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a-Zirconium hydrogenophosphate as a
nano-container of 2-aminobenzimidazole for the
corrosion protection of zinc in NaCl medium
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The development of a new generation of anticorrosion pigments for paints remains an important chal-
lenge to replace the usual sparingly-soluble pigments and thus avoid the dissemination of heavy metals in
the environment and the formation of holes in polymer coatings. For this purpose, a-zirconium hydroge-
nophosphate (Zr(HPO,4),-H,O, denoted as a-ZrP) was intercalated with the corrosion inhibitor 2-amino-
benzimidazole (ABIM). Various microstructural analyses have proven the insertion of ABIM in the interlayer
space by an acid—base exchange reaction and allowed us to propose a structural model for the new
ABIM-ZrP pigment. The anticorrosion properties on zinc of the ABIM-ZrP, characterized by electro-
chemical measurements in 0.1 M NaCl, are due to the release of ABIM molecules by an ion-exchange
reaction and the pH-buffer effect of a-ZrP and the amine group of ABIM. Compared to the commercial
aluminium tri-phosphate (ATP) pigment, an alkyd-polymer coating loaded with the ABIM-ZrP pigment
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shows very interesting electrochemical behaviour by avoiding the blistering of the polymer coating and
the beginning of zinc corrosion. This effect may be due to both the tortuous effect brought by the plate-
let shape of the pigments and the release of ABIM once the water uptake of the polymer becomes
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Introduction

Despite the intensive research in the field of anticorrosion pig-
ments for organic coatings, the replacement of chromate com-
pounds remains tricky on some metals like zinc or zinc-coated
steels.” Actually, the chromate anions have an efficient cor-
rosion-inhibitor activity, good transport properties in the water
film on surfaces and adequate solubility in the paint film in
contact with water.”> Unfortunately, chromate compounds are
carcinogenic (CMR compounds) and highly toxic for the
environment.® Their use is almost forbidden in Europe by the
REACH and wastewater regulations. Some potential and prom-
ising alternatives are proposed in the literature. They can be
classified into two main families: sparingly-soluble pigments
and insoluble pigments with ion-exchange properties.
Phosphate-based pigments such as zinc phosphate are cer-
tainly the most largely used and studied soluble compounds.
Although zinc phosphates are known to be very efficient on
steels, only a few improved formulations are proposed on zinc
in the literature which need to be enriched in aluminium,
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calcium, molybdenum metallic ions® or polyphosphate
anions® in order to adapt the solubility of the pristine zinc
phosphate. These pigments have the advantage of being in-
expensive and easy to produce with an adequate particle size
ranging up to nanometres.® Nevertheless, the dissolution of
soluble pigments in the organic coating involves the formation
of voids or holes, which provide some transport pathways for
corrosive species and limit the protective ability of coatings.”

To overcome this drawback, some insoluble inorganic pig-
ments have been developed with the property of releasing cor-
rosion-inhibitor compounds by an ion-exchange reaction with
anions (OH™, Cl7) or cations (H', Na*) in the water inside the
organic coatings, without a significant volume change in the
pigment particles. These pigments are based on layered in-
soluble solids, functionalized to form host materials with
nanometre cavities or spaces containing corrosion-inhibitor
compounds.

One of the most studied nanometre host materials is the
layered double hydroxide (LDH) family, successfully used to
provide anionic inhibitors via an anion exchange reaction in
the paint film.® Silica layered compounds and clays such as
smectite are also proposed to have good efficiency to release
cationic inhibitors.”'® The driving force of the ionic exchange
in these compounds is only the difference in chemical poten-
tial, mainly due to the difference in the concentration between
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the inside and outside of the material. Besides, this kind of
pigment can be difficult to use in practice in paint films and
are often costly to synthesize.

