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Abstract
Green inhibitors are promising alternatives to toxic corrosion inhibitors as
they are environmentally safe substances, ecologically acceptable and renewable. In this research, the effect of green henna as an inhibitor existing in the
coating of TMSM-PMMA and its electrochemical study were analyzed. The
coating was produced by “sol-gel” method in order to protect the corrosion of
low-carbon steel. TMSM hybrid cell was synthesized by hydrolysis and condensation, Metaacryloxypropyltrimethoxysilane and Tetraetylorthosilicate
with 1:1 molar ratio and PMMA hybrid cell was produced by Methylmetaacrylate polymerization. Finally two cells were mixed in 1:1 weight ratio. The
carbon steel substrates were prepared by dip coating method. SEM technique
was applied for the microstructure evaluation of thin layers including different concentrations of henna extract. Adhesion of coating was analyzed by
“Pull off” test. Additionally, the experimental results obtained in different
concentrations of henna extract using electrochemical methods such as tafel
polarization, electrochemical impedance spectroscopy indicating that coating
with the concentration of 3% inhibitor had a high level of inhibition efficiency
in 0.1 M HCL. The results of polarization tests signified that henna extract
acts as a mixed inhibitor.
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1. Introduction
Carbon steels play an important role in industrial environment because of their
good mechanical and physical properties as well as low cost [1]. However, they
DOI: 10.4236/ojsta.2018.71001 Jan. 31, 2018
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are susceptible to get attacked while being applied in corrosive solutions including aggressive compounds like HCL. Corrosion is a devastative phenomenon
occurring due to the chemical or electrochemical reaction of substance with its
surrounded environment. There exists a wide variety of methods by which corrosion can be prevented by the means of inhibitors and coatings. Coatings prevent exchanging electrons in electrochemical reaction. Because of this mechanism, a protective layer is formed between the substrate and the aggressive medium [2]. Compounds which are practically beneficial for the protection of metals are extremely toxic and can result in cancer [3]. One of the appropriate ways
for the surface protection of some materials could be by the use of hybrid organic-inorganic sol-gels which are considered as suitable option for this purpose [4]. Sol-gel coatings have high quality of ﬂexibility, hydrophobic properties, anti-corrosion, transparency and suitable adhesion to the substrate. The
combination of polysiloxan with siloxan and polymer constitute a hybrid coating
contributing to the appropriate control of corrosion. The main role of these hybrid materials is production of a very thin layer having good yields and it does
not permit oxygen to diffuse to the surface of the metal [5] [6] [7] [8]. When
coverage of the coating has a defect, its corrosion protection properties will be
boosted by the presence of active corrosion inhibitors [9] [10] [11] [12].
When organic inhibitor is added into hybrid coating, it becomes compatible
with the present coating contributing to cross linking and film formation. The
mechanism of inhibition is through inhibitor incorporation in the film, moving
and precipitating. This procedure results in the constitution of passivating effect
while a defect has emanated. Researchers have focused on natural products, for
most of the synthetic organic inhibitors have inevitable hazardous effects. One of
the organic compounds named henna is known as corrosion inhibitor having
some merits such as profusion and being eco-friendly, and nontoxic [13]. In
particular, hybrid coatings produced by sol-gel method have both inorganic and
organic properties. It is possible to acquire an extensive diversity of hybrid
sol-gel-derived materials, since an array of precursors for constituting inorganic
component such as metal alkoxides, organo (alkoxy) silanes, and nanoparticles is
available [14]. On top of that, they are highly compatible with polymerizable
groups. The main usage of these types of materials is as coating. In addition, they
have been used as bulk materials. Hybrid coatings are made up of a dual polymer network, in which inorganic parts are bound to polymer chains [15].
Polymeric mixture forming from the existing of PMMA results in improving
the properties of organic-inorganic hybrid coating. The classification of these
materials is based on their chemical bond characteristics, thus they are classified
into two general categories. Category I is in relation with hybrid films, in which
inorganic fragments and organic polymers in the hybrid coating form weak
bonds of the types Van der Waals, hydrogen, or ionic interaction, whereas Category II has strong bonds such as covalent or ionic covalent chemical ones [16]
[17] [18] [19].
By the suitable selection of inorganic and organic parts and their composiDOI: 10.4236/ojsta.2018.71001
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tions, fresh and versatile hybrid materials can be acquired [16]. Providing the
link between the organic and inorganic parts is a main step. When the bonds
between these two parts are covalent, hybrids properties will be enhanced. For
example, the connection between organic and inorganic phases like trialkoxysilane and vinylic ligands constitutes an appropriate bond [20] [21]. One type of
trialkoxysilane is 3 methacryloxypropyltrimethoxysilane (TMSM, also known as
MPTS) which has photo-sensitivity to UV radiation, thus it is used in optical
equipment [22] [23] [24]. By the formation of a polymer from TMSM and
PMMA creating by UV radiation or by heat treatments, the refractive characteristic will rise [25].
In the present research, an organic-inorganic coating was prepared from the
processes namely; polymerization, hydrolysis and condensation reactions of
TMSM-PMMA and henna extract. Carbon steel ST37 was applied as the substrate. The hybrid film structure, with the addition of inhibitors into its network,
was studied using SEM. The efficiency of protective coatings in the presence and
absence of inhibitors was evaluated using potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS).

