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ARTICLE INFO ABSTRACT

Keywords: Commercial paints and coatings can serve as a protective barrier for metallic substrates in a corrosive envi-

MesoP‘?fous silica ronment. A considerable variety of nanostructures can be embedded in a polymeric coating to achieve both

E"lyamlme barrier and active protection. This research aims to elucidate the role of polyaniline (PANI) as an active poly-
PpOxXy

electrolyte modifier for the surface modification of mesoporous silica nanoparticles (MSNs) doped with zinc
cations (Zn?"). To characterize the samples, we employed different techniques, including field-emission scanning
electron microscopy (FE-SEM), transmission electron microscopy (TEM), Ny adsorption-desorption, Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), inductively coupled plasma optical emission spectroscopy (ICP-OES), rheometric mechanical
spectroscopy (RMS), differential scanning calorimetry (DSC), tensile, and electrochemical impedance spectros-
copy (EIS). Characterization of PANI-MSNs proved the formation of PANI shells onto the surface of silica cores,
and pH triggered the release of Zn?" at the alkaline condition. Enhancement in rheological, thermal, and me-
chanical characteristics revealed good dispersion and chemical interaction between PANI coated nanoparticles
and the epoxy matrix. Moreover, epoxy nanocomposite coatings illustrated a dual barrier/active protection after
50 days of salt immersion.

pH triggered release
Barrier/active protection

1. Introduction resistance of commercial coatings and paints is yet an unsolved chal-

lenge for the industry [8,9].

In the wake of the proliferation of different industrial production
infrastructures, such as petrochemicals, agricultural, automotive, and
marine and shipyards, across the world, corrosion protection of metallic
objects such as vessels, pipes, and main bodies of instruments has
become a matter of concern for the corresponding industries [1-3].
Small and large industrial units worldwide pay voluminous and rising
costs to compensate for the damages and detriments caused by corrosion
[4-6]. Among various approaches to control and protect metals against
corrosion, polymeric coatings and paints have held great stand due to
low cost, low energy consumption, short inspection time, and superior
durability and efficiency [7,8]. Nevertheless, insufficient corrosion
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Commercial coatings and paints, such as epoxy, can provide an intact
and defect-free protective layer onto the surface of metals for a short
period of time. With increasing exposure time, the corrosive electrolyte
can penetrate through the coating, reach the metal/coating interface,
and disband the coating from the metallic substrate [10,11]. Incorpo-
ration of additives, such as corrosion inhibitors, pigments, and micro/-
nanostructures, into the coating can prevent the formation of
micropores, voids, and defects in a coating and increase the tortuous
path of the electrolyte to reach the metal/coating interface [12,13].
Over the last decade, many attempts have been extensively made to
enhance the corrosion protection performance (CPP) of coatings by
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introduction of a wide range of nanoparticles, such as ZnO [14], Ag20
[15], ZrO [16], clay [17], SiO5 [18], Fey03 [19], MoS, [20], Zeolite
[21], halloysite [22], CNT [23], and graphene [24,25]. Nanoparticles,
due to their large specific surface area, can remarkably promote barrier
properties of coatings against the penetration of aggressive species, like
water, oxygen, and chloride ions inside [26,27]. Among different types
of porous and mesoporous nanostructures, MSNs have attracted a great
deal of attention as a good host for the encapsulation of corrosion in-
hibitors due to the large specific surface area (700-1500 m? g~1), and
high thermal and chemical stability. There is abundant hexagonal
packing of pores with a uniform cylindrical structure on the surface of
MSNs with a diameter range of 2-50 nm [28,29].

Porous nanoparticles, such as SiO, CeO,, and carbon hollow spheres
due to the existence of nanopores and cavities in their structures, cannot
provide good barrier properties for long-term exposure times [3,11,30].
In fact, these nanopores and cavities can act as nanoscopic reservoirs for
electrolyte accumulation, leading to gradual deterioration and delami-
nation of the coatings from metallic substrates. However, due to the
negative effects associated with the direct loading of corrosion inhibitors
on the curing kinetics of the coatings and some unwanted chemical in-
teractions with other components, nanopores and cavities of meso-
porous nanostructures are highly desirable to store corrosion inhibitors
instead [31-33]. On-demand release of corrosion inhibitors under
certain stimulations, such as pH, UV-radiation, thermal chock, or tem-
perature change, can be achieved through a corrosion-inhibitor-doped
assembly featuring polyelectrolyte layer as the shell and mesoporous
nanoparticle as the core [34-36]. The release of corrosion inhibitors
under specific stimulations from the mesoporous cores is tuned based on
the properties of the polyelectrolyte shell, which acts as the gatekeeper
[37,38]. Yeganeh et al. [29] used functionalized MSNs loaded with
molybdate ion (MSInh) as the corrosion inhibitor in a polypyrrole ma-
trix. Results showed that in the presence of loaded MSInh, better active
corrosion protection was observed for steel substrates due to the for-
mation of protective compounds after the release of MSInh from MSNs at
the steel/polypyrrole interface. In another work conducted by Yeganeh
et al. [39] sulfamethazine, as a corrosion inhibitor, was loaded in MSNs
to fabricate corrosion protective epoxy nanocomposite coatings. Results
revealed remarkable enhancements in barrier properties and active
corrosion performance of the epoxy coating in the presence of 1 wt %
sulfamethazine loaded MSNs.

