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A B S T R A C T

This work investigates the synergetic effect of zinc aluminum polyphosphate (ZAPP) and 2-mercaptobenzimi-
dazole (MBI) on the corrosion protection of mild steel coated with a solvent-borne epoxy-polyamide layer. The
magnitude and trend of electrochemical impedance spectroscopy data over 70-d immersion in 3.5 wt.% NaCl
solution indicate superior corrosion protection of the combined inhibitors compared to those containing either
just ZAPP or MBI. Pull-off tests show that the combined inhibitor system provides an improved adhesion
strength. The enhanced corrosion performance is correlated to precipitation of a protective layer at the coating/
metal interface verified by SEM and electrochemical studies upon exposure to electrolytes.

1. Introduction

Organic coatings are used widely to retard corrosion of metal sub-
strates being efficient barriers against ingress of corrosive environments
[1–3]. Their corrosion performance can be enhanced by the in-
corporation of an additional phase compatible with the polymeric
matrix [4–7]. In fact, the coatings can also serve as reservoirs for cor-
rosion inhibiting pigments providing an extra protection of the sub-
strates at defects once corrosion starts [8–10]. Epoxy resins are em-
ployed extensively as reservoirs of inhibitors in corrosive media such as
chloride-containing environments [11–14].

Recent works attempt to incorporate combinations of two or more
types of inhibitors in organic coatings to further improve their corro-
sion protection [13,15–17]. Kallip et al. observed a synergetic inhibi-
tion effect on Zn–Fe model samples when an anodic inhibitor, i.e. 1,2,3-
benzotriazole, is combined with a cathodic one, i.e. Ce(NO3)3 [18]. In
another research, Mahdavian and Ashhari added 2-mercaptobenzimi-
dazole and 2-mercaptobenzoxazole to a polyester-melamine coating
and observed a synergetic effect in corrosion protection of the coatings
due to formation of a protective layer on steel substrate [19]. Balaskas
et al. reported an improvement in the barrier properties of silicate–e-
poxy coatings doped with organic and inorganic inhibitors and applied
on Al alloy 2024-T3. However, they observed no significant synergy
between Ce(NO3)3 and 2-mercaptobenzothiazole [20].

Inhibitor selection is an important step towards designing an effi-
cient inhibitor-coating system [13]. Phosphate-based pigments are
known as non-toxic inorganic inhibitors used widely for protection of
various metal substrates [21,22]. The corrosion inhibition mechanism
of polyphosphates is based on the presence of a high phosphate content
and chelate building potential with multivalent metal cations [23].
Furthermore, combined polyvalent metals exhibit impeding cationic
reactions through deposition of physical protective barriers [24]. Na-
deri and Attar reported corrosion inhibition provided by zinc aluminum
polyphosphate (ZAPP) on mild steel due to the formation of a protective
layer, limiting the access of corrosive species to the steel surface [22].
Moreover, 2-mercaptobenzimidazole (MBI) is a known corrosion in-
hibitor for various metal substrates [25–29]. MBI shows corrosion in-
hibition of iron in NaCl solution [26] and mild steel in 1M HCl [28]
through an adsorption onto metal surfaces.

In this study, the inhibition performance of combined ZAPP and
MBI are examined by incorporating in an epoxy-polyamide coating.
Electrochemical measurements are conducted to investigate the corro-
sion behavior of bare mild steel in 3.5 wt.% NaCl solution containing a
mixture of ZAPP and MBI. Moreover, scanning electron microscopy
(SEM) and Fourier transform infrared spectroscopy (FTIR) are em-
ployed to analyze the surface morphology and chemistry of bare metals
exposed to the inhibitor-containing solutions. EIS experiments and pull-
off tests are used to assess the water-uptake, barrier, dry and wet
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adhesive properties of the inhibitor-doped coatings in 3.5 wt.% NaCl
solution.

