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Abstract

The main goal of this work was to investigate the corrosion inhibiting and physical
properties of organic coatings containing pigments whose surface has been modified
with a layer of a conductive polymer in comparison with the untreated pigments.

Four perovskite based pigments, viz. CaTiOz, SrTiOs;, CaMnO3z and SrMnQO3z, were
prepared by high-temperature calcination, and their surface was modified with a layer
of the conductive polymer poly(p-phenylenediamine). This modification was achieved
by oxidative polymerisation. The physico-chemical properties of the pigments were
examined by XRD, XRF and SEM.

The composite pigments were used in coatings (paints) based on a solvent-type epoxy-
ester resin. The pigment volume concentration (PVC) in the paints was 1%, 5%, 10%
and 15%. The paint films were subjected to physico-mechanical tests and accelerated
corrosion tests. The test results were correlated with the pigment type and concentration
and with the surface modification with poly(p-phenylenediamine) as a conductive
polymer. The anticorrosion and mechanical properties of the paints were compared to
those of a reference paint containing zinc phosphite hydrate, a proven and established
anticorrosion pigment.

Abstrakt

Hlavnim cilem této prace bylo posouzeni koroznich a fyzikéalnich vlastnosti organickych
natérovych filmi obsahujicich pigmenty, které byly povrchové upravené vodivym
polymerem, ale i pigmenty bez povrchové tpravy.

Vysokoteplotni kalcinaci byly pfipraveny ¢tyfi pigmenty na bazi perovskitu (tj. CaTiO3,
SrTiOz, CaMnOs a SrMnOs3) a jejich povrch byl modifikovan vodivym polymerem
polyparafenylendiaminem pomoci chemické reakce oxidativni polymerace. Fyzikalng-
chemické vlastnosti byly zkoumany pomoci metod XRD, XRF a SEM.

Z takto pfipravenych kompozitnich pigmentli byl vytvofen natérovy systém, u n¢hoz
byla jako pojivo pouzita expoxyesterova pryskyfice rozpoustédlového typu. Objemova
koncentrace pigmentu (OKP) v natérovém systému byla zvolena na 1%, 5%, 10% a
15%. Natérové filmy byly podrobeny fyzikalné-mechanickym a zrychlenym koroznim
zkouskam. Vysledky testi se liSily na zdkladé zvoleného pigmentu, objemové
koncentrace pigmentu i toho, zda byly ¢i nebyly povrchové upraveny vodivym
polymerem polyparafenylendiaminem.

Antikorozni 1 mechanické vlastnosti natérovych filml obsahujici perovskity byly
porovnavany s referenénim natérovym filmem obsahujicim zinkfosfat, ktery se bézné
vyuziva jako primyslovy pigment.



Keywords

e Anticorrosive pigment

e Conductive polymer

e Organic coatings

e Anticorrosion protection

e Accelerated corrosion tests

Klicova slova

e Antikorozni pigment

e Vodivy polymer

e Organické povlaky

e Antikorozni ochrana

e Zrychlené korozni zkousky



Table of Contents

R 1010 L1 T 1o o I RS 6
2  The aim of the theSiS..........eiei i 8
3 EXPEriMENtAl ......ccooeeiii e 9
3.1  Laboratory preparation of pigments for conductive polymer testing.......... 9
3.2 Laboratory synthesis of the pIgments...........cccceviieeiiiien e 9
3.3 Preparation of pigments with conductive polymer surface layers.............. 9
3.4  Laboratory preparation of pigments modified with a surface layer of
polyparaphenylenediamine phosphate (PPDA) .......ccccvviiieiiiiie i, 9
3.5  Structure and morphology of the composite pigment particles................ 10
3.6  Characterisation of the composite pigments untreated and treated conductive
0101 1Y 1] SRR SPRRRI 10
3.7 Determination of the pH levels of aqueous extracts pigments and loose paint
FHIMIS e 10
3.8  Electric conductivity of aqueous extracts pigments and loose paint films 10
3.9  Determination of corrosion-induced steel weight 10SS............ccccocveeninnnne 10
3.10 Determination concentrations of substances soluble in cold water and in hot
LAV L= SR PTT 11
3.11 Corrosion-inhibiting efficiency of the pigments.........c.ccccoveiiiiiiiiinnene 11
3.12 Organic coating formulations containing the pigments and preparation of test
samples of the paint filMS ..o 11
3.13  Laboratory COrrOSION tESt........ccuieiiieiiieeiiiee sttt 11
3.14 Corrosion test outcome evaluation ...........cccocvveeviiieeiiiee e 12
3.15  Linear polariSatioN .........ccoiuvieiiiiieiiiiee e 12
3.16  Comparison eXPEriMENTS .......cccveeeiiireeeiieeesireeesire e s ste e e saee e e sbeeesreeee e 12
4 ReSUIS and DISCUSSION .....ccuvviiiieiiieiiie ettt 13
4.1  Pigment specification and structural analysis results.............cccccoeveernen. 13
4.2 Physico-chemical properties of the pigments..........cccccovvveeviiiecviiee e, 13
4.3  pH of aqueous extracts of the pigments and of free paint films ............... 14
4.4  Specific conductivities of the aqueous extracts of the pigments and of free paint
FIIMIS o 14
4.5  Water-soluble substance content in Water ...........cccccoceeviieiiieniiinsiiee e, 15
4.6  Corrosion loss of steel panels coated with the paints.............ccccccevveeenen. 16
4.7  Corrosion following coated steel panel exposure in a chamber with condensed
water vapour atMOSPNEIE .......c.vveeiiiee e e 16
4.8  Corrosion following coated steel panel exposure in a salt fog chamber... 18
4.9  Anticorrosion effect of perovskites and PPDA in a paint layer................ 21
4.10 Potentiodynamic pPolariSation.............eeeeiiiviieeeiiiiiie e 21
oS O 0] o Tod 11151 o g LSS 23
B RETEIENCES ....eeiie e 24
7 Publications by the aUthOr............ooooiiiiii e 26
7.1  Paper in peer reviewed journal index in Web of Science database (Jimp) . 26
7.2 Paper in peer reviewed journal index in SCOPUS (Jsc) ..vveeerrvrerrrreeeriuneennnn 26
7.3 Chapter in the DOOK...........ovvieiiii e 26
7.4 Another PUDIICAtIONS..........coviiiiiiiee e 26



1 Introduction

Nearly all man-made materials undergo environmental degradation during a period of
time. Although this applies not only to metals but also to polymers, ceramics, fabrics
and building materials, metal corrosion remains the most important corrosion type
because measures to make up for losses due to this degradation require costs over a
billion dollars annually worldwide. This is why considerable efforts are made to
understand and develop various strategies to protect materials against corrosion [1, 2].
A number of organic coating types containing inorganic pigments as corrosion inhibitors
are currently used to reliably protect metallic materials. Very efficient in this respect are
chromium compounds. Roughly three decades ago, new materials with immense
potential applications were discovered: they are conductive polymers, whose electric
conductivity is so high that it approaches that of some metals. A wide range of
conductive polymers, such as polyaniline (PANI), polypyrrole (PPY) and poly(p-
phenylenediamine) (PPDA), have polyacetylene, polyaniline and polypyrrole are among
the conductive polymers that are investigated most. Their electric conductivity
distinguishes them from other polymers, which is due to the presence of conjugated
double bond systems in them [6, 7].

The use of compounds possessing the perovskite structure, possessing the general
formula ABXa, appears to be one of the promising approaches to the synthesis of
anticorrosion pigments. Their very favourable properties as coating material ingredients
include, in particular, physical and chemical stability, insolubility and thermal stability
[8].