2. Experimental
2.1. Specimen Preparation
Carbon steel (ST37) having nominal composition of 0.179% C, 0.165% Si,
0.439% Mn, 0.203% Cu, 0.034% S and Fe balance is used. It is cut into 2 × 2 × 0.2
cm dimensions used for electrochemical characterization. Specimens were mechanically abraded with 100, 200, 400, 600, 800, 1000 grades of emery papers,
then degreased by acetone and hand washed with distilled water.

2.2. Solution Preparation
Corrosion electrolyte was obtained by mixing 4.2 ml of HCL 37% with 500 ml
distilled water in order to prepare 0.1 M HCL.

2.3. Inhibitor Preparation
The hybrid layers were prepared by a sol-gel method constituted by the following components: TMSM (C10H20O5Si, Merck) and TEOS (C8H20O4Si, Merck)
with the addition of MMA (C5H8O2, Merck) and the thermal initiator benzoyl
peroxide (BPO-C14H10O4, Reagent). For the preparation of the hybrid organic-inorganic films a sol-gel method was employed. The formation of these hybrid coatings includes the chemical reactions such as hydrolysis of the alkoxide
precursors, condensation leading to the formation of the inorganic phase (polysiloxane), and polymerization of the methylmethacrylate material. Figure 1 depicts
the structures of the reagents used in the synthesis of the TMSM-PMMA coating.
First Step: 1.24 gr TMSM and 0.024 gr BPO were mixed for 15 min at room
temperature. Then 1.04 gr TEOS was added slightly and mixed for approximately 15 min. The next stage was adding 5 ml ETOH and 100 µl HCL (0.01 M)
DOI: 10.4236/ojsta.2018.71001
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Figure 1. Molecular structure of the component of TMSM-PMMA coating [15].

and finally the whole mixture was mixed for about 1 hour at room temperature.
The solution of henna extract with the concentration of 1%, 3%, 6%, 9% was
added to the solution of this step.
Second Step: 5 gr MMA and 0.12 BPO were mixed at room temperature for
30 min.
Third Step: For preparation of the sol-gel TMSM-PMMA 0.5 gr of the solution in the second step was mixed by the whole solution of the first step.
All the blending stages must be in the closed beaker. The specimens were immersed in the hybrid sol for 45 seconds, and then oven-dried for approximately
30 min at 75˚C. In the sol-gel method the inorganic phase was prepared by mixing TMSM and TEOS at 60˚C for 1 hour.

