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Abstract: This work deals with the coating properties of synthetic latices comprising two kinds of
polymers, specifically polyacrylate and polypyrrole, which were simultaneously formed by semi-
continuous emulsion polymerization using a “one-pot” synthesis strategy. In this procedure, both the
emulsion polymerization of acrylate monomers and the oxidative polymerization of pyrrole occurred
concurrently in one reactor. Polyacrylate latices differing in polypyrrole loading were prepared by
applying various dosages of pyrrole, specifically 0, 0.25, and 0.50, based on the fraction of acrylate
monomers. The effect of the in situ incorporated polypyrrole component (having the nature of
submicron composite polypyrrole-coated polyacrylate latex particles) on the physico-mechanical
properties and chemical resistance of the resulting heterogeneous coating films was investigated. The
interaction of incorporated polypyrrole and anti-corrosion pigments (see ZnS, Zn3(PO4)2, ZnFe2O4,
MoS2, and ZnO) on the corrosion resistance of coatings was evaluated by using the electrochemical
linear polarization technique. The polyacrylate latex prepared with the lowest polypyrrole loading
(achieved by polymerizing 0.25 wt. % of pyrrole related to acrylic monomers) was found to be
the optimum binder for waterborne anticorrosive coatings based on their properties and protective
function. Their compatibility with the selected types of pigments was studied for these latex binders.
In addition, their influence on the anti-corrosion efficiency of polyacrylate paint films was evaluated
using the linear polarization electrochemical technique. For high corrosion resistance, the ZnS
and MoS2 pigments, showing compatibility with polyacrylate latices containing the polypyrrole
component, proved to be advantageous.

Keywords: emulsion polymerization; polyacrylate latex; polypyrrole; anti-corrosion coating;
corrosion resistance; electrochemical linear polarization

1. Introduction

Two of the most important challenges in coating technology and manufacturing are
the development of safer products and safer processes and the reduction of solvent emis-
sions in the air, with zero emissions being one of the most significant achievements [1–4].
Organic vapors released from solvent-based industrial coatings are important precursors of
secondary organic aerosols which threaten human health and the environment. For solvent-
based paints, the volatile (VOC) and medium-volatile organic compound (IVOC) emission
factors are 129–254 and 25–80 g/kg, respectively, while for water-based paints, VOC and
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IVOC values are about 32 and 13 g/kg, respectively [5,6]. For these reasons, synthetic
latices, specifically waterborne dispersions of submicron polymer particles produced by
emulsion polymerization technology, are receiving considerable attention nowadays and
are often used as binders of environmentally friendly paints [7–10]. Among the common
latex paint binders, polyacrylate latices and their coating films are appreciated for their
excellent resistance to weathering and UV radiation, transparency, chemical resistance, and
adhesion to various substrates [11–13]. Moreover, polyacrylates do not usually react with
pigments or fillers, enabling their easy dispersion in the latex binder [14].

In the case of anti-corrosion pigmented coatings, the requirements for safer products
are mainly ensured by the complete removal of chromium- and lead-based pigments [15].
The application of conductive polymers, including polypyrrole, appears to be a possibility
to replace these toxic anti-corrosion pigments. Polypyrrole has gained special attention
not only for its intrinsic conductivity but also for its good environmental stability, ease
of preparation, and availability of a starting pyrrole monomer [16–19]. Polypyrrole can
be synthesized by oxidative polymerization in the form of a polycation with delocalized
charges [20]. To maintain electroneutrality, the anions present compensate for the delocal-
ized charges on the polymer chain [19,21–26]. The resulting conductivity of polypyrrole
depends on the synthesis conditions and reactants, such as the choice in oxidizing agent,
solvent, co-dopant, reaction temperature, pyrrole, and surfactant concentrations. Among
the solvents, water has been reported as the most convenient one concerning the required
conductivity characteristics [27,28]. Among the oxidizing agents, ferric chlorate, ferric
chloride, and ammonium peroxodisulfate are typically utilized, with the latter being found
to provide the best intrinsic electrical conductivity of polypyrrole [19,29]. A severe draw-
back of polypyrrole is its rigid nature, caused by strong intramolecular and intermolecular
interactions, which causes insolubility in common solvents and thus the incapability of
dispersion in organic paints [29,30].

To facilitate polypyrrole processability and utilization, oxidative polymerization of
pyrrole performed in emulsion polymerization mode has been investigated as a promising
method of providing submicron polypyrrole particles. Research in this area was mainly fo-
cused on the influence of the surfactant type on the conductivity of the prepared nanosized
polypyrrole, wherein peroxodisulfate oxidizing agents [19,31] and anionic surfactants (e.g.,
sodium dodecyl sulfate (SDS)) have been proven to be particularly effective [19,31–33].
Furthermore, the control of polypyrrole’s particle size and morphology via operational
conditions in emulsion polymerization was studied, and it was found that nanosized
polypyrrole with uniform morphology and relatively high conductivity was obtained using
a semi-continuous feeding system [33].

Nevertheless, the application of polypyrrole in latex protective coatings has been rarely
reported. The only reports on systems based on polypyrrole-coated film-forming latices in
which the latex substrate was based on styrene-butadiene rubber [26], polyurethane [34], or
polyacrylate [35] were found in the relevant literature without focusing on the anti-corrosion
efficiency of the coatings. In all of these cases, polypyrrole-coated conductive composite
core-shell latex particles were prepared via in situ oxidative polymerization of pyrrole in
aqueous media containing film-forming latex particles which had been synthesized by
a standard process of emulsion polymerization. However, this strategy lacks practical
application on the industrial scale because of high latex dilution (about 5 wt. % of solids)
or the need for latex purification via repeated centrifugation-redispersion cycles to remove
the unwanted inorganic byproducts produced during pyrrole polymerization. To the
best of our knowledge, no reports on the oxidative polymerization of pyrrole occurring
simultaneously in a single reactor during the synthesis of a film-forming latex via emulsion
polymerization have been presented. Moreover, information on the anti-corrosion effect of
polypyrrole incorporated in any way into latex coatings is scarce. Both of these facts have
motivated the present work.

In this paper, heterogeneous film-forming polyacrylate latices in which two kinds of
polymers, specifically polyacrylate and polypyrrole, were prepared using a simple “one-
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pot” synthesis strategy, where both the emulsion polymerization of acrylate monomers and
the oxidative polymerization of pyrrole occurred together in a single reactor. Polyacrylate
latices varying in polypyrrole loading (provided by 0–0.5 wt. % pyrrole based on the
acrylate monomers fraction) were synthesized. The chemical structure of the polypyrrole
synthesized during emulsion polymerization and the storage stability of the latices were
evaluated. The anti-corrosion effect of the incorporated polypyrrole component in combi-
nation with various pigments was studied using the electrochemical linear polarization
technique and cyclic corrosion tests in a salt mist atmosphere.

2. Materials and Methods
2.1. Materials

The latices were prepared from methyl methacrylate (MMA), butyl acrylate (BA), and
methacrylic acid (MAA). Sigma Aldrich (Prague, Czech Republic) supplied these monomers
and the pyrrole. The emulsifier used was Disponil FES 993 (anionic surfactant based on
polyglycol ether sulfate; BASF, Chrudim, Czech Republic). Ammonium peroxodisulfate
(Lach-Ner Ltd., Neratovice, Czech Republic) was the initiator and, at the same time, the
oxidizing agent. Dehydran® 1239 (mixture of modified polysiloxanes; Henkel, Düsseldorf,
Germany) was used as the defoamer.