Recently, insoluble metallic phosphates such as alpha-zirco-
nium hydrogenophosphate denoted as a-ZrP (Zr(HPO,),-H,0)
were considered with success as stable nanometre containers
of cationic corrosion inhibitors in corrosive media or anticor-
rosive pigments in organic coatings.'*™** Crystalline a-ZrP was
first prepared by Clearfield and Stynes'* and studied by several
authors for its cationic exchange capacity and acid properties
in the fields of -catalysis, biochemistry and physics
applications."*®™*° Inside the lamellar cavities of its crystallo-
graphic structure, the hydrogen atoms in the pendant OH
groups are very labile and can be easily exchanged with various
cationic entities such as metal cations or organic compounds
such as organic ammonium.’*>® In proton-exchange
materials, the driving force of the ionic exchange is both the
chemical potential difference and the possible acid-base reac-
tion between the internal proton of ZrP and the external
medium.'>*?

The goal of this paper is to develop o-ZrP nanocontainers
containing a cationic organic inhibitor, which can be added to
an alkyd-polymer coating. This new formulation should
prevent the dissemination of heavy metals such as zinc or mol-
ybdenum into the environment. For that, a new anticorrosion
pigment, o-ZrP, loaded with 2-aminobenzimidazole, was pre-
pared and characterized to determine its chemical compo-
sition and morphology. Then, the corrosion behaviour of zinc
in contact with the new pigments was evaluated by electro-
chemical measurements in NaCl medium, in comparison with
a commercial aluminium tri-phosphate pigment (ATP).
Afterwards, the anticorrosion performance of o-ZrP pigments
loaded in an alkyd-type organic coating was assessed by
electrochemical impedance spectroscopy over a long-time
immersion in an NaCl corrosive electrolyte.

Experimental

Synthesis and characterization of a-ZrP-based pigment
samples

For the synthesis of Zr(HPO,),-H,O (denoted o-ZrP) and its
derivatives, the reagents zirconium oxychloride (ZrOCl,-8H,0),
phosphoric acid (H;PO,4, 85 wt%), and 2-aminobenzimidazole
(C;H;N3;, 97 wt%, CAS no: 934-32-7) abbreviated as ABIM along
with deionized water obtained from the Dionex™ ICW-3000
Online Water Purification System were used. All reagents were
supplied by Aldrich and were used as received without further
purification.

o-ZrP was synthesized by refluxing 100 g L' of
ZrOCl,-8H,0 in H3PO, (6 M) at 100 °C for 24 h, according to
the procedure described elsewhere.”* The dispersion of solid
o-ZrP was purified by centrifugation at 4000 rpm, rinsed with
deionised water several times and dried in an oven at 60 °C.

To synthesize ABIM-loaded a-ZrP, a dispersion of 5 g L™" of
o-ZrP was prepared and was slowly titrated by adding an
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aqueous solution of 2-aminobenzimidazole (0.01 M) at a rate
of 17 uL min™" in a controlled way by means of Metrohm
Titrando apparatus. After 72 h of titration, this dispersion was
centrifuged at 4000 rpm for 30 min to recover the solid, which
was thereafter washed several times with deionised water to
remove excess ABIM. The solid product was dried in an oven at
60 °C for 24 h. The obtained compound was designated as
ABIM-ZrP.

The pigment samples were characterized by X-ray diffrac-
tion (XRD) using a Philips X’PERT instrument equipped with a
copper anticathode (Ag, = 0.154 nm) in the 26 range from 2 to
40° with a scanning rate of 5° min™". Fourier transform infra-
red spectra were recorded in the region 4000-380 cm ™" with a
VERTEX 70, and KBr pressed pellets (1 wt% of sample) were
used under a pressure of 1000 psi. Thermogravimetric analysis
was carried out in the range of 25-1000 °C using a Labsys evo-
Setaram. 13.5 mg of the sample was heated at a rate of 10 °C
min~" under an air flow (20 ml min™") used as a carrier gas.

The observations of zinc electrode surfaces were carried out
using field emission scanning electron microscopy (JEOL
JSM-6400). For cross-section metallographic observations, the
samples were cut using a micro-chain saw, polished to achieve
a mirror-like aspect and metalized with carbon.

