosides and their free aglycones found in the Thevetia peruviana plant

Table 1 Chemical composition (weight %) of carbon steel

Element C Mn P Si S Fe

Weight (%)  0.17-020 035 0.024 0.003 0.05 Rest

working electrode was ramped +250 mV in the vicinity of
the corrosion potential, and the anodic and cathodic curves
were obtained from —0.7 to 0.7 V at a scan rate of
1 mVs™'. All experiments were conducted in freshly

prepared solutions at 25 °C, and the results were repeated
three times to check the reproducibility. The inhibition
efficiencies for each concentration of the extract and sur-
face coverage, 0, were calculated using the following
equation [25]:

%IE = 0 x 100 = [1 — iinn/icorr] X 100 (4)

Here, i.or and i;,, are the corrosion current densities cal-
culated from the extrapolation of Tafel slopes without and
with inhibitors.

@ Springer



16 Page 4 of 13

J Bio Tribo Corros (2016) 2:16

2.1.7 Electrochemical Impedance Spectroscopy (EIS)
Tests

Impedance measurements (EIS)were conducted using the
same cell arrangement as before with a Gamry framework
system based on ESA400. EIS measurements were per-
formed using AC signals with an amplitude of 5 mV peak
to peak at the open circuit potential in the frequency range
of 100 kHz to 0.5 Hz. All impedance data were fitted to the
appropriate equivalent circuit using the Gamry Echem
Analyst software.

2.1.8 Electrochemical Frequency Modulation (EFM) Tests

EFM experiments were carried out by applying the
potential perturbation signal with amplitude 10 mV with
two sine waves of 2 and 5 Hz. The choice for the fre-
quencies of 2 and 5 Hz was based on three arguments [26].
The larger peaks were used to calculate the corrosion
current density (i.o), the Tafel slopes (f. and f5,) and the
causality factors CF2 and CF3 [27].

Electrochemical measurements were performed using
the Gamry Instrument Potentiostat/Galvanostat/ZRA
(PCI4-G750). This includes Gamry applications, DC105
software for DC corrosion, EIS300 software for electro-
chemical impedance spectroscopy (EIS) and EFM140 for
electrochemical frequency modulation (EFM) measure-
ments along with a computer for collecting data. Echem
analyst version 6.03 software was used for plotting,
graphing and fitting data.

2.1.9 Surface Analysis

The surface of carbon steel was first abraded using dif-
ferent emery papers (grades 80-1200) and washed off
using bi-distilled water before immersing the specimens for
12 h in 1 M HCI in the absence and presence of an opti-
mum concentration of the investigated plant extract. After
this immersion time, the specimens were rinsed with bi-
distilled water, completely dried and mounted into the
spectrometer without any further treatment. The corroded
carbon steel surfaces were examined using a Philips
Energy Dispersive X-ray diffractometer (pw-1390) with a
Cu-tube (CuKal, 1 = 1.54051 A) and a scanning electron
microscope (SEM, JEOL, JSM-T20, Japan).

3 Results and Discussion
3.1 Weight Loss Tests

The weight loss of carbon steel specimens was recorded
after different time intervals of immersion (30, 60, 90, 120,
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150 and 180 min) at different temperatures (25, 30, 35, 40
and 45 °C); only the weight-loss curve at 25 °C is shown
here (Fig. 2). The %IE values at different temperatures are
given in Table 2. The results revealed that the presence of
Thevetia peruviana extract suppressed the corrosion rate of
the carbon steel specimens in 1 M HCI solution. The %IE
was noted to increase when increasing the plant extract
concentration as illustrated in Table 2. This can be attrib-
uted to the adsorption of extract molecules on the steel
surface. This adsorption decreases the dissolution of the
steel by blocking the corrosion sites and hence decreasing
the weight loss while increasing the efficiency as the
concentration of the extract increases.

3.1.1 Adsorption Isotherms

In acid corrosion, generally, it is assumed that inhibitors act
through a process of adsorption on the metal surface. The
adsorption of the inhibitor may determine a structural
charge of the double layer, thus reducing the rate of elec-
trochemical partial reactions. Moreover, adsorption that
particularly takes place at the active sites of the metal
surface may hinder the reactivity of the metal in the pro-
cess of dissolution. On the other hand, if the adsorption is
followed by the reaction of hydration or reduction or
polymerization of the inhibitor itself, thick layers may form
that behave as a true physical barrier. In any case, the
knowledge of the adsorption behavior of the inhibitors is
important for the definition of its action mechanism. An
adsorption isotherm gives the relation between the cover-
age of an interface with the adsorbed species and the
concentration of the species in solution. Interpretation of
the performance of the adsorbent type of inhibitor can be
enhanced by fitting the data in one of known adsorption
isotherms, which is represented in Fig. 3. The Temkin

