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Effect of Incorporation of Inhibitor Loaded Mesoporous Silica
on the Corrosion Behavior of Epoxy Coatings

M. Yeganeh!, M. Saremi!, A. Keyvani?

Abstract

In this research, mesoporous silica was applied as the host of corrosion inhibitor (molybdate). The loaded
mesoporous silica was dispersed in an epoxy matrix. The composite was then coated on the mild steel plate.
Results showed that the corrosion resistance of the scratched epoxy having mesoporous silica loaded by
molybdate was better than the one without it or neat epoxy. On the other hand, EDX and FTIR studies
showed the release of corrosion inhibitor in the scratched zone. It was due to pH-sensitive release of
corrosion inhibitor in the aggressive media. Also, XRD data showed the presence of Mo compounds on the

surface of steel.
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1. Introduction

Application of protective polymer coating
on metals and alloys is the most conventional
technique for their corrosion protection in the
corrosive media. However, exposure of these
coating to aqueous electrolyte solutions may
lead to swelling and formation of conductive
paths [1]. Therefore, it is required to apply
some complementary addition in the coating
to provide long-time protection effect in these
systems. For this aim, corrosion inhibitors are
loaded to polymer coating to provide
additional corrosion protection and hinder
corrosion activity in defect zones [1].
However, if the corrosion inhibitors are
directly loaded in the coating, harmful
interactions between the polymer and
inhibitor substances may occur, which in turn
results in a declination in inhibition capability
or coating degradation [2]. Furthermore,
corrosion inhibitors have a great potential to
leach and fast consumption of inhibitor occurs
[1]. To prevent these problems8q, several
approaches based on corrosion inhibitor
reservoirs have been recently proposed, which
prevent interactions between corrosion
inhibitor and matrix. These reservoirs consist

of micro or nanocapsules [3-4], nanotubes [5-
6], oxide nanoparticles embedded in a matrix
[7], ion exchange substances such as cationic
clays [8-9], zeolites [10], and hydroxyapatites
[11] or anionic clays such as layered double
hydroxides [1-2, 12-13], corrosion inhibitor
doped in the conductive polymer [14-16], and
layer-by-layer polyelectrolyte shells [17-19].
In these reservoirs, an exchange between
corrosion inhibitors and corrosive substances,
release of corrosion inhibitors by changing
pH at corroding sites, or long-time diffusion
might occur.

In this research mesoporous silica was
used as a nanocontainer. Mesoporous silica
has a hexagonal packing of uniform
cylindrical pores with the diameter in the
range of 2-50 nm, high surface area (700-
1500 m?/g), large pore volume (1cm®/g), high
chemical and thermal stability, and easy of
functionalization [20].

Recently, these materials have been used
to control the corrosion damage. Borisova et
al. have loaded 1H-benzotriazole in
mesoporous silica by reduced pressure and
then embedded these containers in the sol-gel
films. They observed enhanced corrosion
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protection of this system in comparison with
sol-gel  coating. Their work results
demonstrated the pH-dependent release of
inhibitor from mesoporous silica [21]. In
another study conducted by Chen et al.
benzotriazole (BTA) was loaded in the hollow
mesoporous silica spheres. Their findings
showed that there was almost no leakage of
BTA from mesoporous silica in neutral
solution, while in alkaline solution BTA
released very quickly, and the release rate
rises with increasing in pH values [22].
However, they did not apply these
nanocontainers to any coatings.

In this work we have used functionalized
mesoporous silica as nanocontainer of
molybdate corrosion inhibitor ions and then
immobilize it in the epoxy coating.
Functionalized mesoporous silica loaded by
positive ions could act as anion adsorbent.
The adsorption of anionic species (molybdate
ions) to functionalized mesoporous silica
occurs via electrostatic forces. Therefore, it is
expected molybdate anions could release in
corrosive media. In this research, the effect of
mesoporous silica loaded by inhibitor was
examined on the corrosion behavior of mild
steel in the epoxy coatings. To prove
effectiveness of the inhibitor containing
coatings, mesoporous silica without any
adsorbed inhibitor was loaded in the epoxy
coatings and the corrosion properties were
compared with the case of using the adsorbed
inhibitor.