2.2. Pigments

The pigments were zinc oxide (ZnO; Sigma Aldrich Prague branch), zinc phosphate
(Zn3(PO4)2; Heubach GmbH, Langelsheim, Germany), zinc sulfide (ZnS; Sigma Aldrich,
Prague branch, Czech Republic), zinc ferrite (ZnFe2O4; laboratory synthesis at the Univer-
sity of Pardubice) and molybdenum disulfide (MoS2, Sigma Aldrich, Prague Branch, Czech
Republic).

2.3. Synthesis

The polyacrylate latices with different polypyrrole loadings were prepared by poly-
merizing various pyrrole dosages, namely 0, 0.25, and 0.5 wt. %, based on the fraction of
acrylate monomers during the synthesis of polyacrylate latex binder under a “one-pot”
synthesis strategy. In this method, both the emulsion radical polymerization of acrylate
monomers and the oxidative polymerization of pyrrole occurred simultaneously in one
reactor. Ammonium peroxodisulfate was used as both the initiator for the radical polymer-
ization of acrylates and the oxidizing agent for the oxidative polymerization of pyrrole.
MMA, BA, and MAA were used as the initial monomers at a 45/51/44 mass ratio to
synthesize the polyacrylate polymer.

Latices were prepared in a stirred reaction vessel at a polymerization temperature of
85 ◦C under an inert nitrogen atmosphere. Distilled water and the emulsifier were intro-
duced into the reaction vessel (Table 1). Simultaneously, the first emulsion of the acrylate
monomers was prepared in an emulsification flask by mixing the components (distilled
water, initiator, emulsifier, MMA, BA, and MAA). After the reaction vessel charge was
heated to the polymerization temperature, the proportion of the initiator intended for the
reaction vessel mixture was added to the reaction vessel. Then, the first acrylate monomer
emulsion was dosed dropwise for 60 min. Later, the reaction mixture was maintained at
85 ◦C for 15 min. Concurrently, the second emulsion of the acrylate monomers (distilled
water, initiator, emulsifier, MMA, BA, and MAA) was prepared in an emulsification flask.
For the latices designed to contain the polypyrrole component, a pyrrole solution (distilled
water and pyrrole) was prepared in parallel by mixing both components in a controlled-
flow flask. The second acrylate monomer emulsion and pyrrole solution were then dosed
simultaneously dropwise to the reaction vessel for an additional 60 min. Subsequently,
the reaction mixture was maintained at 85 ◦C for 120 min to complete the polymerization
process. The reaction vessel containing the resulting latex was then cooled under constant
stirring in an inert atmosphere to 25 ◦C. Half of the latex was used as prepared, and in the
following text, it is referred to as acidic latex (Lacid_polypyrrole loading (wt. %)). The other half
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of the latex was alkalized with a 10% aqueous ammonia solution to pH = 8.5, and in the
following text, this latex is referred to as alkaline latex (Lalkali_polypyrrole loading (wt. %)).

Table 1. Composition of the reaction mixtures for synthesizing polyacrylate latices with different
polypyrrole loadings.

Pyrrole Dosage a (wt. %)

0 0.25 0.50

Reaction Vessel
Distilled water (g) 75.0 75.0 75.0
Disponil FES 99 (g) 0.5 0.5 0.5

Ammonium peroxodisulfate (g) 0.4 0.4 0.4

The First Monomer Emulsion
Distilled water (g) 75.0 75.0 75.0
Disponil FES 99 (g) 7.3 7.3 7.3

MMA (g) 45.0 45.0 45.0
BA (g) 51.0 51.0 51.0

MAA (g) 4.0 4.0 4.0
Ammonium peroxodisulfate (g) 0.4 0.4 0.4

The Second Monomer Emulsion
Distilled water (g) 155.0 155.0 155.0
Disponil FES 99 (g) 7.3 7.3 7.3

MMA (g) 45.0 45.0 45.0
BA (g) 51.0 51.0 51.0

MAA (g) 4.0 4.0 4.0
Ammonium peroxodisulfate (g) 0.4 1.9 4.0

Pyrrole Solution
Pyrrole (g) 0 0.5 1.0

Distilled water (g) - 65.0 65.0
a Based on the total mass of acrylate monomers used in the polymerization system.

2.4. Characterization of Latices

The content of the coagulum was determined according to standard CSN 64 9008 [36]
through sieve analysis [37]. The content of solids was determined according to EN ISO
3251 [38]. For the determination of the conversion [39] immediately after completion of the
latex synthesis, 1 ± 0.2 g of latex was weighed on an analytical balance in a Petri dish. The
procedure was repeated three times for each latex sample in these determinations, and the
resulting value was calculated as the arithmetic mean. The pH measurements were carried
out according to protocol ISO 787-9 [40] at 23 ± 1 ◦C using a FiveEasy FE20 pH meter
(Mettler-Toledo; Greifensee, Switzerland) [41]. The minimum film-forming temperature
(MFFT) was determined according to standard ISO 2115 [42] using an MFFT-60 device
(Rhopoint Instruments; Hastings, UK) [43]. The glass transition temperature (Tg) was
determined by differential scanning calorimetry (DSC) with a Pyris 1 DSC instrument
(Perkin-Elmer; Waltham, MA, USA). The measurements were performed under an inert
(nitrogen) atmosphere at a heating rate of 10 ◦C/min from −50 ◦C to 120 ◦C.

2.5. Spectroscopic Analysis of Polypyrrole

The molecular structure of the polypyrrole synthesized during emulsion polymer-
ization was studied using Fourier transform infrared (FTIR) spectroscopy with a Thermo
Nicolet NEXUS 870 FTIR spectrometer with a DTGS TEC detector (ThermoFisher Scien-
tific; Waltham, MA, USA) in the range of 400–4000 cm−1. Analyses of the synthesized
polypyrrole and Disponil FES 993 emulsifier were provided through the ATR technique,
and reference powder samples of the polypyrrole salt and deprotonated polypyrrole base
were dispersed in potassium bromide pellets for analysis. The polypyrrole for the spec-
troscopic analysis was prepared using the same “one-pot” procedure and components
described above for the polyacrylate latex with a pyrrole dosage of 0.5 wt. %, except no
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acrylate monomers were introduced into the polymerization system. The above substances
were also analyzed using Raman spectroscopy. Raman spectra excited by the HeNe 633 nm
laser were obtained using a Renishaw inVia Reflex Raman microspectrometer (Renishaw,
England) with a Peltier-cooled CCD detector (576 × 384 pixels).

2.6. Determination of Stability of Latices

The storage stability of the synthesized latices was tested after one month and four
months of storage in an oven at 40 ◦C. The evaluation was performed visually, and after
removal of the sample from the oven, the color change, coagulum formation, and latex
precipitation were evaluated. The stability of the prepared latices against electrolytes was
monitored, depending on the type of electrolyte and the chosen electrolyte concentration
(0.32, 0.63, 1.25, 2.5, or 5 g·L−1). Stability testing was performed with three different
electrolytes, namely NaCl, CaCl2, and FeCl3 [44]. The evaluation was performed visually
to determine whether precipitation of the dispersion occurred. The average particle size
and zeta potential were used to evaluate the colloidal stability of the freshly prepared
latices [45]. The average particle size and zeta potential of the latex particles dispersed in
the aqueous phase were detected immediately after the latex synthesis via dynamic light
scattering using a Litesizer 500 (Anton Paar GmbH; Graz, Austria). The concentration
of the solid polymer in the aqueous phase was 0.01 wt. %, and the measurements were
performed at 25 ◦C [46].

