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Electrochemical Impedance Spectroscopy (EIS) and Study of
Iron Corrosion Inhibition by Turmeric Roots Extract (TRE) in
Hydrochloric Acid Solution
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URMERIC Root extract (TRE) was tested as corrosion inhibitor for iron in 0.5 M HCI,

using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS).
Scanning electron microscope (SEM), and energy dispersive X-rays (EDX) analysis. The
inhibition efficiency raised as in time of immersion rises, but decreases with temperature rise.
The Nyquist plots showed that, the charge transfer resistance (Rct) increase, and the double
layer capacitance (C,) decreases with time of immersion increase. Tafel results exhibit that both
corrosion current and with corrosion speed are reduced with time of immersion. All impedance
spectra of EIS tests exhibit one capacitive loop which indicates that the corrosion reaction is
controlled by charge transfer process. IE (%) increases with the concentration of the inhibitor
reaching its maximum value, 88. 90%, at 8g/100ml. Thermodynamics parameters: Ea, AH*,
AS* were estimated, and mechanism of corrosion and inhibition was discussed. The adsorption
of (TRE) followed Langmuir adsorption isotherm.

Keywords: Iron, Electrochemical Impedance Spectroscopy (EIS), Turmeric Root extract

(TRE), double layer capacitance (C ), Scanning electron microscope (SEM).

Introduction

Inhibition of corrosion of iron is demanding
for theoretical and practical aspects [1]. Iron and
its alloys are of great importance in the industry,
prompting vast research on corrosion resistant and
its conducts [2]. Acids are wildly used in industries
[3], such as industrial acid cleaning, acid descaling,
acid picking, and used to remove mill scale from
metallic surfaces. Natural compounds containing
sulphur, oxygen and nitrogen atoms are effective
as corrosion inhibitors in acid media, Inhibitors
are used to reduce the rate of dissolution of metals
[4]. Organic compounds containing heteroatoms
are commonly used to reduce the corrosion
process of iron in acidic media [5]. The use of
non-toxic inhibitors called green or ecofriendly
environmental inhibitors is one of the solutions
possible to prevent corrosion of molten [6]. The
adsorption of these compounds is influenced by
the Electronic structure of their content of active
compounds, electrons density, aromatic rings, and
functional groups possessing free electrons such
as, R-OH —CHO, —N=N etc.., [7]. The adsorption
of organic inhibitors at the metal/solution
interface takes place through the replacement of

water molecules by organic inhibitors molecules
[8]. The efficiency of these compounds depends
mainly on their abilities to be adsorbed on the
metal surface with their polar groups moving as
the reactive centers. The purpose of this research
is to use a non-toxic environment-friendly
inhibitor formed from Turmeric Root extract to
reduce iron corrosion and study its effect using
electrochemical Impedance and Tafel polarization
methods.

Materials and Methods

Preparation of plant extract

The turmeric extract is prepared by washing,
drying the turmeric root and grinding it then
dissolving 1 g of powder in 100 ml methanol 50%,
and removing the solvent by placing the solution
in the vacuum evaporator, at 60°C. Distilled water
is used in the preparation process [9].

Preparation of metal specimen

The iron specimens having composition (wt%)
of 0.200% C, 0.500% Si, 1.600% Mn, 0.035%
S, 0.035% P, 0.040Nb, 0.012N, 0.020Al, and
remaining Fe were abraded with a series of emery
papers 400,1200,1500, 2000 grades. The samples
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were then washed thoroughly with distilled water,
and dried with air.

Test Solution

A solution of 0.5M concentrated acid
was prepared using distilled water and 37%
hydrochloric acid.

Electrochemical Measurements

Electrochemical measurements were
carried out using potentiostat IVIUM-STAT.XR
(Holland) piloted by voltammetry software. A
three electrodes cell system containing working
electrode (iron coupon) of a 1 cm? exposed area,
saturated (Ag/AgCl)) electrode as a reference
electrode and a platinum wire as auxiliary
electrode were used. The electrochemical
impedance spectroscopy (EIS) measurements
were carried out using the above electrochemical
system, polarization curves were recorded at
a sweep rate of 50 mV.s'!, Electrochemical
impedance spectroscopy (EIS) measurements
were carried out at open-circuit potential over a
frequency range of IMHz - 1Hz. The sinusoidal
perturbation was amplitude of 0.0 1mv.

Scanning electron microscopy (SEM), Energy
dispersive X-rays (EDX)

Inhibitor film formation of the extracts surface
was studied and compound using SEM and EDX
Technique.