2. Experimental

Mesoporous  silica  powders  were
synthesized by mixing surfactant molecules
such  as  hexadecyltrimethylammonium
bromide (CTAB) and a silica precursor
(tetraethylorthosilicate, TEOS) as reported
elsewhere [23]. Then initial mesoporous silica
was functionalized by silane group (1-(2-
aminoethyl)-3aminopropyltrimethoxysilane)
and then Fe*® was incorporated in the
functionalized mesoporous silica in the
propanol solution at ambient temperature for
3 h. The obtained powder from filtration and
washing is denoted as C. Finally, the
corrosion inhibitor adsorption was carried out.

The experimental loading was around one-
third of the maximum, because of occupied
surface  of  mesoporous  silica by
functionalized groups. The obtained material
is denoted as D.

The size of mesoporous silica pores was
analyzed by a transmission electron
microscope (TEM Tecnai G2 F30 at 300 kV).
The specific surface area, average pore
diameter and pore volume were obtained from
N2 adsorption—desorption isotherms
(BELSORP mini-Il). The specific surface
area was calculated from the adsorption data
in the low-pressure range by using the
Brunauer—-Emmett-Teller (BET) method. The
average pore diameter and the pore volume
were determined from the N2 desorption
branch of the nitrogen isotherms by the
Barret-Joyner—Halenda (BJH) method.

Release of corrosion inhibitor from
functionalized mesoporous was performed at
different pHs in strong acidic, strong basic
and near neutral pH. For this aim, 0.05 g
powders were submerged in the solutions,
which their pH was 1, 5.9, 6.4, 7.5, 8 and 14.
The amount of molybdate release after 3 days
was characterized by inductively coupled
plasma optical emission spectrometry (ICP-
OES) model Varian  VISTA-MPX.
Furthermore, zeta potentials were measured at
these pHs using a Malvern Zetasizer.

The corrosion inhibition of mesoporous
silica powders in aggressive media was
studied by electrochemical tests. To
investigate  the release  property  of
mesoporous silica in corrosive environment,
two composites containing 2 wt% of these
particles (mesoporous silica with and without
adsorbed molybdate) are embedded in the
epoxy (EEW=480, Saman Co.) and these
composites were coated on the St 37 steel
plates. Before corrosion tests, the surface of
coatings were scratched by a needle. Then,
coated steels containing inhibitor loaded
mesoporous silica, unloaded mesoporous
silica and no mesoporous silica (neat epoxy)
were submerged in the 0.05 M NaCl for 3
days. After immersion tests, the surfaces were
examined by optical and electron microscopy.
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For corrosion tests, a solution with 0.05 M
concentration NaCl (Merck) were prepared
The electrochemical measurements were
carried out in a classical electrochemical cell
with a steel plate coated with epoxy, epoxy-
loaded mesoporous silica with molybdate
composite and epoxy-unloaded mesoporous
silica composite as working electrode with an
exposed area of 1 cm2. Also in these corrosion
tests, the surfaces of coatings were scratched.
A Pt plate served as the counter electrode,
while a Saturated Calomel Electrode (SCE)
was taken as a reference electrode. EIS
measurements were conducted at OCP in the
range of 100 kHz to 0.01 Hz using a 1260
Solarton frequency response analyzer (FRA).
The ZView?2 software was used to analyze the
EIS data. All electrochemical tests were
performed at least three times to ensure data
output accuracy.

The Fourier transform infrared (FT-IR)
spectroscopic analysis for the coatings was
performed by Nicolet IR 100 using KBr disc.
The scanning was ranged from 2000 cm™ to
500 cm™. X-ray diffraction (XRD) patterns
were recorded with a Philips X’Pert MPD
diffractometer using Cu Ka radiation (40 kV,
40 mA) in the range of 20-80°, 0.1° step size
and scan rate of 0.05°S?. The EDX profile of
scratched surface was investigated by high
resolution scanning electron microscope
(SEM Hitachi SU8040, 40 kV).

3. Result and Discussion
Fig. 1 presents the TEM morphology of
mesoporous silica with hexagonal pores. The

10 nm
Fig. 1. TEM micrograph of mesoporous silica.

average diameter pore, which was obtained by
TEM, was about 4 nm. Specific surface area,
pore volume, and average pore diameter and
of the mesoporous silica was obtained 776.2
m2g?t, 084 ocmigl, and 433 nm,
respectively. On the other hand, these
variations for inhibitor loaded functionalized
mesoporous silica were gained 460.5 m?.g?,
0.48 cmig?l, and 3.1 nm, respectively.
Specific surface area, pore volume and pore
diameter size decreased after
functionalization and adsorption of molybdate
ions on the surface of mesoporous silica.