2. Materials and methods

2.1. Materials

The substrates used in this study were 5 cm×7 cm×1mm mild
steel plates, with the chemical composition presented in Table 1. The
electrolyte was a 3.5 wt.% NaCl solution consisting of analytical grade
NaCl supplied by Merck dissolved in distilled water. Zinc aluminum
polyphosphate (ZAPP), supplied by Heubach Ltd. was used as antic-
orrosion pigment (chemical composition and property data sheet pre-
sented in Table 2). The organic inhibitor was 2-mercaptobenzimidazole
(MBI) purchased from Merck with the chemical structure illustrated in
Fig. 1. The epoxy resin was based on bisphenol-A (SL 75×4171)
purchased from Jubail Chemical Industries Co. (JANA). The epoxy resin
solid content, value and density were 74–76%, 1.49–1.67 Eq/kg, and
1.08 g cm−3, respectively. The epoxy hardener was amino polyamide,
CRAYAMID 115, purchased from Arkema Co. The solid content, density
and viscosity values of the hardener were 50%, 0.97 g/cm3 and 50,000
cps, respectively at 40 °C. The epoxy solvent was a mixture of Butyl
glycol, Toluene and Methyl ethyl ketone supplied by Merck.

2.2. Solution phase study

To study the effect of ZAPP on the steel corrosion as an inorganic
inhibitor, the pigment extract, 2 g of ZAPP was stirred in 1.0 l 3.5 wt.%
NaCl solution for 24 h and filtered to obtain the saturation condition
[22]. In the case of MBI, organic inhibitor, the solution was composed
of 0.86mM of MBI in 3.5 wt.% NaCl solution [16]. Since MBI is only
slightly soluble in water and completely soluble in ethanol, it was
dissolved in ethanol initially and subsequently added to the aqueous
electrolyte solution. To prepare the MBI-ZAPP mixture, 0.86mM of MBI
was added to the pigment extract solution. The pH value of all the
prepared solutions was in the range of 6.5 and 7.0.

The electrochemical evaluation of inhibitors was performed using a
Gill AC potentiostat (ACM instrument) with a conventional three elec-
trode cell. The working electrode was a cold-mounted mild steel rod
with 1 cm2 active area, while a saturated calomel electrode (SCE) and a
platinum wire were employed as the reference and the counter elec-
trode, respectively. After immersion of the bare steel into the solutions
for 1 h, linear polarization resistance (LPR) tests were performed from
−15 to+15mV versus OCP at a sweep rate of 10mV/min up to 24 h.
The LPR values were calculated using current-potential plots where the
slopes become linear. In addition, potentiodynamic polarization curves
were recorded from −250 to +250mV versus OCP at a scan rate of
30mV/min, after 24 h immersion. To explore the anodic dissolution

behavior of mild steel in 3.5 wt.% NaCl solution containing 0.86mM
MBI, potentiostatic polarization tests were performed at -600 and
−450mV vs. SCE and the corresponding current densities were re-
corded for 20min. A 500ml beaker, open to the air, was used as the
electrochemical cell.

SEM studies using a FEI Helios G4 microscope were carried out to
study the morphology of the layer formed on the steel surface after 96 h
of immersion in the solutions. To chemically evaluate the surfaces ex-
posed to the solutions, a Thermo-nicolet Nexus FTIR apparatus was
used equipped with a mercury-3 cadmium-telluride liquid-nitrogen
cooled detector and a nitrogen-purged measurement chamber. The
FTIR measurements were conducted by reflection of the incident beam
at an angle of incidence of 80° using p-polarized radiation. The mea-
surements were conducted versus backgrounds collected before the
exposures.

2.3. Coating preparation and evaluation

Blank coatings were prepared with no pigment and inhibitor to be
used as Reference. 7 wt.% Butyl glycol, 75 wt.% Toluene and 18wt.%
Methyl ethyl ketone (epoxy solvent) were mixed by the epoxy binder to
reach a viscosity of 85 cps at 25 °C. Afterward, 25 wt.% polyamide
hardener was added to 75 wt.% epoxy, followed by a mixing step using
a high speed mechanical stirrer until a homogenous mixture was ob-
tained.

