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Abstract

The corrosion inhibition efficiency (IE) of Ervatamia divaricata extract (EDE) and Zn?* system
in controlling corrosion of carbon steel in ground water has been evaluated by weight loss
method. Weight loss study reveals that the formulation consisting of 2.5 ml of EDE and 25 ppm
Zn?* has 98% inhibition efficiency in controlling corrosion of carbon steel immersed in ground
water. Synergism parameters, calculated on the basis of blocking effect, suggest that a
synergistic effect exists between EDE and Zn?*. FTIR study reveals that a protective film
(blocking film) is formed on the metal surface consisting of Fe?*— Corynanthean complex and
Zn(OH). The anodic reaction is controlled by the Fe?*—Corynanthean complex formed on the
anodic sites of the metal surface and the cathodic reaction is controlled by Zn(OH). formed on
the cathodic sites of the metal surface. The hardness of the metal surface containing the
protective film is in between that of polished metal and that of the corroded metal in ground
water. That is, the hardness of protective film is lower than that of polished metal but higher
than that of corroded surface. This reveals that the protective film is very compact and close
packed, due to blocking effect. Electrochemical studies such as polarisation study and AC
impedance spectra have been employed to investigate the mechanistic aspects of the corrosion
inhibition. In the presence of inhibitors, linear polarization resistance (LPR) increases, corrosion
current decreases (lcorr), charge transfer resistance (R:) increases, double layer capacitance (Ca)
decreases, impedance increases and phase angle increases. Adsorption isotherm study reveals
that the adsorption of inhibitors on the metal surface obeys the Langmuir adsorption isotherm.

Keywords: corrosion inhibition, carbon steel, green inhibitor, environmentally friendly
inhibitior, Ervatamia divaricata, electrochemical studies, hardness of metal surface.
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Introduction

Several inorganic inhibitors such as zinc, chromate, polyphosphate and nitrite were used as
corrosion inhibitors. Also molybdate, phosphates, phosphonocarboxylic acids and polymers
were used as inhibitors along with metal ions such as Zn%. Though many synthetic
compounds showed good anticorrosive activity, most of them are highly toxic to both human
beings and environment. These toxic effects and ecological problem associated with the
discharge of such materials have resulted in the development of other efficient and
environmentally acceptable inhibitors. Hence the recent trend is the search for environmental
friendly inhibitors. Most of the natural products are non-toxic, bio degradable and readily
available in plenty. Various parts of plants — seeds, fruits, leaves, flowers etc. have been used
as corrosion inhibitors. Several studies have been published [1-10] on the use of natural
products as corrosion inhibitors. Anticorrosive property of dry Arecanut seed extract at
electrode (aluminum) — electrolyte (hydrochloric acid) interface was studied by Raghavendra
and Bhat [1]. Weight loss method and electrochemical studies were employed. Njoku et al.
used natural products for materials protection. Corrosion protection of aluminium in
hydrochloric acid by Kola nitida extract was investigated [2]. The adsorption of inhibitor
molecules on the metal surface obey Langmuir adsorption isotherm. The utility of Eulychnia
acida phil. (cactaceae) extracts as corrosion inhibitors for carbon steel in acidic media was
studied by Venegas et al. [3]. Blocking active sites on the metal are reported as responsible
for corrosion inhibition. Salhi et al. used natural product extract as eco-friendly corrosion
inhibitor for mild steel in 1.0 M HCI [4]. Weight loss measurement and electrochemical
studies were used. Al-Khaldi employed natural products as corrosion inhibitors for steel in
0.5 M hydrochloric acid solution [5]. Lemon leaves extracts with saffron, almonds, guava
leaves and Origanum majorana extracts were used as corrosion inhibitors. The effectiveness
of copaiba oil loaded into a microemulsion system as a green corrosion inhibitor was reported
by Emerenciano et al. [6]. Electrochemical methods were employed. Yahia et al. investigated
the inhibitive effect of Zygophyllum Album extract on the sulfuric acid corrosion of mild steel
grade Api API 5L X52 [7]. The inhibitor functions as mixed type of inhibitor. Abdel Rahman
et al. have made a study of electropolishing inhibition of steel using natural products as a green
inhibitor in ortho-phosphoric acid [8]. Thermodynamic parameters were derived. The
inhibitory effect of Piper nigrum L. extract on the corrosion of mild steel in acidic media was
investigated by De’Assis et al. [9]. Weight loss method was employed. Excellent corrosion
inhibition efficiency was obtained. Aniba canelilla was used as a corrosion inhibitor of carbon
steel by De’Barros et al. [10]. As the concentration of inhibitor increases, inhibition efficiency
also increases. It is well known that Ervatamia divaricata flowers are useful in ayurvedic
medicine. They are also used to depress the bone marrow resulting in temporary leucopenia.
E. divaricata could have benefits as an anti-tumor drug [11]. The anti-oxidative effects of
E. divaricata were studied by various investigators [11, 12]. The major ingredients of
E. divaricata are Vincosan, Corynanthean, Vallesiachotaman, Strychnan, Aspidospermatan,
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Plumeran, Eburan, Ibogan, Tacaman, Bis-indole. All of them have the structure of indole in
common [13].