2.7. Morphology of Coatings

The polyacrylate latex coating films were monitored by scanning electron microscopy
(SEM). To test latex films containing different polypyrrole loading, free-standing films
were prepared by casting and drying the latices in silicone molds at 23 ± 2 ◦C and at a
relative humidity of 50 ± 5%. The topography of the coating film was monitored on the
fracture surface, which was prepared in a liquid N2 environment. The sample was first
coated with a 20–25 nm-thick gold layer using an SCD 050 (Balzers) and then observed
in secondary electron mode using a LYRA 3 scanning electron microscope (Tescan, Brno,
Czech Republic) [47]. Elemental analysis of polyacrylate latex coating films containing
different polypyrrole loading was performed with a Flash 2000 CHNS Elemental Analyzer
(Thermo Fisher Scientific, Milan, Italy). The surface mechanical homogeneity of the coating
films was evaluated by employing atomic force microscopy (AFM) in the mode of the
PeakForce quantitative nanoscale mechanics (PF-QNM). Measurements were achieved by
applying a Dimension Icon AFM (Bruker, Billerica, MA, USA) using ScanAsyst-Air tips
(k = 0.4 N·m−1) and a 512 × 512 pixel resolution. For details on data acquisition and
processing, see [48,49].

2.8. Determination of Physicochemical Properties of Inorganic Pigments

The inorganic pigments were characterized using parameters important for application
in paints, such as density (determined by Micromeritics AutoPycnometer 1340 (Norcross,
GA, USA)) and oil absorption (determined by the “pestle–mortar” method). Based on
these determined parameters, the critical pigment volume concentrations (CPVCs) of the
individual studied pigments were calculated [50,51].

2.9. Preparation of Pigmented Coatings

The latices were combined with pigments (ZnO, ZnFe2O4, ZnS, MoS2, and Zn3(PO4)2)
at a concentration of 8 wt. % (based on the latex fraction). Their effect on the protective
properties of latex binders or the increase in anticorrosive effectiveness of the pigmented
coatings was tested. The dispersion was carried out on a Disolver-type apparatus (Disper-
mat CN30-F2, VMA-Getzmann GMBH; Reichshol, Germany) using 2.8 mm-diameter beads
at a speed of 1500 rpm for 30 min, resulting in uniform dispersion of the pigment in the
latex binder. After dispersion, the prepared waterborne paints were filtered and stored in
glass containers.
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2.10. Preparation of Paint Film Samples for Testing

The test coatings were created using a set of applicators (Zehntner GmbH Testing
Instruments; Sissach, Switzerland) with slit sizes of 150, 200, and 250 µm at 23 ± 2 ◦C and
a relative humidity of 50 ± 5% according to ISO 1514 [52]. The samples for the physical-
mechanical and electrochemical tests were prepared in one pass, targeting
DFT = 60 µm. In contrast, the samples for the cyclic corrosion test were prepared in two
passes, targeting DFT = 100 µm. Before starting the tests, the coatings on the test panels were
left to dry in a climate-controlled room under the same conditions for
30 days [53]. After drying, the dry film thickness (DFT) of the coatings was measured using
a three-point thickness gauge (Schut-20, Schut Geometrische Meettechniek BV; Groningen,
the Netherlands) for coatings applied on glass panels and a magnetic thickness gauge
(Byko-test 8500 premium Fe/Nfe, BYK Additives & Instruments; Wesel, Germany) for
those on steel panels according to EN ISO 2808 [54]. The prepared latices were applied
to glass and steel panels (Q-Lab Corporation; Cleveland, OH, USA). The ZQD-SP-104171
panel type was utilized for mechanical testing, the QD-24 panel type was used for the
electrochemical linear polarization technique, and the S-46 panel type was used for the
cyclic corrosion test. The characterization of the steel panels used is summarized in Table 2.

Table 2. Characterization of used steel panels.

Panel Type Dimensions
(mm)

Roughness
(µm)

Chemical Composition
(%)

S46 152 × 102 × 0.81 0.5–1.15 Mn ≤ 0.60
C ≤ 0.15
p ≤ 0.030
S ≤ 0.035

ZQD-SP-104171 62 × 202 × 0.51 0.5–1.15

QD24 51 × 102 × 0.51 ≤0.5

2.11. Study of Physico-Mechanical Properties

The mechanical properties of the non-pigmented polyacrylate films were studied
using standardized tests. The relative surface hardness of the coating films deposited on the
glass panels was measured according to ISO 1522 [55] using a Persoz pendulum apparatus
(Persoz NF T 30-016, Braive Instruments; Liège, Belgium). The gloss of the coating films
applied on the glass panels was determined with a micro-TRI-gloss (µ) (BYK-Gardner;
Geretsried, Germany) using the geometry for gloss measurement at 60◦ according to ISO
2813 [56]. In addition, the resistance of the coating films to impact with a weight (1000 g)
from the maximum height at which the coating film remained intact, according to ISO
6272-2 [57], was evaluated using an Elcometer 1615 (Elcometer; Manchester, UK) [58].
The resistance of the films to cracking or peeling was also studied using the cupping test
according to ISO 1520 [59]. The latex films were subjected to step deformation by pushing
a 20 mm-in-diameter steel ball using an Elcometer 1620. The flexural resistance of the latex
films was evaluated through a cylindrical mandrel according to ISO 1519 [60] using an
Elcometer 1506. The evaluation of the degree of adhesion of the coatings on steel panels
was carried out according to ISO 2409 [61] using a special Elcometer K1542 Cross-Cut
Tester cutting knife with a blade spacing of 2 mm. The cross-section of the grid pattern was
subjectively rated on a scale from 0 to 5, where 0 indicated the best adhesion [62].

2.12. Determination of Chemical Resistance

The chemical resistance of the non-pigmented films to water exposure was determined
depending on the pH level of the corrosion environment. The chemical resistance of the
coatings was evaluated on steel panels with a coating layer on which glass rollers were
glued. An aqueous buffer solution of different pH levels (2, 4, 6, 8, 10, and 12) was poured
into each glass roller. The buffers were prepared from 0.04 M H3BO3, 0.04 M H3PO4,
0.04 M CH3COOH, and 0.2 M NaOH solutions. The solutions were left in the rollers for
three days, and then the coating surface was evaluated according to ASTM D 610-08 [63]
and ASTM D 714-02 [64].
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2.13. Corrosion Resistance

The determination of the corrosion resistance of polyacrylate latex paint films was
carried out using a cyclic corrosion test in an environment of 5% NaCl mist (modified
according to ISO 9227 [65]) in a test chamber (SKB 400 A-TR-TOUCH, Gebr. Liebisch GmbH
& Co. KG; Bielefeld, Germany). Testing of individual polyacrylate coating films in both
acidic and alkaline form was carried out in 12 h cycles divided into three parts: 10 h of
exposure to a mist of a 5% solution of NaCl at a temperature of 38 ◦C; 1 h of exposure
at a temperature of 23 ◦C; and 1 h of moisture condensation at a temperature of 40 ◦C.
The total exposure time was 120 h. Test samples treated with sealing self-adhesive tape
were provided with an 8 cm-long test cut. After exposure, the corrosion manifestations
were evaluated according to the relevant standards, such as standard ASTM D714-02’s
testing method for evaluation of the degree of blistering and ASTM D 610-85’s method for
evaluation of the degree of corrosion on steel substrate, and assessment of the degree of
delamination was carried out following ISO 4628-8 [66].

For each coating film, the spontaneous corrosion potential (Ecorr), the slopes of the
Tafel guidelines (βa and βc), the current density (Icor), the polarization resistance (Rp), and
the corrosion rate (vcor) were determined using the electrochemical linear polarization
technique [67]. The determinations were carried out in electrochemical cells consisting of a
working electrode formed by the test sample, a reference saturated calomel electrode, and
a platinum counter electrode. Test specimens of the defined areas were exposed to a 3.5 M
solution of NaCl electrolyte for 24 h, during which time the spontaneous corrosion potential
was measured. After 24 h of exposure, the polarization curves were recorded using the
electrochemical linear polarization technique, followed by an evaluation of the linear stretch
of these polarization curves in the vicinity of the corrosion potential. Determining the
polarization resistance assumes that the central part of the resulting polarization curve of
the corrosion system is linear near the corrosion potential and intersects the zero current
density axis at a certain angle. The polarization resistance corresponds to the inverse of the
linear extrapolation line directive.