The epoxy coating with MBI (MBI+ epoxy coating) was prepared
by adding 1.5 g of MBI to 100 g of epoxy coating. At first stage, MBI was
added to the hardener and the amount of hardener was calculated to
reach the stoichiometry ratio of 75/25 epoxy /hardener. In order to
adjust the intended viscosity, i.e. 85 centipoises, the solvent was added
to epoxy, followed by mixing the blend using a high speed mechanical
stirrer and milling to the particle size of approximately 10 μm.

Besides, ZAPP was incorporated into the epoxy (ZAPP+ epoxy
coating) to study its effect as a leaching inorganic inhibitor. The ef-
fective ratio of the pigment volume concentration (PVC) to the critical
pigment volume concentration (CPVC) is λ=PVC/CPVC=0.6 re-
ported by Naderi and Attar [22]. Thus, 47.4 g of ZAPP anticorrosion
pigment was added to the epoxy resin to prepare 100 g coating. Ad-
ditionally, 4.1 g of Bentone 34 and 1 g of dispersing agent (NUOSPERSE
657) were added to improve the film formation. The obtained blend
was ball milled for 24 h to obtain a homogenous mixture with a particle
size smaller than 15 μm. Afterward, the mixture viscosity was adjusted
using the solvent and hardener added to the mixture. Finally, the ob-
tained mixture was mechanically stirred to obtain a homogenous mix-
ture.

Finally, a group of coatings was prepared by incorporating ZAPP
and MBI into the epoxy. The first preparation stage of
ZAPP+MBI+ epoxy was the same as ZAPP+ epoxy coating, although
the ZAPP value was 45.9 g. After a 24-h ball milling and addition of
1.5 g of MBI, the blend was mixed with a high-speed disk disperser for
10min. The sum of MBI and ZAPP value was 47.4 g in order to attain a
λ value of 0.6. To reach the intended viscosity, the solvent was added to
the blend and the final mixture was mechanically stirred after adding

Table 1
Chemical composition of the mild steel base substrate.

Grade Chemical Composition (wt.%)

C Mn Si P S Fe

ST13 0.07 0.33 0.10 0.022 0.024 Balance

Table 2
Chemical composition and property datasheet of the ZAPP pigment.

Trademark Zn (%) Phosphorus
as P2O5 (%)

Al (%) Density
(g/cm3)

Average
particle
size (μm)

Loss on
ignition
600 °C

HEUCOPHOS
ZAPP

28–31 46–49 11–13 3.1 2–3.5 8–12

Fig. 1. Molecular structure of 2-mercaptobenzimidazole (MBI).
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the hardener.
Prior to application of the coatings, the steel plates were cleaned in

acetone followed by pickling process in 20 wt.% hydrochloric acid so-
lutions for 10min [30]. The prepared coatings were applied on the steel
plates using a film applicator. The coated samples were cured in an
oven set at 80 °C for 40min and subsequently stored for 7 days at room
temperature [31]. The dry film thicknesses were estimated to be
46 ± 5 μm using an optical microscope. To perform electrochemical
tests, the coated samples were sealed with a mixture of beeswax and
colophony resin, leaving a central area of 15 cm2 unmasked. From each
coating group, three samples were prepared to confirm reproducibility
of the electrochemical and adhesion strength tests.

EIS measurements were carried out on the intact coatings using an
Ivium potentiostat in the frequency range of 100 kHz to 0.01 Hz, and
AC signal with an amplitude of 10mV around open circuit potential
(OCP) for a duration of 70 days. All measurements were repeated at
least 3 times to check the reproducibility of the results. The electro-
chemical cell was a 500ml beaker which was open to the air.

Adhesion strengths of the coatings were determined by a direct pull-
off standard procedure (ASTM D 4541) using a Positest-AT digital Pull-
off adhesion tester. The adhesion measurements were performed prior
to the immersion in 3.5 wt.% NaCl solution (dry adhesion) and after 60
days of immersion in 3.5 wt% NaCl solution at room temperature (wet
adhesion). An epoxy adhesive (OHO) was employed to perform the
pull-off test. After 72 h curing of the OHO adhesive at room tempera-
ture, the coatings were cut around the dolly, while the dolly was pulled
off perpendicular to the surface. For each type of the coating, 3 samples
were examined and minimum forces to detach the coatings from the
substrates (adhesive failure) were recorded.