Experimental

Preparation of Ervatamia divaricata extract

An agueous extract of Ervatamia divaricata leaves was prepared by grinding 50 g of shade
dried Ervatamia divaricata leaves with distilled water, filtering the suspending impurities,
and making up to 100 ml. The extract was used as corrosion inhibitor in the present study.

Preparation of the specimens

Carbon steel specimens (0.026% S, 0.065% P, 0.4% Mn, 0.1% C and rest iron) of the
dimensions 1.0x4.0x0.2cm were polished to a mirror finish, degreased with
trichloroethylene, and used for the weight loss method and surface examination studies.
Collection of ground water

Ground water used for this study was collected from Kundavai Naachiyaar Govt. Arts
College, Thanjavur, Tamil Nadu, India (Table 1).

Table 1. Physicochemical parameters of ground water.

Parameter Ground water
pH 6.80
Conductivity 503 Mic S/cm
Total dissolved solids 352 ppm
Chloride 116 ppm
Sulphate 15 ppm
Total hardness 130 ppm

Weight loss method

Carbon steel specimens were immersed in 100 ml of a ground water containing various
concentrations of the inhibitor in the presence of and absence of Zn?* for a period of 3 days.
The weights of the specimens before and after immersion were determined using a balance,
Schimadzu AY62 model. The inhibition efficiency (IE) was then calculated using the relation

IE :100-{1—%]%
Wl
Where:
W;,: Corrosion rate (mdd) in the absence of inhibitor,
W,: Corrosion rate (mdd) in the presence of inhibitor.
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Surface Examination Study

The carbon steel specimens were immersed in various test solution for a period of 3 days.
After three days, the specimens were taken out and dried. The nature of the film formed on
the surface of the metal, specimens was analyzed by FTIR spectroscopy (KBr method). The
FTIR spectrum of the protective film was recorded by carefully removing the film mixed it
with KBr and making the pellet. Infrared spectra were monitored in Perkin-Elmer make,
model Spectrum two. Vicker hardness was recorded in Shimadzu make model HMV-27.

Synergism Parameters

Synergism parameters are indications of the synergistic effect existing between two
inhibitors. While calculating the surface coverage importance is given to blocking effect.
Synergism parameters were calculated using the relation

SI = (1_91+2)/(1_9,1+2)

Where
0,.,=(0,+6,)—(8,-6,), being 1= surface coverage of substance 1 and 6= surface

coverage of substance 2. 0,,,= combined surface coverage of substances 1&2. 6 = surface

coverage, which is given by IE%/100. Synergism parameters are derived from inhibition
efficiencies of the EDE —Zn?* system.

Electrochemical studies

. — ® 1

WE = working electrode
RE = reference electrode
CE = counter electrode

Three electrode cell assembly

\, w

Scheme 1. Three electrode cell assembly.
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Corrosion resistances of carbon steel immersed in various test solutions were measured by
Polarization study and AC impedance spectra. The experimental set is shown in Scheme 1.

