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Abstract

The effect of pigment particle surface treatmenthwpolyaniline and polypyrrole on the
corrosion inhibiting properties of organic paintasainvestigated. Mixed oxides possessing the
spinel and perovskite structures were synthesisedhe study. Coatings based on an alkyde
resin were prepared for the investigation of theasion protection properties of the pigments,
the surfaces of which had been provided with a am@line and polypyrrole layers. Laboratory
corrosion tests were applied to the paint filmsly®&ailine phosphate was found preferable to
polypyrrole as the modifying agent of the pigmeuatface regarding the pigment’'s corrosion
inhibiting efficiency.

Keywords: conducting polymer, polypyrrole, polyaniline phbsape, organic coating, anti-
corrosion efficiency

1 Introduction

Conductive polymers are promising materials tha&t laeneficial in protective anti-corrosion
paints [1-6]. It is hoped that conductive polymetay replace corrosion inhibitors containing
heavy metals. They are classed as electrochemigetiiye corrosion inhibitors [7-9]. Examples
of conductive polymers include polyacetylene, pgtyple, polythiophene, polyaniline,
polyphenylene and polyp{phenylenvinylene), which are all systems contagnaonjugated
double bonds with charge carriers providing chdrgesfer along the chain [10-12]. Polyaniline
is probably the oldest synthetic conductive polyfd&j. The green protonated emeraldine is a
conductive form of polyaniline [14]. Polypyrrole appealing owing to its simple preparation in
the form of a powder, film or composite [15-17]. g@nic-inorganic composites containing
inorganic nanoparticle fillers exhibit both impraveslectrical and mechanical properties.
Inorganic nanoparticles in the composites are coati¢h a conductive polymer layer, which
improves the physical properties of the materi&][1

The potential of using polyaniline in inorganic iptsi as an anti-corrosion agent is the subject of
extensive studies. In powder form, in which it g&d most frequently as a pigment, polyaniline
is prepared by chemical polymerisation by the atkieheof aniline [19]. Pigments that are coated
deliberately with a thin layer of polyaniline hae¢so been used in many studies aimed at
creating a new anti-corrosion pigment that couldvgte the highest level of protection to
metallic surfaces coated with it [20, 21]. In a f@nof applications into organic paints, it is
convenient to apply composite particles formed biayer of a conductive polymer on an
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inorganic particle, as a corrosion protection eleinélence, the systems comprise pigment or
filler particles, which are provided with a layefr an active compound; a conductive polymer
and a suitable substance (pigment substrate) tioaides an additional active effect [22-24].
The inner core should determine the paint’s phygioaperties at the substrate metal/paint film
interface, such as its adhesion to the substr&fe Hbwever, the polymer’s conductive property
must be preserved. With polyaniline phosphate (BAdlich a particle must not be appreciably
alkaline in order to preserve its conductive foomgolymerisation on the particle surface. Also,
the particle structure must not undergo changenduthe conductive polymer preparation
process. In view of the specific properties of pdillers and of the different corrosion
conditions, it is necessary to find pigment paescwith morphological and physicochemical
properties that would not affect adversely the iitalof the film-forming component of the
paint binder or the physical properties of the stlisked polymeric paint [26].

2 Material and experimental methods

2.1 Synthesis of mixed-metal-oxide-based pigments posseg the perovskite structure
Perovskites can be described generally by the flarrABO; where atom A is in the oxidation
state 2+ and atom B is in the oxidation state 44.[2

2.2 Laboratory synthesis of the pigments:
The weights of the starting materials for the sgsth of CaTiQ, SrTiO; were calculated based
on the stoichiometry of equations (1) with resgedhe total amount of pigment.

MeCO; + TiO, — MeTiO; +CO, 1)

where: Me = Ca, Sr

The first calcination phase was conducted at 1@@arid the second phase, at 1180 °C. In each
phase, the holdup time at the respective temperatuas 2 hours, ramp 5 °C/min. The
temperatures were chosen based on experience frops studies and were confirmed by X-
ray analysis. After cooling, the calcined produstse removed from the furnace and subjected
to the subsequent operation, i.e., grinding toigarsize within the range of 100-1Qin. The
wet grinding process was conducted in ethanol RPubverisette 6 (Netzsch, Germany) planet
ball mill at 400 rpm for 4 hours with a reverse racafter 2 hours. The milling container was
made of zirconium oxide, 500 mL volume. The 10-mianteter milling balls were made of
zirconium silicate. The milling procedure was felled by pigment rinsing with a multiply
larger volume of distilled water followed by dryiag 110 °C in a hot-air dryer for 10 hours.