Poly(p-phenylenediamine) (PPDA) can be readily prepared by chemical or
electrochemical oxidation of phenylenediamine. Its electric conductivity is several
orders of magnitude lower than that of polyaniline, and so it is classed among non-
conductors. Although conductivity is important, it is not the sole parameter for
application of conductive polymers [9].

Three phenylenediamine isomers (Figure 1) that are used as bases in the protonated form
exist (Figure 2). The basic species is present in alkaline solutions, whereas the
protonated species predominates in alkaline solutions. Both species are pH dependent.
This fact is important for practical applications because the oxidation process of the
protonated species is different from that of the basic species [10].

Phenylenediamines possess 2 primary amino groups available for oxidative connection
of the monomers. If the oxidation agent concentration is adequately high, both amino
groups can be included in a ladder structure (Figure 3). The ladder structure can be
visualised by means of two intertwined polyaniline chains [11-13].
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Figure 1: Phenylenediamine bases: (a) ortho, (b) meta, and (c) para isomer [14].
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Figure 2: Phenylenediamine bases form salts with acids (HA) as illustrated on poly(p-
phenylenediamine) [14].
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Figure 3: ldealized structure of poly(p-phenylenediamine) produced by the oxidation of
(@) one or (b) both amine groups in p-phenylenediamine [14].



2 The aim of the thesis

The aim of this work was to assess the effect of pigment surface modification with
conductive polymer on the corrosion-inhibiting capacity of the coating materials.
Pigment surface modification with a thin layer of a conductive polymer was achieved
by a process called oxidation polymerisation. The pigment volume concentration was
PVC = 1%, 5%, 10% and 15%. The untreated pigments and the modified pigments were
added to an epoxyester resin. The paint films applied to steel substrates were subjected
to resistance testing by physicomechanical and corrosion tests.

The overall anti-corrosion efficiency of the paints was tested by exposure to corrosion
in standardised simulated laboratory conditions and by the chemical resistance test.-In
many cases, this treatment enhanced the anti-corrosion efficiency of the paint films
significantly.

Assessment of the paint film’s resistance to mechanical damage revealed good
physicomechanical resistance of paint films with pigments modified with the conductive
polymer; paints containing PPDA alone exhibited very good properties as well. This
provides evidence that the paints can be applied to surfaces that are subject to
mechanical stress.

In the future we could try to use another conductive polymers. It will be better applicated
coating in wider range of pigment volume concentration (PVC).



3 Experimental

3.1 Laboratory preparation of pigments for conductive polymer testing
The effect of pigment surface treatment with polyparaphenylenediamine phosphate
(PPDA) on the anti-corrosion properties of organic coatings, was tested on pigment
particles that differ in their structure, chemical composition. Pigments that are well
suited for treatment with conductive PPDA were selected based on previous work. Four
pigments based on mixed oxides possessing the perovskite structure: CaTiOs, SrTiOs3,
CaMnOz; and SrMnOs, were synthesised in the laboratory for testing and for
investigating their anti-corrosion properties in coating materials (paints) [15].

The anticorrosion pigment based on the zinc phosphate hydrate Znz(PO4)2.xH.O (PVC
= 15 %) was also tested as a reference material allowing us to compare the results
obtained with the pigments synthesized by us with those obtained with a commercially
available product.

3.2 Laboratory synthesis of the pigments

Perovskites can be described generally by the formula ABO3z where atom A is in the
oxidation state 2+ and atom B is in the oxidation state 4+ [15].

Perovskites with a generally isometric particle shape [16, 17] were synthesized to serve
as the pigment cores for coating with a conductive polymers and to be added to a binder
to form anticorrosion paints. Pigments possessing the simple perovskite structure:
CaTiOs, SrTiOs, CaMnOs and SrMnQs, were synthesized by solid-phase reaction, viz.
by high-temperature calcination of the homogenized mixtures of the starting materials
by following the general principles of preparation of high-temperature inorganic
pigments [18, 19]. The process of preparing the pigments consists of 4 operational steps:
homogenization, calcination, washing with water and milling by wet process.

3.3 Preparation of pigments with conductive polymer surface layers

The surface of the pigments was modified by treatment with polyparaphenlenediamine
phosphate. The anti-corrosion efficiency was evaluated both for the untreated pigments
and for the pigments with surfaces modified with PPDA. The following pigments
prepared in the laboratory were coated with a layer of PPDA.

3.4 Laboratory preparation of pigments modified with a surface layer of
polyparaphenylenediamine phosphate (PPDA)

The pigment (20 g) was suspended in 500 mL of 10,81 g p-phenylenediamine solution
in 0,4 M ortho-phosphoric acid and 500 mL of 0,5 M ammonium peroxydisulfate [20],
also in 0,4 M ortho-phosphoric acid, was added to initiate the p-phenylenediamine
polymerisation process at room temperature. The suspension was stirred for one hour
during which the p-phenylenediamine polymerised on the surface of the pigment
particles. The following day, the solids were filtered out and rinsed with 0,2 M
phosphoric acid followed by acetone [15]. The pigment particles coated with the PPDA
overlayer were dried in air and then at 60 °C in a laboratory dryer. The composite
particles contained about 10 wt.% PPDA.



3.5 Structure and morphology of the composite pigment particles

The pigment particle morphology is illustrated by scanning electron micrographs (SEM)
[15] for the perovskites and for the surface modified perovskites. The micrographs were
taken in the secondary electron imaging (SEI) mode. The composite pigments had a
tendency to form clusters.

3.6 Characterisation of the composite pigments untreated and treated
conductive polymer

A total of 4 perovskite type pigments untreated and treated PPDA were prepared and
subjected to X-ray fluorescence (XRF) analysis on a Philips PW 1404 X-ray
spectrometer equipped with a Rh cathode, in conjunction with UniQuant software
enabling 74 elements (from fluorine to uranium) semiquantitatively determined (10 %
relative error). X-ray diffraction spectra (XRD) of the synthetised perovskites were
measured on an X Pert PRO MPD 1880 X-ray diffractometer [21].

3.7 Determination of the pH levels of agueous extracts pigments and loose
paint films

Were measured pH pigments (pH,) and pH loose paint films (pHs). For loose paint films
were chosen pigment volume concentration PVC = 1% and 15%. Suspensions (10 wt.%)
of the pigments in redistilled water were prepared and their pH was measured
periodically until constant levels were observed, which was in 28 days. After that period
of time the suspensions were filtered off and the final pH of the filtrate [15] was
recorded. A WTW pH 320 Set-2 multiprocessor pH-meter with a glass measuring
electrode (WTW Wissenschaftliche Werkstétten, Germany) was used.

3.8 Electric conductivity of aqueous extracts pigments and loose paint films
Electric conductivity of aqueous extracts pigments (yp) and loose paint films () was
measured in accordance with ISO 787-14. The specific electric conductivity of the
aqueous suspensions were measured conductometrically with a Handylab LF1
conductometer (Schott—Gerdte GmbH, Germany) in combination with a measuring Pt
cell. The measurements were performed in 10% pigment suspensions in redistilled water
[15, 22]. The samples were measured for 28 days until the conductivity levels remained
nearly constant. Subsequently, the suspension was filtered off and the final conductivity
of the filtrate was measured.