The release content of molybdate in
various pHs 1, 5.9, 6.4, 7.5, 8 and 14 was
obtained 0.86, 57, 91, 98,105, and 320 ppm,
respectively. The amount of molybdate
release in the alkaline ambient was very
higher than acidic ambient. It was probably
due to surface potential of powders in the
solution. Zeta potentials of samples in various
pHs 1, 5.9, 6.4, 7.5, 8 and 14 obtained 38.5,
18.63, 8.54, and -44.3 mV, respectively. Zeta
potential was decreased by increasing pH. At
pH values different from neutral, silica
mesoporous particles and inhibitor ions had
the same charge. This led to larger
electrostatic repulsion forces and faster
release. The mesoporous silica particles at
alkaline pH probably contained negative
charge. Therefore, it could help electrostatic
repulsion  forces between the silica
mesoporous and molybdate ions and faster
release in these ambient. In the acidic
ambient, mesoporous silica and molybdate
ion had the opposite charge. Accordingly, the
attraction between them caused lower release
[21]. At acidic pH, zeta potentials were more
positive, which means the higher attraction
between mesoporous silica and molybdate
ions. Therefore, the release in acidic media
was lower than alkaline media.

In addition to, the polymerization of
molybdate species begins below pH 6 by the
formation of heptamolybdate (Mo070246-)
species according to the Eq. 1[24]:

7[M004]* + 8H" — [Mo07024]% + 1)
4H,0



14

Effect of Incorporation of Inhibitor ...

Therefore, the release property of
molybdate from mesoporous silica in the
acidic pH was lowered due to the formation
of polymolybdate species [24]. Larger
polymeric molybdate species may precipitate
on the mesoporous silica powders and did not
participate completely in the solution.
Therefore, the amount of molybdate in the
solution became lower in comparison with
higher pH.

Thus, applying the mesoporous silica
nanocarrier to react with OH  ions is a good
method to diminish cathodic reaction in the
near neutral media. Thus, the rate of anodic
reaction and total corrosion rate is decreased.
In these solutions, the probable cathodic
reaction is the reduction of oxygen to
hydroxyl as shown in the Eq. 2:

O2+4H,0+4e — 40H (2)

As the OH ions form in the cathodic sites,
the reaction with mesoporous silica
nanocarrier occurs and therefore, the content
of OH ions is decreased. Thus, a release of
the corrosion inhibitor in response to a pH
changes in these environment is expected
without the need for an additional
polyelectrolyte shell systems, which were
studied in the literatures [17-19]. Therefore,
the near neutral environment for testing
corrosion response of mesoporous silica is a
good choice. On the other hand, the
molybdate has the better performances in
these media (pH>6). In addition to, the higher
release of molybdate at alkaline media may
cause negative effect on the corrosion
protection. Therefore, pH=6.4 (0.05 M NaCl)
was chosen for the corrosion tests.

Fig. 2 presents the EIS spectrum of
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Fig. 2. EIS plots of Epoxy, Epoxy/ mesoporous silica
(C), and Epoxy/ inhibitor loaded mesoporous silica (D)
in the 0.05 M NacCl.

scratched samples in the 0.05 M NaCl
(pH=6.4). Fig. 3 illustrates the corresponding
equivalent circuit for impedance plots. The
simulated data obtained by ZView2 is listed
in Table 1. In this table, Rsor and Rt are the
solution and charge transfer resistance,
respectively. CPEq was used instead of a pure
capacitance accounting for a non-ideal
capacitive response of the interface [25]. R¢
and CPE. are related to coatings resistance
and capacitance.

CPEqy is related to electrical double layer
in the solution. Rt is the resistance of faradic
charge transfers in the double layer. The
charge transfer resistance, Rct, presents the
corrosion rate of a metal in a corrosive
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Fig. 3. Equivalent circuit for EIS plots

Table 1. Data obtained by ZView2 simulation for epoxy, epoxy/mesoporous silica (C), and epoxy/inhibitor loaded

mesoporous silica (D) in the 0.05 M NaCl

sample Rsol(Q.cm?) Re(Q.cm?) CPE(S-s") Rat(Q.cm?) CPEq(S-s")
Epoxy 100 54310 3E-5 167360 5.2E-7
Epoxy/C 102 27930 41E5 209100 5.3E-6
Epoxy/D 95 21000 4.4E-5 589300 3E-6
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ambient. The larger Rt of a material is a sign
of the slower the corrosion rate [25].