Pelectrods

DISCHARGED

Results and Discussion

Mechanism of inhibition process Mechanism of
inhibition process

The Turmeric Root extract (TRE) used here
as a corrosion inhibitor can serve as a scale
inhibitor as well. This plant is characterized by the
percentage of phenolic compounds (Categories of
curcumin) of a percentage up to 90%. It is natural
- non-toxic - environmentally friendly material.
Active compounds in Turmeric Root extract
(TRE) are attributed to curcumin, demethoxy
curcumin, bis demethoxy curcumin, and to the
multiple lone pair of electrons, multiple bonds
and/or conjugated IlI-type bond system [10].
Adsorption of these active molecules forms thin
inhibitor films on the metal surface which isolate
the metal- surface from the corrosive environment
[11]. The oxygen atoms -The aromatic rings-and
the bilateral bond - of the aromatic rings boosts
the electronic pair freedom on the surface of the
electrode. These compounds adsorb their free
electrons on the surface of the electrode, and
the iron is oxidized to form positively charged
iron, thus forming a double electrical layer and
difference in voltage arises, as schematically
presented in Fig. 1. The inhibitor enhances the
free electrons, which reduces iron corrosion and
enhances inhibition.

Fig. 1. Schematic presentation of the Electric Double —Layer formation.
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Fig. 2. Active compounds in Turmeric Root extract (TRE).
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Electrochemical
measurements
The corrosion behavior of iron in 0.5M HCI
solution, in the absence and presence of TRE, it
investigated by the EIS, at 298 K after 1 hour of
immersion in the acid solution. The double layer
capacitance (C,) and the frequency at which
the imaginary component of the impedance is
maximum (-Z__ ) are found via the equation:
C,=l/w =2nf

ax max

impedance spectroscopy

R

max ¢t

where w
m:

(1)

The inhibition efficiency % IE,  resulted from
the charge transfer resistance (R ) is calculated
by:

% IE,,= [(R - R* )/R_].100 2)

where R° and R are the charge transfer resistance
(R,) in the absence and presence of different
concentrations of inhibitor, respectively [12].

Nyquist’s and Bode’s graphs of the results
of the EIS of iron in 0.5M HCI, in absence and
presence of different concentrations of TRE were

presented in Fig. 3 and 4 respectively. The big
capacitive loop refers to the adsorption of the
inhibitor molecules (active compounds) presented
in Fig. 2 on the iron samples [13]. The existence
of single semi-circle indicated the single charge
transfer process during dissolution which is
unaffected by the presence of inhibitor molecules.
Deviations of ideal circular shape are often
referred to the frequency dispersion of interfacial
impedance, which could be due to the roughness
and other inhomogeneity of the surface, constant
phase element (CPE) with the exponential factor
(o) expressed about degree of roughness [14].
As seen in Table 1, the R values of inhibited
substrates increased with the concentration of
inhibitors. Further, the values of C, decreased
which perhaps was compounds extract due to
the decrease in local dielectric constant and/or
increase in thickness of the electrical double layer,
which suggests that TRE acts via adsorption at the
metal/solution interface [15]. Equivalent circuit
model used to fit impedance spectra data present
in Fig. 5.
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Fig. 4. Bode plots of iron in 0.5M HCI containing varying concentrations of TRE after 1hour of immersion in acid

solution.
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Fig. 5. Equivalent circuit model used to fit impedance spectra data.

TABLE 1. Impedance parameters of corrosion of iron in 0.5M HCI at 298K in the absence and presence of different

concentrations of TRE.

conc R .

C a

f
ibi cf max dl 0,
Inhibitor (2/100mI) (ohm) (H7) (F/em?) IERct %
Blank 0.0 203 160 4.90%10° 1/ T—
T . 2.0 27.7 160 3.59%10° 0.98 26.71
R “trmet?ct 4.0 50.8 100 3.13%10° 0.70 60.04
°°T§’;: ac 6.0 73.1 160 1.36*10° 0.70 72.23
(TRE) 8.0 117 160 8.51%10° 0.70 82.65
Potentiodynamic polarization measurements where I and I are the corrosion current

Influence of concentration

Polarization measurements were done in order
to know about the kinetics of the cathodic and
anodic reactions. The anodic and cathodic current—
potential curves are extrapolated up to their
intersection at appoint where corrosion current
density (I, ) and corrosion potential (E_ ) are
acquired [16]. Table 2 shows the electrochemical
parameters (I, E_ , Ba, Bc, and CR) obtained
from Tafel plots for the iron electrode in 0.5M HCl
solution without and with various concentrations
of TRE. The I values were used to calculate the
inhibition efficiency, IE (%), in Table 2, using the
following equation:

corr

densities with presence and absence of inhibitor,
respectively. The CR values in Table 2, using the
following equation [17]:

CR=327%10%i__E /d )

where i is the corrosion current density in
micro A/em’, E_is the equivalent weight of the
corroding metal in grams, and d is the density of
the corroding metal in g/cm?.