Polyaniline and polypyrrole, as a well-known class of intrinsically
conducting polymers, are widely used for the functionalization of
micro/nanoparticles and the construction of core/shell structures. Sur-
face functionalization of nanoparticles, such as graphene oxide, by
polyaniline, enhances electrical, mechanical, and corrosion protective
properties of corrosion protection coatings. Polyaniline, due to its
excellent properties, i.e., low cost, environmental stability, being an
anodic inhibitor, and facile synthesis method (oxidative polymeriza-
tion), can be introduced as a good candidate for the functionalization of
nanoparticles to make corrosion inhibitors loaded core/shell nano-
structures [40-42].

As reported previously, polyaniline has been used for the fabrication
of a polyelectrolyte shell via layer-by-layer (L-b-L) assembly strategy
followed by in-situ polymerization onto the surface of some nano-
particles [38,43]. Electrochemical results demonstrated that barrier
properties and active corrosion performance of coatings were enhanced
in the presence of the polyaniline shells. Moreover, several publications
explored polyaniline as an anodic corrosion inhibitor as it can release
nitrate anions, blocking the anodic corrosion reactions through the
creation of passive layers on active sites in metallic substrates [35].
Some research studies claimed that polyaniline doped with ecofriendly
cations, such as cerium (Ce>") and zinc (Zn®") as green corrosion in-
hibitors, illustrated both anodic/cathodic corrosion inhibition proper-
ties, named as mixed-type, in corrosive solutions for mild steel [35,38,
44].

In this research, mesoporous silica nanoparticles were synthesized
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Table 1
Elemental composition of ST37 mild steel panels.
Element S Mn C Si P Fe
wt. % 0.05 0.5 0.12 0.3 0.045 balance

based on the Stober method using a surfactant as the template [45-47].
Mesoporous silica nanoparticles (MSN), due to their low cost, excellent
chemical and thermal stability, simple synthesis procedure with tunable
physical shape, size, and surface characteristics, were used as the solid
core. Positively charged polyaniline layers were grafted as poly-
electrolyte shells on the surface of the mesoporous silica nanoparticles
by the in-situ polymerization in the presence of zinc cations. Mesoporous
silica/polyaniline core/shell assembly (PANI-MSN) were characterized
using FE-SEM, TEM, FT-IR, Raman, XRD, and UV-visible analyses. Ki-
netic release of zinc cations from the core/shell nanoparticles in the
saline solution as a function of time at different pH values was studied
using ICP-OES. Epoxy nanocomposite coatings were fabricated by
incorporation of 3 wt % MSNs and PANI-MSNs, respectively. The
rheological, mechanical, thermal, and electrochemical properties of the
prepared nanocomposites were investigated by RMS, tensile test, DSC,
and EIS, respectively, and results are discussed in relation to their
structural and compositional characteristics.

2. Experimental
2.1. Chemicals

Absolute ethanol (95%, USA) and methanol (99.8%, USA), acetone
(>99.5%, USA), tetraethyl orthosilicate (TEOS, Si(OC2Hs)4, 98%, Ger-
many), aqueous ammonia (28 wt %, NHs, USA), cetyl-
trimethylammonium bromide (CTAB, CH3(CH3)15N(Br)(CHs)3, >99%,
Germany), aniline monomer (>99.5%, Germany), hydrochloric acid (37
wt %, HCl, USA), nitric acid (HNOs, 70%, USA), ammonium persulphate
(APS, (NH4)2S20g, >98%, Germany), sodium chloride (NaCl, > 99%,
USA), and zinc nitrate (Zn(NOgs)s, 98%, Germany) were purchased from
Sigma-Aldrich, and used as received. High solid epoxy resin (Epikote
828) and polyamine hardener (Epikure F205) were precured from Kian
Resin Co., Iran. Mild steel panels (ST37, 10 x 8 x 0.15 cm?), as sub-
strates, were obtained from Foolad Mobarakeh Co., Iran, used for elec-
trochemical measurements with the elemental composition tabulated in
Table 1.

2.2. Synthesis of the MSN cores

MSNs, as cores, were synthesized in accordance with the Stober
method using a hard-templating method [45-47]. A round-bottom flask
of 500 mL containing DI water (160 mL) and CTAB (1 g), as the tem-
plate, was used as the synthesis medium. Then, aqueous ammonia (5
mL) as the reaction catalyst was added into the mixture under stirring
(300 rpm). In an Erlenmeyer flask of 50 mL, TEOS (5 mL) was dissolved
completely in ethanol (25 mL). Next, the TEOS/ethanol solution was
added drop-by-drop to the solution made earlier under stirring (300
rpm). The homogeneous white suspension of MSN in the water/ethanol
solution was obtained after 3 h at 30 °C. Colloidal nanoparticles were
collected using centrifugation and washed with ethanol/water mixture
(4:1 v/v). The precipitation was transferred to a round-bottom flask of
500 mL connected to a distillation column containing ethanol (120 mL)
and HCI (4 mL) to remove CTAB templates at 75 °C for 4 h. The template
removal process was repeated 5 times to ensure the complete extraction
of CTAB templates. Finally, prepared MSNs were dispersed in DI water
for the next steps.