The total impedance values measured in
the low frequency range can be used to assess
the corrosion resistance of the coatings. As
seen in Table 1, Rt for the sample containing
loaded inhibitor in the mesoporous silica was
589300 Q.cm? while it was 209100 and
167360 Q.cm? for the samples containing
only mesoporous silica and neat coating,
respectively. The higher Ret for sample with
loaded inhibitor in the mesoporous silica
could be explained by the release of
molybdate on the corrosion zone. The higher
Rct of epoxy/mesoporous silica compared to
epoxy coating was related to the barrier
property of mesoporous silica.

MoOs,- can react with Fe™? to form a
protective film when molybdate was loaded in
the mesoporous silica according to the Eq. 3
[26-27]:

Fe*? + Mo04s%> — [Fe*2.... Mo0O4*] (3)

Furthermore, the reacted molybdate with
protons will be coordinated with water
molecules to form MoO(OH)s-. In the next
step, these species could polymerize to
organize an oxygen-bridge ion as Eq. 4[26-
27]:

2MoO(OH)s — [(OH)sOMo- (4)
O-M0oO(HO0)4]* + H20

[(OH)sOMo0-0O-MoO(HO)4]*> ions react
with the empty orbit d of Fe in the steel to
form a complex [26-27]. Then, these
complexes are adsorbed on steel surface and
disrupt charge transfer and inhibit corrosion
reaction. This led to higher corrosion
resistance  of  epoxy/inhibitor  loaded
Mesoporous silica compared to
epoxy/mesoporous silica as shown in Table 1.
Rc for Epoxy/D had the lowest value, which
could be related to the presence of inhibitor
loaded mesoporous silica. In this case,
corrosion inhibitor could reduce coating
resistance due to its charge. On the other
hand, R¢ of Epoxy/C and Epoxy/D was lower
than Epoxy. It could be due to the sensitivity

of interfacial region (between mesoporous
particles and coating) to ion and water
adsorption, which helps to reduce R.

Fig. 4 illustrates FTIR results from the
surface of steel coated Epoxy/MSInh after
corrosion in the 0.05 M NaCl. The adsorption
bands at 894, 809, and 578 cm™ may be
associated to the Mo=0 and Mo-O stretching
in [Fe*.... MoOs 2] or [(HO)4OMo-O-
MoO(OH)4]* due to corrosion of steel in the
presence of released molybdate. The peaks
about 1373 and 1673 cm™* are associated with
the vibration mode of the Mo—OH bond and
the bending mode of adsorbed water,
respectively [26]. This is an indication about
molybdate ion release from inhibitor loaded
mesoporous silica and the formation of bonds
with steel.

Fig. 5a shows the Mo map of the scratched
surface after 72 h. As seen in this map, the
Mo (from molybdate) could release from the
epoxy and distribute on the scratched zone.
This shows the ability of mesoporous silica to
release corrosion inhibitor in the corrosion
sites. Fig. 5b shows the Energy Dispersive X-
Ray Analysis (EDX) plot of corroded area.
There were Mo peaks in the corroded area,
which is a proof of releasing and adsorbing
molybdate on the steel surface. This indicates
the adsorption and reaction of Molybdate
anions on the carbon steel surface and
formation of a protective layer.

Furthermore, XRD analysis of scratched
zone showed the presence of MoOsz and Fe;
(MoOs)s, which is a sign of molybdate
reaction with steel (Fig. 6).
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Fig. 4. FTIR curve of  steel surface coated by

Epoxy/ inhibitor loaded mesoporous silica after
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Fig. 5. (2) EDX map of scratched zone, and (b) EDX analysis of scratch zone for epoxy/inhibitor loaded mesoporous

silica in 0.05 M NaCl after 72 hrs.
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Fig. 6. XRD pattern of scratched zone on the surface of

epoxy/inhibitor loaded mesoporous silica in 0.05 M
NaCl

4. Conclusions

In this research, the effect of loading a
corrosion inhibitor in the mesoporous silica
was studied. PH-sensitive release of
molybdate from functionalized mesoporous
silica observed. Molybdate release at alkaline
media had the highest value, while it had the
lowest at acidic media. Corrosion inhibition
of this system was studied in the near neutral
media. Epoxy coating which had the inhibitor
loaded in the mesoporous silica had the
highest corrosion resistance in the 0.05 M
NaCl. Results showed that the molybdate
could release in the artificial scratch on the
epoxy coating. In addition to, charge transfer
resistance of this coating had the highest
value in comparison with the other samples. It
was due to adsorption of released molybdate

from mesoporous silica on the scratched
surface.
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