3. Results

3.1. Solution phase study

3.1.1. Electrochemical evaluations
The intrinsic inhibition performances of MBI, ZAPP and the MBI-

ZAPP mixture for the steel substrates are studied electrochemically in
the 3.5 wt.% NaCl solution. The system under study is complex enough,
not allowing the corrosion current to be estimated via simple LPR or
Tafel extrapolation methods. Nevertheless, the efficiency of the in-
hibitors via LPR can be explored by assuming that there is a correlation
between the polarization resistance (zero frequency limit in the im-
pedance diagrams) and the corrosion rate [32]. In fact, such a measured
resistance value is not exactly the resistance of polarization, but it can
be employed to evaluate the relative effectiveness of each inhibitor used
later in the epoxy system. Fig. 2 shows the LPR values of the bare steel
substrates immersed in the solutions up to 24 h. It can be seen that MBI
exhibits no significant effect over the 24 h immersion and shows similar
polarization resistance values to those of the blank sample (approx.
1 kΩcm2). ZAPP moderately increases the polarization resistance, while
the LPR values increase from 12 kΩcm2 to 22 kΩcm2 after 12 h followed
by a slight decrease to 20 kΩcm2 in 12–24 h. However, the mixed in-
hibitors show a remarkable impact on the LPR values rising steadily
from 12 to 50 kΩcm2 within the initial 18 h followed by a slight drop of
3 kΩcm2 in the 18–24 h exposure timeframe.

Fig. 3 shows the electrochemical polarization curves collected to
further evaluate the inhibitor performances. It can be seen that ZAPP
diminishes both anodic and cathodic current densities, while a reduc-
tion of the anodic current density is more pronounced. The results also
show that the MBI-ZAPP mixture significantly decreases both anodic
and cathodic currents verifying the LPR results indicating the sig-
nificant effect of the mixed system. On the other hand, MBI slightly
reduces the cathodic current density, whereas the anodic current den-
sity is increased at potentials higher than −560mV vs. SCE indicating
accelerated corrosion at anodic potentials. This phenomenon is further
explored by running potentiostatic polarization measurements on the

Fig. 2. Linear polarization resistance of the steel during the 24 h immersion in
various solutions. The solutions are 3.5 wt.% NaCl, 3.5 wt.% NaCl+ 0.86mM
MBI, 3.5 wt.% NaCl+ZAPP extract and 3.5 wt.% NaCl + 0.86mM
MBI+ ZAPP extract. The error bars show the standard deviation for 3 identical
samples.

Fig. 3. Polarization curves of mild steel in different solutions after 24 h im-
mersion. The solutions are 3.5 wt.% NaCl, 3.5 wt.% NaCl+ 0.86mM MBI,
3.5 wt.% NaCl+ ZAPP extract and 3.5 wt.% NaCl + 0.86mM MBI+ ZAPP
extract.

Fig. 4. Anodic current density of mild steel in the blank and MBI inhibitor-
containing solution. The curves are recorded during a potentiostatic polariza-
tion of the samples at −600 and −450mV vs. SCE for approximately 20min.
Prior to the potentiostatic test, a stabilization period of 1 h was implemented.
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blank and MBI-containing solutions at −600 and −450mV vs. SCE as
shown in Fig. 4. These potentials are selected to evaluate the current
densities around the observed critical potential, i.e. −560mV vs. SCE.
It can be seen that MBI slightly lowers the current density at −600mV
vs. SCE as compared to the blank solution whereas the current density is
increased at −450mV vs. SCE for the inhibitor-containing solution
than that of the blank one indicating a higher dissolution rate.