2.3 Preparation of pigments with conductive polymer suface layers

The surface of the pigments was modified by treatmeith polyaniline phosphate and
polypyrrole. The anti-corrosion efficiency was axated both for the untreated pigments and for
the pigments with surfaces modified with polyarelior PPy.

2.3.1 Laboratory preparation of pigments modified with a surface layer of polyaniline
phosphate (PANI)

The pigment (100 g) was suspended in 250 mL oM &niline (C6H7N, Fluka, Switzerland)

solution in 0.4 M ortho-phosphoric acid (Lachemae€h Republic) and 250 mL of 0.5 M

ammonium peroxydisulfate (Lach-Ner, Czech RepubBidt3o in 0.2 M ortho-phosphoric acid,
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was added to initiate the aniline polymerisationgess at room temperature. The suspension
was stirred for one hour during which the anilirdymerised on the surface of the pigment
particles. The following day, the solids were fiéid out and rinsed with 0.2 M phosphoric acid
followed by acetone. The pigment particles coatéth the PANI over layer were dried in air
and then at 60 °C in a laboratory dryer. The comegmarticles contained about 10 wt.% PANI
(emeraldine) phosphate.

2.3.2 Laboratory preparation of pigments modified with a surface layer of polypyrrole

(PPy)
The pigment (20 g) was suspended in 250 mL oflididtiwater and pyrrole (C4H5N, Fluka,
Sigma-Aldrich Co.) (3.56 mL) was added. The systeas stirred vigorously by using a glass
stirrer and an oxidant solution consisting of ammonperoxodisulfate (14.25 g) ((NH4)2S208,
Lach-Ner, Czech Republic) in 250 mL of distilled tarawas added. Stirring continued for
approximately 1 hour and then it was allowed tondtavernight. The following day, the
modified pigments were filtered out, rinsed witlstdied water and acetone and dried at room
temperature in air and then at 60 °C in a laboyadoyer.

2.3.3 Characterisation of the pigments in the powder form

The pigment particles’ surface and shape were enedanivith a JEOL-JSM 5600 LV (Japan)
scanning electron microscope (SEM).The pH of theeaqs extracts was determined as
described in ISO 789-9. Suspensions (10 wt.%) ef pilgments in redistilled water were
prepared and their pH was measured continuallpfodays until a steady value was observed.
The suspension was then filtered off and the fiittehte pH (pH21) was measured with a WTW
pH 320 Set-2 multiprocessor pH-meter fitted with neeasuring glass electrode (WTW
Wissenschaftliche Werkstatten, Germany).The speeifictric conductivityy) of the aqueous
suspensions was measured conductometrically wittardylab LF1 conductometer (Schott—
Gerate GmbH, Germany) in combination with a meaguit cell. The measurements were
performed in 10% pigment suspensions in redistilader in accordance with ISO 787/14. The
samples were measured for 21 days until the coivilyctevels remained nearly constant.
Subsequently, the suspension was filtered off Aadihal conductivity of the filtrate (inS/cm)
was measured.

2.3.4 Corrosion-inhibiting efficiency of the pigments

The corrosion inhibiting properties of the pigmewith a surface layer of conductive polymer
(pigment/PPy, pigment/PANI) in comparison with thosf the untreated pigments were
examined following the application of the coatingtarials on the organic binder.

2.3.5 Organic coating formulations containing the pigmeng

The pigments were added to a solution of a wateethanedium-molecular-weight epoxy resin
used frequently in the manufacture of coating niatemtended for the protection of metals. All
coating materials were model formulations, i.eeytiiontained no additional fillers or additives
that might affect appreciably the formulations’ieifncy. The pigment volume concentration
(PVC) was invariably 10 vol.%. The critical pigmemblume concentration (CPVC) (an

important parameter in the formulation of coatingtenials) was calculated from the density,
determined with a Micromeritics Autopycnometer 1388trument (Micromeritics Instrument

Corp., USA) and from linseed absorption by the mgb{oil consumption).
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The model coating materials (paints) were prepdrgdispersing the liquid binder and the
powder ingredients in a Dispermat CV pearl mill (\&NEetzmann GmbH, Verfahrenstechnik,
Germany). Immediately prior to making the coat, thigmented coating material was
homogenised with the polyamide hardener in a 106e8in-to-hardener weight ratio.