Under the experimental conditions performed,
the cathodic section of the plot represents the
hydrogen evolution reaction, while the anodic
section represents the iron dissolution reaction.
They are determined by extrapolation of Tafel

IE = [I-I /11,100 3) lines to the respective corrosion potentials.
TABLE 2. Electrochemical parameters of iron in 0.5M HCI solution at different concentrations without and with
TRE.
- conc -E.. corr Pa i CR o
Inhibitor o 10oml)  (mV/SCE) (A*10%cm?)  (mVidec)  (mV/dec)  (mmly) B
Blank 0.0 0.677 26.13 0.352 0.183 8.56 -
2.0 0.3968 10.8 0.155 0.323 3.54 58.67
RTurmerlc 4.0 0.474 4.7 0.146 0.233 1.55 82.01
oot extract
. 4 . 1 1 1.2 4
(TRE) 6.0 0.453 3.8 0.139 0.179 5 85.46
8.0 0.417 34 0.131 0.225 1.11 86.99

The results in Table 2 indicates that the
inhibitor reduces the corrosion current value and
inhibition, IE (%) increases with the concentration
of the inhibitor reaching its maximum value,

Egypt.J.Chem. 62, No. 3 (2019)

88. 90%, at 8g/100ml. This result suggests that
the mechanism of the electrode reaction is not
changed [18].
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TABLE 3. Polarization parameters of iron in 0.SM HCI at different temperatures with various concentration of

TRE.
T(K) Conc -E... L. pa (mV/ e (mV/ CR IE%
(g/100ml) (mV/SCE) (nA/cm?) dec) dec) mm/y

283 Blank 0.677 26.13 0.352 0.183 8.56  —-eeee-
2 0.3968 10.8 0.155 0.323 3.54 58.67
4 0.468 5.9 0.148 0.177 1.933 77.42
6 0.453 3.8 0.139 0.179 1.25 85.46
8 0.442 2.9 0.143 0.188 0.979 88.90

293 Blank 0.661 31.1 0.316 0.174 10.19 -
2 0.379 8.35 0.142 0.328 2.73 73.15
4 0.458 6.6 0.138 0.205 2.167 78.78
6 0.458 4.8 0.164 0.206 1.581 84.57
8 0.441 4 0.131 0.193 1.318 87.14

303 Blank 0.677 33.8 0.331 0.168 11.07 -
2 0.452 13.5 0.167 0.249 4.4 60.06
4 0.426 9 0.132 0.263 297 73.37
6 0.474 7 0.152 0.193 2.29 79.29
8 0.498 5.7 0.14 0.16 1.87 83.14

313 Blank 0.714 36.2 0.378 0.119 11.84 -
2 0.477 14.6 0.188 0.237 4.788 59.67
4 0.419 11 0.135 0.28 3.631 69.61
6 0.379 7.9 0.133 0.339 2.6 78.18
8 0.468 5.9 0.148 0.177 1.933 83.70

Influence of temperature calculated using:

Polarization curves for the iron in 0.5 M HC1 © = IE (%) /100 5)

solution are shown in Fig. 6 and 7 in two different
conditions, with constant concentrations of TRE
and in the presence of different concentrations of
TRE in the temperature range 283-313K.

The numerical values of the corrosion
current density (I ), corrosion potential (E_ ),
anodic Tafel slope ( Ba), cathodic Tafel slope
(Bc), and the degree of surface coverage (®) vis
the concentrations of inhibitor (TRE) at various
temperatures are given in Table 3. These values
were calculated from the intersection of the
cathodic and anodic Tafel lines of the polarisation
curve at E . The surface overage (®) was

The inhibition efficiency IE (%) is given by
equation 3.

The results of Table 3 refer that temperature
increase leads to I , increase while the addition
of TRE resulted in decrease of the I values
across the temperature range. The results also
indicate that the inhibition efficiencies increased
with the concentration of inhibitor but decreased
proportionally with temperature. Such behavior
can be rationalized that the inhibitor acts by
adsorption onto the metal surface [19].
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Fig. 6. polarization curves of iron in 0.5M HCI at different temperatures.
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Fig. 7. polarization curves of iron in 0.5M HCI at different temperatures in the presence of 8g/100ml of TRE.