2.4. Electrochemical Measurements
Electrochemical experiments were carried out in a conventional three-electrode
cell with a graphite as a counter electrode (CE), prepared specimens (ST37) as
the working electrodes (WE) and a standard calomel electrode (SCE) was used
as the reference electrode. Electrochemical measurements were organized at
room temperature in HCL solution (0.1 M) using an electrochemical unit (model PARSTAT 2273). The potentiodynamic polarization curves were conducted
from the −250 to +250 mv vs. OCP, at a sweep rate of 0.5 mV·s−1. Electrochemical
impedance spectroscopy (EIS) was performed over a frequency range of 100 kHz
- 10 MHz and peak-to-peak ac amplitude of 10 A·Cm·V. The condition of this
test was the immersion of the specimens in 0.1 M HCL after the time of 0 h, 24
h, 72 h and 168 h.

3. Results and Discussion
3.1. Electrochemical Characterization
Potentiodynamic polarization measurements of hybrid coating of TMSM-PMMA
in the 0.1 M HCL solution were carried out and the results were compared
with the polarization results of the condition in which henna extract of the
concentrations 1%, 3%, 6%, 9% were added to the hybrid coating (Figure
2). The inhibition efficiency (IE%) was computed according to the Equation
(1) [26]:
IE %= ( ( I 0 − I ) I 0 ) × 100

(1)

where, I0 is the corrosion current density of hybrid coating and I is the corrosion
DOI: 10.4236/ojsta.2018.71001
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Figure 2. Potentiodynamic polarization curves for hybrid coatings in the HCL 0.1 M with
various henna extract concentrations and comparison with the bare metal.

current density of the mentioned coating in which different concentrations of
the inhibitor are employed. The rate of corrosion was calculated based on the
Equation (2) [26]:

mpy
=

( 0.129 ⋅ a ⋅ I corr )

n⋅D

(2)

where Icorr is the corrosion current density in µA/cm2, a is atomic weight of metal
in gram, n is the number of lost electron and D is the density of metal in gr/cm3.
Various parameters like current density (Icorr), corrosion potential (Ecorr) as well
as cathodic and anodic tafel slope (βc and βa) were assessed from the tafel polarization curves and with the parameters computed from the Equations (1) and (2)
all were recorded in Table 1.
According to Table 1 and due to the fact that adding henna extract as an inhibitor in the PMMA (second step of coating preparation) had low efficiency in
comparison with the time that it had been added to the TMSM (first step of
coating preparation), henna extract was added to the TMSM for all the electrochemical tests. The results of the polarization measurements are given in Table 2.

=
Ecorr (∆E Ecorr without inhibitor − Ecorr with inhibitor ) is
If the difference in the value of
higher than 85 mV, the inhibitor can be categorized as cathodic or anodic inhibitor. Moreover, if the difference in value of Ecorr is lower than 85 mV, the inhibitor can be classified as a mixed inhibitor [26] [27] [28]. When an inhibitor is
used, a noticeable shift takes place in the cathodic part of tafel curve, while a
change in the anodic part is slight. Consequently, henna extract as an inhibitor
could be categorized as a mixed-type kind which has a dominant effect in the
cathodic part of the polarization curve. Thus, in this study henna extract has
acted as a mixed inhibitor.
DOI: 10.4236/ojsta.2018.71001
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Table 1. Kinetic parameters of tafel polarization for carbon steel specimen by adding
henna extract to PMMA in TMSM-PMMA coating.
Medium (w) % −Ecorr (mv)a Icorr (µA/cm2)b

βc (mV)c

βa (mV)d

% PEe

MPYf

No inhibitor

532

4.11

583.69

348.23

-

1.90

1% henna extract

551

1.75

723.06

103.09

57.03

0.81

Corrosion Potential, bCorrosion Current, cCathodictafel slope, dAnodic tafel slope, eProtection Efficiency,
Corrosion Rate.

a
f

Table 2. Kinetic parameters of hybrid sol-gel thin films and their comparison with the
bare metal in the 0.1 M HCL.