2.3. Synthesis of MSN/PANI core/shell nanostructures

Grafting of PANI as polyelectrolyte shells on the surface of MSNs was
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Aniline monomers
Polymerization

Fig. 1. Schematic illustration of the synthesis procedure of the MSN/PANI
core/shell nanostructures.

performed based on the in-situ polymerization of aniline monomers [38,
42]. For this purpose, 20 mL of DI water containing 5 mL of HNO3, MSNs
(0.2 g),and ZnCl, (1 g L.~1) was transferred to a round-bottom flask of
50 mL, then 2 mL of polyaniline was added, and the mixture was placed
in a bath sonication (120 W, 37 kHz, Elma Co.) at 1-3 °C. In a second
container, APS (1.2 g) was dissolved in DI water at 2-5 °C, and then
added instantly to the previous solution. After 30 min of sonication, the
mixture was kept in a fridge at 2-5 °C for 24 h. Finally, the product was
filtered by centrifugation, washed 3 times with DI water, and 2 times
with methanol, alternatively, and suspended in methanol to avoid
agglomeration. Fig. 1 shows the schematic illustration of the synthesis
procedure of the MSN/PANI core/shell nanostructures.

2.4. Samples preparation

Before the preparation of epoxy nanocomposite coatings, a wet
transfer method (WTM) was employed to add separately 3 wt % of MSNs
and PANI-MSNs in the epoxy resin. The obtained compounds were
mixed using a high-speed mixer (4000 rpm) for 30 min, and a probe
sonicator (150 W, 37 kHz, Adeeco Co.) for 5 min to disperse MSNs and
PANI-MSNs uniformly in the matrix. Mild steel panels were abraded
using sandpapers (grades 400, 600, and 1000), and degreased with
acetone to remove all organic impurities. MSNs and PANI-MSNs loaded
epoxy coatings were blended with polyamine hardener in a stoichio-
metric ratio of 2:1 w/w. Then, epoxy coatings without and with MSNs
and PANI-MSNs were applied on the surface of mild steel plates using a
four-side film applicator with a wet thickness of 90 pm. All coated panels
were kept at ambient conditions for 24 h, and then post-cured for 1 h in
an oven at 100 °C. The epoxy coating containing no MSNs and PANI-
MSNs (EP) was used as the control sample. For electrochemical mea-
surements, an area of 1 x 1 cm? was used as a test area for intact
coatings, while for scratched coatings, an area of 2 x 2 cm? with a forged
scratch (8 mm in length and 25 + 10 pm in width) in the middle was
selected. The remaining area of each panel was covered with a hot
mixture of beeswax-colophony (3:1.2 w/w). Extract solutions contain-
ing 3.5 wt % NaCl were prepared for the visual assessment of uncoated
metallic panels. The procedure of extract solutions preparation is
explained in supporting information (SI), Section 1.

2.5. Techniques

2.5.1. PANI-MSN characterization

A Mira TESCAN FE-SEM analyzer (3-XMU, Czech Republic) was
utilized to evaluate morphological properties, shape, and particle size of
synthesized MSNs and PANI-MSNs, and the morphology of metallic
surfaces. Energy-dispersive X-ray spectroscopy (EDX, Oxford

Composites Part B 212 (2021) 108713

Instruments, United Kingdom) was employed for the elemental char-
acterization of the scratched region of the coatings. Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were
employed using a BEL analyzer (BELSORP-minill, Japan) to determine
structural characteristics of MSNs and PANI-MSNs, such as specific
surface area, specific volume, pore-volume, and mean pore size. The
surface chemistry, chemical bonds of MSNs and PANI-MSNs and nature
of grafted PANI shells onto the surface of MSN were examined by a
Brucker FTIR spectrometer (Tensor 27, Germany) within the wave-
number range of 4000-400 cm~'. Raman spectra of MSNs and PANI-
MSNs were obtained using a Firstguard Raman spectrometer (Rigaku,
Japan) at a Raman shift region of 300-2100 cm™!l. The crystalline
structures of MSNs and PANI-MSNs were assessed using XRD analysis (X-
pert Philips, PW 3040/60, The Netherlands) with a graphite mono-
chromator and copper anode, Cu-Kal radiation (4 = 1.54 f\), at 40 kv
and 20 mA accelerating voltage and current, respectively. The scanning
rate of 0.5° min~! was selected at the 20 range of 5-75° for XRD ana-
lyses. The amount of PANI grafted onto the surface of MSNs was
determined by means of TGA within a temperature range of 35-550 °C
and a heating rate of 10 °C min™! in a nitrogen atmosphere. Further
characterization of PANI-MSNs was done by UV-visible spectroscopy
(Perkin-Elmer instrument, Lambda 25, USA), explained in detail in SI,
Section 2.