3. Results and Discussion
3.1. Chemical Structure of Polypyrrole

The molecular structure of the polypyrrole component synthesized during emulsion
polymerization of acrylates was studied using FTIR spectroscopy. The infrared spectrum
of polypyrrole prepared with the “one-pot” synthesis strategy (Figure 1) was compared
with the spectra of polypyrrole salt (Figure 1, conducting form), the polypyrrole base
(deprotonated form) [68], and the spectrum of the Disponil FES 993 emulsifier (Figure 2).
In the spectrum of polypyrrole salt, we observed bands with local maxima at 1537 cm−1

(C–C stretching vibrations in the pyrrole ring), 1450 cm−1 (C−N stretching vibration in
pyrrole ring), a broad band at about 1303 cm−1 (in-plane deformation vibrations of C–H
or C–N bonds), and 1164 cm−1 (the band associated with the deformation vibrations of
pyrrole rings) [68]. The spectrum also included a peak situated at 1089 cm−1 associated
with N−H+ deformation vibrations, a sharp peak situated at 1035 cm−1 (C–H and N–H
in-plane deformation vibrations), and a peak at 904 cm−1 (C–H deformation vibration of
pyrrole ring) (Figure 2). In the spectrum of polypyrrole synthesized in the present study,
we detected bands with maxima at 1537, 1089, 1305, and 904 cm−1, which corresponded
to the vibrations of the polypyrrole base. We can thus conclude that the polypyrrole in
the present study was partly deprotonated. This was the result of the lower acidity of the
reaction medium due to the use of an ammonium peroxodisulfate oxidizing agent instead
of the strongly acidic ferric chloride currently used in the literature [68]. The bands at 2925
and 2850 cm−1 (C–H stretching vibrations) and a double band with maxima at 1243 and
1209 cm−1 reflect the presence of Disponil emulsifier adsorbed at the polypyrrole surface.
The bands with maxima at 3428 and 1635 cm−1 belong to the vibrations of water molecules.
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Figure 1. FTIR spectrum of polypyrrole (PPy) prepared with “one-pot” synthesis in the absence of
polyacrylate latex polymer compared with the spectra of the polypyrrole salt and base reported in
the literature [68].

In the Raman spectrum of the reference conducting polypyrrole salt (Figure 2), we
observed a band with a maximum situated at 1590 cm−1 (stretching of C=C bonds and
inter-ring C–C mode in the backbone of the polaron structure), which shifted to a higher
frequency after deprotonation to the polypyrrole base [68]. We also detected two maxima
at 1387 and 1323 cm−1 (inter-ring stretching vibrations of C–C bonds of polypyrrole),
where the peak appearing at a higher frequency was assigned to the asymmetric inter-ring
stretching C–N vibrations in conducting polypyrrole salt while the lower-frequency side
peak was assigned to the deprotonated polypyrrole base. This band increased after de-
protonation. The band with a maximum at 1254 cm−1 was associated with asymmetric
C–H in-plane bending vibrations. In the double band observed at 1082 and 1048 cm−1, the
maximum at the higher frequency was assigned to the in-plane deformation vibrations of
the C–H bonds. The intensity of this band decreased after deprotonation. The maximum at
a lower frequency of 1048 cm−1 corresponded to non-protonated polypyrrole units, and
its intensity increased after deprotonation. The bands with maxima situated at 984 and
933 cm−1 were assigned to the ring in-plane deformation and associated with the po-
laron and bipolaron states of polypyrrole, respectively. The band attributed to the ring
deformation of the non-protonated polypyrrole segment appeared at 922 cm−1. The C–H
out-of-plane deformation band was observed at 688 cm−1. The spectrum of the polypyr-
role prepared with the “one-pot” synthesis strategy in the absence of acrylic monomers
was close to the spectrum of the polypyrrole base (Figure 2). We can conclude that the
polypyrrole component formed during emulsion polymerization was polypyrrole which
was protonated only in part, also in accordance with the FTIR spectra.
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Figure 2. Raman spectrum of polypyrrole (PPy) prepared with “one-pot” synthesis in the absence of
polyacrylate latex polymer compared with the spectra of the polypyrrole salt and base reported in
the literature [68].

3.2. Basic Properties of Latices

Polypyrrole is typically prepared through the chemical oxidation of pyrrole with ferric
chloride [69] or ammonium peroxodisulfate [70] (Figure 3). The latter oxidizing agent was
selected for this study to avoid the presence of chloride anions in the formulations. Sulfuric
acid is a byproduct, and the acidity of the medium thus increases during polymerization.
Polypyrrole is obtained as a conducting salt with sulfate counter-ions.

Figure 3. Oxidation of pyrrole in aqueous medium yields polypyrrole salt.

The characteristic properties of the heterogeneous latices comprising both polyacrylate
and polypyrrole components are summarized in Table 3. The latices Lacid_0 and Lacid_0.25
were close regarding solids and coagulum content. On the contrary, an increase in the
coagulum content and decrease in solids was found in the case of the latex sample Lacid_0.50
synthesized with the highest pyrrole dosage, indicating a decrease in colloidal stability
during the “one-pot” synthesis. This latex sample also exhibited a pronouncedly decreased
value of monomer conversion, probably due to considerable consumption of ammonium
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peroxodisulfate during the oxidative polymerization of pyrrole. Therefore, the initiation of
the radical polymerization of acrylate monomers at a pyrrole dosage of 0.5 wt. % was not
sufficiently efficient, and low values of conversion and solids were found. The pH levels of
individual latices gradually decreased from 1.9 to 1.6. The drop in pH was caused by the
decomposition of ammonium peroxodisulfate in water [71,72] and its reaction with pyrrole
to form sulfuric acid as a byproduct (Figure 3). The increasing amount of ammonium
peroxodisulfate also led to an increase in the ionic strength of the dispersion medium.
These phenomena and the probable precipitation and accumulation of polypyrrole on the
polyacrylate latex particle surface (resulting in the surface’s negative charge decreasing
due to the polypyrrole overlayer coating) could result in flocculation of latex particles and
the mentioned increase in coagulum content.

Table 3. Basic characteristics of prepared latices.

Latex Coagulum
(wt. %)

Conversion
(%)

Solids
(wt. %) pH Tg

(◦C)

MFFT
(Acidic Latex)

(◦C)

MFFT
(Alkaline Latex)

(◦C)

Lacid_0 0.4 99.8 39.0 1.9 ± 0.1 0.4 ± 0.2 8.1 ± 0.1 7.7 ± 0.2
Lacid_0.25 0.5 97.9 38.8 1.7 ± 0.1 3.4 ± 0.4 10.0 ± 0.3 8.0 ± 0.2
Lacid_0.50 1.9 66.3 29.4 1.6 ± 0.1 4.5 ± 0.5 11.5 ± 0.2 8.3 ± 0.3

DSC analysis of the prepared heterogeneous latex materials revealed only one de-
tectable glass transition corresponding to the polyacrylate matrix. The glass transition
corresponding to the polypyrrole component was not detected, in all probability, due to
the low content of the polypyrrole phase. However, the Tg of polypyrrole synthesized by
blank “one-pot” emulsion polymerization (following the procedure for the latex sample
with a pyrrole dosage of 0.5 wt. %, except that no acrylate monomers were introduced into
the polymerization system) was determined to be approximately 84 ◦C. Nevertheless, with
the increasing polypyrrole loading, a slight increase in Tg was noted, which was probably
caused by the presence of polypyrrole in the polyacrylate matrix. The MFFT of the latices
in acidic form ranged from 8.1 to 11.5 ◦C. Thus, all of the polyacrylate latices were already
able to form a coating film at room temperature. Alkalization of the latices resulted in a
reduction in the MFFT, which decreased with increasing polypyrrole loading. The decrease
in the MFFT of the alkaline latices can be explained by the observed decrease in radical
polymerization conversion, which resulted in a decrease in the molecular weight of the
polyacrylate latex polymer. Alternatively, the deprotonation of polypyrrole salt (Figure 1)
to a base [68] could also be responsible for the observed effects.