2.3.6 Preparation of test samples of the paint films

The paint films on steel panels (Q-panel, UK) wilmensions 15% 102x 0.8 mm were
prepared by means of an applicator for the corrosésts. Paint films were prepared on a
polyethylene sheet, which was removed when dry,irtiot 1x 1-mm pieces and used for the
preparation of 10 wt.% aqueous suspensions ofrdee films, which were treated in the same
way as the powder samples for pH measurement andofwosion loss determination. The
samples were allowed to dry and conditioned ontést panels in normal conditions (air-
conditioned laboratory, 20 °C, 50% RH) for 6 weelfie dry film thickness (DFT) was
measured with a Minitest 110 magnetic thicknessggacombined with an F16 type probe
(Elektrophysik, Germany) in accordance with ISO 88 7-mm-long test cut was made on the
bottom of all steel panels for completing the csiwa tests.

2.4 Laboratory corrosion tests

The cyclic corrosion test with water condensatianttie presence of sulphur dioxide was
performed in line with EN ISO 3231. The exposuréhi@ corrosion environment was conducted
in 24-hour cycles: 8 hours of condensation of tgstiwater containing SO2 (SO2 concentration
= 0.2 L) at 36 °C (SO2 =0.2 |), followed by 16 hswf sample drying at 23 °C. The outcome
was evaluated following 720 hours’ exposure.

The cyclic corrosion test in an NaCl solution spemyironment was derived from ISO 7253.
The paint films were exposed to the mist of a 5% Nsolution at 35 °C for 10 hours (1st cycle
stage), followed by 1 hour of water condensatiod(tC (2nd cycle stage) and 1 hour of drying
at 23 °C (3rd cycle stage). The outcome was evediufatiowing 504 hours’ exposure.

2.4.1 Corrosion test outcome evaluation

The following parameters were evaluated to asdessarrosion effects in the tests: site and
frequency of occurrence of blisters on the paihmn, fidegree of corrosion of the metallic
substrate surface and degree of corrosion of thstaie near the cut. Methods as per ASTM D
714-87, ASTM D 610, and ASTM D 1654-92 were uselde Torrosion effects were rated on a
100-0 scale. The total anti-corrosion efficiencysvadbtained based on the arithmetic mean of
the degree of corrosion of the metallic substrdégree of blister formation on the paint film
surface and the degree of corrosion of the metallizstrate near the cut. In other words, the
total anti-corrosion efficiency E [20] from the cosion tests (EH20, ENaCl, ESO2, EMS) was
calculated by using Equation 2:

_A+B+C
3 2
where: A - the degree of blistering in the pdiint area,
B - the substrate metal corrosion,
C - corrosion in the paint film cut.

E
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2.5 Determination of the corrosion-induced steel mas®$s

This test measures the mass loss of steel submerdleel test solutions. This corrosion test was
conducted both in the aqueous filtrate (extracth d0% suspension of the pigment powder and
in aqueous extracts of 10% suspensions obtained fte free paint films containing the
pigment tested. Suspensions in which the pH andifspeslectric conductivity levels had
attained their steady states (i.e., after 21 dagsg used. The defined steel panels were used and
were submerged in aqueous extracts obtained batiih of 10% suspensions of the pigments
studied. The steel panels were exposed to thecteslitions for 21 days. The metal mass loss
values relative to those in water (in %) were claliad for the steel panels submerged in the
filtrate of the pigment powder suspension (Xp)wedl as for the steel panels submerged in the
filtrates obtained from the free paint films (Xf).