Activation parameters such as the activation
energy, Ea, the entropy of activation, AS*, and the
enthalpy of activation, AH*, for both corrosion
inhibition and corrosion of iron in 0.5 M HCI
in the presence and absence of TRE at different
concentrations between 283 and 313K were
calculated from an Arrhenius-type plot (Eq. 6)
and transition state (Eq. 7) [20]:

Log (I )=-E/2.303RT (6)

corr

where I is the corrosion current density
(taken from averaged polarization), Ea is the
activation energy, and R is the universal gas
constant.

[ — BT AS =) . AHse,
=mepl el @)

where h is Planck’s constant, N is Avogadro’s
number, AH* is the enthalpy of activation, and
AS*a is the entropy of activation.

Plots of Log (I ) vs. 1/T and Log (I /T) vs.
1/T gave straight lines with slopes of -Ea/R and
-AH* /R, respectively. The intercepts were A and
[Ln (R/Nh) + (AS* /R)] for the Arrhenius and
transition state equations, respectively. (Fig. 8 and
9). The calculated values of the activation energy
Ea, the entrpy of activation AS", and the enthalpy of
activation AH" are presented in Table 4.
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Fig. 8. Arrhenius plots of log (I,
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versus 1/T at various concentration of TRE.
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Fig. 9. variation of log (I _/T) versus 1/T at various concentrations of TRE.

The activation energy rises somewhat with
increasing inhibitor concentration, suggesting
adsorption of inhibitor molecules at the metal
surface. The increase in the activation energy
could be due to the corrosion reaction mechanism
in which charge transfer was blocked by the
adsorption of TRE molecules on the iron surface
[21]. It also revealed that the whole process was
controlled by the surface reaction since the energy
of the activation corrosion process in presence of
TRE was nearer to 20 kJ mol™.

As seen in Table 4, the values of AH* were
approximate, and the values of Ea, increased for
the corrosion of iron in the presence of inhibitor
by up to 80%, indicating that the energy barrier for

the corrosion reaction increased in the presence
of inhibitor without change of the dissolution
mechanism [22]. The entropy of activation, AS*,
was negative both in the absence and presence
of inhibitor, implying that the activated complex
represented the rate-determining step with respect
to the association rather than the dissociation step.
This implies that a decrease in disorder occurred
when proceeding from statc of reactants to the
activated complex [23].

In addition, the less negative values of AS* in
the presence of inhibitor imply that the presence
of inhibitor created a quasi-equilibrium corrosion
system state.

TABLE 4. values of activation parameters AS* and AH* for iron 0.5MHCI in the presence and absence of various

inhibition concentrations.

Inhibitor C(g/100ml) Ea(kJ/mol) AH* (kJ/mol) AS* (J/mol)
0.5M HC1 - 7.69 5.22 -275.37
) 2.0 10.02 7.55 -275.83
Turmeric Root 4.0 15.99 13.52 258.93
extract (TRE)
6.0 18.99 16.52 -251.65
8.0 18.43 15.96 -255.51

Adsorption isotherm

Adsorption isotherm study describes the
adsorptive behavior of organic inhibitors to
understand the adsorption mechanism. The most
usually applied adsorption isotherms are Frumkin,
Temkin, and Langmuir. The surface coverage (©)
values for the inhibitor concentration used were
calculated using polarization measurements.

Langmuir adsorption isotherm was tested
and found most appropriate isotherm to fit the

experimental data. Langmuir adsorption isotherm
is represented by the following equations [24]:

log (6/1-©) =log K+ Y log C ®)
Rearrangement gives the following equation
Co=1K, +C )

Where, 0 is the degree of surface cover with
the inhibitor, Y is the slope; number of layers. K
is the adsorption equilibrium constant and C is the

Egypt.J.Chem. 62, No. 3 (2019)
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concentration of inhibitor used in the corrosive
medium.

A straight line was obtained by plotting C/O vs

The calculated slope is almost unity suggesting
that the Langmuir adsorption isotherm model
provides the best description of the adsorption

. . . behavior.
C with the R? value almost unity (0.99) (Fig. 10).
cinh/e 4 10C W20C A30C <40C y=1.0221x+0.1476
R!=0,9961
12 F y=1.0512x+0.1282
R?=0,9999
1t y=1.1547x+0.0373
R2=0,991
08
y =0,8936x+0,1563
06 F R?=0,9936
04 [
02 F
I Cinn (2/100ml)
0 1 1 1 |
0 0.2 0.4 0.6 0.8 1

Fig. 10. Plots of Langmuir adsorption isotherm of TRE on iron surface at different temperatures.