3.9 Determination of corrosion-induced steel weight loss

This test measured weight losses in steel panels submerged in liquid systems causing
metal corrosion (CSN EN ISO 12944-2). The liquids were aqueous filtrates (referred to
as extracts) of 10% suspensions of the powdered pigments and aqueous extracts of 10%
suspensions of the cut pieces of the coating films containing the pigments tested. The
suspensions were filtered only after their pH and specific electric conductivity had
attained constant levels [22]. The steel panels to be submerged in the extracts were
weighed with a precision of = 0,001 g and their dimensions (20 mm x 50 mm x 0,5 mm)
were measured with a precision of = 0,01 mm. The steel panel exposure time was 28
days.
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3.10 Determination concentrations of substances soluble in cold water and in
hot water

The fraction of substances extractable into distilled water at 20 °C (W) and at 100°C

(W100) Was determined gravimetrically. by the procedure described in CSN EN ISO 787-

3, i.e., by gravimetric determination (in %) of substances dissolving in distilled water at

laboratory temperature and at the boil [15, 22].

3.11 Corrosion-inhibiting efficiency of the pigments

The corrosion inhibiting properties of the pigments with a surface layer of conductive
polymer (pigment/PPDA) in comparison with those of the untreated pigments were
examined following the application of the coating materials on the organic binder.
Furthermore, the paint films with the pigment/PPDA systems were compared with the
results obtained using an industrial pigment based on modified aluminium zinc
phosphate [21]. A total of 4 pigment/PPDA modified systems and 4 untreated pigments
were tested. In addition, PPDA powders and the non-pigmented coating materials were
tested in reference experiments.

3.12 Organic coating formulations containing the pigments and preparation
of test samples of the paint films
All coating materials were model formulations, i.e., they contained no additional fillers
or additives that might affect appreciably the formulations’ efficiency. The pigment
volume concentration (PVC) was invariably 1%, 5%, 10% a 15%. The critical pigment
volume concentration (CPVC) (an important parameter in the formulation of coating
materials) was calculated from the density, determined with a Micromeritics
Autopycnometer 1320 instrument (Micromeritics Instrument Corp., USA) and from
linseed absorption by the pigment (oil consumption) [15].
The PVC/CPVC (critical pigment volume concentration) ratio was adjusted in all the
model paints to 0,30 by means of the anticorrosion-neutral filler calcite, CaCOs. The
total pigment plus filler concentration in the paint film was 30 vol%, whereby a constant
total concentration of the powder fractions in the dry paint film was assured, while
varying only the proportion of the composite pigment. The paints were prepared by
dispersing the powders in the liquid binder in a pearl mill Dispermat CV (WMA
GETZMANN GmbH Verfahrenstechnik, Germany). Cobalt-octoate in a fraction of 0,3
wt. % was used as the siccative.
Epoxy-ester resin-based paints were formulated for investigation of anticorrosion
properties. Description of binder: a 60 % solution of a medium molecular weight epoxy
resin esterified with a mixture of fatty acids of dehydrated ricin oil and soybean oil
WorléeDur D 46 [21], acid number 4, viscosity 2,5-5,0 Pa/s, flow time (DIN 53211-
4200) 250 s, in xylene.

3.13 Laboratory corrosion test

The cyclic corrosion test in an atmosphere with condensing water was performed in line
with CSN 03 8131. The samples were exposed to condensed water at 40 C for 12 hours
and dried at 23 °C for 12 hours. The outcome was evaluated following 6480 hours’
exposure.

The cyclic corrosion test in a NaCl solution spray environment [15] was derived from
CSN EN 1SO 9227. The paint films were exposed to the mist of a 5% NaCl solution at
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35 °C for 10 hours (1st cycle stage), followed by 1 hour of water condensation at 40 °C
(2nd cycle stage) and 1 hour of drying at 23 °C (3rd cycle stage). The outcome was
evaluated following 1440 hours’ exposure.

3.14 Corrosion test outcome evaluation

The following parameters were evaluated to assess the corrosion effects in the tests: site
and frequency of occurrence of blisters on the paint film, degree of corrosion of the
metallic substrate surface and degree of corrosion of the substrate near the cut [21].
Methods as per ASTM D 714-87, ASTM D 610-85, and ASTM D 1654-92 were used.
The corrosion effects were rated on a 100-0 scale. The total anti-corrosion efficiency
was obtained based on the arithmetic mean of the degree of corrosion of the metallic
substrate, degree of blister formation on the paint film surface and the degree of
corrosion of the metallic substrate near the cut. In other words, the total anti-corrosion
efficiency E [24] from the corrosion tests (En2o, Enaci)) was calculated by using
Equation 1:

_ A+B ZC +D (1)
where: A is the degree of blistering in the cut,

B is the degree of blistering in the paint film area,
C is the substrate metal corrosion,

D is corrosion in the paint film cut.

E

3.15 Linear polarisation

The linear polarisation method was applied to corrosion monitoring. It is designed
specifically for the determination of the polarisation resistance, Rp, and current density,
lcorr. Linear polarisation was measured in a cell accommodating the reference saturated
calomel electrode, platinum counter-electrode and working electrode constituted by the
sample. The method is based on the fact that a linear segment near the corrosion potential
occurs on the polarisation curve in linear coordinates.

A 1 cm? area of the working electrode in the measuring cell was exposed to a 1 M NaCl
solution. The cell was connected to a potentiostat/galvanostat (\VVSP-300/France). The
paint films were exposed to the NaCl solution for 24 hours, after which they were
measured by the linear polarisation method. The polarisation region was from -10
mV/Eoc to +10 mV/Eoc at a rate of 0,166 mV/s [25].

3.16 Comparison experiments

The anticorrosion pigment based on the zinc phosphate hydrate (called Heucophose)
Zn3(PO4)2.xH20 (PVC = 15 vol. %) was also tested as a reference material allowing us
to compare the results obtained with the pigments synthesized by us with a commercial
product. Films of the coating materials free from any pigment were also used in some
tests, in the linear polarisation measurements.

12



4 Results and Discussion

4.1 Pigment specification and structural analysis results

Four perovskite type pigments were prepared and a fraction of each was subjected to
surface treatment with the conductive polymer, PPDA. Both the treated and untreated
pigments were examined by X-ray diffraction (XRD) and X-ray fluorescence (XRF)
analysis to elucidate their structure and composition. ABO3 structure had been achieved
for most of the pigments, although traces of the starting substances were also present.
The CaTiOs3 pigment contained the major CaTiOs crystal phase and a small amount of
rutile (TiO2) and Ca(OH).; SrTiOs contained the SrTiOs crystal phase; CaMnOs
contained the CaMnOs crystal phase; and SrMnOsz contained the SrMnOs crystal
phase [26].

The composite pigments contained the amorphous conductive polymer moiety and the
crystalline inorganic core moiety. All of the treated pigments also contained some
amount of sulphate. The results of the analysis gave evidence that the pigments had been
prepared as intended and were consistent with previous studies [21, 27].

The XRF results: the pigments contained small amounts (1,7%-2,4%) of Al,O3 and trace
amounts of SiOz (0,1%-0,4%) from the wearing corundum balls in the ball mill. Both
impurity types are neutral and will in no way affect the chemical properties of the
anticorrosion pigments. The results of the XRF analysis of the surface-treated pigments
are, that they contained the appropriate oxides (TiO2, MnO, SrO, CaO) plus small
amounts of compounds from the surface treatment, i.e. P.Os (4,1%-5,1%) and SOs
(3,7%-7,9%).