Electrochemical measurements

The metallic substrates used were pure zinc plates (99.7 wt%)
supplied by Goodfellow, France. For electrochemical tests on
the zinc surface, the zinc electrodes (2.27 cm?®) were polished
successively using SiC paper of 120, 400 and up to a final
4000 grit. After rinsing with distilled water, the electrodes were
cleaned with alcohol and air dried. Afterwards, they were
immediately immersed in aerated 0.1 M NaCl with or without
0.3 g L' of pigments (ATP or ABIM-ZrP) or 0.3 g L™" of com-
mercial ABIM molecules to perform comparative electro-
chemical measurements for 24 h.

Besides, for evaluating corrosion inhibition performances
of pigment-enriched organic coatings, large zinc electrodes
(11.32 ecm?) were mechanically abraded successively using SiC
paper of 120, 400 and 800 grit. Commercial pure alkyd paint
(provided by GIEM - Morocco), a polyester resin with a long
carbon chain, was used to prepare the organic coatings,
without any additives on the one hand or with a dispersion of
pigments on the other hand (obtained with a mechanical pro-
peller stirrer at 800 rpm for 30 min). Then, the organic coat-
ings were applied with an application bar of 100 um, resulting
in a dry film thickness of about 65 pm. The coated plates were
dried in air for 2 days at room temperature. The electro-
chemical behaviour of coated zinc was assessed in 0.5 M NaCl.

The electrochemical experiments were carried out in a clas-
sical three-electrode cell in an aerated electrolyte, and the hori-
zontal working electrode was faced to a platinum grid used as
a counter electrode, while a KCl-saturated calomel electrode
(SCE) was used as a reference electrode. The measurements
were carried out using a Gamry Ref 600 potentiostat monitored
with Gamry software. Corrosion evaluations were conducted by
first measuring the corrosion potential and thereafter record-
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ing the electrochemical impedance spectrum from 100 kHz to
10 mHz with a 10 mV amplitude, after 24 hours of immersion
for uncoated zinc and at different immersion times for coated
substrates. The EIS data were simulated using equivalent elec-
trical circuits with ZSimpWin 3.22 software.?

Results and discussion
Characterization of synthesized materials

As displayed in the titration curve (Fig. 1), the functionali-
zation of a-ZrP particles with ABIM molecules occurs in three
steps relative to pH. Initially, the dispersion of o-ZrP in water
induces an acidic pH around 2.5 relative to the H' protons of
the -PO4-H groups present on the external surface of the a-ZrP
particles. Between 0 and 0.2 moles of ABIM per mole of a-ZrP,
the ABIM molecules are necessary to neutralize these H'
protons of the particle surface until pH = 5.2. After this rapid
step 1, no change is detected in the XRXD pattern.

In the second step, a gradual increase in pH values from
5.2 to 7 is explained by the intercalation of the ABIM mole-
cules until the total addition of 1.2 moles of ABIM per mole of
o-ZrP, according to the following acid-base reaction:

ZI'(PO4-H)2 + C;H5N,-NH, — Zr(PO4)(NHg-C7H5N2)(PO4-H).

One of the labile H' of a-ZrP reacts with the amine group of
one ABIM molecule, and the protonated ABIM is then interca-
lated in the lamellar space of the a-ZrP structure. The third
step occurs by adding 1.2 to 2.2 moles of ABIM per mole of
o-ZrP and is characterized by a slow increase in pH values
from 7 to 7.4. During this last step, the intercalation of the
second fraction of ABIM of a-ZrP occurs through the same type
of acid-base reaction:

Zr(PO4)(NH3-C7H5N2) (PO4'H) + C7H5N2'NH2
— Z1r(POy4),(NH;-C;HsN),.

The final pH value (7.4) is reached after 3 days of titration
for a ABIM/o-ZrP molar ratio of approximately 2.2. Considering

IStep 3

Step 1

00 04 08 12 16 20 24

Ng/Nzp (Molar ratio)

Fig. 1 Acid—base titration curve of a-ZrP compounds in suspension
with ABIM solution (0.01 M) and SEM observation of ABIM-ZrP platelets.
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the neutralization of the external H' by 0.2 mol of ABIM, it is
confirmed that the CEC value of a-ZrP is 2, which is in accord-
ance with the study reported by U. Costantino et al. on the
intercalation of other heterocyclic amines.*®