TABLE 5. Calculated parameters of Langmuir adsorption isotherm.

T(K) 1/K AGa (kJmol™) ASa (Jmol™) R? AHa(kJmol ™)
283 0.16 -13.8169 48.75 0.9986

293 0.04 -17.7954 60.67 0.9910 20

303 0.13 -15.2926 50.40 0.9999

313 0.15 -15.4306 49.24 0.9961

Value of up to -20 kJ mol™ is consistent with
the electrostatic interaction between the charged
molecules and the charged metal (physical
sorption), while values more negative than -40 kJ
mol involves sharing or transfer of electrons from
the inhibitor molecules to the metal surface to
form a coordination type of bond (chemisorption)
[25]. In the present study, the value of AGa is
less than -20 kJ mol"! which is an indication that
physical adsorption in dominant.

SEM-EDX analysis

Surface morphology of iron was studied by
scanning electron microscopy after 1 h immersion
in 0.5 M HCI with and without addition of the
inhibitor. Figure 11(a) represents the micrograph
obtained of polished steel before exposing to
the corrosive medium while Fig. 11(b) showed
strongly damaged steel surface due to the
corrosion effect after immersion in 0.5 M HCI

Egypt.J.Chem. 62, No. 3 (2019)

solution. SEM images of steel surface after 1hour
immersion in 0.5 M HCI with 1g/100ml TRE
is shown in Fig. 11(c). It can be seen from Fig.
11a that the iron sample before immersion seems
smooth and shows some abrading scratches on
the surface. Inspection of Fig. 11b reveals that the
iron surface after immersion in uninhibited 0.5 M
HCI shows an aggressive attack of the corroding
medium on the iron surface. In contrast, in the
presence of 1g/100ml TRE (Fig. 1lc) the iron
surface was corroded only negligibly. In addition,
there was an adsorbed film on the iron surface
that was not observed in Fig. 11b. These results
confirmed enhancement of surface coverage
of steel surface that led to decrease in contact
between the iron and the aggressive medium.
Thus, a good adsorptive protection layer that was
formed by the inhibitor can efficiently inhibit
corrosion of steel.
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Fig. 11. SEM of polished iron (a) before immersion (b) after 1hour of immersion in 0.5SM HCI 1g/100ml of TRE,

and (c) Treated iron in the presence of 1g/100ml extract.

The following table shows the percentages of
the studied elements in the presence and absence

of TRE.

TABLE 6. The percentages of the studied elements in the presence of TRE.

Element C (0] Cl

Without inhibitor 020 e e

After adding 0.5 M HC1 0.20 29.86 1.76

With inhibitor 26.84 7.14 0.1
The iron surface is analyzed at different points concentration.

of the surface using an energy dispersive x-rays
technique. Since the inhibitor contains mainly
carbon and oxygen atoms, and the corrosive
media is 0, 5 HCI, the variation of carbon, oxygen
and chlorine atoms weight percentage on the
surface can be used quantitatively to explain the
adsorption of the inhibitor on the iron surface. In
the presence of the extract the weight percentage
(wt. %) of carbon increased while chlorine
decreased, as that the atom of oxygen is higher
in the presence of the corrosive media composed
to the polished and treated iron, as shown in
Fig. 12. Thus it can be concluded that there is
a good protective layer on the surface of iron is
responsible for inhibition.

Conclusion

The following results can be mentioned briefly:
I- The inhibition efficiency (IE%) of
TRE increases with increase of extract

EIS results showed that the double layer
capacitance (C,) decreases and charge
transfer resistance (R ) increases with time
of immersion in the extract.

The inhibitor showed maximum inhibition
efficiency (IE%) 88.9% at 8g/100ml
concentration.

The inhibition efficiency (IE%) of TRE
decreased with temperature, which leads to
a decrease in activation energy (Ea) of the
corrosion process.

The activation energy value of Ea=-20kJmol"!
indicates that the adsorption process is
spontaneous and is physical adsorption.
Langmuir adsorption isotherm and SEM
studies showed that TRE inhibitions occur
through adsorption mechanism.

The results of SEM and EDX, have been
shown to form a protective film on the iron
surface.

Egypt.J.Chem. 62, No. 3 (2019)
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Fig. 12. EDX of (a) polished iron ; (b) after 1hour of immersion in 0.5SM HC], and (c¢) Treated iron in the presence
of 1g/100ml extract.
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