3 Results and discussion

3.1 Pigment particle morphology

The pigment particle morphology was examined bys&M using an SEI detector. The SEM
photographs showing the particle shapes are showigi 1 — Fig.6

*,

.Fig. 3 SEM photograps Ca:I'Py Fig. 4 SEM photograps SrTiQ
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Fig. 6 SEM photograps SrTiZPPy

Fig. 5 SEM photograps SrTiZPANI

3.2 Physicochemical properties of the pigments
Parameters describing the properties of the powdgrigments, including density, oil
consumption, particle shape and CPVC, are givéralyle 1

Table 1 Physicochemical parameters of the pigments

Pigment Particle Specific weight Oil consumption CPVC
morphology [g/cnT] [9/100 ¢] [%]
Mixed oxides and iron oxides

CaTiO, Isometric 3.98 30.05 43.76
CaTiOy/PANI Isometric 3.51 51.82 33.86
CaTiOy/PPy Isometric 3.31 57.92 32.68

SrTiO; Isometric 4.69 23.79 45.47
SrTiOy/PANI Isometric 3.81 39.88 38.00
SrTiOy/PPy Isometric 3.69 40.65 38.28

3.3 pH, electric conductivity, and corrosion-induced mas loss in aqueous extracts of the
powder pigments

The pH levels measured after 21 days’ exposurbeokteel panel to the aqueous extracts of the

powdered pigments (pH21) and the simultaneouslysomea specific conductivity levelgal)

are given in Table 3. The calculated corrosion-gstbmass loss data (Xp) measured in filtrates

of the aqueous extracts of the pigments, corrosidneed mass loss data measured in filtrates

of PANI, PPy and the reference anti-corrosion pigimand corrosion-induced mass loss in

drinking water are also given irable 2

Table 2 Values of pH21 and specific conductivity2Q) of aqueous extracts of the powder
pigments and calculated corrosion-induced massdats (Xp) for aqueous extracts of
the powder pigments.

Pigment type /PANI, PPy | pH, | 121 [a/m] | X, [%]
Mixed oxides and iron oxides

CaTiO; 7.73 129.1 74.60
CaTiOy/PANI 6.55 590.0 118.72
CaTiOy/PPy 5.75 1307.0 77.40

SrTiO; 11.56 984.0 18.54
SrTiOy/PANI 6.51 379.0 52.86
SrTiOy/PPy 5.78 621.0 81.36

Reference anti-corrosion pigment 6.02 103.0 31.74
Water 7.64 351.0 100.00
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3.4 Corrosion-induced mass loss of steel in aqueous eagts of the paint films

Changes in the pH levels during corrosion of sfemiels exposed in aqueous extracts of the
paint films (pH1 a pH21) and the observed speeifactric conductivity levelsyl andy21) are
given in Table 3 This table also includes the calculated mass dlaga for the steel panels
following 21 days’ exposure to extracts of the fpaént films (Xf).

Table 3 Specific conductivity data of aqueous extracts ol after 21 days’ exposure of steel
panel to aqueous extracts of the paint films (pH21).Calculated corrosion-induced
mass loss data for aqueous extracts of the pdins f{Xf) in 21 days’ exposure to
extracts of the free paint films.

Pigment type / PANI, PPy | pH; | Y21 [nS/cm] | X [%0]
Mixed oxides and iron oxides

CaTiO; 7.36 240.0 29.45
CaTiOJ/PANI 7.45 183.1 64.62
CaTioy/PPy 7.14 324.0 39.43
SITiOs 7.78 178.7 30.18
SrTiOy/PANI 6.66 149.2 30.84
SrTiOy/PPy 5.81 214.0 31.79
Binder without pigment 7.23 96.8 77.36
Water 7.64 351.0 100.00

3.5 Accelerated corrosion tests

Table 4 contains data for SOTable 5 includes the results for atmosphere W#CI. These
tables display observations of paint blisteringstel size and frequency of occurrence), extent
of corrosion changes of the metal substrate prapag&om the cut (in mm), corrosion of the
metal substrate (in % affected area) and calculatedrall anti-corrosion efficiency in
atmosphere with condensed humidity B atmosphere with SGESQ), environment with
NaCl (ENaCl) and in a chemically aggressive envinent (EM-S).