βc

βa

(µA/cm )

mV

mV

581

40.8

251.39

No inhibitor

532

4.11

1% henna extract

448

3% henna extract

Medium (w) %

−Ecorr (mv)

Bare Metal

Icorr

% PE

MPY

237.1

-

18.89

583.69

348.23

-

1.90

0.25

185.21

270.42

94

0.12

523

0.059

134.06

91.13

95.6

0.02

6% henna extract

494

0.17

270.1

241.35

95

0.07

9% henna extract

485

0.52

814.77

360.14

88.8

0.24

2

The βa and βc values decreased when the concentration of henna extract increased from 1% to 3%. However, adding the concentration of 6% and 9% increased the values of βc and βa. This happened because the layer formed was
broken so fast [29] [30].
By the use of corrosion current density, the mechanism of corrosion reactions
could be assessed. In this study, the bare carbon steel specimen had a higher corrosion rate in comparison with the coated system. By applying TMSM-PMMA
hybrid coating, a dramatic decline in the current density was noticed. The higher
concentration of henna, the more reduction in anodic current densities. The results showed that the coating with 3% inhibitor had the lowest anodic current
density [31]. This depicts the lower corrosion rate of the coated systems, which
means that the substrate had been protected by the hybrid coating. The current
density was to be lower when the addition of henna extract acted as an inhibitor.
In the absence of inhibitor, the value of the current density was 4.11 µA/cm2.
By adding inhibitor, the current density became lower. This occurred when
henna extract 1% was added where the value of current density reached 0.25
µA/cm2. The current density became lower and reaching 0.059 µA/cm2 with the
addition of 3% henna extract. The phenomenon occurred because of the process
of adsorption on metal surfaces [32]. The value of the current density affected
the value of the corrosion rate. In the absence of inhibitor the rate of corrosion
was 1.90 MPY, while this value decreased to 0.02 MPY with the addition of 3%
henna extract inhibitor to the hybrid coating. When henna extract added to the
amount of 6% and 9% in the coating system, the corrosion rate rose owing to
DOI: 10.4236/ojsta.2018.71001
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breaking the layer formed on the metal. Hence, the maximum inhibition efficiency was achieved for TMSM-PMMA coating with 3% henna extract.
Electrochemical impedance was applied for the corrosion assessment over
longer times cales. Typical Nyquist i.e. impedance for hybrid coatings of
TMSM-PMMA with 3% henna extract after 0 h, 24 h, 72 h and 168 h immersion
in the 0.1 MHCL was compared with coatings of TMSM-PMMA employed on
the bare metal, and the results are shown in Figure 3 and Figure 4, respectively.
0 h is the initial time when the specimens were exposed to HCL 0.1 M solutions.

Figure 3. Nyquist plot of hybrid coating of TMSM-PMMA without henna extract after
soaking in HCL 0.1 M solution for 0 h, 24 h, 72 h and 168 h.

Figure 4. Nyquist plot of hybrid coating of TMSM-PMMA with 3% henna extract after
soaking in HCL 0.1 M solution for 0 h, 24 h, 72 h and 168 h.
DOI: 10.4236/ojsta.2018.71001
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In order to represent the response of the electrochemical behavior to EIS tests,
an equivalent circuit shown in Figure 5 is the best option. The components of
the equivalent circuit are solution resistance Rs, capacitance Cdl and polarization
resistance Rp for defects in the coatings, and a capacitance Ccoat and Rcoat for the
remainder of the coating layer regarded as intact (non-defective) [33] [34] [35].
The inhibition efficiency of TMSM-PMMA thin film without and with optimum
henna extract content after 0 h, 24 h, 72 h and 168 h immersion in HCL 0.1 M
solution was assessed by Rp and Cdl values in the impedance test. Values are depicted in Table 3, respectively.
The double layer capacitance (Cdl) was computed based on the Equation (3) [36]:

Cdl =1 ( RP2ΠF max )

(3)

where Cdl, Rp and Fmax are double layer capacity, polarization resistance and frequency maximum, respectively. The value of inhibition efficiency of henna extract (IE%) was according to the Equation (4) [26]:

IE %= ( Rct − Rct ) Rct × 100

(4)

Rct is the polarization resistance of the hybrid coating while it includes henna as
an inhibitor and R˚ct is the mentioned parameter in the absence of henna extract.