The chemical structure of a-ZrP pigments was characterized
by FTIR spectroscopy as illustrated in Fig. 2. The spectrum of
pristine ZrP is consistent with that reported for the
a-phase.”*The intense absorption band at around 950 to
1100 cm 'corresponds to the vibrations of the PO, tetra-
hedron. The corresponding HOH bending vibration occurs at
around 1600 cm™'. The complex and large band structure
between 3600 and 2800 cm™ " is attributed to the symmetric
and asymmetric ~OH stretching. In particular, the double peak
at 3500 and 3600 cm™' is mainly assigned to the PO-H
vibrations.?”*®

After the intercalation with the ABIM molecules, these two
vibration bands disappear, which reveals the reaction of the
O3P-OH groups with ABIM in the interlamellar space of o-ZrP.
Simultaneously, the three bands corresponding to the NH,
vibrations (at 1450, 1550 and 1650 cm™') in the ABIM spec-
trum are replaced by two bands at 1500 and 1700 cm™" in the
ABIM-ZrP spectrum because of the modification of the conju-
gated m-system of the molecule.”® This change is typically
induced by amine protonation into NH;' in the interlayer
space. The presence of the ABIM molecule in the o-ZrP struc-
ture is also highlighted by the band at 750 cm™" relative to the
heterocycle vibration.*®

The comparison of the thermogravimetric measurements of
pure ABIM molecules and o-ZrP confirms the stoichiometry of
intercalated compounds in Fig. 3. For the pristine o-ZrP, the
mass loss at 200 °C corresponds to the loss of one molecule of

!
m/

ABIM

: i
\M/“‘“f \W/

3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™’

Fig. 2 FTIR spectra of «-ZrP, ABIM-ZrP compounds and the ABIM
molecule.
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Fig. 3 Thermogravimetric measurements of ZrP, ABIM-ZrP compounds
and the ABIM molecule.

water in the interlayer space of the compound, before the final
decomposition into zirconium pyrophosphate after 600 °C, as
already noted in previous studies.">'® The thermal decompo-
sition of ABIM occurs in two main steps between 200 °C and
600 °C. Considering that the final product of the ABIM-ZrP
pigments is also ZrP,05, which crystallizes in a cubic phase at
950-1000 °C, the mass loss of 8 wt% below 200 °C is clearly
assigned to the loss of 2.6 mol of H,O per mol of Zr, and the
mass loss of 47 wt% between 200 and 600 °C corresponds to
the decomposition of 2 mol of ABIM per mol of Zr, which is
consistent with the acid-base titration results. Consequently,
the chemical formula of new ABIM-ZrP pigments can be
written as follows: Zr(PO,),(NH;-C;H;N,),, 2.6 H,O.

The crystallographic structure of the a-ZrP compound can
be analysed with the typical powder XRD patterns displayed in
Fig. 4. Pristine o-ZrP has a basal distance of 0.76 nm, and
other characteristic XRD peaks at a distance for 0.44 and
0.26 nm."*"® Regarding ABIM-ZrP, the basal distance is moved
up to 2.02 nm (corresponding to the most intense XRD peak).

Considering that the layer thickness of a-ZrP is 0.63 nm,*’
the interlayer distance in the ABIM-ZrP compound is therefore
evaluated to be about 1.39 nm. According to the calculations
of Chesketch software, the length and the width of the ABIM
molecule are, respectively, 0.73 nm and 0.50 nm.**> By assum-
ing that the distance between two ABIM molecules is about
0.30 nm, a bilayer arrangement of ABIM molecules in the
interlayer space is possible with a tilt angle of about 50°, as
described by the scheme shown in Fig. 5. This value of tilt
angle is comparable to the one reported by B. Ha et al. for the
intercalation of hexadecylamine molecules into the interlayer
space of a-ZrP.**

Electrochemical behaviour of zinc with a-ZrP-based pigments

Firstly, the effect of the different pigments on the electro-
chemical behaviour of zinc was examined by the measure-
ments of the polarization curves and electrochemical
impedance spectra in 0.1 M NaCl enriched with pigments at
03gL™

7860 | Dalton Trans., 2024, 53, 7857-7865

View Article Online

Dalton Transactions

ABIM-ZrP

W

0,76 nm

1
5 10 15 20 25 30 35 40
20/°

Fig. 4 Powder XRD patterns of a-ZrP and ABIM-ZrP.
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Fig. 5 (a) Representation of the ABIM molecule and (b) crystallographic
model of ABIM in the interlayer region of a-ZrP.