4.2 Physico-chemical properties of the pigments
The physico-chemical properties of the pigments, including density, oil number, critical
pigment volume concentration (CPVC) and particle size distribution, both for the
untreated pigments and for the pigments modified with the [28] conductive polymer.
The densities of the modified pigments lay within the range of 2,07 to 3,28 g/cm?, which
is narrower than the range of densities of the initial untreated pigments, 4,12 to 5,05
g/cm®. The former densities were lower than the latter due to the presence of the
conductive polymer layer, the density of the PPDA powder itself being 1,69 g/cm? [22].
The oil consumption levels, which are generally dependent on the particle size and
shape, or more specifically, on the specific surface area, were higher for the modified
pigments (32 to 55 g per 100 g of the pigment) than for the starting pigments (20 to 29
g per 100 g of the pigment) due to the presence of the porous conductive polymer layer
on the inorganic core surface.
As for the critical pigment volume concentrations, they were 34% to 53% for the
modified pigments and 42% to 50% for the untreated pigments. Hence, surface
treatment of the pigments with PPDA gave rise to composite pigments possessing higher
oil numbers and lower densities than the starting pigments (Table 1).
The particle size distribution is characterised by the D(0,5), D(0,9) and D(0,1) values,
demonstrating that the size of 50%, 90% or 10% particles in the given volume is lower
than the entered values of D (4,3). The mean particle size (D 4,3) of the perovskites
treated with PPDA was 12,89 — 13,71 um, in contrast to that of the initial pigments
which was mere 0,83 — 3,92 um. Hence, the mean particle size increased multiply on
coating the surface with the PPDA layer. This is borne out by the SEM photographs,
exhibiting formation of clusters of the pigment/PPDA systems.
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4.3 pH of agueous extracts of the pigments and of free paint films

The pH values of extracts of the pigment powders (pHp) are listed in Table 1. The pH is
a quantity providing information on the properties of the pigments governed by the
presence of acid or alkaline components. The surface treatment of the pigments with the
conductive polymer brought about a large pH shift from the alkaline region to the
appreciably acidic region. This can be explained in terms of deprotonation of the PPDA
phosphate salts in the agueous solution. This effect was observed for all of the pigments
tested. The extracts of the untreated pigments containing alkaline earth cations, i.e. Ca
and Sr, exhibited pH even higher than 9, thus approaching the steel passivation region.
The pH levels of the free paint films (pHf) were measured for pigment volume
concentrations (PVC) 1% and 15%. Unlike the extracts of the pigment powders, the
extracts of the paint films did not exhibit a shift to the acid region on pigment surface
modification. This was due to the presence of calcite, serving as the filler in the paint.
This fact is favourable with respect to the reduction of corrosion development on the
substrate metal surface.

In the neutral pH region, phosphates are not very well soluble and the barrier effect
predominates. The solubility increases at lower pH and the pigments become equally or
more efficient than chromates. This effect would be undesirable.

Table 1: Physico-chemical properties of the pigments

Pigment *oHp [] Wi [%6] "Wigo [%6] ® o [nS/cm]
CaTiOs 10,60 1,24 2,04 128
SrTiO; 10,05 0,96 1,04 96
CaMnO3 9,90 0,80 0,84 101
SrMnOs; 8,93 1,60 1,33 82
CaTiOs/PPDA 2,87 6,69 8,29 1996
SrTiOs/PPDA 3,79 6,43 7,29 1282
CaMnOs/PPDA 3,05 7,02 7,32 1891
SrMnO3/PPDA 3,13 9,53 9,60 1086

8 pH was measured with an accuracy = 0,01. ® Conductivity was measured with an accuracy
+0,5%, * Parameters are given as arithmetic averages within 5 measured values.

4.4 Specific conductivities of the aqueous extracts of the pigments and of
free paint films

A certain specific electric conductivity of the anticorrosion pigments is necessary for
passivation of the substrate metal beneath the paint film. The observed specific electric
conductivities (yp) of the perovskites modified with PPDA measured the 28th day of the
experiment lay within the region from 1086 to 1996 uS/cm, compared to the values for
the untreated perovskites (Table 1), which were from 82 to 128 uS/cm. In other words,
the pigment surface modification with poly(p-phenylenediamine) increased the specific
electric conductivity considerably, more than by an order of magnitude. The perovskites
with no surface modification did not affect the specific electric conductivity appreciably,
while the conductive polymer layer had a pronounced effect on the specific electric
conductivity.

The specific electric conductivity of extracts of the free paint films (yf) increased with
increasing conductive polymer content, i.e. from PVC = 1% to PVC = 15% (Table 2).

14



The increase in the specific electric conductivity of the paint film extracts on transition
from the untreated pigments to the pigments modified with PPDA was due to the
presence of the free charge carriers on the poly(p-phenylenediamine) chain, providing
charge transfer along the chain. The positive charge at the chain is compensated by the
negative charge of the anion of the acid used for protonation, specifically phosphoric
acid, and of the phosphate anion derived from it. Partial deprotonation of the conductive
polymer layers takes place in agueous environment [22].

Table 2: Specific electric conductivity of aqueous extracts of loose paint films
containing the composite pigments

Pigment PVC [%] pH:[-] xr[pS/cm] Ame[g] Pp [g/cm]
CaTiO; 115 ;(lj 8:32 8823 1323
1 7,07 056 0,022 18,61
SrTiOs 15 6,97 061 0,023 19,23

1 71 7 17 14

CaMnO; 1 7:22 84(1) 81819 16:23
1 7,24 089 0,028 23,06
SrMnGs 15 7,36 056 0021 19,95
CaTiOs/PPDA 115 ;gj 8:33 8:8; ;g:gg
SrTiOy/PPDA 115 ;2: 83@ 88?2 iggi
CaMnO3/PPDA 115 Zgﬁ (1);11 8:83 1832
SrMNOy/PPDA - ;22 832 88?} gg;
Heucophos 15 3,70 023 0,023 19,51
CaCOs : 8,47 018 0,025 21,13

* Conductivity was measured with an accuracy = 0,5%.

4.5 Water-soluble substance content in water

The amount of water-soluble substances provides information on substances extractable
from the pigment into the aqueous environment. The stability of the binder and of the
crosslinked paint film is affected adversely if the water-soluble content is too high. The
amounts of substances soluble in cold water (W20) and in hot water (W1o0) are listed in
Table 1. The identification of substances that dissolve in water and are washed out of
the pigment allows us to assess the behaviour of the pigment in the coating film, e.g. in
high humidity/moisture environments.

Both the cold and hot water-soluble contents were higher for the pigments modified with
poly(p-phenylenediamine) than for the untreated pigments. The hot-water-soluble
contents were expected to be higher (more substances are dissolved) than the cold-
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water-soluble contents [21], and this was really observed but the values did not differ
substantially.

The lowest amounts of substances soluble in cold water and in hot water were observed
for calcium permanganate, CaMnO3, viz. W2 = 0,80% and W10 = 0,84%, while the
highest values were observed for strontium permanganate modified the PPDA, viz. W2
= 9,53%, W00 = 9,60%, due to the presence of the soluble SrSO4 as a by-phase. The
Woo and W1oo levels are related with the amounts of by-phases in the surface-modified
pigments, such as SrSOa. The water-soluble contents did not largely differ appreciably
between the untreated and treated pigment — the differences were in the order of units
per cent. The hot-water-soluble contents were higher than the cold-water-soluble
contents for all pigments, irrespective of whether modified with the conductive polymer
or not. The highest water-soluble contents were W20 = 1,24% and W10 = 2,04% for the
untreated pigments and W2 = 9,53% and W00 = 9,60% for the pigments modified with
PPDA. The multiply higher water-soluble contents for the modified pigments compared
to the untreated pigments attests to deprotonation of the conductive polymer layers in
the former pigments. A high water-soluble content is indicative of a potentially
increased occurrence of osmotic blisters on the paint films [22]. Since the pigments
synthesized were applied in paint systems, their solubility should not be regarded as the
sole parameter governing the electrochemical inhibition of corrosion.

