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ARTICLE INFO ABSTRACT

Article history The idea of smart inhibitors is based on the principle that an inhibitor
is used where needed. This will reduce the use of inhibitors and
protect materials in hostile environments. On the other hand, direct

addition of the inhibitor within the coating can be harmful, resulting
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in the loss of inhibitors ability, deterioration in the coating or both of

Keywords. . . .
MeZoporous silica them. An appropriate method for solving these proplems is the use
Corrosion of neutral host systems that act as a nanocontainer system or

Epoxy coating

reservoir and are filled with arbitrary inhibitor. In this study,
Benzotriazole

mesoporous silica with and without corrosion inhibitor
(benzotriazole) were dispersed within an epoxy coating to protect the
steel sheet. Then, the corrosion properties of these coatings with and
without mesoporous silica particles were compared in a saline
solution. Electrochemical studies showed that coatings containing
particles could protect the surface of steel in the chloride
environment. The impedance modulus (Zio m+z) and corrosion
resistance (Rcorr) regarding the coating embedded with mesoporous
silica doped with inhibitor showed a value about one order of
magnitude higher than that of a coating without inhibitor. This
behavior could be due to the release of benzotriazole at the interface
of the epoxy coating. In addition, the scratched coating with
mesoporous silica doped with inhibitor exhibited less corrosion
products compared to the coating without inhibitor which also
confirmed the release of benzotriazole on demand of the corrosion
process.

1-Introduction
The application of corrosion inhibitors in

needed. To overcome these problems, several
solutions have been proposed based on the use

coatings in a variety of environments has faced
two major challenges including the reaction of
inhibitor with the coating and loss of system
efficiency, and the use of inhibitor. Smart
inhibition systems are designed to prevent both
unwanted reactions and use the inhibitor where
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of inhibitory reservoirs, which prevents the
interaction of the inhibitor and the matrix. These
reservoirs include micro and nano capsules [1-
2], nanotubes [3], ion exchanger particles [4-7]
and layer by layer polyelectrolytes [8-9]. In
these reservoirs, an ionic exchange may occur
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between the corrosive ion and the inhibitor
inside the system, or the inhibitor can be
released by changing the pH in the corrosion
region or prevent the corrosion by long-term
penetration from inside of the system. In this
study, the nanocontainer particles which are
known as mesoporous silica have been used.
The mesoporous silica has hexagonal structure
with uniform pores with the diameter of about 2
to 50 nm. The specific surface area and volume
of the cavities in these materials are about 700-
1500 m?/g and 1 cm®/g respectively. They also
have good chemical and thermal stability and
can be simply functionalized [10]. These
materials have found many applications in the
field of adsorption [11], filtration [12], storage
[13], release [14], catalyst [15], chemical
separation [16], drug delivery [17] and
electronic devices [18]. Recently, these
materials are used to control corrosion damages.
Borisova et al. doped the benzotriazole into
these materials and inoculated the material into
sol-gel films. The corrosion resistance of these
coatings was improved in comparison to the
typical sol-gel coating. The results of their
research also showed that the inhibitor release
depends on the pH value [19, 20]. In our
previous research, the effect of doped
molybdate inhibitor inside the mesoporous
silica on steel corrosion control was
investigated. It was found that the controlled
release of molybdate in addition to reducing the
corrosion rate also results in self-healing of the
surface [21]. In this study, mesoporous silica
was used as a nanocontainer corrosion inhibitor
of benzotriazole in the corrosive environment.
Composites including mesoporous silica
containing inhibitor + resin, mesoporous silica
without inhibitor + resin were prepared and
applied on a steel substrate. Then, the effect of
mesoporous  silica  particles  containing
benzotriazole on corrosion behavior of steel was
investigated.