—=— 1M HCI
E —e— 50ppm
10 - —4a— 100ppm
—w»— 150ppm
—<— 200ppm
8 - —»— 250ppm
—&— 300ppm

2

Weight loss, mg cm

20 40 60 80 100 120 140 160 180 200
Time, min

Fig. 2 Weight loss-time curve for the dissolution of carbon steel in
the absence and presence of different concentrations of Thevetia
peruviana extract at 25 °C
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Table 2 Effect of addition of different concentrations of Thevetia
peruviana extract on the surface coverage () and inhibition effi-
ciency values (%IE) at different temperatures

linh] ppm 25 °C 35°C 45 °C

0 %IE 0 %IE 0 %IE
0.0 - - - - - -
50 0381 381 0437 437 0514 514
100 0473 473 0532 532 0598 598
150 0556 556 0613 613 0673 673
300 0612 612 0669 669 0727 727
250 0661 661 0709 709 0769  76.9
300 0687 687 0746 746 0811  8l.1

0.85+

0.80-{ m 25°C,R?=0.98897
e 30°C,R?=0.98987
i 35°C,R%2=0.99196
0.704| v 40°C,R?=0.99008
45°C,R?=0.9843

@ ]
0.55-
0.50- —
] v
0.45-
0.404 e
] -
0.35 T T T T 1
-4.4 -4.2 -4.0 -3.8 -3.6 -3.4
Log C ,ppm

Fig. 3 Temkin adsorption plots for carbon steel in 1 M HCI at
different temperatures in the presence of various concentrations of
Thevetia peruviana extract

adsorption isotherm [28] was found to fit the experimental
data well.

0 = (2.303/a) Log Kua + (2.303/a) LogC (5)

Here, 0 is the degree of surface coverage
(0 = %IE/100), K,q is the adsorption equilibrium con-
stant, C is the concentration of the extract, and “a”
(heterogeneous factor of the metal surface) is a molecular
interaction parameter depending upon molecular interac-
tions. The Temkin adsorption model is based on the
spontaneity of the adsorption process and may be applied
to find various thermodynamic parameters. A plot of 0
versus log C gives straight lines with the slope equal to
(2.303/a), and the intercept is (2.303/a) log K,4. The
experimental data give good curve fitting for the applied
adsorption isotherm as the correlation coefficients (R2)
close to 1, which were in the range (0.98-0.99). The values
obtained of K,qs and AGj, are given in Table 3. The
negative value of AG},, and the value of K,y are more than
unity, which ensures the spontaneity of the adsorption
process and stability of the adsorbed layer on the carbon

steel surface. Generally, values of AGy, around
—20 kJ mol™" or lower are consistent with the electrostatic
interaction between the charged molecules and the charged
metal (physisorption); those around —40 kJ mol™' or
higher involve charge sharing or transfer from organic
molecules to the metal surface to form a coordinate type of
bond (chemisorption) [29]. In this study, the calculated
AG?,, values being closer to —40 kJ mol~' indicate that
the adsorption mechanism of the extract on carbon steel in
1 M HCI solutions was typical of chemisorption. The
unshared electron pairs in oxygen may interact with the d-
orbital of carbon steel to provide a protective chemisorbed
film [30]. The adsorption of these molecules could take
place via interaction with the vacant d-orbital of iron
atoms (chemisorption). It is logical to assume that such
adsorption is mainly responsible for the good protective
properties of this extract. We may easily posit that inhi-
bition occurs by a synergistic effect of these various
molecules [31]. While an endothermic adsorption process
(AHZ > 0) is attributed unequivocally to chemisorption
[32], an exothermic adsorption process (AHg, < 0) may
involve either physisorption or chemisorption or a mixture
of both processes. The values of AS}, in the presence of
the investigated extract are large and negative, that is,
accompanied by an exothermic adsorption process [33].

3.1.2 Effect of Temperature

The effect of temperature on the rate of dissolution of mild
steel in 1 M HCI containing different concentrations of the
investigated inhibitor was tested by weight loss measure-
ments over a temperature range from 25 to 45 °C. The
effect of increasing temperature on the corrosion rate (ko)
and %IE were obtained from weight loss measurements.
The results revealed that with increasing temperature there
is a decrease in k.. while %IE increases. The activation
energy (E;) of the corrosion process was calculated using
the Arrhenius equation (Eq. 6) [34]:

k = Aexp(—E;/RT) (6)

Here, k is the rate of corrosion, A is the Arrhenius constant,
R is the gas constant, and T is the absolute temperature.
Figure 4 represents the Arrhenius plot (log kcor vs. 1/T) for
uninhibited and inhibited 1 M HCI containing different
concentrations of the studied inhibitor. The values of E,
can be obtained from the slope of the straight lines. As in
Table 4, the activation energy is lower in the presence of
Thevetia peruviana extract than in its absence. This was
due to the slow rate of extract adsorption with a resultant
closer approach to equilibrium during the experiments at
higher temperatures according to Hoar and Holliday [35].
However, Riggs and Hurd [36] explained that the decrease
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Table 3 Thermodynamic