4.6 Corrosion loss of steel panels coated with the paints

Investigation of the anticorrosion properties of pigments requires a comprehensive view
upon the relation between the anticorrosion pigment, the binder and the substrate. This
may be facilitated by information gained by determining the weight loss of steel panels
[22] submerged in aqueous extracts (filtrates) of the pigments.

For the untreated pigments, the mean corrosion losses of the steel panels were from
14,33 to 23,06 g/cm?. They were lowest for the CaMnOs pigment, viz. 14,05 and 16,47
g/cmd at PVC = 1% and 15%, respectively, and highest for the SrMnQOg3 pigment, viz.
23,06 g/cm3at PVC = 1%.

For the pigments modified with PPDA, the corrosion losses were very similar. A marked
difference was observed for the CaMnO3/PPDA pigment at PVC = 1%, where the losses
were as low as 10,25 and 10,99 g/cm?®at PVC = 1% and 15%, respectively. The next
very low corrosion loss, viz. 12,07 g/cm?, was observed for the SrMnOs/PPDA pigment
at PVC = 15%. Hence, such paints can be expected to protect the steel substrate from
the effect of humidity/moisture better than the remaining paints examined.

4.7 Corrosion following coated steel panel exposure in a chamber with
condensed water vapour atmosphere

The aim of the tests was to evaluate the efficiency of paint films in protection against

corrosion of the substrate metal near a cut in the paint film and across the whole area

and to calculate the overall anticorrosion efficiency score.

The steel panels coated with the paints tested were exposed in the chamber with

condensed water vapour for 6480 hours. The results are listed in Table 3.
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Table 3: Results of accelerated corrosion tests of the paints containing composite in an
atmosphere with condensing water (exposure 6480 hours, DFT = 100 +£10um)

Substrate metal

Paint assessment
Pigment PVC . . Corrozsi(i?lss mng’face C::'Ctlij;gtfd
) [%]  Degree of blistering in the cut _corrosion  Efriciency
Inacut Metalbase  [mm] [%)] Erzo

1 4M 4M 0-0,5 0,03 79
. 5 4F 4F 0-0,5 0 84
catios 0 - i 0-0,5 0 99
15 8M 8MD 0-0,5 0,03 74
1 8F 8F 0-0,5 0 89
. 5 - - 0-0,5 0 99
SrTiOs 10 - i 00,5 0 99
15 - - 0-0,5 0 99
1 - - 0 0 100
CaMnO; 5 - 8F 0 0 95
10 - - 0-0,5 0,03 99
15 - 8M 0 0,03 90
1 aM 4D 0-0,5 1 60
SrMnO; 5 4M 4D 0-0,5 3 58
10 4M 4D 0 50 41
15 4MD 4MD 0 1 60
1 4F - 0-0,5 0,3 90
. 5 6F 6M 0-0,5 3 75
CaTIO/PPDA 0 gr 8F 00,5 16 75
15 8F 8M 0-0,5 33 65
1 8F - 0-0,5 0,03 94
. 5 - - 0-0,5 0,3 98
SrTiOs/PPDA 10 - - 0 3 o4
15 - - 0 10 91
1 - - 0-0,5 0,3 98
5 - - 0-0,5 1 95
CaMnOs/PPDA 10 - - 005 3 03
15 - - 0-0,5 10 90
1 4F 4F 0-0,5 0,03 84
5 - - 0-0,5 0,03 99
SrMnQO3/PPDA 10 - - 005 3 03
15 4F 4M 0-0,5 50 55
Heucophose 15 2M 8M 0-0,5 3 59
Non-pigm. film - 8F 8F 0-0,5 0 89




Osmotic blisters were formed both on the paint film area and in the artificial cut made
through the film. The corrosion in the cut through films containing the untreated
pigments was largely medium extent, scored as 8F-4MD; the same score was assigned
to corrosion beneath the paint film area. Where the pigments modified with the
conductive polymer PPDA were used, blisters were rarely present in the cut, scored 4F-
8F, and small to medium blisters, scored 8F-4M, were present on the paint film area.
For some of the organic coatings containing the pigments modified with a surface layer
of PPDA at PVC >10 %, corrosion on the steel panel surface increases and more blisters
are observed on the paint film surface with increasing PVC. This can be explained in
terms of reduction of the organic film’s barrier effect with a higher amount of the
conductive polymer in the formula. A lower barrier effect implies a higher organic
coating permeability for the aggressive medium and hence, easier attack on the
substrate. This fact has also been observed within previous studies examining the
anticorrosion efficiency of the conductive polymer [25, 26].

The calculated total anticorrosion efficiency score was highest for the pigments SrTiOs
and CaMnOs, both untreated and modified with the conductive polymer. The score
values all lay within the range of 91-100. The lowest anticorrosion efficiency, on the
contrary, was found for SrMnQg, also both untreated and modified, although it was
somewhat better — exhibiting a lower occurrence of blisters both on the paint film
surface and in the cut — with the pigment modified with PPDA than with the untreated
substance.

4.8 Corrosion following coated steel panel exposure in a salt fog chamber
The steel panels coated with the paints tested were exposed in the salt fog chamber for
1440 hours. The results are listed in Table 4.

Nearly all paint films containing the untreated pigments exhibited blisters both on the
metal/film interface in the cut and on the paint film surface, scored 2F-6MD and 2F-
6MD, respectively. Where the pigments modified with the conductive polymer were
used, the blisters in the cut were scored 2F-2MD, the blisters on the film surface, 2F-
6MD. Corrosion in the test cut was observed for all paints containing the untreated
pigment, and it was less pronounced if the paint contained the modified pigments. This
bears out the concept of catalytic passivation (Figure 4) at the metal/coating interface.
So, no corrosion at all was observed in the cut for the paints containing the pigments
CaTiO3/PPDA at PVC = 5%, 10% and 15%; SrTiO3z/PPDA at PVC = 15%;
CaMnO3/PPDA at PVC = 15%; and SrMnOs/ PPDA at PVC = 1%.

Weak corrosion, comparable between the untreated and treated pigments, was observed
on the metal panels after stripping down the paint films. It was between 0,01-16%,
except for the pigment CaTiOs/PPDA at PVC 15%, where the extent of corrosion on the
steel panel surface reached 33%.

The overall anticorrosion efficiency scores for the paints with the untreated pigments
were higher at higher pigment concentrations, PVC = 10% and 15%, whereas the reverse
was true of the paints with the pigments modified with the conductive polymer, where
the results were more favourable at PVC = 1% and 5%. The highest overall anticorrosion
efficiency score on the 0-100 scale, viz. 92, was obtained for the paints containing
SrTiOs/PPDA at PVC 1% and 10%, and SrMnO3/PPDA at PVVC 1%.

It can be concluded from the comparison between the untreated and the surface-
modified perovskites that the pigment surface modification brought about reduction in
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the numbers of blisters both on the paint film surface and in the test cut. This also applies
to corrosion in the cut.

Generally, surface treatment of the pigments with the conductive polymer PPDA
improved the anticorrosion properties of the paints if pigments were present at low
concentrations, PVC = 1% and 5%; the occurrence of osmotic blisters, both on the paint
film surface and in the cut, was lower, Also, corrosion in the paint film cut was lower,
supporting the concept of steel panel passivation at the interface with the paint film
containing the conductive polymer.