Polarization study

Polarization studies were carried out in a CHI Electrochemical work station/analyzer, model
660 A. It was provided with automatic ir compensation facility. A three electrode cell
assembly was used (Scheme 1). The working electrode was carbon steel. A SCE was the
reference electrode. Platinum was the counter electrode. A time interval of 5 to 10 min was
given for the system to attain a steady state open circuit potential. From polarization study,
corrosion parameters such as corrosion potential (Ecorr), corrosion current (lerr), Tafel slopes
anodic b, and cathodic b, and LPR (linear polarization resistance) value were measured. The
scan rate (\V/s) was 0.01. Hold time at (Es.s) was zero and quiet time was two seconds.

AC Impedance spectra

The same instrument and set-up used for polarization study was used to record AC
impedance spectra also. A time interval of 5 to 10 min was given for the system to attain a
steady state open circuit potential. The real part (Z) and imaginary part (—Z") of the cell
impedance were measured in ohms at various frequencies. AC impedance spectra were
recorded with initial E(V) =0, high frequency (1-10° Hz), low frequency (1 Hz), amplitude
(V)=0.005 and quiet time = 2 s. From Nyquist plot the values of charge transfer resistance
(Ry) and the double layer capacitance (Cgy) were calculated.

Results and Discussion

Analysis of results of weight loss study

The inhibition efficiency (IE) of an aqueous extract of Ervatamia divaricata in controlling
corrosion of carbon steel in ground water has been evaluated by weight loss method. The
results are given Table 2. It is seen from Table 2 that when the carbon steel is immersed in
ground water, the corrosion rate (CR) is 17.87 mdd. When 0.5 ml of EDE are added, the CR
is reduced to 8.58 mdd and the IE is found to be 52%. Upon addition of various concentration
of (1, 1.5, 2.0, 2.5) of EDE IE increases and corrosion rate decreases. This is due to the fact
that the complex (Fe?*—active principle in EDE) is formed on the metal surface.

It is seen from Table 2 that when zinc is added to the EDE, the IE increases to a great
extent. For example when 25 ppm of Zn?* is added to 1.5 ml of extract, the IE increases from
52% to 96%. This suggests that a synergistic effect exists between the active principles
present in EDE and Zn?*. Thus, the inhibition efficiency (IE) of EDE extract — Zn?* system
in controlling corrosion of carbon steel in ground water has been evaluated by weight loss
method. It is also observed that as the concentration of inhibitor increased, the inhibition
efficiency also increased. This is due to the fact that as the concentration of increases the
transport of inhibitor towards the metal surface also increases and hence IE increases.
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Table 2. Inhibition efficiencies of the inhibitor system in controlling corrosion of carbon steel immersed in
ground water, for a period of 3 days, obtained by weighty loss method. Inhibitor system: EDE extract—Zn?*
system.

Zn?* ppm

Extract (ml) 0 5 10 15 20 25

CR IE CR IE CR IE CR IE CR IE CR IE

0 1787 - 16.44 8 1590 11 1537 14 1465 18 1430 20
0.5 8.58 52 823 54 751 58 358 80 376 79 304 83
1.0 8.23 54 662 63 519 71 322 8 269 8 215 88
1.5 7.87 56 644 64 501 72 304 83 161 91 072 96
2.0 6.80 62 608 66 483 73 269 8 072 96 054 97
2.5 4.83 71 519 73 37 79 214 83 054 97 036 98

Synergism parameters

Synergism parameters indicate the synergistic effect existing between two inhibitor systems.
Synergistic effect means that, a mixture of inhibitors shows better inhibition efficiency than
the individual members. In the present study a synergistic effect exists between EDE extract
and Zn?*. Synergistic effects have been calculated considering the blocking effect.

The synergism parameter (S;) have been calculated from the inhibition efficiencies and
the surface coverage, giving importance to blocking effect. The calculation has been
explained clearly in experimental section. If the value of S, is greater than or equal to 1, it is
an indication of synergistic effect (Table 3).