3.3. Stability of Latices

The particle diameter and zeta potential of latices were determined for both the
acidic and alkaline latices (Table 4). The latex samples synthesized with 0 and 0.25 wt. %
pyrrole dosages showed similar particle diameters and low polydispersity values, with the
latter data indicating monomodal and narrow particle size distributions. On the contrary,
significantly increased particle diameters and polydispersity values were found for the latex
samples synthesized with a 0.5 wt. % pyrrole dosage. This fact is indicative of decreased
stability and the flocculation of latex particles. Moreover, these samples also showed a
bimodal particle size distribution, where the presence of the polypyrrole component could
be assumed in the higher particle size fraction. The information regarding colloidal stability
is further associated with the zeta potential [73], showing sufficiently high absolute values
(i.e., stability in the case of latices synthesized with 0 and 0.25 wt. % pyrrole dosages), while
the latices synthesized with a 0.5 wt. % pyrrole dosage exhibited decreased absolute values
for the zeta potential, indicating reduced latex stability. This phenomenon may indicate the
precipitation of polypyrrole on the polyacrylate latex particle surface, forming composite
particles with polypyrrole overlayer coatings. Thus, the polyacrylate latex particles lost
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their carboxyl and sulfate group-based surface negative charge and flocculated due to the
lack of charge.

Table 4. Results from DLS and storage stability testing at 40 ◦C (1 and 4 months) and 60 ◦C (24, 48,
and 120 h) a.

Latex
Zeta Potential

(mV)

Particle Diameter (nm) Polydispersity
(%) 1 Month 4 Months

24
h

48
h

120
hPeak 1 Peak 2

Lacid_0 −37.4 ± 0.7 137 ± 1 - 2.6 ± 1.7 0 0 0 0 X
Lacid_0.25 −38.4 ± 1.3 130 ± 2 - 3.3 ± 2.1 0 0 0 0 X
Lacid_0.50 −30.2 ± 1.5 253 ± 27 1074 ± 373 28.0 ± 2.0 0 0 0 0 X

Lalkali_0 −38.4 ± 0.8 147 ± 1 - 3.8 ± 2.7 0 0 0 0 0
Lalkali_0.25 −40.1 ± 1.9 138 ± 2 - 2.5 ± 1.4 0 0 0 0 X
Lalkali_0.50 −33.1 ± 1.0 313 ± 33 1112 ± 447 28.3 ± 3.3 0 0 0 0 X

a Stability results expressed with the symbol “0” mean that no visible coagulation occurred, and the latex provided
coatings with preserved gloss. “X” means that visible coagulation occurred.

From the point of view of application in paints, the binders must have satisfactory
stability under various environmental conditions [74]. For this reason, the latices were
evaluated for their stability during storage for 4 months at 40 ◦C (Table 4). All latices
remained stable during storage at this temperature. The stability of the latices was also
evaluated at 60 ◦C for 24, 48, and 120 h. All latices remained stable at 60 ◦C for 48 h. Except
for the latex Lalkali_0, the coagulum formation was observed in the case of all latices after
120 h exposure. The enhanced thermal stability of the latex Lalkali_0 can be related to the
increased surface charge of polyacrylate particles due to alkalization [75] and the absence
of a polypyrrole overlayer coating.

3.4. Presence of Polypyrrole Component in Latex Film

The morphology and distribution of the polypyrrole component in the coating films
were studied using SEM and AFM. The pyrrole monomer was assumed to polymerize
in an aqueous solution or on the polyacrylate particle surface. (Pyrrole polymerization
within the polyacrylate particle interior was highly unlikely because the water-soluble
ammonium peroxodisulfate oxidant should not diffuse into the hydrophobic polyacrylate
particles). The polypyrrole component was expected to be precipitated solely in the aqueous
medium or accumulated on the polyacrylate particle surface to minimize the interfacial
free energy [76]. Considering the fact of a zeta potential decrease being observed in the
case of Lacid_0.50 and Lalkali_0.50 (suggesting the loss of the surface negative charge on latex
particles due to the polypyrrole overlayer), the formation of composite polypyrrole-coated
polyacrylate latex particles is the most probable idea, which is also consistent with the
findings in the literature [26,34,35].

Cryo-fracture micrographs of free-standing coating films prepared from alkaline latices
examined via SEM revealed irregular (elongated) submicron particles in the cases of the
Lalkali_0.25 and Lalkali_0.50 coatings (Figure 4b,c). The size of these particles, probably having
the nature of isolated or aggregated composite polyacrylate particles with polypyrrole
overlayer coatings, slightly increased with the level of polypyrrole loading. The real content
of the polypyrrole component in dry-coating films was estimated according to the elemental
analysis results (Table 5). The nitrogen concentration was used to assess the content
of polypyrrole. Although the presented results represent only a rough approximation,
it can be stated that the real concentration of the polypyrrole component in the latex
coatings increased with an increasing pyrrole dosage. Note that the non-negligible nitrogen
concentration in the reference sample is attributed to the ammonium peroxodisulfate
initiator and the presence of the alkalizing agent.
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Figure 4. Fracture surface topography of the coating films obtained via SEM: (a) Lalkali_0, (b) Lalkali_0.25,
and (c) Lalkali_0.50. Mechanical maps (below) determined via AFM for the coating films (d) Lalkali_0,
(e) Lalkali_0.25, and (f) Lalkali_0.50. (g–i) Corresponding profiles of mechanical response.

Table 5. Results for nitrogen concentration and polypyrrole content obtained using elemental analysis.

Latex
N Concentration (wt. %) Polypyrrole Content (wt. %)

Total—Experimentally Determined Calculated for Polypyrrole a Theoretical Experimentally Determined a

Lalkali_0 0.18 ± 0.01 0 0 0
Lalkali_0.25 0.31 ± 0.01 0.037 0.24 0.18
Lalkali_0.50 0.49 ± 0.07 0.091 0.48 0.44

a Calculations were based on the difference in the experimentally determined N concentrations between the
polypyrrole-containing sample and the reference sample (Lalkali_0) using the starting amounts of the individual
reaction components under the simplifying assumption that the remaining content of the alkalizing agent was the
same in all latex samples.