Coating with PPDA

Steel
panel

Q:+2H0 — = 40H-

OH-. O3
Fe Fe™ — > FexOs

( I O+ 2H:0 —= 4 0H

Figure 4: Schematic of the iron passivation mechanism by means of a paint containing
a pigment modified with PPDA
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Table 4: Results of accelerated corrosion tests of the paints containing composite
pigments in a NaCl solution spray environment (exposure 1440 hours, film
thickness = 95 + 10 um)

Paint assessment Substrate metal assessment Calculated

Pigment V< Degree of blistering  C°rrosionin - Surface anticor.
[%0] the cut corrosion  efficiency
Inacut Metal base [mm] [%0] Enaci
1 2F 8M 1-15 16 62
: 5 - . 0-0,5 10 90
CaTios 10 : . 0-0,5 10 90
15 2F i 0,5-1 03 86
1 2M AM 0,5-1 0,01 70
. 5 4F AMD 0-0,5 10 65
SO 5 %F : 005 0,01 90
15 2F i 0,5-1 03 86
1 2MD 6M 0,5-1 10 55
5 AMD AM 0,5-1 10 58
caMnos 10 4MD 4M 0,5-1 1 63
15 4F i 0,5-1 16 75
1 2MD 6M 0-0,5 10 58
5 2MD AM 0-0,5 16 52
SrMnO; 10  2MD AM 0,5-1 1 61
15 2F i 0-0,5 0,01 90
1 i 2F 0-0,5 03 89
CaTiOy/ 5 6F 6M 0 1 60
PPDA 10  6MD 6MD 0 16 53
15  6MD 6MD 0 33 48
1 6F i 0 0,1 92
SrTiOs/ 5 - 4F 0-0,5 1 88
PPDA 10 i i 0-0,5 3 92
15 i 6F 0 3 88
1 i 8M 0,5-1 10 78
CaMnOs/ 5 i 4F 1-15 16 74
PPDA 10 i i 0,5-1 3 90
15 i 6M 0 03 88
1 6F i 0 0,1 92
SrMnOy/ 5 2F 4F 0,5-1 3 74
PPDA 10 2F 2MD 2-3 16 50
15  2MD 2MD 0-0,5 16 48
Heucophos 15 2M 8M 20-25 3 61
Non-pigm. 6M : 15-2,0 50 60
film
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4.9 Anticorrosion effect of perovskites and PPDA in a paint layer

In recent years, application of conductive polymer coatings such as PPDA on ferrous
and non-ferrous alloys against corrosion has received much attention [29, 30]. In
addition to applying the physical barrier, which is the protection mechanism of most
coatings, the conductive polymers are capable to anodic protection of metal surface by
the healing their oxidative properties and accelerating the formation of stable metal
oxides on the surface of the substrate [31, 32]. In other words, the ability of the
conducting polymer to oxidize the substrate metals allows potential of metals to be
shifted to the passive state, in which the metals are protected by the passive oxide formed
beneath the conducting polymer. The application of the conducting polymer coating to
the corrosion protection of steels was reviewed by Tallman et al. (2002).

Where the pigment particle is not modified with a conductive polymer layer, the
anticorrosion protection role is played by the inorganic pigment itself.

4.10 Potentiodynamic polarisation

The results of the electrochemical examination by the linear polarisation method are
listed in Table 5. The aim of the measurements was to determine the spontaneous
corrosion potential, polarisation resistance and corrosion rates for the organic coatings
studied. The parameters provide information on the organic coating resistance to
corrosion.

For the non-pigmented organic coating, the polarisation resistance at the spontaneous
corrosion potential 42 mV was 30x10° Q, the corrosion rate was 10x10™* mm/year. The
surface treatment of the CaTiOs pigment with PPDA appeared to be beneficial at PVC
= 1% — the corrosion rate decreased from 91x10* (CaTiO3) to 12x10° (CaTiOs/PPDA)
and the polarisation resistance improved appreciably. The surface treatment of the
SrTiOs pigment was beneficial within the whole PVC range (1% — 15 %), most
markedly at PVC = 1% and 5%, at which corrosion rate decrease by 1 to 2 orders of
magnitude was observed while the polarisation resistance increased by 2 — 3 orders of
magnitude. Surface treatment of CaMnOz was beneficial at PVC = 1% and 5%: the
corrosion rate was lowest among all of the organic coatings tested. The corrosion rate
was 19x10° and 13x10° mm/year at PVC = 1% and 5%, respectively, and the
polarisation resistance also increased substantially — by 3 to 5 orders of magnitude. The
surface treatment of SrMnOs was beneficial at P\VC = 1%: the corrosion rate decreased
by one order of magnitude and the polarisation resistance increased by two orders of
magnitude.
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Table 5: Results of linear polarisation measurements of the paints containing composite
pigments (DFT = 60 £+ 10 pm).

Pigment PVC  Ecorr lcorr Bc Ba Rp Veorr
in the paint [%] [mV] [pA] [mV] [mV] Q] [mm/year]
1 -523  8x101 44,0 39,8 11x10° 91x10*
) -640  2x107 35,2 36,3 37x10% 24x107°

CaTios 10 518 7x102 319 374 10x10°  8Ix10%
15 481 2x10° 394 357 39x10°  24x107
1 496 6x102 388 360 12x10°  74x10°
. 5 -401 6x10° 321 30,8 13x10°  71x10°
SrTiO3 - :
10 625 4x10° 121 170 52x107  51x107
15 636 5x10° 11,7 154 58x107 58107
1 285 8x10% 364 342 90xI0?  88x10%
CaMINOS 5 -465 6x107 37,6 376 12x10°  71x10°
10 598 9x10° 241 182 59x107  11x10°
15 519 1x105 269 135 38x107  13x10°
1 412 3x10% 316 338 15<10°  34x10°
-6 7 -7

SIMING. 5 618 4x10° 128 141 48<10'  45x10

10 -615 3x10% 125 13,9  42x10’ 42x107
15 -623  5x10% 122 13,1  41x10’ 46x1077
1 -667 1x10® 36,0 37,2 22x10° 12x10®
5 -546  8x101 420 38,1 22x103 71x10
10 -526  7x10t 411 40,1 11x102 72x1072
15 -518  7x101 423 40,9 10x102 70x101
1 -601 1x10% 11,1 13,9  45x10’ 46x1077
5 -614 2x10% 11,8 14,8  48x10’ 50x107
10 -351  3x10% 17,1 235 15x10° 34x107
15 -363  4x10% 17,1 22,8  14x10° 36x107
1 -618 8x10® 21,8 159  69x10’ 19x10°
5 -600 8x10® 221 16,1  70x10’ 13x10°

CaTiOs/PPDA

SrTiOs/PPDA

CaMNOL/PPDA — e 6x102 363 361 11x10°  83x10°
15 209 1x10% 368 359 10x10°  92x10%
1 618 4x10° 128 141 48x<107  45x107
5 -418 3x10° 328 342 14x10°  36x10%
SrMnQOs/PPDA

10 -319  1x10t 32,2 38,8  59x10° 14x1073
15 -588  9x10° 40,8 41,8 98x10° 10x104

Heucophose 15  -473 1x10* 17,0 16,1 70x10°  98x10°
Non-pigm. film 0 42  2x10°® 21,6 18,9 30x10° 10x10*

22



5 Conclusions

The objective of the synthesis was to obtain pigments imparting the paint system a high
anticorrosion efficiency. This is affected by a number of factors, such as pigment particle
morphology, acid-base properties and others. They can, for instance, change the pH of
the agqueous phase sorbed in the paint film, they affect the pH of the agueous medium
while the corrosive substances diffuse through the coating, produce protective layers by
reaction with the OH" ions at the cathodic sites and create a passivating film by redox
reactions with the Fe?* ions. Targeted selection of the cations in the perovskite pigment
structure can be used to guide the pigments’ properties, particularly those affecting the
corrosion-inhibiting behaviour of the pigment in the paint system. The perovskites, with
their basic nature, can shift the pH of the aqueous layer present on the substrate metal
beneath the paint film to the region where the metal does not corrode, i.e. to the passive
state. It is true that the pigments whose surface has been modified with the conductive
polymer, poly(p-phenylenediamine), are acidic, this, however, is very important for
preserving their conductivity and so for maintaining their anticorrosion properties. In
fact, the action mechanism of this conductive polymer is not fully understood yet but it
Is interpreted in terms of the same mechanism as that acting in polyaniline.