2.5.2. Release of Zn?* at different pHs

The release of Zn?" from PANI-MSN core/shell nanostructures at
different pH was investigated using a Spectro Arcos ICP-OES spec-
trometer (Ametec, Germany) at selected periods of time. For this pur-
pose, 3.5 wt % NaCl solutions (pH ~7) were prepared at different pH,
HCI (1 M) and NaOH (1 M) solutions were used to adjust pH at ~3 and
~11, respectively. Then, PANI-MSN core/shell nanostructures were
dispersed in the test solutions using the bath sonicator with a concen-
tration of 1 g L™1. To establish an equilibrium condition, all test solu-
tions were kept under stirring (500 rpm) for 72 h at ambient conditions.
The Zn?* concentration at certain fractions of exposure time was
determined using ICP-OES analysis. To clarify the reproducibility of
results, all measurements were repeated 3 times.

2.5.3. Characterization of epoxy nanocomposite coatings

Effects of MSNs and PANI-MSNs on the steady viscosity and shear
stress behaviour of epoxy coatings before the addition of polyamine
hardener were investigated using RMS (Anton Paar, Physica MCR 301,
Austria). All measurements were performed in a parallel plate geometry
with a gap distance of 0.8 mm at 25 + 1 °C and 20 + 5 RH. Effects of
MSNs and PANI-MSNs on mechanical properties of epoxy coatings, such
as tensile strength, tensile extension, Young’s modulus, and toughness,
were investigated utilizing a Zwick universal tensile machine (Roell-
7010, Germany) within a tensile rate of 0.5 mm min~! at 25 + 1 °C and
20 + 5 RH based on ASTM D638 standard. More details and results
related to RMS and tensile tests are provided in detail in SI, Section 3.

CPP of epoxy coatings in the presence and absence of a forged scratch
defect was evaluated using EIS test by an AUTOLAB potentiostat (M204,
The Netherlands). For this purpose, all mild steel specimens coated with
epoxy coatings were dipped in 3.5 wt % NaCl solution at different im-
mersion times. All EIS measurements were performed by means of a
three-electrode electrochemical cell including Ag/AgCl electrode
(reference electrode), platinum electrode (counter electrode), and mild
steel specimens (working electrode) within a frequency region of
0.01-10* Hz, and 10 mV peak to peak amplitude at open circuit po-
tential (OCP). All EIS data were analyzed using Z-view software. A salt
spray test was carried out to evaluate the CPP of epoxy coatings visually
according to ASTM B117 standard at 38 °C, pH 6.5-7, and the NaCl
concentration of 5 wt %.
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Fig. 3. N, adsorption-desorption isotherms and pore size distributions for MSNs and PANI-MSNs.

Table 2
BET parameters obtained from N, adsorption-desorption isotherms for MSNs
and PANI-MSNs.

Sample Specific surface Specific Total pore Mean pore
area (as)/m> volume (Vn)/ volume/cm® diameter/nm
g em® g7 g
MSN 302 69.43 0.67 8.9
PANI- 192.6 44.2 0.21 4.4
MSN

3. Results and discussion
3.1. PANI-MSN characterization

3.1.1. FE-SEM and TEM

The morphology and particle size of synthesized MSN cores before
and after grafting of polyaniline polyelectrolyte shells were analyzed
using FE-SEM, illustrated in Fig. 2. As shown in Fig. 2a and b, MSNs and
PANI-MSNs feature a spherical shape with an average size of ~150 and
250 nm, respectively. Fig. 2b reveals an increase in the dimension of
MSN cores after the deposition of polyaniline shells. MSN cores and
PANI-MSNs have a lumpy surface due to the presence of mesoporous

patterns and the deposition of polyaniline shells on the surface of MSNs,
respectively.

3.1.2. BET

The N, adsorption-desorption isotherms of MSNs and PANI-MSNs
were assessed using the BET method to obtain the BET features in the
absence and presence of polyaniline shells. The Ny adsorption-
desorption isotherms, pore size distribution, and summarized BET pa-
rameters are presented in Fig. 3 and Table 2, respectively. As illustrated
in Fig. 3a, an H3-type hysteresis loop placed in a 0.4-0.95 relative
pressure for the IV-shaped IUPAC isotherm of MSNs proves the meso-
porous structure for MSNs. Also, the deposition of polyaniline shells on
the surface of MSNs altered the type of hysteresis loop from H3 to H4. H4
type of hysteresis loops appears in nanostructures with a composite
nature, such as activated carbons and decorated nanoparticles with
polymers and/or other nanoparticles [48]. Through the polymerization
of polyaniline monomers, a portion of reactive agents (monomer, initi-
ator, etc.) can penetrate into the nanoporous cavities of MSNs, poly-
merize, and heap these cavities. In fact, the blockage of pores and
cavities and covering the surface of MSNs with polyaniline account for
the significant decrement of a;, Vi, and total pore volume from 309,
69.4, and 0.67-193 m? g}, 442 cm® g7!, and 0.21 cm® g},
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Fig. 4. FTIR spectra of synthesized MSNs and PANI-MSNs.
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Fig. 5. Raman spectra of MSNs and PANI-MSNs.

respectively. Moreover, the mean pore diameter of MSNs after the
deposition of polyaniline declined from 8.9 to 4.4 nm. The pore size
distribution obtained by BJH method, shown in Fig. 3b, for MSNs has a
peak centered at 2.45 nm, while by the deposition of polyaniline on the
surface of MSNs, this peak shifted to 2.7 nm with a lower intensity,
demonstrating the formation of uniform polyaniline shells on the surface
of MSNs. This observation is in line with the obtained FE-SEM and TEM
results.