4 o —1 AR _AQ —1 -1
parameters for the adsorption Temp. (K) Kaqs x 1077 (ppm) AGYy, (k] mol™") AHYy (kJ mol) AS% (J mol™ K™7)
process of Thevetia peruviana 208 85.7 39.7 36.1 133.3
extract on a carbon steel surface
in 1 M HCI at different 303 96.6 40.7 134.6
temperatures 308 145.6 41.9 136.2
313 131.6 43.4 138.7
318 567.1 44.7 140.7
substantially less than on the uncovered area, similar to the
B 1IMHC, Rz=0-9935 findings of the present study. The entropy of activation
06 50 pom R 20,9937 (AS”) and the enthalpy of activation (AH") for dissolution
l 1% ppm’Rz_O'ggosg of mild steel in 1 M HCI were obtained by applying the
0.7 Vv 150 ppm,R*=0.99062 L .
. 8- . 200 ppm,R%=0.99744 transition state equation:
08d W )
N P om0 | Logkeon/T = log(R/ Nh+ AS"/2.303R)
' -0.9+ ppm,R°=0.
£ ] + (—AH*/2.303RT) (7)

log kcorr' mg cm

0.00315

0.00320 0.00325 0.00330 0.00335

A
1000/T, K

Fig. 4 Arrhenius plots for corrosion rates (k.oy.) of carbon steel in
1 M HCI in the absence and presence of various concentrations of
Thevetia peruviana extract

in the activation energy of corrosion at higher levels of
inhibition arises from a shift of the net corrosion reaction
from the uncovered part of the metal surface to the covered
one. Schmid and Huang [37] found that organic molecules
inhibit both the anodic and cathodic partial reactions on the
electrode surface, and a parallel reaction takes place on the
covered area, but the reaction rate on the covered area is

Here, N is Avogadro’s number; 4 is Planck’s constant. The
plot of log (keor/T) versus (1/7) (Fig. 5) should give a
straight line with a slope = (—AH /2.303R) and an inter-
cept = log [(R/Nh)—(AS*/2.303R)]. The positive signs of
the enthalpies (AH*) reflect the endothermic nature of the
steel dissolution process. The negative values of AS” in the
absence and presence of the inhibitors imply that the
activated complex is the rate-determining step and repre-
sents association rather than dissociation, indicating that a
decrease in disorder takes place, going from the reactant to
the activated complex [38].

3.2 Gasometric Tests

The dissolution reaction of carbon steel in 1 M HCI devoid
of and containing different concentrations of Thevetia
peruviana was studied using the hydrogen evolution
method. The relationship between the volume of hydrogen
evolved during the corrosion action and the reaction time is
represented in Fig. 6.

Inspection of the figure reveals that there is a linear
relation between the hydrogen volume and time. The rate
of hydrogen evolution is small at the beginning of the

Table 4 Activation parameters

for carbon steel corrosion in the Linh] (ppm)

Activation parameters

absence and presence of various A x 10> (mgem™Z min~")  Ef (mol™") AH (kJmol™') —AS" (I mol™' K"
concentrations of Thevetia
peruviana extract in 1 M HCI 0.0 292.8 38.1 15.4 148.8

50 405.8 28.6 11.3 184.4

100 208.2 274 10.8 189.9

150 109.9 26.3 10.2 195.3

200 0.441 24.3 94 202.9

250 0.231 23.0 8.8 208.2

300 0.039 18.8 7.0 222.9
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Table 5 Inhibition efficiencies as revealed from hydrogen evolution

measurements at 25 °C

[inh] (ppm) Corrosion rate (ml min~") %IE
Blank (1 M HCI) 279 -

50 11.4 59.1
100 10.2 63.4
150 9.0 64.7
200 7.6 72.8
250 6.9 75.3
300 5.5 80.3

= 1M HCI,R%=98877
o 50 ppm,R%0.9926
32 100 ppm,R*=0.98856
. v 150 ppm,R*=0.98875
8331 200 ppm,R%=0.99007
_ 34 e 250 ppm,R*=0.99687
'« ~_ 300 ppm,R%=0.98813
e -3.57 [
& s6q o T
o -3.71 R "
£
£ 387
xE 3.9
& 401
4.1
-4.2 T T T T T T T T T
3.15 3.20 3.25 3.30 3.35
1000/T, K"

Fig. 5 Plots of log (kcor/T) versus (1000/T) of carbon steel in 1 M
HCI in the absence and presence of different concentrations of
Thevetia peruviana extract