When using AFM in mechanical mode, some grainy features describing the relics of
the original latex polymer spheres were observed in the coating film prepared from L_alkali_0
latex (see Figure 4d,g) The lateral size of these relicts was 110–120 nm, which corresponds
well with the size of the original primary latex particles according to DLS (137 nm; Table 4).
The slight reduction in size was due to the combined effects of coalescence, particle drying,
and detection of the double layer by the DLS technique. The total contrast of the mechanical
response (the slope of the force spectroscopy; see [77,78]) was quite homogeneous and
connected with some topographical differences. In the cases of the coatings prepared
from Lalkali_0.25 and Lalkali_0.50, two types of new particles with significantly higher stiffness
values appeared in the mechanical response. In the case of the coating film from Lalkali_0.25,
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the given particles were marked in green (Figure 4e). The full-width-at-half-maxima
(FWHM) was in the range of 40–80 nm, and the change in mechanical response was
three times higher than the response of the reference latex L_alkali_0.2 (Figure 4h). For the
coating from Lalkali_0.5, there was a more pronounced separation of several particles with
a mechanical response close to 0.5 V (see blue areas). (For comparison, the mechanical
response of the L_alkali_0 coating was below 0.07 V.) Due to the change in mechanical
properties with the addition of the polypyrrole component, it can be concluded that the
polypyrrole was not fully dispersed (in a supramolecular manner) in the material but was
localized in nanoscale grains in which the polypyrrole concentration increased with the
concentration in the sample, consistent with Cahn–Hilliard effects [79].

3.5. Characterization of the Pigments

For this work, inorganic pigments from the group of oxides and sulfides of transition
metals (ZnO, ZnS, and MoS2), zinc ferrite (mixed oxide) prepared via high-temperature
synthesis in the solid phase and an industrially used pigment Zn3(PO4)2 were selected,
for which their basic characterization was carried out. Typical parameters such as the
oil number and density, which are necessary to calculate the critical pigment volume
concentration (CPVC), were determined. Furthermore, photomicrographs of the individual
pigments were taken, and the particle size was determined from the photomicrographs
(Figure 5) taken using a scanning electron microscope (SEM). The results of the studied
pigments are summarized in Table 6. The densities of individual pigments ranged from
3.35 g·cm−3 (Zn3(PO4)2) to 5.68 g·cm−3 (ZnO). Individual pigments achieved oil absorption
values ranging from 21.5 to 29.8 g/100 g. The oil absorption parameter is closely related
to the porosity of the pigment particles as well as their surface and shape. The lowest oil
absorption values were determined for the ZnO pigment (15.3 g/100 g), which showed
small particles of an isometric shape with a particle size distribution of 100–300 nm, and
the ZnS pigment (15.8 g/100 g), which according to SEM scans formed polycrystalline
spherical clusters with a tetrahedral shape for the primary particles (100–200 nm). On the
contrary, higher values of oil absorption were found for the pigments Zn3(PO4)2 and MoS2
(33.9 and 29.8 g/100 g). The MoS2 particles showed a typical layered structure, while the
Zn3(PO4)2 particles were polycrystalline clusters with a non-isometric shape. CPVC values
ranged from 39.4 (MoS2) to 59.3 (ZnS).

3.6. Physico-Mechanical Properties

Since latex coating binders are usually used in a neutralized state [80], only the coating
films made from alkaline latices were subjected to physico-mechanical testing. The physical
properties and mechanical resistance of the non-pigmented coatings (DFT of 60 ± 5 µm)
are shown in Table 7. All coating samples displayed a highly glossy, smooth, and slick
surface without any bubbles or defects. The high gloss indicates the presence of nano-sized
particles and good coalescence of these coating films. On the contrary, the coating from the
latex Lalkali_0.5 exhibited a significant decrease in gloss, which can be attributed to a higher
content of ionic species (originating especially from the increased dosage of ammonium
peroxodisulfate) which were excluded on the coating surface during film formation. The
Persoz surface hardness measurements showed that the hardness of the coating films
increased with increased polypyrrole loading (Table 7), probably due to the improved effect
of ionic interfacial crosslinking between polypyrrole polycation and the carboxyl groups in
the binder. Further mechanical property tests showed that coatings from the latex Lalkali_0.50
exhibited lower impact toughness, which can be attributed to a decrease in the molecular
weight of the polyacrylate latex polymer [81], as suggested earlier. Nevertheless, all films
provided the maximum possible rating in the cupping and bending tests and exhibited
high adhesion to the steel substrate, rated at grade zero. Therefore, it can be concluded that
the polypyrrole component did not significantly affect the otherwise excellent mechanical
properties.
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Figure 5. SEM micrographs of the inorganic pigments used: (a) ZnO, (b) ZnS, (c) MoS2, (d) ZnFe2O4,
and (e) Zn3(PO4)2.

Table 6. Basic physicochemical properties of used pigments.

Pigment Oil Absorption
(g/100 g)

Density
(g·cm−3) CPVC Size of Primary Particles

(µm)

ZnO 15.3 ± 0.2 5.68 ± 0.02 51.7 0.2 ± 0.1
ZnS 15.8 ± 0.2 4.04 ± 0.02 59.3 0.3 ± 0.1

MoS2 29.8 ± 0.2 4.81 ± 0.02 39.4 1.3 ± 0.6
ZnFe2O4 24.1 ± 0.2 5.17 ± 0.02 42.7 1.2 ± 0.6

Zn3(PO4)2 33.9 ± 0.2 3.35 ± 0.02 45.0 1.1 ± 0.7

Table 7. Physico-mechanical properties of alkali-treated non-pigmented coatings.

Latex Gloss
(60◦)

Hardness
(%)

Impact
(cm)

Cupping
(mm)

Bending
(mm)

Adhesion
(dg.)

Lalkali_0 147.1 ± 0.5 38.6 ± 0.1 60 >10 <2 0
Lalkali_0.25 130.6 ± 0.1 39.6 ± 0.1 60 >10 <2 0
Lalkali_0.50 110.0 ± 0.3 40.5 ± 0.1 50 >10 <2 0

3.7. Chemical Resistance

The chemical resistance of the non-pigmented coatings (DFT of 60 ± 10 µm) cast on
steel panels was evaluated after exposure for 72 h to buffer solutions of pH = 2, 4, 6, 8, 10,
and 12 (Table 8). The results show that the coatings made from the latices in alkaline form
were more chemically resistant than those originating from the latices in acidic form. The
highest chemical resistance was achieved by the coating film from the latex Lalkali_0.25, which
showed no change in the appearance after 72 h of exposure to buffers at pH = 2–8, with only
isolated blistering at pH = 10 and wrinkling of the coating film at pH = 12. Similar values
were achieved by the coating film originating from the latex Lalkali_0. On the other hand, the
films from the latices synthesized at higher polypyrrole loadings (Lacid_0.50 and Lalkali_0.50)
contained a large amount of blistering at most pH values, and at pH = 10–12, the coating
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films wrinkled and even lost their integrity. After finishing the chemical resistance testing,
the coating films were removed using a paint stripper (Green Paint Stripper; manufacturer:
Rust Oleum), and the corrosion degree of the steel substrate was evaluated (Table 8). The
results of the degree of corrosion and the chemical resistance determination corresponded
with each other. The steel panel with a coating originating from the latex Lalkali_0.25 had the
lowest degree of corrosion, with corrosion ranging from 1 to 3% at all pH values.

Table 8. Chemical resistance of non-pigmented coatings and degree of corrosion of coated steel
substrate induced by aqueous buffers of different pH levels.

Latex Changes in the Coating Quality a Corrosion of Coated Steel (%)

2 4 6 8 10 12 2 4 6 8 10 12

Lacid_0 0 0 0 0 2 2 16 3 16 10 33 33
Lacid_0.25 2 1 1 1 3 3 33 10 16 10 33 33
Lacid_0.50 2 2 2 3 4 4 10 10 10 10 3 3

Lalkali_0 0 0 0 0 2 3 16 16 10 3 10 50
Lalkali_0.25 0 0 0 0 1 3 3 1 1 3 1 1
Lalkali_0.50 2 2 2 0 3 3 50 33 33 16 3 3

a 0 = no change; 1 = isolated blistering; 2 = blistering over the entire area; 3 = wrinkling (loss of adhesion);
4 = upsetting the integrity of the film.