3.1.3. FTIR

The chemical bonds of MSNs before and after the deposition of
polyaniline shells were studied utilizing FTIR analysis. FTIR spectra of
MSNs and PANI-MSNs are demonstrated in Fig. 4. As shown in Fig. 4, the
FTIR spectrum of MSNs presents different transmittance peaks,
including vibration of O-H bond (~3476 cm’l), Si-O-Si asymmetric
stretching (~491 and ~1094 crn_l), and Si-O-Si network (~806
cm ) [34,49]. After the formation of polyaniline shells, some new
peaks appeared in the FTIR spectrum of PANI-MSNs. The peaks that
appeared at ~3247 and ~ 2948 cm ™! are assigned to the N-H stretching

Table 3
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Fig. 6. XRD patterns of MSNs before and after grafting of PANI shells.

vibration of the secondary amine groups and emeraldine base and C-H
asymmetric stretching in PANI chains, respectively [30,44]. Stretching
of C=N-H, C=C vibration in quinoid rings, and C-N vibration of aro-
matic amines appeared at ~1590 cm™!, ~1504 cm™!, ~1246 and
~1314 cm™}, respectively [49-51]. The shoulder peak overlapped with
the asymmetric stretching of Si—-O-Si is assigned to C-H wagging in PANI
chains [49,51]. FTIR results clearly proved the successful deposition of
PANI shells on the surface of MSNs.

3.1.4. Raman spectroscopy

Raman spectroscopy was employed for further characterization of
MSNs and PANI-MSNs to assess the chemical interactions between MSN
cores and PANI shells. Raman spectra and main characteristic peaks of
MSNs and PANI-MSNs are shown in Fig. 5 and Table 3. According to
Fig. 5, in the Raman spectrum of MSNs, only one characteristic peak can
be observed at ~481 cm ™, related to torsional vibrations and bending
modes of O-Si-O bond [49,52]. By grafting of PANI shells on the surface
of MSNs, various characteristic peaks appeared in the Raman spectrum
of PANI-MSNs, illustrated in Fig. 5 and Table 3, corroborating the for-
mation of PANI on the surface of MSNs. Among these peaks, the peak
located at 1350 cm ™! is assigned to stretching vibrations of C~N7 in-
termediate bonds [49,53]. In addition, the peak centered at 735 and 821
cm ™! are related to the deformation vibrations of quinine rings and
amine groups of PANI chains [53,54]. Raman spectroscopy results are in
line with those of the FTIR analysis.

3.1.5. XRD

The crystalline structures of MSNs before and after grafting of PANI
shells were evaluated using the XRD technique. As shown in Fig. 6, a
broad diffraction peak at 20 = 22.3° is related to the amorphous struc-
ture of MSNs [34,55]. The appearance of new characteristics wide peaks
at 20 = 10-30° in the pattern of PANI-MSNss is linked to PANI chains
grafted on the surface of MSNs. The diffraction peaks located at 20 =
19.9° and 20 = 24.8° are assigned to the parallel and perpendicular
periodicity of PANI chains [56,57]. These two broad peaks in the
diffraction pattern of PANI-MSNs demonstrate the low crystallinity of
PANI due to the quinoid and benzenoid rings repetition in PANI chains.

Main characteristic peaks appeared in the Raman spectra of MSNs and PANI-MSNs [49,53,54].

Sample Raman Shift (cm’l)

c-C c=C C-H EN' C-N C=N N-H 0-Si-0
MSN - - - - - - - 481
PANI-MSN 1601 1638, 1570 1179 1350 1246 1483 1532 -
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3.1.6. TGA

Thermal stability and the ash content of MSNs and PANI-MSNs were
assessed using TGA-DTG analysis, shown in Fig. 7a and b. Three
different stages of weight loss can be observed for MSNs and PANI-
MSNs. The dehydration of water molecules adsorbed onto the surface
of nanoparticles occurred at 35-105 °C. The final weight loss of 7.8% for
MSNs at stages two and three is related to the thermal decomposition of
CTAB molecules and unreacted TEOS encapsulated in the internal
spaces, and the formation of siloxane bridges, due to the dehydration of
internal silanol groups. The significant weight loss of PANI-MSNs
around 32% at 105-550 °C is mainly linked to the thermal degrada-
tion of unreacted monomers, CTAB molecules, and PANI chains grafted
on the surface of MSNs [58]. At 550 °C, the difference between the ash
content of MSNs and PANI-MSNs, which is around 28.2%, originates
from the presence of PANI shells. These observations prove the grafting
of PANI chains onto the surface of MSNs, which is in good agreement
with the BET, FTIR, Raman, and XRD results.