After 24 h of immersion, the polarization curves of zinc in
0.1 M NacCl containing ATP, ABIM or ABIM-ZrP are presented
in Fig. 6. These curves clearly show a decrease of the corrosion
current density of zinc in the presence of ABIM (4.6 x 10~ A
em™?), ATP (3.9 x 107° A em™?), and ABIM-ZrP (1.8 x 107% A
ecm~?) compared to the curve measured without pigments (5.4
x 107° A em™?). In NaCl solution, the commercial ATP pigment
shows a slight inhibition effect on the anodic reaction. In con-

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Polarization curves of the zinc electrode after 24 hours of
immersion in 0.1 M NaCl without or with pigments at 0.3 g L™%.

trast, the presence of ABIM in NaCl solution leads to a signifi-
cant decrease in cathodic current corresponding to oxygen
reduction as well as the formation of a narrow anodic plateau,
finally resulting in a shift of +100 mV of the corrosion poten-
tial. The same kind of corrosion inhibition effect is observed
with ABIM-ZrP, to a lesser extent. Actually, the ABIM content
in the ABIM-ZrP pigment is lower than in pure ABIM.

The measurement of EIS spectra after 24 hours of immer-
sion, presented in Fig. 7, confirms and specifies the electro-
chemical behaviour of zinc in the presence of pigments in
NaCl solution. Overall, the shape of the impedance spectra
without or with pigments exhibits a single relaxation phenom-
enon corresponding to a capacitive loop. They can be well
described using an equivalent electrical circuit composed of
one (Rcr, CPE) time constant depicted in Fig. 7b. The electrical
parameters deduced from the fit of EIS spectra are gathered in
Table 1. The resistance R, is the electrolyte resistance and the
resistance Rcr is the charge transfer resistance at the metal/
electrolyte interface. The capacitive component is described by
a constant phase element (CPE), defined by the impedance:
Zepe = [Q(j@)"T".

Actually, after 24 hours of immersion, the surface of zinc
electrodes is heterogeneous, which induces a two-dimensional
distribution of current and potential at the surface due to the
presence of corrosion products or a passive layer. Therefore,
the n factor is lower than 1 (between 0.7 and 0.9 in Table 1)
which corresponds to a non-ideal capacitance. In this case, a
more representative capacitance value, named effective capaci-
tance Ces, can be calculated according to the following

1
31 1 1\
model:>* Cegr = {Q(}ZqLR—CT) } .

Without pigments, the charge transfer resistance of zinc
remains relatively low, at around 1000 Q cm?, after 24 hours of
immersion. Simultaneously, the capacitance is quite high,
which indicates a very porous electrode, composed of many
platelets of simonkolleite (Zns(OH)gCl,-H,0), as already

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Bode representation of impedance data of zinc in 0.1 M NaCl
after 24 hours of immersion without and with 0.3 g L™ of pigments: (a)
Bode phase and (b) Bode modulus, with the corresponding electrical
equivalent circuit used for fitting.

Table 1 Values of the equivalent electrical circuit elements calculated
from the fitting results of EIS data depicted in Fig. 7

RJ/Q  Q/Ss” Rer/Q  CeglF

cm? cm™2 n cm? cm™2
Without pigment 110 83x107"  0.77 1100 4x107"
ATP 99 8.8x10™°  0.66 3500 7.4x107°
ABIM 90 3.2x107°  0.80 4500 4.0x1077
ABIM-ZrP 155 2.5x107°  0.80 4260 3.2x107°

observed in a previous study.'” Simultaneously the high cor-
rosion rate of zinc under these conditions is confirmed by the
pH increase in the NaCl solution during the immersion
(Table 2). Indeed, during the corrosion process, a significant
oxygen reduction rate on zinc leads to a pH increase according
to the following reaction:*’

1/20, + H,0 + 2e~ — 20H".