3.1.2. Surface analysis
The SEM images of the steel exposed to the NaCl solution containing

ZAPP and ZAPP+MBI after 96 h were presented in Fig. 5. Comparison
of Fig. 5(a) and (c) shows that a larger amount of corrosion products
has been formed on the surface immersed in ZAPP solution. A closer
look (Fig. 5(b)) reveals that the corrosion products are accumulated
around the microcracks of the ZAPP layer. Although the artefacts are
observed also on the layer formed by a mixture of ZAPP and MBI
(Fig. 5(d)), the ZAPP layer indeed contains numerous larger cracks.

Fig. 6 shows FTIR spectra of MBI and ZAPP samples collected versus
the bare steel background, and the spectrum of MBI+ ZAPP samples
collected versus the ZAPP background. The later spectrum was col-
lected versus ZAPP background to subtract the ZAPP peaks and identify
additional functional groups incorporated in the deposited layer due to
the presence of MBI. Spectrum (a) exhibits a week peak around
1100 cm−1 presumably originating from the metal oxide whereas the
CeH and CeN peaks expected from the MBI functional groups are
missing. On the other hand, the FTIR spectrum of ZAPP collected versus
the steel substrate (Spectrum (b)) shows a broad and intense peak
around 1100 cm−1 indicating the presence of PeO and P]O com-
pounds on the surface which in turn reveals formation of ZAPP-in-
corporating layer on the steel surface. Additionally, Spectrum (c) shows
clear peaks at 748, 1086, 1222, 1268, 1291, 1380 and 1429 cm−1

which originate from the MBI compound as the ZAPP vibrational bands
are excluded from the background [33–35].

3.2. Corrosion inhibition of the coated substrates

The electrochemical studies showed that a mixture of the inhibitors
enhances the corrosion resistance of the steel substrates exposed to the
corrosive solution. In this section, we aim to evaluate behaviors of the
MBI, ZAPP and a MBI-ZAPP mixed inhibitors incorporated in an epoxy-

polyamide coating system.

3.2.1. Long term OCP recording
Fig. 7 shows OCP variations of the coated undoped samples (blank)

Fig. 5. SEM images of the steel surface exposed to the NaCl solution containing (a and b) ZAPP and (c and d) ZAPP+MBI.

Fig. 6. FTIR spectra acquired from the samples exposed to 3.5 wt.% NaCl so-
lution containing (a) MBI, (b) ZAPP and (c) a mixture of MBI and ZAPP.
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and those doped with MBI, ZAPP and ZAPP+MBI for 70 days of im-
mersion in 3.5 wt.% NaCl solutions. Each data point in the graph is an
average of three measurements. It can be seen that the OCP values of
the blank and MBI+ epoxy coated samples remain relatively constant
over the immersion period. Their OCPs are initially around −600mV
vs. SCE and decrease gradually to −700mV vs. SCE within 20 days and
remain almost unchanged until the end of exposure. The ZAPP+ epoxy
sample presents an OCP value of ∼ −150mV vs. SCE during the initial
40 days followed by a gradual drop to −700mV vs. SCE. The OCP of
the ZAPP+MBI+ epoxy coated sample starts from −150mV vs. SCE
and remains relatively constant over the exposure period.

3.2.2. Long term impedance measurements
EIS measurements were conducted in order to assess the durability

of the coatings in 3.5 wt.% NaCl solution. Fig. 8 shows the Bode and
phase plots of the blank, MBI+ epoxy, ZAPP+ epoxy and
ZAPP+MBI+ epoxy coated samples after 70 days. The Bode plots
show different impedance values for the samples, indicating dissimilar
electrochemical behavior. Besides, the phase plots of all the coated
systems clearly show two distinct time constants, except for the
ZAPP+MBI+ epoxy coated sample which reveals a plateau-like be-
havior from the high to relatively low frequency range. It is reported by
Mansfeld [3] that the phase plot of the coated system exhibits such a
behavior when the organic coating has undergone little degradation.
Thus, in order to quantitatively analyze the impedance spectra, the
experimental data were fitted to an electrical equivalent circuit re-
presenting an electrode coated with a porous layer as shown in Fig. 8(a)
[36]. In this model, the time constant at high frequencies is related to
the coating pores and another one at low frequencies is correlated to the
polarization resistance of the steel substrate [37–40]. The re-
presentative model consists of an electrolyte resistance (Rs), coating
capacitance (Cc) and pore resistance (Rc). Additionally, the constant
phase element (CPEdl) represents the double layer capacitance parallel
with a metal polarization resistance (Rp). The CPE element is a non-
ideal capacitance widely used to model the imperfect dielectric beha-
vior [36]. The CPE value can be calculated using Eq. (1):