3.2. pH triggered release of Zn?* from PANI-MSN

The effects of pH on the release of Zn?>" from PANI-MSNs were
studied using ICP-OES technique as a function of time, illustrated in
Fig. 8a. As depicted in Fig. 8a, the lowest concentrations of released
Zn%" were detected at pH 11. Haddadi et al. [34] presented that silica
nanoparticles have a negative surface charge, which is responsible for
the formation of attractive forces between zinc cations and the surface of
mesoporous silica cores. Also, released Zn?* cations could react with
hydroxyl groups present in the alkaline solution (pH 11) and form

insoluble zinc hydroxide precipitates. Thus, in the alkaline conditions,
less amount of released Zn2" cations were detected by ICP-OES. By the
decrement of pH from 11 to 7 and 7 to 1.5, the concentration of Zn>*
increased with elapsing time, which might be due to the protonation of
N-H groups of polyaniline chains in the acidic conditions. In this state,
Zinc-PANI complexes can break, and physically adsorbed Zn?* cations
can be released from polyaniline chains and the surface of MSNs,
respectively, as a result of the repulsive forces. Moreover, the pH can
control the ion transportation capability of the conducting polymers
[59,60]. In the alkaline solutions (pH >> 7), the hydrophilic charac-
teristics of PANI chains increase, encouraging the diffusion and trans-
portation of Zn>" from PANI shells to the host solution [61]. The shifting
of the released Zn?" concentration to the higher value after 48 h might
be due to the release of Zn?>* encapsulated in the mesoporous medium of
MSN cores, shown schematically in Fig. 8b. It seems that pH-sensitive
properties of zinc-PANI complexes are responsible for the pH triggered
the release of Zn?* from PANI-MSN. Visual assessment was conducted
on uncoated metallic panels to evaluate the effects of MSNs and
PANI-MSNs extracts on the appearance of uncoated panels after im-
mersion in the corrosive test solutions. More details and interpretations
are provided in SI, Section 4.

3.3. Electrochemical investigation of coatings

3.3.1. Epoxy coatings with a forged scratch

The active CPP of the epoxy coatings with a forged scratch was
studied using the EIS test. Nyquist and Bode diagrams of the scratched
epoxy coatings after immersion in 3.5 wt % NacCl solution at different
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Fig. 9. Nyquist ((a;)-(a4)) and Bode ((b;)-(b4)) plots of epoxy coatings in the presence of a forged scratch dipped in 3.5 wt % NaCl solution at different immer-
sion times.
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Fig. 10. |Z|f:0'01 nz values obtained from Bode plots for epoxy coatings at
different immersion times.

times are depicted in Fig. 9. The diameter of semicircles in Nyquist di-
agrams can be determined as an indicator for the comparison of the
overall CPP of coatings. As expected, for EP and MSN@EP coatings, a
descending trend was observed for the diameter of semicircles in
Nyquist diagrams, total resistance, and impedance in Nyquist and Bode
diagrams with no active CPP. That is why EP and MSN@EP coatings
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presented the same |Z| |f-0.01 1z values at all immersion times. The reason
behind this observation can be attributed to the penetration of the
corrosive electrolyte and the development of corrosion reactions at the
metal/coating interface in the scratch, resulting in the delamination and
deterioration of the coatings at longer immersion times. As can be seen
in phase diagrams (Fig. 9b;-9b3), the appearance of the second time
constant can be assigned to the formation of corrosion products on the
metal/coating interface in the scratch.

For a better understanding of the active CPP, values of the impedance
modulus at the lowest frequency (|Z |f:o.01 Hz) are presented in Fig. 10.
For PANI-MSN@EP coating, |Z|s¢.01 H, Value shifted from 23.5 to 42.3
kQ cm? after 24 h immersion in the electrolyte. The upward trend of |
Z| /~0.01 1z for PANI-MSN@EP coating is linked to the active CPP of the
coating in the presence of doped Zn?" and polyaniline shells. When the
immersion time elapses, Zn?" cations can release in the scratch region,
react with hydroxyl groups generated by the cathodic reactions (2H;0
+ Oz + 4~ — 40H"), and form insoluble zinc hydroxyl (Zn(OH),)
depositing on the cathodic sites, as illustrated schematically in Fig. 11.

Based on the literature [44,62], in the presence of PANI, Fe?*
generated by the anodic reactions (Fe — Fe?" + 2e7) can be turned to a
stable oxidized form (Fe;Os), forming a dense passive layer on the
anodic sites. Also, the emeraldine salt form of PANI might be oxidized on
the surface of the metallic substrate and turn to the leuco-emeraldine
form. It seems that at a longer immersion time (48 h), formed protect-
ing layers on the active sites of the metallic substrates became more
permeable, and the development of the corrosion products and corroded
sites resulted in a decrease in |Z|f0.01 Hz. In conclusion, EIS measure-
ments for the scratch coatings exhibited that the release of Zn?* cations
accompanied by the presence of PANI as shells for MSNs can form a
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Fig. 11. Inhibition reaction scheme for PANI-MSN@EP coating.
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Fig. 12. FE-SEM images of the scratched region for different epoxy coatings after 48 h immersion in the corrosive electrolyte and the elemental mapping of Zn for the

scratch region of PANI-MSN@EP.

passive layer in the scratch region and protect the metallic substrate
against the destructive corrosion reactions.