So, although the corrosion products on zinc in NaCl solu-
tion can be thick, this corrosion layer is not protective because
of its significant porosity.

Dalton Trans., 2024, 53, 7857-7865 | 7861
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Table 2 pH evolution of 0.1 M NaCl solution (0.1 M) without and with
pigment in contact with zinc

Immersion time/h 0 3 6 9 15 24
Without pigment 6.4 6.7 7.0 7.2 7.3 7.5
ATP 6.2 6.0 6.0 6.0 6.1 6.1
ABIM 6.1 6.2 6.2 6.2 6.4 6.3
ABIM-ZrP 5.8 5.7 5.8 5.9 5.9 6.0

With ATP, the Rqr value increases until 3500 Q em? and the
capacitance decreases, which means that the dissolution of
ATP induces the formation of a denser and more protective
surface layer. In the case of pure ABIM and ABIM-ZrP pig-
ments, the Rqr values are about 4000 to 4500 Q cm? and the
capacitance values reach 1 uF cm™2. Parallelly, with all pig-
ments, the pH of the NaCl electrolyte remains approximately
constant during the 24 hours of immersion (Table 2).
Consequently, the kinetics of oxygen reduction on zinc is sig-
nificantly reduced in the presence of ABIM and ABIM-ZrP, as
observed by the measurement of polarization curves.

With ABIM-based pigments, XRD analysis of the corrosion
layer at the zinc surface shows that simonkolleite remains the
main corrosion product. Nevertheless, SEM observations
locally reveal the presence of sphere-like particles composed of
carbon and zinc, according to EDS analysis (Fig. 9a), or a
change of crystallization morphology of simonkolleite on other
areas (Fig. 9b).

In fact, the XRD analysis of ABIM-ZrP before and after
immersion in 0.1 M NacCl in contact with zinc also reveals a
shift of the characteristic diffraction peak of ABIM-ZrP (d =
2.02 nm) to attain a value of about d = 0.98 nm that corres-
ponds to the basal distance of Na,Zr(PO,),:3H,O (Fig. 8). This

098nm ° NaZr(PO,),, 3H,0
° + ABIM-ZrP

(b)

10 12 14 16 18 20
20/°

Fig. 8 Powder XRD of ABIM-ZrP pigments: (a) before and (b) after
immersion in 0.1 M NaCl with 0.3 g L™* of pigments in contact with zinc
during 24 h.
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b)

Fig. 9 Observation (SEM) of the zinc surface after 24 hours of immer-
sion in 0.1 M NaCl with 0.3 g L™* of ABIM (a) and ABIM-ZrP (b).

result indicates that ABIM ammonium was released by
exchange with Na', according to the following reaction:

Zr(PO,),(NH;-C;H;5N,), + 2Na*
— Zr(PO4)2Na2 + 2C7H5N2'NH3+.

The acid-base equilibrium between the ammonium form
of ABIM and its deprotonated form acts as a pH regulator on
the surface (pK, = 7 (ref. 36)), according to the following acid-
base reaction:

C,H;N,-NH; " + H,0 2 C,H;N,-NH, + H;0™.

Consequently, the formation of a solid Zn**/ABIM complex
is made possible in a chloride medium according to the stoi-
chiometry proposed by H. Lopez-Sandoval et al.:*”

Zn%" + 2C;H;N,-NH, + 2C1~ — Zn(C;H;5N,-NH,),Cl,.

Besides, the pH buffering near the zinc surface is also pro-
vided by the presence of Zr(PO,),Na, platelets, according to
the equilibrium:

Zr(PO,),Na, + H;0" 2 Zr(HPO,)(PO,)Na + Nat + H,0.

Finally, the formation of Zn®>*/ABIM compounds modifies
the crystallization of the corrosion products, reinforces and
makes denser the passivation layer, as demonstrated by the
EIS analysis. This protective layer on zinc induces a significant
decrease of oxygen reduction kinetics on the zinc metal and
zinc oxidation kinetics, as measured in the polarization
curves.