Figure 5. Equivalent circuits for hybrid coating in the absence and
presence of 3% henna extract.
Table 3. Impedance parameters of hybrid coating in the absence and presence of 3%
henna extract in the HCL 0.1 M solution after immersion of 0 h, 24 h, 72 h and 168 h.
Medium Immersion
(w) %
No

0 (Initial

inhibitor

time)

DOI: 10.4236/ojsta.2018.71001

CPE1-T

4000

0.00421

24

4000

0.013724

72

4000

168

CPE1-P

Cdl-T

Cdl-p

PE %
-

0.84566 113,080

2.7438

0.90365 210,000

-

0.010362

0.86707

85,894

1.7015

0.76029 150,000

-

4000

0.008036

0.89578

55,399

1.0127

0.78451

-

4000

0.004017

1.939

39,950

4.0551

0.87481 1,800,000 77.8

24

4000

0.004465

0.93413 142,140

1.3038

0.53422 310,000 32.2

72

4000

0.006237

0.90119 166,340

0.0428

0.47487 300,000

168

4000

0.003267

0.96628

0.0125

0.61918 190,000 95.5

8

90,525

RCT
(Ω·cm2)

0.88223 400,000

time)

0.977

Rf

(Ω·cm2) (μF·cm−2)
63

3% henna 0 (Initial
extract

RS

Time (h) (Ω·cm2) (μF·cm−2)

85,082

8500

50
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The increase in the diameter of the semicircle (Rct) in the case of acid solution
in the presence of inhibitor was perceived in Figure 3 and Figure 4, indicating a
rise in the corrosion resistance of system. In practical, henna extract as an inhibitor rose the impedance. These observations confirm the results of the polarization measurements and the fact that the inhibitor had an increasing effect on the
protection behavior of the hybrid coating.
Organic coatings capacitive reactance and resistance properties can also produce a time constant. Water and ions typically diffuse into an organic coating
when a coated metal is submerged in an electrolyte, and change the coating dielectric properties. Water and ions also move inside a coating in response AC
polarization. However, water and ion movement through (and in) a coating is
restricted by coating morphology, producing a coating or pore resistance. Coating time constants can change with time, as electrolyte concentration in the
coating changes. Figure 5 depicts the equivalent circuit for undoped/doped hybrid coating with 3% henna extract with two time constant. Data listed in Table
3 show that by adding inhibitor to the coating, the values of Rct rose, while Cdl
decreased. If Rct is large, the corrosion rate of the system will be lowered. Hence,
the inhibitor creates a high level of protection. The decrease in Cdl is because of
an increase of double layer thickness [37]. Therefore the relationship between Rct
and Cdl is inversely proportional [38]. In view of a decrease in local dielectric
constant or rise in the density of electric double layer. The presence of henna extract modified the structure of the electric double layer by adsorption inhibitor
molecules at the interface of a metal with a solution. By adding an inhibitor in
different concentration, the double layer capacitance decreased based on the EIS
analysis. Adsorption inhibitor on the metal surface formed a barrier layer to
prevent electron transfer. Cdl minimum value occurred by addition of the 3%
henna extract at 168 hour of immersion in acidic media and its value reached
0.0125 μF·cm−2. These results depicts that henna extract had a noticeable effect
on the corrosion control of TMSM-PMMA coating on carbon steel substrate.
Tafel test and impedance results confirm these descriptions.

3.2. Microstructure of Hybrid Coating
Figure 6 and Figure 7 show the scanning electron micrographs for hybrid coating of TMSM-PMMA thin layer with and without 3% henna extract before and
after potentiodynamic polarization in HCL 0.1 M. By comparison of the SEM
micrographs at the same magniﬁcations for hybrid coating (with and without
henna extract), it was observed that there were no traces of track on the surfaces
of both specimens. After electrochemical tests, no corrosion was detected on the
hybrid coatings including 3% henna extract. However, after potentiodynamic
polarization the surface of the specimen without henna extract 3% as an inhibitor was not smooth. The cracks and pits shown in Figure 6(b) indicated corrosion
in the media without henna extract as an inhibitor. According to Figure 6(b), the
regions surrounding corrosion were damaged. Therefore usage of inhibitor in the
micro structure of the coatings can highly control the corrosion of the substrates.
DOI: 10.4236/ojsta.2018.71001
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The data reported in Table 4 indicates that the strength of the bond between
coating and substrate was increased in light of the inhibitor addition. Thus adhesion strength was enhanced by the presence of henna extract in the hybrid
coating TMSM-PMMA. The chemical reaction between the components of