FE-SEM and EDS-elemental mapping analyses were conducted on the
scratched regions for different epoxy coatings after the coating detach-
ment, shown in Fig. 12. As can be seen, for EP and MSN@EP coatings
with no active CPP, rusts and other corrosion products were formed
inside the scratch due to the development of corrosion reactions,
whereas fewer corrosion products were seen for PANI-MSN@EP coating.
Higher contents of O detected via EDX for EP (31 wt %) and MSN@EP
(25 wt %) coatings than that of PANI-MSN@EP (20 wt %), related to the
larger amount of generated corrosion products inside the scratch. Larger
contents of Fe (61 wt %), smaller content of Cl (4 wt %), and detection of
Zn (6 wt %) in the scratched region of PANI-MSN@EP coating compared
to other coatings are clear pieces of evidence for the release of Zn?" from
PANI-MSNs and formation of the passive protective layer inside the
scratch. The mapping and detection of Zn in the scratch region of PANI-
MSN@EP coating demonstrate the release of Zn?* from PANI-MSNs
containers and the formation of Zn-based protective compounds inside
the scratch.

3.3.2. Intact epoxy coatings
As stated in Section 3.3.3.1, the active CPP of scratched epoxy
coatings was examined, and the epoxy coating containing PANI-MSNs

showed an active CPP for short periods of time. The barrier properties
and long-term CPP of intact epoxy coatings were also investigated using
the EIS test. Fig. 13 displays the Nyquist and Bode diagrams of different
epoxy coatings at various times of immersion in 3.5 wt % NaCl solution.
To extract electrochemical parameters from the impedance data, all EIS
diagrams were fitted by proper equivalent electrical circuits (EECs),
including one-time constant (R(RQ)) and two-time constants (R(RQ
(RQ))) models. As depicted in Fig. 13, in these EECs, solution resistance,
coating resistance, charge transfer resistance, constant phase element of
coating, and double layer are presented by Rg, R, Ret, CPE., and CPEq),
respectively. Due to the existence of porosity and non-uniform surface
for the metallic substrates, the ideal capacitors were replaced with
constant phase elements. The capacitance values of coatings (C.) were
calculated by Eq. (1), as below [23,63,64]:

(RL‘QO,(‘)%

C.=
Rc

(€]
where, Qo and n are representative for the admittance of CPE. and
exponent, respectively.

Values of |Z|f—0.01 Hz Cc and frequency of breakpoint (fy) for

different coatings as a function of time are shown in Fig. 14 and Table 4.
In phase diagrams, the frequency, related to the phase angle equal to
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Table 4
Electrochemical parameters extracted from fitted impedance data for different coatings at various immersion times.
Sample Immersion time R. (MQ CPE. Ree (MQ CPEq R, (Q Log|Z|—0.01 Cc (nF Log
(day) cmz) Yo (nST1 cm 2 n cmz) Yo (pQ’1 cm 2 n sz) Hz cm*Z) (f)
s™ ) (Hz)
EP
5 2408 1 0.85 - - - 2408 234 1.17 —-1.07
25 2.61 3.13 0.96 7.82 0.53 0.71 10.43 9.55 2.57 1.92
50 0.26 5.92 0.95 0.065 88.9 0.61 0.33 0.26 4.22 2.99
MSN@EP
5 857.3 1.24 0.94 - - - 857.3 849 1.24 —-0.74
25 106.2 2.14 0.88 - - 106.2 106 1.75 0.22
50 21.55 3.69 0.91 - - 21.5 21.54 2.89 0.91
PANI-
MSN@EP 5 2414 1.06 095 - - - 2414 2338 1.12 -1.15
25 1511 1.15 0.95 - - 1511 1872 1.18 -1.07
50 1906 1.21 096 - - - 1906 1488 1.25 —0.96

—45°, is considered as f;, [65]. For a coating immersed in the corrosive
electrolyte, the value of f}, usually shifts to higher frequencies as a result
of the electrolyte diffusion through the coating. That is why for EP
coatings, the value of fj, shifted from —1.07 to 2.99 Hz after 50 days,
while PANI-MSN@EP coating showed only a 16% reduction in f;,. As
depicted in Figs. 13 and 14, and Table 4, |Z|fo.01 n, for EP coating
decreased from 2344 to 0.27 MQ cm? after 50 days. Also, after 25 days,
two-time constants were seen for EP coating, while for all nano-
composite coatings, only a one-time constant can be observed for all
immersion times. Decrement of |Z|s_o.01 1y, shifting of f;, to higher fre-
quencies, and increase in C. for EP coating indicate the poor barrier
properties of EP coating against the diffusion of the electrolyte and other
aggressive species, such as Na™, C1~, and O.. Higher values of | Z| 7=0.01 Hz
and observation of only one-time constant for MSN@EP and
PANI-MSN@EP coatings are attributed to excellent barrier properties of
MSNs and PANI-MSNs even at longer periods of immersion. In the

11

presence of 3 wt %, |Z|f—o.01 1z values of MSN@EP and PANI-MSN@EP
coatings reached 21.5 and 1488.3 MQ cm? after 50 days, which are
much higher than that of EP coating, indicating outstanding CPP of these
coatings.