3.8. The Corrosion Protective Efficiency of Non-Pigmented Coatings
3.8.1. Cyclic Corrosion Test in a 5% Salt Spray Atmosphere

Polyacrylate coating films applied to steel panels were subjected to a cyclic corrosion
test in a neutral salt fog environment for 120 h, where corrosion manifestations were
subsequently evaluated. The results are shown in Table 9. Photographs of individual
coating films after 120 h of exposure are shown in Figure 6. The anticorrosion efficiency
of the non-pigmented polyacrylate latex films in acidic form was lower compared with
the latex coating films in alkaline form. However, a positive effect of the presence of
the polypyrrole component was observed here; as with the coating film made from the
reference latex without the content of polypyrrole, blisters occurred in the surface of the
coating film and around the test section, rated as 8F after 48 h of exposure, while in the case
of coating films from latices L_acid_0.25 and L_acid_0.5, even after 120 h, no blisters appeared
on the surface or in the test section. In addition, the coating film made from latex L_acid_0
showed higher corrosion around the test cut in the range of 3–3.5 mm, and the corrosion in
the coating area and corrosion of the steel substrate was near 1%. The highest anti-corrosion
efficiency was achieved by the coating film made of latex L_acid_0.25, where there were no
blisters either on the surface of the coating film or in the test section. In addition, this system
also showed rather little corrosion on the surface of the paint film and the steel substrate,
being approximately 0.3%. The paint films made of polyacrylate latices in alkaline form
showed higher anti-corrosion efficiency compared with the paint films in acid form. They
have been shown to have less corrosion in the section and a lower tendency for corrosion
on the surface of the paint film. However, with the coating film made from the reference
latex L_alkali_0, blisters rated at 8M already appeared in the vicinity of the test cut after
72 h. The highest anti-corrosion efficiency was achieved by the coating film made of latex
L_alkali_0.25, which did not have any blisters either in the area or in the test cut. In addition,
the corrosion in the surface of the coating film was a minimum of 0.03%. Comparable
results were also achieved by the L_alkali_0.5 latex paint film, which also did not have any
blisters in the test cut or on the surface of the paint film, and the corrosion on the surface of
the paint film was only 0.3%.
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Table 9. Anti-corrosion resistance of non-pigmented coatings after 120 h exposure in a 5% salt spray
atmosphere. DFT = 90 ± 10 µm.

Latex

Blistering Corrosion

In the Cut
(dg.)

On the Film
Area (dg.)

In the Cut
(mm)

On the Film
Area (%)

Metal Base
(%)

Lacid_0 8F 8F 3–3.5 1 1
Lacid_0.25 - - 1–1.5 0.3 0.3
Lacid_0.50 8M - 1–1.5 10 10

Lalkali_0 8M 1–1.5 3 3
Lalkali_0.25 - - 0.5–1 0.03 0.03
Lalkali_0.50 - - 0.5–1 0.3 0.3

Figure 6. Non-pigmented coatings on steel substrates after 120 h of exposure in a 5% salt spray
atmosphere: (a) Lalkali_0, (b) Lalkali_0.25, (c) Lalkali_0.50, (d) Lacid__0, (e) Lacid_0.25, and (f) Lacid_0.50.

3.8.2. Electrochemical Technique of Linear Polarization

The corrosion resistance of the non-pigmented polyacrylate latex films with
DFT = 60 ± 10 µm was evaluated with the electrochemical technique of linear polar-
ization. Using this technique, individual polarization curves were measured after the
spontaneous corrosion potential had stabilized. First, the cathodic parts of the curve were
measured followed by the anodic parts of the curve, because when measuring the anodic
part of the curve, there were changes in the measured surface of the sample. The sum
curve was experimentally verified by this procedure, which was curved in semilogarithmic
coordinates in the vicinity of the corrosion potential and had a linear course at higher
potentials. The linear region on the curve was called the tafel region, by extrapolation of
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which it was possible to determine the corrosion current density Icorr (i.e., an indicator of
the corrosion rate), the corrosion potential Ecorr, and last but not least the slopes of the tafel
regions ßa and ßc. The polarization resistance Rp was evaluated from a linear section near
the corrosion potential, where the inverse of the directive value of this linear section gives
the polarization resistance. Based on the above parameters, the corrosion rate vcorr was also
calculated for each coating film [82–86].

The parameters determined by the electrochemical technique of linear polarization
for the non-pigmented polyacrylate latex films are shown in Table 10. The spontaneous
corrosion potential of the coating films cast from all types of acid latices ranged from
−623 to −534 mV, where the lowest value of the current density was recorded for the
coating film from the latex Lacid_0.25. The highest polarization resistance value of 0.88 MΩ
and the lowest corrosion rate value of 1.33 × 10−4 mm/year were also recorded for this
film. The study of the alkalized latices and their corresponding coating films, where the
spontaneous corrosion potential ranged from −491 to −474 mV, clearly show that there was
an increase in corrosion resistance when compared with the acid latices, as evidenced by the
increase in the polarization resistance values of the individual samples. The highest value
of polarization resistance was determined for the latex coating Lalkali_0.25, which reached a
value of 0.99 MΩ, while the lowest value of corrosion rate was 1.12 × 10−4 mm/year.

Table 10. Protective efficiency of non-pigmented coatings determined by the linear polarization
technique.

Latex Ecorr
(mV)

Icorr
(µA)

ßa
(mV)

ßc
(mV)

Rp
(MΩ)

vcorr
(mm/Year)

Lacid_0 –623 1.7 × 10−2 15.2 17.3 0.19 2.51 × 10−4

Lacid_0.25 –535 9.1 × 10−3 41.0 35.0 0.88 1.33 × 10−4

Lacid_0.50 –534 2.0 × 10−2 24.6 23.7 0.26 2.95 × 10−4

Lalkali_0 –474 8.7 × 10−3 43.1 38.2 0.97 1.13 × 10−4

Lalkali_0.25 –486 8.5 × 10−3 44.1 39.2 0.99 1.12 × 10−4

Lalkali_0.50 –491 9.1 × 10−3 34.7 36.9 0.85 1.34 × 10−4

Based on these measurements, it can be concluded that the coatings cast from the
latices Lacid_0.25 and Lalkali_0.25 achieved higher corrosion resistance values compared with
the corresponding types of reference latices without the polypyrrole component. The
authors attribute this fact to the demonstrated ability of polypyrrole, where the corrosion
potential of the prepared composite coating, due to the presence of an incorporated polypyr-
role component in a given type of system, increased the corrosion potential value from
–623 mV (Lacid_0) to a value of –535 mV (Lacid_0.25) [87]. The anti-corrosion efficiency of the
given systems with incorporated polypyrrole components also influenced the proven redox
properties and conductivity of polypyrrole [88]. Based on these results, the latices without
polypyrrole loading and latices prepared at a 0.25 wt. % dose of pyrrole were pigmented
with selected types of pigments in the continuation of this study.

3.9. The Corrosion Protective Efficiency of the Pigmented Coatings

The latices synthesized at a 0.25 wt. % pyrrole dosage and the reference latices
without polypyrrole in acidic and alkali forms were used for the preparation of pigmented
coatings and corrosion resistance testing. The effects of different pigments (ZnO, MoS2,
ZnS, ZnFe2O4, and Zn3(PO4)2) were compared (Tables 11 and 12). SEM micrographs
of the film surfaces for the non-pigmented and selected pigmented coatings in alkaline
form are shown in Figure 7. Tafel plots of the selected pigmented coatings are shown in
Figures 8 and 9. It was found that the presence of the polypyrrole component provided
increased corrosion resistance in all pigmented coatings. The pigments exhibited a chemical
protective mechanism in the paint films and thus had a beneficial effect on the corrosion
protection of latex paint films.
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Table 11. Protective efficiency of coatings made from the pigmented original latices Lacid_0 and
Lacid_0.25.