N W
TP

N
P

Volume, ml
o
1

A
P

(o] 20 40 60 80 100 120
Time, min

Fig. 6 Hydrogen evolutions during the corrosion of carbon steel in
the absence and presence of different concentrations of Thevetia
peruviana extract

reaction, and then after a certain time it increases mark-
edly. The initial time interval, during which the rate of
reaction is small, is the incubation period. During this
incubation period, the breakdown of the pre-immersed
oxide film on the metal surface takes place before the start
of metal attack. Since carbon steel is readily soluble in
aqueous acidic solutions with the liberation of hydrogen,
the rate of hydrogen liberation corresponds to the carbon
steel corrosion rate. Therefore, the slopes of the straight
portions of the curves, after the incubation period, were
taken as a measure of the corrosion rates of carbon steel in
free and inhibited acid solutions. Inspection of the curves
of Fig. 5 reveals that the addition of Thevetia peruviana
reduces the rate of hydrogen evolution as the Thevetia

peruviana concentration is increased. The inhibition effi-
ciency values of different concentrations of Thevetia
peruviana are given in Table 5. These values show that the
IEs of the Thevetia peruviana are very high at high con-
centrations and comparable to those obtained from the
weight loss technique [39].

3.3 Polarization Curves

The potentiodynamic curves for carbon steel in 1 M HCI in
the absence and presence of Thevetia peruviana extract are
shown in Fig. 7. It is clear that the investigated inhibitor
promotes the retardation of anodic dissolution of carbon
steel and cathodic hydrogen discharge reactions. Electro-
chemical parameters such as corrosion current density
(icorr), corrosion potential (E.,), Tafel constants (f, and
B.), degree of surface coverage (0) and inhibition efficiency
(%IE) were calculated from Tafel plots as given in Table 6.
It is observed that the presence of extract lowers i.qp
because of the adsorption of extract components on the
steel surface, while the E.,, and Tafel slopes experience no
significant change in the inhibited solution compared to the
uninhibited solution. The addition of the investigated
extract caused no considerable shift in the E.,, values,
suggesting that the inhibitor acts as a mixed-mode inhibitor
[40]. Furthermore, both cathodic (f.) and anodic Tafel
lines (f,) were shifted to more negative and positive
directions, respectively. This shows that the mechanism of
the corrosion reaction is maintained and the corrosion
reaction is impeded by the simple adsorption mode [41].
The irregular trends of (f, and f5.) values indicate the
involvement of more than one type of species adsorbed on
the metal surface.

3.4 EIS Tests
The EIS provides important mechanistic and kinetic
information for investigating an electrochemical system.

Nyquist impedance plots were obtained for the carbon steel
electrode at respective corrosion potentials after 30 min

@ Springer
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Fig. 7 Polarization curves for carbon steel in 1 M HCI in the absence
and presence of different concentrations of Thevetia peruviana extract
at 25 °C

immersion in 1 M HCI in the presence and absence of
various concentrations of Thevetia peruviana extract. The
resultant Nyquist and Bode plots are shown in Figs. 8, 9,
respectively. In this case, there was a gradual increase in
the diameter of each semicircle of the Nyquist plot as a
consequence of the increase in the number of extract
molecules when the concentration was increased from 50
to 300 ppm. This diameter increase clearly showed that the
(R.y) values were also increased from 13 to 140 ohms cm?
at the optimum concentration of 300 ppm. Table 7 includes
various parameters such as the R, double layer capaci-
tance (Cgq) and (%IE). The (R.) values are noted to
increase while the (Cy) values gradually decrease from
720.4 to 81.9 uF/cm™2 when the inhibitor concentration
increases; this can be attributed to the gradual replacement
of water molecules by the adsorption of the extract mole-
cules on the metal surface, decreasing the extent of the

presence and absence of different concentrations of Thevetia peru-
viana extract at 25°C

—=— 1MHCI
100 - —— 50ppm
] g —+—100ppm| g 140
TR —— 150ppm n
—<—200ppm| .o
——250ppm| . 120
—e— 300ppm
QL 104 !
g E 40
E
<] 420
E
N {-40
o©
- -60
T T T T T T T -80
0.01 0.1 1 10 100 1000 10000 100000 1000000
log f,Hz

Fig. 9 Bode plots for corrosion of carbon steel in 1 M HCI in the
absence and presence of different concentrations of Thevetia peru-
viana extract at 25 °C

Table 6 Potentiodynamic data of carbon steel in 1 M HCI in the absence and presence of different concentrations of Thevetia peruviana extract

[inh] (ppm) —E .o (mV vs. SCE) fcor (LA cm™?) Be (mV dec™) Ba (mV dec™) keorr (MpY) 0 %IE
0.0 516 550 115 85 251.4 - -

50 510 211 90 64 96.41 0.616 61.6
100 496 198 110 70 90.62 0.640 64.0
150 442 188 101 87 85.83 0.658 65.8
200 495 175 115 68 79.98 0.682 68.2
250 496 127 112 65 57.94 0.769 76.9
300 499 114 107 69 52.08 0.797 79.7
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Table 7 Data from electrochemical impedance measurements for
corrosion of carbon steel in 1 M HCI solutions at various concen-
trations of Thevetia peruviana extract

[inh] (ppm) Ca Re, 0 %e1E
(UF cm™?) (Q cm?)