2- Materials and methods

Mesoporous silica particle containing inhibitor
is obtained by the combination of a surfactant
material (Hexadecyltrimethylammonium
bromide) with tetraethyl orthosilicate precursor
in an acidic environment [21]. The size of the
pores, the diameter of mesoporous silica and
their morphology were investigated by

transmission electron microscopy (300 kV) and
scanning electron microscopy. The specific area
of the pores, the mean diameter of the pores and
the volume of the pores were calculated by the
adsorption-desorption isotherm method. The
mesoporous silica was functionalized by silane
groups of equal weight ratios in toluene for 3
hours. Then the powders were filtered by
ethanol. In the next step, iron (111) chloride was
added to the functionalized mesoporous silica.
The iron ion adsorption was carried out at
ambient temperature and propanol atmosphere
for 3 hours and the weight ratio equal to that of
mesoporous silica. The obtained powder
denoted as MS. Finally, the benzotriazole
corrosion inhibitor was mixed with the
mesoporous silica material of the previous steps
by weight ratio of 1/2 in aqueous solution for 1
day. This powder denoted as MSInh. The
specific surface area was calculated with
absorption data at low pressure and using
Brunauer—-Emmett—Teller (BET) method. The
mean diameter and mean volume of the cavities
were calculated by the desorption branch using
Bart-Joiner-Holland method. The
crystallography of the mesoporous silica
structure was performed by X-Perth
diffractometer in the range of 1-7 °.

In order to make the coating, 1001 diluted epoxy
resin with a solid content of 75% and weight
equals to 450-550 with hardener were used. The
steel substrate prior to coating was polished with
silicon carbide sand papers of 80 to 1000 # and
then immersed into a 10 wt. % KOH solution for
10 min at ambient temperature and then washed
with acetone and dried. In order to prepare the
coating mixture, first the epoxy and mesoporous
silica powder were mixed for 30 min and then
homogenized with ultrasonic probes for 1 h. In
the next step, by applying the hardener to the
above mixture, the mixing operation was
performed 30 min in a mixer. Then the epoxy
composite coating containing 1 wt. % of
nanocontainer particles was applied to the
surface with 50 pm thickness using a film-
applicator. The coatings were then cured in a
furnace at 50-55 °C for 4 h. Finally, two types
of coatings epoxy containing mesoporous silica
with and without inhibitor were produced and
their properties were investigated.
Electrochemical impedance test was performed
on the coatings in comparison with the coating
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without inhibitor. In order to determine the
corrosion resistance of the coatings, the
specimens were placed in 100 cc of 0.03 M
saline solution for 1, 7 and 10 days and then an
electrochemical impedance test was performed
considering the calomel electrode as the
reference electrode and platinum electrode was
used as a counter electrode in the potentiostat
circuit. It took about 20 to 60 min for the open
circuit potential to be stable. The frequency
range was changed from 100 kHz to 10 mHz
around the open circuit potential of the samples.
The applied sinusoidal wave had a voltage of 5
mV. The equivalent circuit simulation program
(ZView 3.1c) was used for equivalent circuit
fitting and experimental data analysis. In order
to ensure the repeatability, the corrosion tests
were performed at least twice.

3- Results and discussion

Figure 1 (a) and (b) show respectively the SEM
and TEM images of the obtained mesoporous
silica. As can be seen, the diameter of the
mesoporous silica tubes varies from 50 to 300
nm, while the TEM image shows a diameter of
about 4-5 nm for each of the pore of this
material. The size of the observed pores in the
TEM image shows the mesoporous structure of
the synthesized material [21, 22].

Figure 2 shows the X-ray diffraction pattern of
the mesoporous silica. The peak (100) is located
at 20 =2.05°, which according to Bragg's
relationship the plane distances will be
calculated by 4.4 nm and agree with the results
of transmitted electron microscopic images.
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Fig. 1. (a) SEM image and (b) TEM imge of mesoporous silica [21].
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Fig. 2. XRD pattern of mesoporous silica [21].
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In order to functionalize the mesoporous silica,
the silane group was first added to the surface of
them (Figure 3). The general reaction of the
mesoporous silica surface (with OH surface
graft) and the functional group can be written as
equation (1) [23]:

Si-OH + R'O-SiR3— =Si-OSiR; + HOR'
(1=

In the next step after functionalizing, FeCls (a
material with the ability to form cation on the
surface) is used to create an intermediate
material on this system. Then in the final step,
the inhibitory composition can enter the system
with an electrostatic bond which is a weak bond
and react with iron cation.
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Fig. 3. An overview of the functionalizing process
of mesoporous silica.