The aim of the pigment surface modification with poly(p-phenylenediamine) was to
improve the paint’s anticorrosion efficiency.

The corrosion tests in the simulated atmosphere with condensed water gave evidence
that the surface treatment with the conductive polymer helps improve the overall
anticorrosion efficiency, exhibiting a lower occurrence of blisters both on the paint film
surface and in the artificial cut through the film.

The corrosion tests in simulated salt fog atmosphere demonstrated improvement of the
anticorrosion properties at low pigment volume concentrations, specifically at PVC =
1%, for all the modified pigments and at PVVC = 5% for some of them, compared to the
untreated pigments. Overall, the corrosion effects were lower when the modified
pigments were used: this concerns, in particular, the extent of blistering both on the paint
film surface and in the cut through the film, as well as the corrosion in the cut. All this
attests to good electrochemical inhibition in the salt fog atmosphere. This accelerated
corrosion test has shown that the paints’ anticorrosion efficiency decreases if the
pigment volume concentration is increased above 10%.

The results of the accelerated corrosion test are in good agreement with those of the
electrochemical measurement. Also, the results regarding corrosion in the test cut are
consistent with the catalytic passivation mechanism (picture on the metal/coating
interface).

In conclusion, the results of the anticorrosion efficiency tests give evidence that the
perovskite based pigments whose surface has been modified with a layer of poly(p-
phenylenediamine) can be used in paints to protect steel surfaces against corrosion. The
binder system that was used in this work — a solvent-based epoxy-ester resin — exhibited
outstanding adhesion to the substrate and low diffusion permeability at the film
thicknesses applied and proved to be well usable in combination with the pigments
studied.

23



6 References

[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

RIAZ U., NWAOHA CH., ASHRAF S.M., Recent advances in corrosion protective
composite coatings based on conducting polymers and natural resource derived
polymers, Progress in Organic Coating, 2014, 77, 743-756.

BALDISSERA AF., FERREIRA C.A., Coatings based on electronic conducting
polymers for corrosion protection of metals, Progress in Organic Coating, 2012, 75,
241-247.

BAI X., TRAN T.H., YU D., VIMALANANDAN A., HU X., ROHWERDER M.,
Novel conducting polymer based composite coatings for corrosion protection of zinc,
Corrosion Science, 2015, 95, 110-116.

ARMELIN E., ALEMAN C., IRIBARREN J.I., Anticorrosion performances of epoxy
coatings modified with polyaniline: A comparison between the emeraldine base and
salt forms, Progress in Organic Coating, 2009, 65, 88-93.

SAAD Y., ALVAREZ-SERRANO I., LOPREZ M.L.X., Structural and dielectric
characterization of new lead-free perovskites in the (SrTiO3)—(BiFeOs) system,
Ceramics International, 2016, 42, 8962-8973.

PROKES J., NESPUREK S., STEJSKAL J., Vodivé polymery-Inteligentni materialy
pro nové stoleti, Casopis Vesmir, 2001, 80, 35.

BHADRA S., KHASTGIR D., SINGHA N.K., LEE J.H., Progress in preparation,
processing and applications of polyaniline, Progress in polymer science, 2009, 34,
783-810.

RAMADASS N., ABOs-type oxides-Their structure and properties, Materials Science
and Engineering, 1978, 36, 231-239.

GUIMARD N.K., GOMEZ N., SCHMIDT C.E., Conducting polymers in biomedical
engineering, Progress in Polymer Science, 2007, 32, 876-921.

STEJSKAL J., SAPURINA I, TRCHOVA M., Konyushenko E. N., Oxidation of
aniline: polyaniline granules, nanotubes, and oligoaniline microspheres,
Macromolecules, 2008, 41, 3530-3536.

PROKES J., STEJSKAL J, KRIVKA 1, TOBOLKOVA E., Aniline-
phenylenediamine copolymers, Synthetic metals, 1999, 102, 1205-1206.

PROKES J., KRIVKA 1., KUZEL R., STEJSKAL J., KRATOCHVIL P.,Electrical
properties of poly(aniline-co-p-phenylenediamine) copolymers., International
Journal Electron, 1996, 81, 407-417.

ULLAHH.,. SHAH A.-u.-H.A, AYUB K., BILAL S., Density functional theory study
of poly (o-phenylenediamine) oligomers, The Journal of Physical Chemistry, 2013,
117, 4069-4078.

STEJSKAL J., Polymers of phenylenediamines, Progress in Polymer Science, 2015,
41, 1-31.

KALENDOVA A., VESELY D., KOHL M., STEJSKAL J., Effect of surface
treatment of pigment particles with polypyrrole and polyaniline phosphate on their
corrosion inhibiting properties in organic coatings, Progress in Organic Coating,
2014, 77, 1465-1483.

DEMIRORS A.F., IMHOF A., BaTiOs, SrTiOs, CaTiOs, and Ba x Srl1— x TiO3
Particles: A General Approach for Monodisperse Colloidal Perovskites, Chemistry of
materials, 2009, 21, 3002-3007.

FENG L.M., JIANG L.Q., ZHU M.X., Formability of ABO3 cubic perovskites,
Journal of Physics and Chemistry of Solids, 2008, 69, 967-974.

24


http://www.sciencedirect.com/science/journal/02728842
http://www.sciencedirect.com/science/journal/00223697
http://www.sciencedirect.com/science/journal/00223697

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

ALIZAHED R., BEAUDOIN J.J., RAMACHANDRAN V.S., RAKI L., Applicability
of the Hedvall effect to study the reactivity of calcium silicate hydrates, Advances in
Cement Research, 2009, 21, 59-66.

TROJAN M., BRANDOVA D., SOLC Z., Study of the thermal preparation and
stability of tetrametaphosphates of bivalent metals, Thermochimica Acta, 1987, 110,
343-358.

SAPURINA 1., STEJSKAL J., The mechanism of the oxidative polymerization of
aniline and the formation of supramolecular polyaniline structures, Polymer
International, 2008, 57, 1295-1325.

KALENDOVA A., HAJKOVA T., KOHL M., STEJSKAL J., Properties of Metal
Oxide Pigments Surface Modified with Polyaniline Phosphate and polypyrrole
phosphate in corrosion protective organic coatings, InTech, 2016. ISBN: 978-953-51-
2690-4.

KALENDOVA A., VESELY D., KOHL M., Stejskal J., Anticorrosion efficiency of
zinc-filled epoxy coatings containing conducting polymers and pigments, Progress in
Organic Coatings, 2015, 78, 1-20.

GOLDSCHMIDT A., STREITBERGER H.J., Basf Handbook On Basics Of Coating
Technology, Vincentz Network: Germany, 2007, 345-401, ISBN 973-3-86630-
903- 6.