0.0 720.40 13.62 - -

50 117.90 34.00 0.599 59.9
100 101.89 66.63 0.795 79.5
150 91.22 70.51 0.807 80.7
200 88.40 90.44 0.849 84.9
250 84.40 117.8 0.884 88.4
300 81.94 140.6 0.903 90.3

dissolution reaction. The higher (R.;) values are generally
associated with slower corroding systems [42]. The EIS
spectra of the investigated extract analyzed using the
equivalent circuit, Fig. 10, which represents a single charge
transfer reaction and fits well with these experimental
results. The main parameters deduced from the analysis of
the Nyquist diagram are the resistance of charge transfer
R, (diameter of high frequency loop) and the capacity of
double layer Cg;, which is defined as:

Ca = 1/ (2nfmacht) (8)

Here, fi.ax is the frequency at which the imaginary com-
ponent of the impedance is maximum-Zim (max). The
values of ER % were calculated by the equation as follows:

YIEgis = [1 — Ret/Rinn) x 100 )

Here, R and R, inn) are charge-transfer resistance val-
ues in the absence and presence of the inhibitor,
respectively.

3.5 EFM Tests

In corrosion science, the non-linear relationship of the
corrosion process is well known and established [43].
Applying potential distortion by one or more sine waves
causes responses at more frequencies than the frequencies
of the applied signal [44]. EFM showed that this non-linear
response contains important information about the cor-
roding system so that the corrosion current can be

Fig. 10 Electrical equivalent
circuit model used to fit the
impedance results

Rs

calculated directly. The great strength of the EFM is the
causality factors that serve as an internal check on the
validity of the EFM measurements [3]. With the causality
factors the experimental EFM data can be verified. Fig-
ures 11 and 12 show the current response includes not only
the input frequencies, but also contains frequency compo-
nents that are the sum, difference and multiples of the two
input frequencies. The larger peaks were used to calculate
the corrosion current density (i .o), Tafel slopes (5, and
f.) and causality factors (CF2 and CF3). These electro-
chemical corrosion kinetic parameters at different con-
centrations of the investigated plant extract in 1 M HCI at
25 °C are listed in Table 8. The inhibition efficiency (%IE)
calculated from Eq. (10) is found to increase with the
addition of the studied extract.

Y0IBgrm = [1— (icorr/ilon)] x 100 (10)

Here, i°., and i, are corrosion current densities in the
absence and presence of inhibitors, respectively. The
causality factors CF2 and CF3 given in Table 8 are close to
their theoretical values of 2.0 and 3.0, respectively, indi-
cating that the obtained results are of good quality. The
inhibition efficiency calculated from weight loss, Tafel
polarization and EIS measurements are in good agreement
with EFM results. It is concluded that the corrosion rate
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Fig. 11 EFM spectra for carbon steel in 1 M HCI at 25 °C
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Fig. 12 EFM spectra for carbon steel in 1 M HCI in the presence of different concentrations of Thevetia peruviana extract at 25 °C

Table 8 Electrochemical kinetic parameters obtained by EFM technique for carbon steel in 1 M HCI solution containing various concentrations
of the Thevetia peruviana extract at 25 °C

[inh] (ppm) icorr (LA cm™2) Ba (mV dec™") Be (mV dec™") CF 2 CF 3 C.R (mpy) 0 %IE
0.0 809.7 109 142 13 2.8 370.0 - -

50 413.6 57 73 2.0 2.3 189.0 0.489 489
100 365.2 42 54 15 2.6 166.9 0.549 549
150 347.9 32 72 2.0 2.7 159.0 0.570 57.0
200 254.5 81 91 1.6 3.3 116.3 0.686 68.8
250 205.4 88 97 1.7 2.8 93.8 0.746 74.6
300 147.9 90 102 1.6 2.7 67.6 0.817 81.7

depends on the chemical nature of the electrolyte rather
than the applied technique.

3.6 SEM Studies
Figure 13 depicts the micrographs of carbon steel samples

in the absence and presence of 300 ppm of Thevetia
peruviana extract after 12 h immersion in 1 M HCL

@ Springer

Figure 13a represents the surface of pure carbon steel.
Figure 13b shows the surface of carbon steel that has
experienced a severe corrosion attack in case of only
immersion in 1 M HCI for 12 h. It is clear that when the
plant extract was added to the test solution, the carbon steel
surface suffered a remarkable change from the previous
one, and the specimen surface was largely smoother, as
presented in Fig. 13c. The formation of a protective layer is
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assumed to be randomly distributed on the whole surface of
the carbon steel. This could be attributed to the adsorption
of the active molecules present in the extract of the
investigated plant on the carbon steel surface incorporating
into the passive film in order to block the active sites
present on the carbon steel surface. In addition, another
reason is the involvement of extract molecules in the
interaction with the active sites on the carbon steel surface,
causing a decrease in the contact between carbon steel and
the aggressive medium and sequentially exhibiting excel-
lent corrosion inhibition properties [45].