As can be seen in Fig. 14 and Table 4, after 50 days of immersion,
values of C. and log f;, for PANI-MSN@EP coating are changed from 1.11
to 1.25 nF cm ™2 and -1.15 to —0.96 Hz, respectively, while these values
for MSN@EP coating are 2.89 nF cm ™2 and 0.91 Hz.

An increase in values of C, at longer immersion times can be assigned
to the diffusion of the electrolyte in the coating, accumulation of
corrosion products at the metal/coating interface, and the coating
cathodic delamination. Better barrier properties and CPP of PANI-
MSN@EP coatings can be assigned to three possible reasons. The first
reason is the good dispersion of PANI-MSNs in the epoxy matrix, as
discussed in detail in the RMS Section (S3), providing superior barrier
properties and larger contact areas with epoxy chains and longer
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Fig. 15. IBP values of epoxy coatings dipped in 3.5 wt % NaCl solution at different immersion times.
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Fig. 16. The appearance of different epoxy coatings after 4 and 12 days exposure in the salt fog chamber.

tortuous path for aggressive species to pass through the coating. The stated in detail in Section 3.2, can limit the cathodic corrosion reactions
second reason is the negative surface charge of MSNs and PANI, which in the metal/coating interface and prolong the cathodic delamination
restricts the migration of C1~ through the matrix due to the electrostatic and deterioration period of the coating.

repulsive forces. Imperceptible release of Zn?" from PANI-MSNs, as Frequencies of intersection Bode plots (IBP) of the epoxy coatings at
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different periods of immersion are presented in Fig. 15. As presented in
Fig. 15, for all coatings, when the immersion time elapsed, IBP values
shifted to the higher frequencies [66]. Also, EP coatings showed the
highest values of IBP compared to nanocomposite coatings, indicating
the higher rate of electrolyte diffusion through the coating in compari-
son with loaded epoxy coatings.

3.3.3. Salt spray test

To investigate visually the effectiveness of MSN and PANI-MSN
nanoparticles on the CPP of epoxy coatings, the salt spray test was
conducted. The appearance of different coatings after 4 and 12 days of
exposure in the salt fog chamber is shown in Fig. 16. After 4 days, some
rusts and corrosion products formed within the scratched region of all
coatings, which is more obvious for the EP coating. Tremendous
amounts of corrosion products, including different types of iron oxide/
hydroxyl products, could be easily recognized in the scratch regions of
EP and MSN@EP coatings after 12 days of exposure in the corrosive
media. Delamination of the coating occurred for the EP coating due to
the penetration of corrosive species such as (Na*, CI~, and O,) weak-
ening the adhesion bonds between the coating and metallic substrate.
Similar electrochemical behaviour is observed for the coating containing
MSNs due to the lack of active inhibitive agent. Also, the formation of
blisters and the detachment of coatings from substrates are accelerated
by the diffusion of the corrosive electrolyte and the accumulation of
corrosion products generated by anodic and cathodic corrosion re-
actions underneath the coatings.

As can be seen in Fig. 16, the higher CPP of PANI-MSN@EP is
obvious even after 12 days and no blisters and corrosion spots are
detected due to the corrosion inhibition role of Zn?" cations loaded in
MSNs. Once the corrosive electrolyte reaches the metal/coating inter-
face, hydroxide ions are produced by cathodic reactions. Subsequently,
the released Zn®" cations can react with hydroxide groups, and even-
tually, the micro cathodic regions are blocked through the zinc hy-
droxide formation (Zn(OH),). Furthermore, PANI shells can form a
passive protective layer in the scratch region with the mechanism given
in Fig. 11, and provide excess corrosion protection [30,67].

4. Conclusions

Herein, MSNs cores were successfully covered with Zn?>* doped PANI
as the shell. The influence of MSNs before and after coverage with Zn*"
doped PANI on the rheological, mechanical, and corrosion protection
properties of the epoxy coating was studied. ICP-OES results showed the
pH triggered release of Zn?* in the alkaline solutions. Rheological and
mechanical analyses illustrated that the coverage of MSNs with PANI
enhanced the rheological properties and mechanical characteristics, i.e.,
yield stress and Young’s modulus of the epoxy coatings. Electrochemical
measurements showed that the incorporation of 3 wt % PANI-MSNs in
the epoxy coating improved the active corrosion protection and barrier
properties of the resulting nanocomposite coating. Modification of MSNs
with PANI and doping of the nanoparticles with Zn?>* as an eco-friendly
inorganic corrosion inhibitor were responsible for the enhanced dual
active/barrier characteristics.
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