=

−

CPE p Rdl n P
n

n1 1
(1)

where P is the magnitude of CPE and n the deviation parameter [41].
The corresponding fitted lines of the Nyquist and Bode plots of the
coated samples after 70 days of immersion are shown in Fig. 8 in-
dicating good fittings with the proposed model. The resistance and
capacitance values are extracted from the fittings providing quantita-
tive information about the electrochemical phenomena and

degradation processes of the coated samples. Fig. 9(a) shows the EIS,
polarization resistance (Rp) of different samples as a function of the
immersion time. Rp of the blank coated sample decreases steadily from
102 to 1MΩcm2 over the exposure time. The MBI+ epoxy coated
sample shows a slight increase of the Rp value within 20 days followed
by a sharp decrease to 10MΩcm2 and a consequent Rp drop to slightly
higher values than the blank sample after 70 days of exposure. During
the initial 30 days of the immersion, ZAPP+ epoxy and
ZAPP+MBI+ epoxy coated samples present relatively similar and
constant Rp values, i.e. ∼ 5.104MΩcm2. Afterward, the
ZAPP+MBI+ epoxy coated sample shows a stable Rp value, however,
the ZAPP+ epoxy sample shows a gradual drop by two orders of
magnitudes up until 40 days followed by relatively constant Rp values
towards the end of exposure.

Fig. 9(b) shows the double layer capacitance (Cdl) values of the
coated samples over the 70 days of immersion. Among the samples,
MBI+ZAPP+ epoxy coating exhibits the lowest double layer capaci-
tance (Cdl), i.e. ∼0.5 nF cm2, which remains relatively constant
throughout the exposure period. All the inhibitor-containing coated
samples show similar Cdl values in the beginning of the exposure,
whereas the Cdl values of the MBI+ epoxy and ZAPP+ epoxy coated
samples show a dramatic rise to 10 and 100 nF.com2 after respectively
20 and 30 days. On the other hand, the blank coating shows an initial
rise and a consequent drop of the Cdl values within 20 days where a
linear increase is exhibited at 10 days onwards.

Fig. 10(a) shows pore resistance (Rc) variations during 70 days of
immersion in the NaCl solution. Rc values of the blank coating exhibit

Fig. 7. OCP evolution of the coated mild steel substrates during immersion in
3.5 wt.% NaCl solution up to 70 days.

Fig. 8. (a) Bode and (b) phase plots of the coatings after 70 days of immersion
in 3.5 wt.% NaCl solution. The equivalent circuit model is used to fit the EIS
results.
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fluctuations during the initial 20 days followed by a sudden decrease of
two orders of magnitude. The MBI+ epoxy coated sample experiences
a similar trend, whereas the initial Rc value is higher than that of the
blank one. The ZAPP+ epoxy coated sample shows much higher Rc

values, and the MBI+ZAPP+ epoxy coating exhibits the highest Rc

values among the samples studied. In fact, steel samples coated with
ZAPP+ epoxy and MBI+ZAPP+ epoxy show equal Rc values within
the initial 40 days, whereas ZAPP+ epoxy experiences a steep Rc drop
of one order of magnitude after 40 days. Fig. 10(b) demonstrates the Cc

values over 70 days of immersion. The ZAPP+MBI+ epoxy coated
sample presents the lowest and the most stable Cc values among the
coatings studied over the immersion period. In contrast, Cc values of the
other coatings rise with exposure time, where the blank coating shows
the highest Cc values among the samples.