3.7 EDX Studies

The EDX spectra were employed to determine the elements
on the surface of carbon steel after 12-h immersion in the
test solution of 1 M HCl without and with 300 ppm of

sEl zog:“-' We'i“in:n iw

x1,500 / 40pm,
W,

(b)

A0 —

'SEl ' 20kV i WD42mm - SS48 x 00>~

Fig. 13 SEM micrographs for carbon steel in the absence and
presence of 300 ppm of Thevetia peruviana extract. a Pure carbon
steel surface. b After 12 hours immersion in 1 M HCI. ¢ 12 hours
immersion in 1 M HCI + 300 ppm ofplant extract

inhibitor extract. The EDX analysis in Fig. 14a shows the
composition of the pure surface of a carbon steel specimen
without any exposure to the acid and inhibitor treatment.
The EDX analysis indicates that Fe was detected, which
shows that free carbon steel without any rust formed.
Figure 14b illustrates the EDX analysis result on the
composition of the carbon steel surface after 12-h immer-
sion only in the test solution of 1 M HCI. Figure 14c
portrays the EDX analysis of the carbon steel surface after
immersion in a test solution of 1 M HCI and in the pres-
ence of 300 ppm of Thevetia peruviana extract. The

0 2 4 &
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Fig. 14 EDX analysis on carbon steel in the absence and presence of
300 ppm of Thevetia peruviana extract for 12 h immersion in 1 M
HCI. a Pure carbon steel surface. b After 12 hours immersion in 1M
HCI. ¢ 12 hours immersion in 1M HCI +300 ppm of plant extract
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spectra show additional lines, demonstrating the existence
of O (owing to the oxygen atoms of inhibitor extract
molecules). These data show that the carbon and O atoms
covered the specimen surface. This layer originated
because of the adsorption of the active chemical con-
stituents of the investigated extract onto the metal surface
because the O signals are absent on the specimen surface
exposed to uninhibited HCI.

4 Conclusions

The present study found that Thevetia peruviana extract
can be used as an inhibitor of C-steel corrosion in HCI
solution. While the green extract molecule probably acts by
being adsorbed on the C-steel surface, the overall inhibition
is provided by a synergistic effect. It has also been found
that the inhibitive action of Thevetia peruviana extract is
basically controlled by the temperature and concentration
of the extract; the maximum IE was 90.3 % at 300 ppm.
The green natural Thevetia peruviana tested acts as a
mixed type inhibitor. Further analysis of the experimental
data shows that it conforms with a modified form of the
Temkin adsorption isotherm and that the nature and value
of the Gibb’s free energy of adsorption obtained suggest
that the spontaneous physical and chemical (mixed one)
adsorption of the plant extract molecules is the most likely
inhibitory mechanism responsible for the reduction of the
corrosion rate of C-steel in 1 M HCI containing Thevetia
peruviana extract. The data obtained from the four differ-
ent methods are in good agreements.

References

1. Hosseini SMA, Salari M, Ghasemi M (2009) 1-Methyl-3-pyr-
idine-2-yl-thiourea as inhibitor for acid corrosion of stainless
steel. Mater Corros 60:963-968

2. Ashassi-Sorkhabi H, Ghalebsaz-Jeddi N, Hashemzadeh F, Jahani
H (2006) Corrosion inhibition of carbon steel in hydrochloric acid
by some polyethylene glycols. ElectrochimActa 51:3848-3854

3. Abdel-Rehim SS, Khaled KF, Abd-Elshafi NS (2006) Electro-
chemical frequency modulation as a new technique for moni-
toring corrosion inhibition of iron in acid media by new thiourea
derivative. Electrochim Acta 51:3269-3277

4. Yildirim A, Cetin M (2008) Synthesis and evaluation of new long
alkyl side chain acetamide, isoxazolidine and isoxazoline
derivatives as corrosion inhibitors. Corros Sci 50:155-165

5. Bammou L, Mihit M, Salghi R, Bazzi L, Bouyanzer A, Al-Deyab
SS, Hammouti B (2011) inhibition effect of natural artemisia oils
towards tinplate corrosion in hcl solution: chemical characteri-
zation and electrochemical study. Int J Electrochem Sci
6:1454-1467

6. El Ouariachi E, Paolini J, Bouklah M, Elidrissi A, Bouyanzer A,
Hammouti B, Desjobert J-M, Costa J (2010) Adsorption

@ Springer

10.