3.5.1 Corrosion tests of paint films in an atmosphere wh SO,

Table 4 Anti-corrosion efficiency of pigmented paint filnfsllowing 720 hours’ exposure to
atmosphere with  SO2 (DFT = 80 /)

Pigment type Surface Corrosion in a cut | Surface Anticorrosion
blistering (-) (mm) corrosion (%) efficiency Eso»
ASTM D714-87 | ASTMD1654-92 ASTM 610-85 (dg.)
Mixed oxides and iron oxides
CaTiO; 8M 7.0-10.0 0.3 58
CaTiOy/PANI - 10.0-13.0 16 53
CaTiOy/PPy - 13.0-16.0 100 37
SrTiO; 8F 3.0-5.0 10 62
SrTiOy/PANI 8M 7.0-10.0 16 42
SrTiOy/PPy - 13.0-16.0 100 37
E'ig?neern"t‘"tho”t . 5.0-7.0 16 60
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3.5.2
humidity

Table 5 Anti-corrosion efficiency of pigmented paint filnfisllowing 504 hours’ exposure to a

mist with NaCl (DFT = 80 + fum)

Corrosion tests of paint films in a chamber with amist of neutral NaCl and

Pigment type Surface blistering| Corrosion in a cut| Surface corrosion| Anticorrosion
- (mm) (%) efficiency Eyack
ASTM D714-87 ASTMD1654-92 ASTMD610-85 (dg.)
Mixed oxides and iron oxides
CaTiO; 6M 5.0-7.0 10 50
CaTiOJ/PANI 4F 3.0-5.0 0.1 70
CaTiO/PPy 6F 5.0-7.0 0.3 67
SrTiO; 6M 3.0-5.0 0.3 63
SrTiOy/PANI 6MD 3.0-5.0 0.1 58
SrTiOy/PPy - 5.0-7.0 0.1 78
B!nder without i 3.0-5.0 03 80
Pigment

3.6 Pigment particle morphology

As the SEM photographs demonstrate (Fig.1-6, Tapléhe pigment particles exhibit a lamellar
or isometric shape depending on their structumétric particles are found for magnetite, the
perovskites and spinel. The surface treatment wittonductive polymer did not change the
basic shape of the pigment particles

3.7 Physicochemical properties of the pigments

The first information on the pigments is obtainedni the physicochemical properties of the
pigment powders Table 1). The pigment particle surface treatment with twnductive
polymers brought about, naturally, a change inrtepécific weight. Surface modification with
PPy resulted in a lower specific weight than thedifiwation with polyaniline did. Oil
consumption is an indicator providing indirect inf@mtion on the pigment’'s specific surface
area, particle size distribution and porosity beeaail consumption increases with increasing
specific surface area, decreasing particle diansatdran increasing fraction of smaller particles.
Pigment surface modification with PANI or PPy bratigbout a higher linseed oil consumption,
which was more pronounced with PPy than with PANEsumably, this difference between the
effects of the two polymers is due to a largerlteteecific surface area of PPy compared with
polyaniline. The oil consumption data serve to glate the critical volume concentration of the
pigments and fillers (CPVC), the knowledge of whisha prerequisite for the formulation of
paints. The critical volume concentration of thgments and fillers (CPVC) expresses the
amount of binder in the system, which fills thedrepace between the pigment of filler particles
coming in mutual contact.

3.7.1 Corrosion-induced mass loss in aqueous extracts thfe pigments

Corrosion-induced mass loss data relative to puatemcan be used to characterise the
protective effect of the pigment extracts on theeksurface (Table 3). Corrosion of the steel
panels also depends on the aqueous extract pHifiSpeanductivity decreased during the
measurement due to the formation of a layer oflulde compounds on the steel surface
accompanied by a decrease of the conductive ioteabaof the filtrate.
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3.7.2 pH, specific electric conductivity and corrosion Igs in aqueous extracts of free

paint films
The pH levels of extracts of the paint filngaple 3, 4 all lay within the range of 3.5-10.0. The
suspensions of paints with pigments modified wiByRxhibited pH 3.6-6.7, extracts of paints
with pigments modified with polyaniline exhibitedHp5.9-7.3 and extracts of paints with the
untreated pigments exhibited pH 7.4-10.0. This imaydue, for instance, to the fact that PPy
has more open pores in the paint films, which fatés its solvation and transfer to solution and
so extracts of pigments modified with PPy were mfad” than extracts of pigments modified
with PANI.
When comparing the pH levels of extracts of pigreemtd of suspensions of the paint films, it is
clear that addition of pigments to the water-baspolxy resin brought about pH increase in the
extracts, due to the slightly basic nature of toeepbinder extract (-OH, -NH2 groups).The
conductivity valuesTable 4) exhibited the same trend during the measurenwerdlf samples.
The highest specific electric conductivity was alied in extracts of the paint films of the
conductive polymers (about 2200 uS/cm for PANI amng-third that value for PPy). For the
perovskites, surface modification with PPy (CaTieRy, SrTiO3/PPy) resulted in paints
exhibiting higher conductivities than if polyandéinvere used for the modification.
The lowest specific conductivities were observed dgtracts from films of the paint of the
reference pigment and of the non-pigmented eposipre