The structure of benzotriazole is organic, but
due to the charge density in its nitrogenous part,
it is expected to have polar behavior. The
benzotriazole structure is shown in Figure 4.
This inhibitor in spite of dissolution in water
will have a negative charge in the nitrogenous
end and will lose its proton, and by this free
nitrogen end and sharing its free single electron
can be absorbed onto the iron surface. The
presence of a link between the iron orbital (d)
and the m electron of benzotriazole inhibitor is
also effective in this absorption. By the
absorption of this molecular, a layer is formed
on the surface which in the presence of chloride
ion in solution, its composition s
[Fen(Clp(BTA)m], which relatively prevents the
solution to reach the surface [24].

Fig. 4. Chemical structure of benzotriazole.

Figure 5 shows the fourier-transform infrared
spectroscopy (FT-IR) spectra of the powders
containing benzotriazole in compared to the
mesoporous silica powders prior to the
application of the inhibitor. For the mesoporous
silica (MS), the bands at 3395 and 1604 cm
were associated to the stretching (3395 cm™?)
and the bending (1604 cm™) vibrations of the
surface silanol groups or the remaining
adsorbed water molecules. The typical Si-O-Si
bands around 1080, 795 and 455 cm™ were
associated with the formation of a condensed
silica network. MS exhibited some peaks related
to the functionalization of mesoporous silica.
The most distinct peak regarding the
functionalization process was related to the NH
adsorption. MS showed the original bands for
C-H stretching at around 2792 cm?, N-H
bending vibration around 678 cm™, and -NH-
deformation vibration around 1450 cm™*[ 25-26
]. In the case of MSInh, the most important
phenomenon observed in these diagrams is the
decrease in peak intensity of the silica structure
and increasing NH bonds, which can occur as a
result of the absorption of benzotriazole.
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Fig. 5. Fourier-transform infrared spectroscopy
spectra of mesoporous silica with and without
benzotriazole inhibitor.

Figure 6 shows the adsorption/desorption
diagram of the mesoporous silica powder
containing benzotriazole (MSInh) as compared
to the mesoporous silica powder (MS). This
curve is somewhat similar to the isotherm type
4, the first part of the curve showing a single-
layer absorption, a low gradient in the middle
region indicating multi-layered adsorption and
the desorption curve representing capillary
condensation [27] . The type of the diagram
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represents the mesoporous structure of the
substance after absorption of benzotriazole. But
the difference with the regular curve of
mesoporous silica indicates a pseudo-
cylindrical (irregular) structure after absorption
of the inhibitor [27]. The values of the specific
surface area, the pore volume, and the average
pore diameter of the mesoporous silica were
obtained 776.2m? g, 0.84 cm® g, and 4.23 nm,

respectively. These corresponding parameters
for MSInh were obtained 539 m? g, 0.61 m3g™
and 3.8 nm, respectively. As it can be seen, with
the introduction of benzotriazole into the
mesoporous silica structure, the specific
surface, volume and radius of the pores decrease
which indicate the absorption of the inhibitor on
the surface.
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Fig. 6. The absorption-desorption diagram obtained from (a) mesoporous silica (MS) and (b) mesoporous
silica containing benzotriazole (MSInh).

Figure 7 shows the impedance curve of
resin/MS and resin/MSInh coatings in a solution
of 0.03 M sodium chloride for during days. As
can be seen, coatings containing inhibitor have
a higher impedance modulus (Zo1 Hz)
especially at 7-day and 10-day periods, which
can be due to function of inhibitor containing
benzotriazole in a corrosive solution and
absorption on the steel and reduction of its
corrosion rate. In the two mentioned time
periods, the impedance modulus of the coating
containing inhibitor is about 10 times more than
the same type without inhibitor. Corrosion
behavior of the coating at these times represents
a time constant at the high frequencies related to
the coating and a time constant related to the
corrosion process. The effect of adsorption of
benzotriazole on the surface and the reduction
of available sites for corrosive ions can be
considered the reasons of the higher resistance
of the coatings with inhibitor. The benzotriazole
release may also be considered by the repulsion
of the zeta potential of the mesoporous silica
surface. Mesoporous silica particles have a
negative charge at alkali pH values [19], which

results in the removal of benzotriazole inhibitor
that also has a negative charge in the substrate
and protects it.