Figure 6. SEM images of hybrid coatings of TMSM-PMMA without henna extract before (a) and after (b)
potentiodynamic tests in HCL 0.1 M solution.

Figure 7. SEM images of hybrid coatings of TMSM-PMMA with 3% henna extract before (a) and after (b)
potentiodynamic tests in HCL 0.1 M solution.
DOI: 10.4236/ojsta.2018.71001
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Table 4. Pull-off adhesion test in dry condition.
Specimen

Bond strength (MPa)

No inhibitor

5.3 ± 0.1

3% henna extract

6.6 ± 0.1

henna inhibitor and (Fe2+) on carbon steel surface resulted in strengthening the
bonds leading to the protection of the surface in aggressive environment.

3.3. Inhibition Mechanism
Henna leaves contain soluble matter Lawson (2-hydroxy-1, 4 naphthoquinone)
resin and tannin, coumarins, gallic acid and Sterols shown in Figure 8 [39].
The amount of Lowsone in the henna leaves is 1.02% [40]. The coloring matter
is quinine.
The inhibition performance of Tannins in alkaline media is higher in comparison with the acidic environments [40] [41]. The relatively higher amount of
lawsone exits in the extract. Lawson molecule in the complex compound is a ligand and can constitute a chelate with a wide variety of metal cations. The inhibition mechanism is due to the reaction between substrate’s cations and lawsone
molecule. Aromatic compounds include rotating π-electron which is exposed to
electron of the acid solution [42] [43] [44]. The hydroxyl group contains a pair
of electrons in lawsone moleculein the case of the reaction between acid solution
and lawsone molecule and this pair of electronsis rotating in the aromatic ring in
acid chloridric solution leading to the scheme shown in Figure 9 [45] [46] [47].
When hydrogen atom migrates to the adjacent carbon with its electrons, the binary bond position changes in the cycle and this rearrangement results in lawsone isomer. This isomer combines with Fe2+ cations presenting in carbon steel,
thus this formed combination leads to the inhibition of carbon steel in acid chloridric environment. On top of that, henna extract omits the deficiency in coating
rising the inhibition efficiency [39] [48] [49] [50] [51].

4. Conclusions
The effect of henna extract as an inhibitor incorporated into sol-gel matrix
TMSM-PMMA, was evaluated in HCL 0.1 M on carbon steel specimens. The
results are as followings:
1) By employing henna extract, there was no trace of cracks and pits on the
surface of the specimens covered by hybridorganic-inorganic thin film.
2) Hybrid coating TMSM-PMMA offers a thin barrier protection and by the
addition of henna, the inhibition efficiency reaches higher than 95%.
3) SEM analyses for investigating the morphology of the sol-gel coatings with
henna extract have shown that the uniformity of coating has not decreased by
the addition of henna extract inhibitor.
4) Henna extract as an inhibitor could be categorized as a mixed-type kind
which has a dominant effect in the cathodic part of the polarization curve.
DOI: 10.4236/ojsta.2018.71001
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Figure 8. Molecular structure of a) Lawsone; b) Gallic acid and c) Tannic acid [40].

Figure 9. Process of π-electron rotating on the lawsone molecule [45].

5) The TMSM-PMMA coating with 3% henna extract provided the maximum
inhibition effect. This inhibitor could be a suitable and appropriate choice for
the substitution of toxic inhibitors. Furthermore, it could be used as a desirable
corrosion inhibitor.
6) The results achieved from SEM, potentiodynamic polarization and impedance measurement tests were all compatible.
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