Table 3. Synergism parameters.

Extract (ml) Zn?* ppm

0 5 10 15 20 25

0 0 Si 0 Si 0 Si 0 Si 0 Si
0 — 0.08 — 0.11 — 0.14 - 0.18 - 0.20 -
0.5 052 054 09 058 101 080 206 079 187 083 226
1.0 054 063 114 071 141 082 220 08 251 088 3.07
15 056 064 112 072 140 083 222 091 401 096 8.80
2.0 062 066 103 073 124 08 218 09 779 097 10.13

2.5 071 073 099 079 123 088 208 097 793 098 11.60
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Adsorption isotherm

Corrosion inhibition is due to adsorption of inhibitor molecules on the metal surface and
blocking effect. In the present study, when a plot is made by plotting C vs. C/6 (Table 4), a
straight line is obtained, with a very high R? value (0.999) (Figure 1). This indicates that,
Langmuir adsorption isotherm is obeyed, for the system consisting of EDE extract and
25 ppm of Zn#*.

Table 4. Langmuir adsorption isotherm parameters derived from weight loss methods.

C, ml 0 Clo
0.5 0.83 0.60
1.0 0.88 1.14
1.5 0.96 1.56
2.0 0.97 2.06
2.5 0.98 2.55

[ 3 Langmuir adsorption isotherm A

y=0.964x+ 0.1361’

. R?= o;sy
s —
1 /

/

0 0.5 1 1.5 2 2.5 3
C, ml

Figure 1. Langmuir adsorption isotherm.

Electrochemical studies

Electrochemical studies such as polarization study and AC impedance spectra have been
extensively used in the corrosion inhibition studies. In the presence of inhibitors, linear
polarization resistance (LPR) increases, corrosion current decreases (lcorr), charge transfer
resistance (R;) increases, double layer capacitance (Cq) decreases, impedance increases and
phase angle increases (Figure 2).
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LPR
increases

Impedance R,
increases increases

In presence
of corrosion
inhibitor

Phase
angle
increases

Cdl
decreases

Corrosion
current
decreases

Figure 2. Correlation among corrosion inhibitors and various corrosion parameters.

Polarization study

The polarization parameters such as, linear polarization resistance (LPR), corrosion current
(lcorr), corrosion potential (Ecorr), and Tafel slopes (b.=cathodic, b,=anodic) are given in
Table 5. The polarization curves are shown in Figure 3.

It is seen from Table 5 that when the inhibitor system consisting of EDE extract and
25 ppm of Zn?* is added to ground water, the corrosion resistance of carbon steel increases.
This is revealed by the fact that when the inhibitor system is introduced into ground water,
the LPR values increases and Il value decreases (Figure 4, Table 5). In presence of
inhibitor, the corrosion potential is shifted to the anodic side. This indicates that the anodic
reaction is controlled predominantly [14-18].

Table 5. Corrosion parameters of carbon steel immersed in ground water in the absence and presence of
EDE extract and Zn?*(ZnSQ4-7H,0) obtained by Polarization study.

ECOI’I’ bC ba LPR ICOFF
System mVSCE  Videcade  V/decade = Ohm cm? Alem?
Ground water (GW) ~993 7.142 3.224 924 4.538-10°°
GW+2.5 ml EDE+ 685 4.836 6.956 1380 2.671-10°°

| +25 ppm Zn?*




Int. J. Corros. Scale Inhib., 2021, 10, no. 1, 331-348 339

ot ()
351 ' 1
-4.01
451
-5.01
551
-6.01

-70 —————————————————————————————
-0.30 040 050 060 070 080 090 100 -1.10

Potential / V

Figure 3. Polarisation curves of carbon steel immersed in various test solutions (a) Ground
water, (b) Ground water +inhibitor.

log(Current/A)

~ GW + Inhibitor (b)
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LPR Ohm(:m2
carbon steel 1380

A A
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E)mparlson of LPR valua

., w

Figure 4. Comparison of LPR values of various systems.