3.7.3 Corrosion-induced mass loss in agueous extracts thfe paint films

Specific conductivity, pH, and mass loss of theelsjganels were measured in three weeks
(Table 4).

The effects of PANI and PPy were nearly identicalydfor paint films with the perovskite
SrTiO; (SITIO/PANI — SITiIOQ/PPy — SrTiQ), in other words, the ability of the two polymeos
inhibit corrosion was virtually identical.

3.8 Accelerated corrosion tests of the pigmented orgamicoatings
3.8.1 Exposure of the coatings to an atmosphere with SO
The pigmented paint samples were put into a teatnbler and exposed for 720 hours to an
atmosphere containing sulphur dioxide gas (TahléM)en PANI or pigments modified with
PANI had been added to the epoxy resin, the greaductive emeraldine salt had transformed
to the blue non-conductive emeraldine base dukadasic nature of the binder and exposure to
the acid environment in the chamber (pH about 2udht about back transformation to the
green conductive species.
The formation of osmotic blisters on the film wasppressed by using paints containing
perovskite (CaTiO3) modified with either of the duiative polymers (PANI, PPy).
Although paints containing perovskite modified wiffolyaniline (SrTiO3/PANI) provided
favourable results, their efficiency was lower thhat with the untreated pigments because the
values differed by as little as 5 degrees Heubdwhdverall conclusions from the exposure of
the paints to an atmosphere with sulphur dioxigéeaarfollows:
e The anti-corrosion efficiencies of paints contagnpigments modified with PANI and
with PPy are comparable.
» For all pigments, their modification with PANI rd&d in higher resistance to the acid
environment of SO2 than did their modification wiRRy.
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3.8.2 Exposure of the coatings to an atmosphere with NaCl

The paints were exposed to a neutral salt mistsalachamber for 504 hours. Modification of
CaTiO; and SrTiQ (CaTiO/PANI, SrTiOy/ PANIL, and CaTi@PPy, SrTiQ/PPy) improved the
paints’ overall anti-corrosion efficiency. Modifitan of particles of the perovskite SrTj@ith
PPy (SrTiQ/PPy) gave rise to a form that exhibited an antrasion efficiency that was higher
than that of untreated perovskite (SrjjiOPerovskite itself possesses a relatively lovetele
conductivity, which was increased to an optimunelder use in paints by modification with
PPy.

The overall conclusions from the exposure of thatpato an atmosphere with NaCl are as
follows:

* Modification of the pigments with PANI resulted lingher anti-corrosion efficiency of
the paints than did modification with PPy.

e The anti-corrosion efficiencies of paints with C@Jiwere comparable with those of
paints with the pigments modified with PPy and ottbcases, were higher than those
of paints with the untreated pigments.

» The anti-corrosion efficiencies of paints with SDfidecreased in the following order:
pigment modified with PPy > untreated pigment >npamt modified with PANI.

e Paints with CaTi@PPy, SrTiQ/PPy, CaTi@PANI, SrTiO/PANI reduced the rate of
the corrosion phenomena occurring in the steeltsatessurface.

» The anti-corrosion efficiencies of paints with pignts modified with the conductive
polymers were higher than those of the respeciiwetp with the untreated pigment

4  Conclusions
The aim of this work was to assess the effect gingint surface modification with conductive
polymers on the corrosion-inhibiting capacity of #toating materials. The paint films applied to
steel substrates were subjected to resistancaddstiphysicomechanical and corrosion tests.
1. The overall conclusions from the exposure of thmtpao the corrosion atmospheres
are as follows:
2. In many cases, this treatment enhanced the antision efficiency of the paint films
significantly.
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