11.

12.

13.

14.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

properties of Rosmarinus officinalis oil as green corrosion inhi-
bitors on C38 steel in 0.5 M H,SO,. Acta Met Sin 23:13-21

. Chris O, Enenebaku Conrad K, Emeka E, Oguzie J (2013)

Inhibition of acid corrosion of mild steel by biomass extract from
the petersianthusmacrocarpusplant. Mater Environ Sci 4:217-226

. Ramananda Singh M (2013) A green Approach: a corrosion

inhibition of mild steel by adhatodavasica plant extract in 0.5 M
H,SO,. ] Mater Environ Sci 4:117-126

. Kalaiselvi P, Palanichamy S, Subramanian G (2010) Artemisia

pallens as corrosion inhibitor for mild steel in HCl medium.
Mater Chem Phys 120:643-648

El-Etre AY, Abdallah M, El-Tantawy ZE (2005) Corrosion
inhibition of some metals using lawsonia extract. Corros Sci
47:385-395

Oguzie EE (2008) corrosion inhibitive effect and adsorption
behavior of Hibiscus sabdariffa extract on mild steel in acidic
media. Port Electrochim Acta 26:303-314

Oguzie EE, Iyeh KL, Onuchukwu Al (2006) Inhibition of mild
steel corrosion in acidic media by aqueous extracts from Garcinia
kola seed. Bull Electrochem 22:63-68

Noor EA (2008) Comparative study on the corrosion inhibition of
mild steel byaqueous extract of Fenugreek seeds and leaves in
acidic solutions. J Eng Appl Sci 3:23-30

Okafor PC, Ikpi ME, Uwah IE, Ebenso EE, Ekpe UJ, Umoren SA
(2008) Inhibitory action of Phyllanthus amarus extracts on the
corrosion of mild steel in acidic media. Corros Sci 50:2310-2317

. Oguzie EE (2008) Evaluation of the inhibitive effect of some

plant extracts on the acid corrosion of mild steel, Azadiracta
indica. Corros Sci 50:2993-2998

Bothi Raja P, Sethurman MG (2008) Inhibitive effect of black
pepper extract on the sulphuric acid corrosion of mild steel. Mater
Lett 62:2977-2979

. Oguzie EE (2007) Corrosion inhibition of aluminium in acidic

and alkaline media by Sansevieria trifasciata extract. Corros Sci
49:1527-1539

Fouda AS, Gadow HS, Shalabi K (2015) Chemical and electro-
chemical investigations of coffee husk as green corrosion inhi-
bitor for aluminum in hydrochloric acid solutions. IJRRAS
23(1):28-45

Fouda AS, Abo-Shohba R, Husien WM, Ahmed ES (2015)
Chemical and electrochemical study on the effectively of
Melilotus officinalis extract as save corrosion inhibitor for alu-
minium in 1 M hydrochloric acid solutions. Glob J Res Eng
15(3):9-24

Abdel Nazeer A, Shalabi K, Fouda AS (2015) Corrosion inhibi-
tion of carbon steel by Roselle extract in hydrochloric acid
solution: electrochemical and surface study. Res Chem Intermed
41:4833-4850

Rocha J, Cunha J, Gomes JA, D’Elia E (2010) Corrosion inhi-
bition of C-steel in hydrochloric acid solution by fruit peel
aqueous extracts. Corros Sci 52:2341-2348

Singh K, Agrawal KK, Mishra V, Mubeen US, Shokla A (2012)
A review on: Thevetia peruviana. Int Res J Pharm 3(4):74-77
Quraishi M, Shukla S (2009) Poly (aniline-formaldehyde): a new
and effective corrosion inhibitor for mild steel in hydrochloric
acid. Mater Chem Phys 113:685-689

Qu Q, Jiang S, Li L, Bai W, Zhou J (2008) Corrosion behavior of
cold rolled steel in peracetic acid solutions. Corros Sci 50:35-40
Khaled K (2008) Application of electrochemical frequency
modulation for monitoring corrosion and corrosion inhibition of
iron by some indole derivatives in molar hydrochloric acid. Mater
Chem Phys 112:290-300

Khaled K (2009) Evaluation of electrochemical frequency mod-
ulation as a new technique for monitoring corrosion and corrosion
inhibition of carbon steel in perchloric acid using hydrazine
carbodithioic acid derivatives. J Appl Electrochem 39:429-438



J Bio Tribo Corros (2016) 2:16

Page 13 of 13 16

217.

28.

29.

30.

31.

32.

33.

34.

35.