This journal is © The Royal Society of Chemistry 2024
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Electrochemical behaviour of zinc coated with a paint
containing a-ZrP-based inhibitors

The behaviour of zinc coated with ZrP-based pigments is
further investigated in an alkyd-polymer coating during
immersion in 0.5 M NacCl solution.

Before this corrosion test, the SEM observation of a speci-
men cross section of zinc metal (Fig. 10) shows that the pig-

e

-

Fig. 10 Metallographic cross-section observation (SEM) of alkyd resin
coating loaded with the ABIM-ZrP pigment (5 wt%).
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Fig. 11 Bode representation of impedance data of zinc coated with or
without pigment-loaded alkyd resin in 0.5 M NaCl after 32 days of
immersion: (a) Bode phase and (b) Bode modulus.
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ments are well-dispersed in the polymer film. The corrosion re-
sistance of the coated zinc is evaluated by electrochemical
impedance spectroscopy (EIS) for 32 days, and the results are
displayed in Fig. 11 and 12a.

Without the pigment and with the ATP pigment, the impe-
dance modulus at low frequency (10 mHz), corresponding to
the global resistance of the interface, decreases rapidly with
immersion time after 7 days, from 10" to 10> Q ¢cm?, which
means that the electrolyte penetrates rapidly in the polymer
film (Fig. 11 and 12). After 32 days of immersion, the impe-
dance modulus values reach 10* Q cm? across all the frequency
ranges, which indicates blistering of the coating and the
initiation of corrosion processes (Fig. 12).

With ABIM-ZrP, the impedance modulus at low frequency
of the coated zinc remains very high, around 10" Q cm?
during 15 days of immersion and decreases gradually until 10”
Q cm?. It is noteworthy that the impedance modulus remains
approximately 500 times higher over all the frequency ranges
than the one measured with ATP or without the pigment after

108 +— - . :
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N T~ —o—ATP ]
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£ 3\ '\ \
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2 ) \\
o]\ : 1
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Fig. 12 (a) Impedance modulus at 10 mHz versus immersion time and
(b) surface aspect after 32 days of immersion, in 0.5 M NaCl solution of
zinc without or with pigment-loaded alkyd resin coating.
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32 days of immersion. This high impedance value corresponds
to a polymer coating without blistering and the initiation of
corrosion processes, as confirmed in Fig. 12b.

This behaviour of the polymer coating loaded with
ABIM-ZrP can be explained by the morphology of the ZrP-
based pigments. In fact, the ZrP particles have a platelet shape
and create a very efficient tortuous pathway for the electrolyte
and gas in the polymer film, during the first 15 days of immer-
sion.® After that, the electrolyte eventually penetrates and
diffuses in the polymer film and the ABIM corrosion inhibitor
is progressively released from the ZrP particles by an ionic
exchange reaction with Na' ions. Simultaneously, ZrP and the
amine function of ABIM regulate the local pH inside the
polymer film to avoid the development of blistering and volu-
minous corrosion products.

Conclusions

Throughout this study, lamellar a-zirconium hydrogenopho-
sphate (a-ZrP) compounds constitute very interesting alterna-
tives to replace heavy metal-based anticorrosion pigments.
o-ZrP loaded with 2-aminobenzimidazole (ABIM) corrosion
inhibitors was easily synthesized by an acid-base exchange
reaction. The intercalation is evidenced by the increase of the
basal distance from 0.76 to 2.02 nm, indicating the insertion
of 2 ABIM molecules in the interlamellar space with a tilt
angle of about 50°.

In the NaCl corrosive environment, ABIM molecules are
easily released by an exchange reaction with Na' ions to form
Zn**/ABIM compounds, which modify and reinforce the cor-
rosion product layer on zinc. Simultaneously, the a-ZrP com-
pound and ABIM act as pH-buffers to regulate the pH on the
zinc surface.

When the ABIM-ZrP particles are incorporated into an
alkyd-polymer coating, their platelet shape constitutes a brick-
wall structure in the polymer and forms the first efficient
barrier to gases and water. When the electrolyte finally pene-
trates the polymer film, the release of the ABIM corrosion
inhibitor ensures an efficient corrosion protection, even after
30 days of immersion in the corrosive electrolyte.
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