KALENDOVA A., VESELY D., KALENDA P., Properties of paints with hematite
coated muscovite and talc particles, Applied Clay Science, 2010, 48, 581-588.
KOHL M., KALENDOVA A., Effect of polyaniline salts on the mechanical and
corrosion properties of organic protective coatings, Progress in Organic Coatings,
2015, 86, 96-107.

KOHL M., KALENDOVA A., Hodnoceni vlivu pfipravenych polyanilinovych soli
na korozni vlastnosti organickych povlakt, Koroze a ochrana materialu, 2014, 58,
113-119.

HAJKOVA T., KALENDOVA A., KOHL M., Anticorrosion and physical properties
of organic coatings containing perovskites surface modified by polyaniline or
polypyrrole phosphates, Chemical Papers, 2017, 71, 439-448.

KALENDOVA A., VESELY D., Study of the anticorrosive efficiency of zincite and
periclase-based core-shell pigments in organic coatings, Progress in Organic
Coatings, 2009, 64, 5-19.

LI C.M., SUN C.Q., CHEN W., PAN L., Electrochemical thin film deposition of
polypyrrole on different substrates, Surface and Coatings Technology, 2005, 198,
474-477.

OZYILMAZ A.T. TUKEN T., YAZICI B., ERBIL M., The electrochemical
synthesis and corrosion performance of polypyrrole on brass and copper, Progress in
Organic Coatings, 2004, 51, 152-160.

NGUYEN T.D., NGUYEN T.A., PHAM M.C.,, PIRO B., NORMAND B,
TAKENOUTI H., Mechanism for protection of iron corrosion by an intrinsically
electronic conducting polymer, Journal of Electroanalytical Chemistry, 2004, 572,
225-234.

TALLMAN D.E., PAE Y., BIERWAGEN G.P., Conducting polymers and corrosion:
polyaniline on steel, Corrosion, 1999, 55, 779-786.

25


http://www.intechopen.com/books/conducting-polymers/properties-of-metal-oxide-pigments-surface-modified-with-polyaniline-phosphate-and-polypyrrole-phosp
http://www.intechopen.com/books/conducting-polymers/properties-of-metal-oxide-pigments-surface-modified-with-polyaniline-phosphate-and-polypyrrole-phosp
http://www.sciencedirect.com/science/article/pii/S030094400400205X

7/ Publications by the author

7.1

Paper in peer reviewed journal index in Web of Science database (Jimp)
Hajkova T., Kalendova A., Kohl M.: Anticorrosion and physical properties of
organic coatings containing perovskites surface modified by polyaniline or
polypyrrole phosphates, Chemical Papers, 2017, 71, 439-448. DOI: 10.1007/
$11696-016-0086-3. ISSN 0366-6352.

Hajkova T., Kalendova A.: Corrosion — inhibiting properties of molybdenum-
containing pigments in coatings, Anti-Corrosion Methods and Materials, 2016, 63,
14-28. DOI: 10.1108/ACMM-09-2014-1433. ISSN: 0003-5599.

Héjkova T., Kalendova A.: Synthesis and investigation of the properties of tungstate-
based anticorrosion pigments in coatings, Anti-Corrosion Methods and Materials,
2015, 62, 307-321. DOI: 10.1108/ACMM-01-2014-1343. ISSN: 0003-5599.

MikuSova N., Nechvilova K., Kalendova A., Hajkova T., Capdkova Z., Junkar I.,
Lehocky M., Mozeti¢ M., Humpoli¢ek P.: The effect of composition of a polymeric
coating on the biofilm formation of bacteria and filamentous fungi, International
Journal of Polymeric Materials and Polymeric Biomaterials, 2018, DOI: 10.1080-
00914037.2018.1429435.

7.2 Paper in peer reviewed journal index in Scopus (Jsc)

Héjkova T., Hejdova M., Kalendova A.: Anticorrosion properties of Perovskites
surface-modified with conducting polymers in alkyde coatings, Acta Metallurgica
Slovaca, 2014, 20, 217-227. DOI: 10.12776/ams.v20i2.294. ISSN: 1335-1532.

Hajkova T., Kalendova. A.: The anticorrosion properties of pigments based
on molybdates and tungstates surface-modified with conducting polymers, Koroze
a ochrana materialu, 2017, 61, 7-18. DOI: 10.1515/kom-2017-0001. ISSN: 1804-
1213.

7.3 Chapter in the book

Kalendova A., Hajkova T., Kohl M., Stejskal J.: Properties of Metal Oxide Pigments
Modified with Polyaniline Phosphate and Polypyrrole Phosphate in Corrosion
Protective Organic Coatings, Intech (2016). ISBN: 978-953-51-2690-4.

7.4 Another publications

Hajkova T., Kalendova A., Kohl M., Antosova B.: Effect of surface treatment of
pigment particles with polyparaphenylenediamine phosphate on their corrosion
inhibiting properties in organic coatings, Scientific Papers of the University of
Pardubice 23, 179-211 (2017). ISSN: 1211-5541. ISBN: 978-80-7560-090-5.

Tereza Hajkova, Andréa Kalendova, Anticorrosive pigments based of perovskite
with a surface layer conductive polymer PPDA, IX. Konference pigmenty a
pojiva, Se¢, 7.- 8.11.2016, str. 79-84, ISBN: 978-80-906269-1-1.

26



Tereza Hajkova, Andrea Kalendova, Conductive polymers in protective coatings,
International Conference on Chemical Technology - ICCT 2015, Mikulov,
13.-5.4.2015, str. 71-77, ISBN 978-80-86238-73-9.

Tereza Hajkova, Andréa Kalendova, Pigmenty na bazi molybdenanti s povrchovou
upravou vodivymi polymery a jejich vlastnosti v antikoroznich v natérovych
hmotach, VIII. Konference pigmenty a pojiva, Sec¢, 2.-3.11.2015, str. 67-73, ISBN:
978-80-906269-0-4.

Tereza Hajkova, Andrea Kalendova, Nové pigmenty s obsahem vodivych polymert,
Studentska a védecka konference 2015 Ptirodovédecké fakulty Ostravské univerzity,
Ostrava, 15.5.2015, ISBN 978-80-7464-741-3.

Tereza H4jkova, Andrea Kalendov4, Vodivé polymery a kompozitni pigmenty
v natérovych hmotach, VII. Konference Pigmenty a Pojiva, Se¢ u Chrudimi,  10.—
11.11.2014, Sbornik str. 45-51, ISBN 978-80-260-7210-2.

Tereza Hajkova, Andrea Kalendovd, Wolframany jako antikorozni pigmenty
Vv natérovych hmotach, V. International Masaryk Conference, Mezindrodni
Masarykova konference pro doktorandy a mladé védecké pracovniky 2014,
elektronické konference, 15.-19.12.2014, ISBN 978-80-87952-07-8.

Tereza Hajkova, Andrea Kalendova, Syntéza a studium kompozitnich pigmenti v
natérovych hmotach, KSAP - 18. Konference o specialnich anorganickych
pigmentech a praskovych materidlech, Pardubice, 21.9.2016, Sbornik str.63-68,
ISBN 978-80-7395-985-2.

Tereza Hajkova, Andrea Kalendova, Molybdenany a vodivé polymery v natérovych
hmotach, KSAP - 17. Konference o specidlnich anorganickych pigmentech a
praskovych materidlech, Pardubice, 17.9.2015, Sbornik str.67-71, ISBN 978-80-
7395-886-2.

27