Fouda AS, El-desoky AM, Hassan Hala M (2013) Quinazoline
derivatives as green corrosion inhibitors for carbon steel in
hydrochloric acid solutions. Int J Electrochem Sci 8:5866-5885
Frumkin AN (1963) Hydrogen overvoltage and adsorption phe-
nomena. In: Delahay P, Tobias CW (eds) Advances in electro-
chemistry and electrochemical engineering, vol 3, chapter 5.
Interscience Publisher Inc., New York

Yurt A, Bereket G, Kivrak A, Balaban A, Erk B (2005) Effect of
Schiff bases containing pyridyl group as corrosion inhibitors for
low carbon steel in 0.1 M HCL J Appl Electrochem
35:1025-1032

Bentiss F, Traisnel M, Lagrenee M (2000) The substituted 1,3,4-
oxadiazoles: a new class of corrosion inhibitors of mild steel in
acidic media. Corros Sci 42:127-146

Zarrouk A, Warad I, Hammouti B, Dafali A, Al-Deyab SS,
Benchat N (2010) The effect of temperature on the corrosion of
Cu/HNO3 in the presence of organic inhibitor: part-2. Int J
Electrochem Sci 5:1516-1526

Naqvi I, Saleemi AR, Naveed S (2011) Cefixime: a drug as
efficient corrosion inhibitor for mild steel in acidic media. elec-
trochemical and thermodynamic studies. Int J Electrochem Sci
6:146-161

Znini M, Bouklah M, Majidi L, Kharchouf S, Aouniti A,
Bouyanzer A, Hammouti B, Costa J, Al-Deyab SS (2011)
Chemical composition and inhibitory effect of Menthaspicata
essential oil on the corrosion of steel in molar hydrochloric acid.
Int J Electrochem Sci 6:691-704

Abiola Olusegun K, Otaigbe JOE (2009) The effects of Phyl-
lanthusamarus extract on corrosion and kinetics of corrosion
process of aluminum in alkaline solution. CorrosSci
51:2790-2793

Hour TP, Holliday RD (1953) The inhibition by quinolines and
thioureas of the acid dissolution of mild steel. J Appl Chem
3:502-513

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Riggs LO Jr, Hurd TJ (1967) Temperature coefficient of corro-
sion inhibition. Corrosion 23:252-260

Schmid GM, Huang HJ (1980) Spectro-electrochemical studies of
the inhibition effect of 4, 7-diphenyl -1, 10-phenanthroline on the
corrosion of 304 stainless steel. CorrosSci 20:1041-1057

Afak SS, Berrin D, Aysel Y, Gulsen T (2012) Schiff bases as
corrosion inhibitor for aluminium in HCI solution. Corros Sci
54:251-259

Ali Al, Megahed HE, Mona A, Ismail MN (2014) Zinc corrosion
in HCI in the presence of aqueous extract of Achillea fra-
grantissima. J Mater Environ Sci 5(3):923-930

Ajmal M, Mideen A, Quraishi M (1994) 2-Hydrazino-6-methyl-
benzothiazole as an effective inhibitor for the corrosion of mild
steel in acidic solutions. Corros Sci 36:79-84

Bentiss F, Lebrini M, Lagrenee M (2005) Thermodynamic
characterization of metal dissolution and inhibitor adsorption
processes in mild steel/2,5-bis(n-thienyl)-1,3,4-thiadiazoles/hy-
drochloric acid system. Corros Sci 47:2915-2931

Hsu C, Mansfeld F (2001) Concerning the conversion of the
constant phase element parameter Y into a capacitance. Corro-
sion 57:747-748

Bosch RW, Hubrecht J, Bogaerts WF, Syrett BC (2001) Elec-
trochemical frequency modulation: a new electrochemical tech-
nique for on-line corrosion. Corrosion 57(1):60-70

Bessone] MayerC, lJiittnerK Lorenz WI (1983) AC-impedance
measurements on aluminium barrier type oxide films. Elec-
trochim Acta 28:171-175

Prabhu R, Venkatesha T, Shanbhag A, Kulkarni G, Kalkhambkar
R (2008) Inhibition effects of some Schiff’s bases on the corro-
sion of mild steel in hydrochloric acid solution. Corros Sci
50:3356-3362

@ Springer



	Corrosion Inhibition of Carbon Steel in 1 M Hydrochloric Acid Solution by Aqueous Extract of Thevetia peruviana
	Abstract
	Introduction
	Materials and Methods
	Composition of Material Samples
	Solutions
	Chemical Structure of Compounds Present in the Plant (Thevetia peruviana)
	Preparation of Plant Extract
	Weight Loss Tests
	Gasometric Method
	Potentiodynamic Polarization Tests
	Electrochemical Impedance Spectroscopy (EIS) Tests
	Electrochemical Frequency Modulation (EFM) Tests
	Surface Analysis


	Results and Discussion
	Weight Loss Tests
	Adsorption Isotherms
	Effect of Temperature

	Gasometric Tests
	Polarization Curves
	EIS Tests
	EFM Tests
	SEM Studies
	EDX Studies

	Conclusions
	References