3.2.3. Adhesion properties
Fig. 11 shows the pull-off test results conducted in dry and wet

conditions. Overall, all coatings exhibit similar initial adhesion
strengths where there is ∼0.25MPa difference between the highest and
lowest values. However, the exposed samples show different adhesion
strength values. The adhesion strength of the blank coating is equal to
0.9 MPa under dry conditions and 0.4MPa in wet conditions.
MBI+ epoxy coating shows slightly higher adhesion strengths, i.e.
1 MPa in dry and 0.5MPa in wet condition. The ZAPP+ epoxy coating
shows a dry adhesion strength of 1.2MPa and wet adhesion strength of
0.9 MPa. MBI+ZAPP+ epoxy coating shows a dry adhesion strength
of 1.1MPa which dropped to 1.0MPa after 60 days.

4. Discussion

4.1. Inhibitor-metal interactions

MBI is recognized as a good inhibitor for steel substrates in acidic
media where iron oxides are unstable [28]. However, FTIR showed that
MBI has a weak interaction with the steel substrate in the NaCl solution
presumably due to the presence of oxides. The potentiodynamic and
potentiostatic polarization measurements indicated that the MBI in-
teraction to the steel surfaces is potential-dependent where it becomes a
weak corrosion inhibitor at cathodic potentials and a corrosion

Fig. 9. Polarization resistance (a) and double layer capacitance (b) of different
coatings versus exposure time. Fig. 10. Coating resistance (a) and coating capacitance (b) values of different

coatings versus exposure time.

Fig. 11. Adhesion strength of the coated samples under dry conditions and after
60 days of immersion in 3.5 wt.% NaCl solution (wet condition).
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accelerator at anodic potentials. Therefore, it may be interpreted that
although MBI interacts with the steel surfaces through physisorption, it
can accelerate the anodic dissolution at noble potentials possibly be-
cause of the modification of the anodic dissolution process [42].

ZAPP is expected to establish a protective layer, composed of zinc
hydroxide/phosphate and iron phosphate, through a precipitation
process [43]. The layer decreases both anodic and cathodic current
densities of the steel substrates in 3.5 wt.% NaCl indicating barrier
properties of the formed layer. Phosphates of the ZAPP structure can
strongly interact with the oxide layers through an acid and base in-
teraction [42]. A mixture of the MBI and ZAPP inhibitors exhibited a
substantial corrosion inhibition improvement as compared to solely
MBI and ZAPP-containing solutions indicated by the electrochemical
measurements. The SEM images reveal that the layer formed by
ZAPP+MBI contains less cracks, providing a more protective layer
which effectively hinders corrosion. The FTIR studies show that MBI is
incorporated in the protective layer formed on the steel surface when
the mixed system was used, whereas MBI is hardly detected on the steel
surface when MBI was not mixed with ZAPP. Therefore, it can be in-
terpreted that ZAPP provides the nucleation sites for incorporation of
MBI in the protective layer. ZAPP may initially precipitate functiona-
lizing the steel surface for adsorption of MBI. This process can be ful-
filled through the electrostatic interaction of lone electron pairs of N
and S in the molecular structure of MBI with vacant orbitals of Zn and
Al in ZAPP [44]. Therefore, MBI can play the role of reinforcing agent
so that the ZAPP layer in the presence of MBI contains smaller and
lesser cracks. As schematically shown in Fig. 12, the electrolyte can
easily reach the steel substrate through larger cracks of the ZAPP layer
(Fig. 12(a)) whereas the synergetic effect of ZAPP and MBI leads to the
formation of a robust layer with lower defects, leading to efficiently
inhibiting the steel corrosion and consequently minor corrosion pro-
ducts (Fig. 12(b)).

4.2. Inhibitor-incorporated coatings

According to the results, the sample coated with MBI+ epoxy
shows a slightly improved corrosion resistance, compared to the blank
coated sample. Incorporation of ZAPP in the epoxy coating makes the
steel substrate moderately corrosion resistant, while the mixed ZAPP
and MBI system substantially improves the corrosion resistance. The
enhanced corrosion protection of the mixed system incorporated in the
polymer coating indicates that both inhibitors can efficiently leach out
and also cooperatively establish a protective layer on the steel surface.
The composition of the protective layer formed due to the incorporated
inhibitors in the polymer coating may deviate from that of those formed
in solution as the electrolyte compositions are expected to be different
within/under the coatings and in the solution [13].