The circuit models used to fit electrochemical
impedance data is shown in Figure 8, in which
Rs, Re, Reor, and CPE represent the solution
resistance, coating resistance, charge transfer
resistance (corrosion resistance), and constant
phase element, respectively. CPE which
displays the non-ideal capacitance in terms of
constant phase element is given by Zcpe =
1/[T(Gw)"], where o is the angular frequency, T
and n are frequency-independent fit parameters,
j = (-1)¥2, and o = 2nf, where f'is the frequency
(Hz) [28-30]. According to the fitted results
tabulated in Table 1, MSInh/resin had the
greater Reor and Rcear Values than MS/resin
which could be related to the gradual release of
the  corrosion inhibitor from  MSinh
nanocontainers and the barrier feature of the
inorganic mesoporous silica particles. For
example, after 10 days of immersion, the Rcorr
for MSInh/resin was 9x10° Q cm?, about 6 times
greater than the corresponding value for
MS/resin. Reoa Vvalues for MSInh/resin and
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MS/resin were also 8x10%® and 10° Q cm?
respectively. However, the penetration of the
corrosive electrolyte into the coatings during the
immersion resulted in a decrease in the
corrosion  resistance  (Reor) and coating
resistance (Rcoat) Values of both MSinh/resin and
MS/resin coating [31, 32]. Furthermore, by
passing time, MSInh/resin and MS/resin
coatings tended to have higher affinity towards

ions and became more conductive. Therefore,
any decrease in the Reat Vvalues could be
attributed to the accumulation of conductive
species in the coatings [33, 34]. Besides, the
lower CPEg for E/MSInh than E/MS indicates
the higher corrosion resistance of the coating
containing benozotriazole loaded mesoporous
silica particles.
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Fig. 7. Bode magnitude plot of MS/resin and MSInh/resin coatings in saline solution.
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Fig. 8. Equivalent circuit regarding MS/resin and MSInh/resin coatings in saline solution.
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Table 1. Electrochemical parameters obtained from EIS analysis of MSInh/resin and MS/resin coatings
immersed for 10 days in 0.03 M NaCl solutions.

Sample Time,  Rcoat, CPEcoat, Reorrs CPEy,
day Q cm? Fem?2s"  Qcm? F
cm?2g"
MS/resin 1 10° 35x10°  1.2x10° 1.3x10°
7 10* 2.1x10°  3.1x10* 2.2x10*
10 10° 4x10* 1.5x10°  6.3x10*
MSInh/resin 1 1.2x10° 1.3x10° 2.1x10® 1.2x10°
7 5x10* 2x10° 1.2x10°  1.4x10*
10 8x103 1.2x10°  9x103 2.5x10*
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Fig. 9. The corrosion image of the (a) resin/MS and (b) resin/MSInh coatings after corrosion in chloride
solution.

Figure 9 (a) and (b) shows the images of
resin/MS and resin/MSInh coatings after 1 week
of corrosion. As it can be seen, the corrosion
products formed on the surface of a coating
without inhibitor are more which are due to the
direct availability of metal against a corrosive
solution. The benzotriazole healing property
was not sufficient to close the scratched area,
but by the formation of a thin and discrete layer,
it prevented the direct effect of the corrosive
solution on the substrate.

4- Conclusion

In this study, the effect of benzotriazole
inhibitor in the structure of mesoporous silica
has been investigated in order to control the
corrosion behavior of steel substrate. The results
of the electrochemical impedance test showed
that the inoculation of these particles within the
coating increases the inhibitory property against
the corrosive environment. SEM image also
showed the formation of a layer by the
benzotriazole inhibitor in the scratched area of
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the coating, which in addition to its healing
effect, increased the corrosion resistance of the
system. Finally, this system can be considered
as a smart corrosion resistant system that has
higher corrosion resistance than the control
sample by increasing pH value or scratching.
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