Implication: Polarization study leads to the conclusion that, when the inhibitor system
consisting of EDE extract and 25 ppm of Zn?* is added to ground water, the corrosion
resistance of carbon steel increases. This is revealed by the fact that when the inhibitor
system is introduced into ground water, the LPR values increases and I, value decreases.
This is due to the formation of a protective film (blocking film) formed on the metal surface.
The protective film probably consists of Fe?*—active principle complex formed on the anodic
sites of the metal surface and Zn(OH), on the cathodic sites of the metal surface which are
responsible for blocking effect.
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AC impedance spectra

The AC impedance spectra (Nyquist plots, Bode plots) of carbon steel immersed in various
test solutions are shown in Figures 5—7. The corrosion parameters, namely, charge transfer
resistance (R;), double layer capacitance (Cy), impedance and phase angle are given in
Table 6. It is observed from Table 6, that when the inhibitor system is added to ground water,
the corrosion resistance of carbon steel increases. This is revealed by the fact that there is
increase in R; value (Figure 8), impedance value, increase in phase angle, and decrease in Cy

value [19-26].

Table 6. Corrosion parameters of carbon steel immersed in ground water in the absence and presence of
EDE extract and Zn?*(ZnSQ4-7H,0) obtained by AC impedance spectra.

Svstem Rt Cal Impedance Phase angle
y Ohm cm? F/cm? Log(Z/Ohm) (degrees)
Ground water (GW) 57.84 8.82-10°8 1.925 29.18
GW +2.5 ml EDE +25 ppm Zn?* 150.87 3.38-10°8 2.3 32.41

70.0

50.0{
4004
300
200
1004
.

-7." / ohm

=)
60.04 ~ |

Nyquist plots

0 20 40 60 80 100 120 140 160 180 200

Z' / ohm

Figure 5. Nyquist plots of carbon steel immersed in various test solutions. (a) GW;

(b) GW+ inhibitor.
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Figure 6. Bode plots (impedance) of carbon steel immersed in various test solutions. (a) GW;

(b) GW+inhibitor.
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Figure 7. Bode plots (phase angle) of carbon steel immersed in various test solutions. (a) GW;

(b) GW+inhibitor.
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The equivalent circuit diagram is shown in Figure 9. This explains how solution
resistance, charge transfer resistance, double layer capacitance and working electrode are
connected. Solution resistance i1s measured in the high frequency region. “Charge transfer
resistance + Solution resistance” is measured in the low frequency region.
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Figure 9. Equivalent circuit diagram.

Implication: AC impedance spectral study leads to the conclusion that, when the
inhibitor system consisting of EDE extract and 25 ppm of Zn?* is added to ground water, the
corrosion resistance of carbon steel increases. This is revealed by the fact that, when the
inhibitor system is introduced into ground water, there is increase in R; value, impedance
value, increase in phase angle, and decrease in Cq value. This is due to the formation of a
protective film (blocking film) formed on the metal surface. The protective film probably
consists of Fe?*—active principle complex formed on the anodic sites of the metal surface
and also Zn(OH), on the cathodic sites of the metal surface.
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Analysis of Vickers hardness

Hardness of a material can be measured by Vickers hardness test. The unit is called the
Vickers Pyramid Number (HV). The ability of a metal to withstand the plastic deformation
from a standard source is measured.

The hardness was measured for polished mild steel surface (system A), polished mild
steel surface engrossed in corrosive medium, that is ground water (GW) (system B) and
polished mild steel surface kept in corrosive medium (GW) containing the inhibitor system,
that is plant extract containing Zn?*(system C). The values are given in Table 7.

Table 7. Vickers Hardness (HV) of various surfaces measured along L1 and L2.