The OCP values show that there is an active corrosion underneath
the blank and MBI+ epoxy coatings while the OCP values for the
ZAPP+ epoxy and ZAPP+MBI+ epoxy coated mild steel surface re-
mains at noble potentials. However, the most durable passivity for the
steel is obtained for the ZAPP+ epoxy coating. Rp values represent both
charge transfer and resistivity of the deposited layer indicating the
protection quality of the deposited layer at the metal/coating interface.

Therefore, the leached-out MBI hardly protects the steel substrate
against corrosion, whereas an improved protection is detected for ZAPP
during the initial exposure time only. The gradual Rp decrease of ZAPP
over the exposure time indicates a lack of integrity of the layer formed.
On the other hand, the enhanced corrosion protection detected for the
mixed MBI and ZAPP system remains constant over the entire exposure
time indicating formation of a robust and durable layer at the metal/
coating interface.

An increase of the active area gives rise to an increase of the double
layer capacitance (Cdl) value. Therefore, the Cdl value increase indicates
corrosion propagation at the metal/coating interface. The Helmholtz
model relates the capacitance value to the structural parameters as
follows [45]:

=C ε ε
d

S
0

(2)

where d is the coating thickness, S the electrode surface, ε° the per-
mittivity of air and ε the local dielectric constant. The large Cdl values of
the samples with the blank and MBI coatings indicate that corrosion
takes place on steel surfaces resulting in formation of porous corrosion
products easily soaked with electrolyte possessing a high dielectric
constant. Therefore, it can be inferred that these two coatings do not
establish any protective layer. The samples coated with ZAPP+ epoxy
and MBI+ ZAPP+ epoxy coatings present lower Cdl values indicating
formation of protective layers against water diffusion and corrosion
propagation. However, ZAPP+ epoxy sample loses the integrity with
immersion time.

The initial Rc values show that the samples coated with the blank
and MBI+ epoxy coatings exhibit higher amounts of pores or capillary
channels in comparison with the other two coatings. Thus, the elec-
trolyte can easily reach the surface through these defects [46]. Owing
the fact that the coating delamination results in a decrease of the Rc

values, corrosion propagates beneath the blank and MBI+ epoxy
coatings [38,46]. Although both ZAPP+ epoxy and
MBI+ZAPP+ epoxy coatings retard delamination by releasing the
inhibitors, the latter shows a more durable corrosion protection. The
surface area and local dielectric constant variations promoted respec-
tively by delamination and water uptake is responsible for the coating
capacitance (Cc) changes [3,46,47]. Thus, a protective layer hinders
corrosion which is particularly the case for the MBI+ ZAPP+ epoxy
coated sample. This fact can surely enhance the adhesion properties, as
confirmed by the adhesion tests in which the ZAPP+MBI coating
shows a remarkable remaining wet adhesion strength after 60 days
among the coatings studied.

5. Conclusions

This study evaluates the performance of epoxy-polyamide coatings
doped with zinc aluminum polyphosphate (ZAPP) and 2-mercapto-
benzimidazole (MBI) inhibitors immersed in 3.5 wt.% NaCl solution for
70 days. It was found that the steel substrate coated with MBI+ZAPP
shows a remarkable and durable corrosion resistance during the im-
mersion. This is correlated to the leached-out inhibitors forming a ro-
bust layer at the metal/coating interface. It was shown that MBI-only

Fig. 12. Schematic representation of the formation mechanism of the protective layer formed in the NaCl solution containing (a) ZAPP and (b) ZAPP+MBI.
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lacks the capacity to form a robust and protective layer at the metal/
coating interface, whereas a mixed MBI and ZAPP system cooperatively
establishes a protective layer composed of both inhibitors. Since MBI
has no strong interaction with the steel surface, it turns out that ZAPP
forms nucleation sites for adsorption of MBI which reinforces the ZAPP
layer, promoting a dense layer that contains less defects.
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