Latex/Pigment Ecorr
(mV)

Icorr
(µA)

ßa
(mV)

ßc
(mV)

Rp
(MΩ)

νcorr
(mm/Year)

Lacid_0/ZnO −451 1.4 × 10−2 26.8 27.4 4.2 2.06 × 10−5

Lacid_0.25/ZnO −489 1.3 × 10−2 26.9 27.3 4.5 1.92 × 10−5

Lacid_0/Zn3(PO4)2 −550 3.9 × 10−4 21.1 19.3 11 5.76 × 10−6

Lacid_0.25/Zn3(PO4)2 −552 3.1 × 10−4 20.7 17.7 13 4.60 × 10−6

Lacid_0/ZnS −510 3.0 × 10−4 22.4 20.4 15 4.43 × 10−6

Lacid_0.25/ZnS −508 2.7 × 10−4 21.2 19.0 14 4.01 × 10−6

Lacid_0/MoS2 −498 1.2 × 10−5 21.8 17.4 24 2.80 × 10−6

Lacid_0.25/MoS2 −491 1.2 × 10−4 21.3 13.7 29 1.83 × 10−6

Lacid_0/ZnFe2O4 −552 5.9 × 10−3 27.8 28.7 1.0 8.71 × 10−5

Lacid_0.25/ZnFe2O4 −581 5.5 × 10−3 27.2 27.8 1.1 8.12 × 10−5

Table 12. Protective efficiency of coating films made from the pigmented alkali-treated latices Lalkali_0

and Lalkali_0.25.

Latex/Pigment Ecorr (mV) Icorr (µA) ßa (mV) ßc (mV) Rp (MΩ) νcorr (mm/Year)

Lalkali_0/ZnO −467 1.3 × 10−3 26.7 27.1 4.6 1.89 × 10−5

Lalkali_0.25/ZnO −410 1.2 × 10−3 28.3 29.7 5.2 1.77 × 10−5

Lalkali_0/Zn3(PO4)2 −598 6.2 × 10−4 38.8 37.4 13 9.15 × 10−6

Lalkali_0.25/Zn3(PO4)2 −514 6.1 × 10−4 42.4 38.7 14 9.10 × 10−6

Lalkali_0/ZnS −507 5.2 × 10−4 40.2 37.6 17 7.53 × 10−6

Lalkali_0.25/ZnS −542 3.6 × 10−4 43.1 45.5 26 5.31 × 10−6

Lalkali_0/MoS2 −608 0.3 × 10−4 39.8 38.5 28 4.43 × 10−6

Lalkali_0.25/MoS2 −613 2.4 × 10−4 34.9 33.1 30 3.50 × 10−6

Lalkali_0/ZnFe2O4 −518 4.7 × 10−3 26.5 26.9 1.2 6.94 × 10−6

Lalkali_0.25/ZnFe2O4 −549 4.2 × 10−3 27.7 28.9 1.5 6.20 × 10−5

Figure 7. SEM micrographs of coating films prepared from latices: (a) Lalkali_0, (b) Lalkali_0.25,
(c) Lalkali_0.25/MoS2, and (d) Lalkali_0.25/ZnFe2O4.
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Figure 8. Tafel plots of the selected pigmented coatings: red line for L_acid_0.25/MoS2, green line for
L_acid_0.25/ZnS, and black line for L_acid_0.25/Zn3(PO4)2.

Figure 9. Tafel plots of the selected pigmented coatings: red line for L_alkali_0.25/Zn3(PO4)2, black
line for L_alkali_0.25/ZnS and green line for L_alkali_0.25/MoS2.

The paint coatings from the latex Lacid_0.25 and the reference latex Lacid_0 containing
ZnO and ZnFe2O4 achieved values one order of magnitude higher for their polarization
resistances (from 1.0 to 4.2 MΩ) compared with the corresponding types of non-pigmented
coatings. The pigmentation of these latices with Zn3(PO4)2, ZnS, and MoS2 pigments had
an even more positive impact on the corrosion resistance of paint coatings, with increases
of two orders of magnitude in their polarization resistance values (from 11 to 29 MΩ)
compared with the corresponding types of non-pigmented coatings. The highest value of
polarization resistance, 29 MΩ, was determined for the Lacid_0.25/MoS2 coating.

Comparable conclusions are valid for the latices synthesized at a 0.25 wt. % pyrrole
dosage and the reference latices without polypyrrole in alkali form, where an identical trend
of increased anticorrosive performance was observed. Even higher values of polarization
resistance (from 13 to 30 MΩ) were achieved for these individual systems after alkalization
compared with the corresponding types of systems before alkalization. The corrosion rate
parameter decreased with increasing polarization resistance values. The highest value of
polarization resistance, 30 MΩ, was determined for the latex coating Lalkali_0.25/MoS2.
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As a result of the pigmentation of the synthesized latex binders with the incorporated
polypyrrole components, the anticorrosion performance of these systems was increased
when compared with non-pigmented systems. Zn3(PO4)2 is a pigment which has been used
commercially in coatings for decades, and its mechanisms of action have been described in
detail [89]. The ZnS, ZnO, and MoS2 pigments are characterized by their semiconductor
nature, and the lamellar shape of the MoS2 pigment particles contributes to the increase
in adhesion-barrier resistance when this pigment is used in coatings. The semiconductor
nature is also typical of the ZnFe2O4 pigment with its chemical mechanism of action [90].

These results clearly show that pigmentation has a positive effect on the corrosion
resistance of the latex coatings studied. The selected pigments (ZnS and MoS2) showed
high compatibility with latex synthesized at a 0.25 wt. % pyrrole dosage. For these coating
systems, the proven anticorrosion performance of the pigments (MoS2 and ZnS) is com-
bined with the anticorrosion performance of the binder itself, containing the electroactive
polypyrrole component.

4. Conclusions

The research described in this paper aimed to synthesize and test polyacrylate lat-
ices containing electroactive composite polypyrrole-coated polyacrylate particles with a
new laboratory protocol for producing stable, functional coating binders. The procedure
using the “one-pot” synthesis strategy enabled not only the emulsion polymerization of
acrylate monomers but also the oxidative polymerization of pyrrole to generate aqueous
dispersion of chemically different submicron particles, namely polyacrylate and compos-
ite polypyrrole-coated polyacrylate. This technological procedure not only brings about
environmental friendliness and time and energy savings to the production process but
also offers the possibility of improving the quality and versatility of the latex binder. The
chemical structure of polypyrrole synthesized during emulsion polymerization and the
storage stability and physico-mechanical properties of the latices were evaluated. The
protective barrier efficiency of non-pigmented coatings on steel substrate was evaluated
using a cyclic corrosion test in a neutral salt mist atmosphere and using linear polarization.
With this technique, the properties of prepared pigmented coatings were also studied.
According to the findings, the following conclusions can be given:

• The polypyrrole component occurred in the prepared latices in a partly deprotonated
yet conducting electroactive form.

• Latices synthesized using a 0.25 wt. % dosage of pyrrole reached sufficiently high
zeta potential values, typical for stable colloidal systems, and showed favorable paint
properties.

• Nonpigmented coatings cast from latices synthesized using a 0.25 wt. % dosage of
pyrrole achieved higher anti-corrosion efficiency compared with the corresponding
types of reference latices without the polypyrrole component.

• The ZnS and MoS2 pigments showed compatibility with latices synthesized at a
0.25 wt. % dosage of pyrrole. For these paint coating systems, excellent anti-corrosion
performance was demonstrated by the highest values of polarization resistance.
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