System (load) S. No. L1 L2 HV

Polished metal (25 g) 1 22.87 35.32 79.8

Polished metal (25 g) 2 22.29 25.13 82.4
Corroded metal (25 g) Ground water 1 36.29 39.03 32.2
Corroded metal (25 g) Ground water 2 36.44 38.12 33.3
Inhibited metal (25 g) Extract Zn** 1 26.37 28.40 61.8
Inhibited metal (25 g) GW+Extract+Zn?* 2 26.69 28.21 61.5

It is observed that for system A the hardness is high. For system B the hardness is low,
because the corroded surface contains iron oxide film which is porous and amorphous.
Surface is hardly rough. Pits are noticed due to corrosion. For system C the surface is smooth.
This is attributed to the deposition of shielding layer (blocking layer). The hardness is in
between that of systems A and B. That is, lower than that of polished metal but higher than
that of corroded surface. Thus the Vickers hardness is used in corrosion inhibition study
(Figure 10).

Table 8. Vickers Hardness (HV) of various surfaces (average values).

System (load) HV, average
Polished metal (25 g) 81.10
Corroded metal (25 g) in Ground water 32.75

Inhibited metal (25 g) in GW+Extract+Zn? 61.65
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Figure 10. Comparison of hardness of various metal surfaces.

Analysis of FTIR Spectra

The structure of active principle of Ervatamia divaricata extract, namely, corynanthean is
shown in Figure 11.

Corynanthean {

Figure 11. Structure of Corynanthean.

A few drops of an aqueous extract of Ervatamia divaricata were placed on a glass plate
and evaporated to dryness. A solid mass was obtained. Its FTIR spectrum is shown in
Figure 12. The N—H stretching frequency appears at 3513.65 cm™?.

The peak at 1642.75 cm™! corresponds to C=0 stretching frequency of ketone group.
The peak at 1046.29 cm~! corresponds to C=C stretching frequency. Thus, the structure of
Corynanthean is confirmed by FTIR spectrum.

The FTIR spectrum of the protective film formed on the surface of the metal after
immersion in the ground water containing Zn?* and EDE is shown in Figure 13. It is found
that N—H stretching frequency has shifted from 3513.65 cm* to 3443.91 cm?, while C=0
stretching frequency has shifted from 1642.75 cm*to 1616.24 cm~1. The C=C stretching
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frequency has shifted from 1046.29 cm1to 1060.03 cm™1. The peak at 1396 cm! is due to
zinc hydroxide formed on metal surface. The peak at 663.42 cm! is due to metal—oxygen
bond. The peak at 3443.91 cm™?! is due to hydroxyl group. Thus, the formation of zinc
hydroxide on the cathodic sites of the metal surface is confirmed.

The FTIR spectral study leads to the conclusion that the protective film consists of Fe?*
(Corynanthean) complex and Zn(OH),.

Corynanthean

Wavenumber, cm™’

Figure 12. FTIR Spectrum of aqueous extract of EDE evaporated to dryness.

4000, 0 3000 2000 1500 1000

Wavenumber, cm™’

7’

Figure 13. FTIR spectrum protective film formed on the surface metal after immersion in the
ground water containing Zn®* and EDE.
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Conclusions

The corrosion inhibition efficiency (IE) of Ervatamia divaricata extract (EDE) and Zn?*
system in controlling corrosion of carbon steel in ground water has been evaluated by weight
loss method. The study leads to the following conclusions.

Weight loss study reveals that the formulation consisting of 2.5 ml of EDE and 25 ppm
Zn?* has 98% inhibition efficiency in controlling corrosion of carbon steel immersed in
ground water.

Synergism parameters (calculated based on blocking effect [27]) suggest that a synergistic
effect exists between EDE and Zn?*.

FTIR study reveals that a protective film is formed on the metal surface consisting of
Fe?*—Corynanthean complex and Zn(OH)s.

The anodic reaction is controlled by the Fe?*—Corynanthean complex formed on the
anodic sites of the metal surface and the cathodic reaction is controlled by Zn(OH),
formed on the cathodic sites of the metal surface.

The hardness of the metal surface containing the protective film is in between that of
polished metal and that of the corroded metal in ground water.

Electrochemical studies such as polarisation study and AC impedance spectra have been
employed to investigate the mechanistic aspects of the corrosion inhibition.

These studies confirm the formation of protective film formed on the metal surface.
Adsorption isotherm study reveals that the adsorption of inhibitors on the metal surface
obey Langmuir adsorption isotherm.
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