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Abstract: This investigation is motivated by the need for the development of polymer coatings
containing inorganic flame-retardant materials (FRMs) and the replacement of toxic halogenated
FRMs. A green strategy is reported for the fabrication of poly(ethyl methacrylate) (PEMA)-FRM
composite coatings using a dip-coating method. The use of water-isopropanol co-solvent allows
the replacement of regular toxic solvents for PEMA. The abilities to form concentrated solutions of
high-molecular-mass PEMA and to disperse FRM particles in such solutions are the main factors in
the fabrication of coatings using a dip-coating technique. Huntite, halloysite, and hydrotalcite are
used as advanced FRMs for the fabrication of PEMA-FRM coatings. FTIR, XRD, SEM, and TGA data
are used for the analysis of the microstructure and composition of PEMA-FRM coatings. PEMA and
PEMA-FRM coatings provide corrosion protection of stainless steel. The ability to form laminates
with different layers using a dip-coating method facilitates the fabrication of composite coatings with
enhanced properties.

Keywords: poly(ethyl methacrylate); flame retardant; composite; film; deposition; hydroxide; huntite;
halloysite; hydrotalcite

1. Introduction

Flame-retardant materials (FRMs) are vital for the development of composites for
various industrial applications [1,2]. FRM additives have many applications in various
composite products, such as the insulation of black boxes for flight data recorders and
aircraft coatings [3], communication and electrical cables [4], furniture and coatings for
various wood products [3], mining and transportation equipment [4], polymer coatings
for corrosion protection of metals [4], wind turbines [5], asphalt binders [6], papers [7],
thermoplastics, thermosets, and flame-resistant fabrics [4]. FRMs are gaining increasing
attention for the development of composites for advanced energy generation devices [8,9].
FRMs are mandatory components of various building product composites, such as wall
and ceiling linings; fabrics for office and residential buildings [4]; fire blankets [4]; theatre
curtains; and a large variety of consumer products, including window blinds, electrical
appliances, furniture, and children’s toys [10].

There is a large demand for novel composites with FRM additives for cars, aircrafts,
and ships due to the increasing use of flammable plastics and polymer materials [4,11].
FRMs are used in car seats, car upholstery, electronic devices, and paints [12,13]. FRM
additives for polymers are increasingly important due to the replacement of metals with
polymer-based composites [10,14]. FRMs are of special importance for equipment in com-
munication and computing centres [15,16]. The use of FRMs is of critical importance for the
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polymer industry in order to meet nonflammability standards for a large variety of polymer
products [17]. However, the benefits of FRMs must be weighed against the potential risks
associated with human or environmental impacts. Various materials and flame-retardant
mechanisms have been investigated for applications in commercial products [1,2,18].

Many polymer products contain halogen-based FRMs [16]. The heating of such
materials results in the formation of volatile metal halides acting as flame inhibitors.
Halogen-based FRMs are usually introduced into the polymer chain by copolymerisation.
However, halogenated FRMs are toxic and bioaccumulative [19–26].

Investigations showed [19,27,28] that the use of toxic halogen-based FRMs has resulted
in widespread contamination of the environment. A high level of toxic FRM contaminations
was found in soil [27], rivers [21], the atmosphere, soft drinks, food [22–25], and home
dust [20]. Such investigations show the need for the replacement of toxic halogenated
FRMs with more environmentally friendly inorganic FRMs. Significant interest has been
generated in the development of polymer composites containing advanced inorganic FRM
additives of the hydroxide and carbonate types [14,29,30]. The flame-retardant properties
of such FRM materials result from the release of water or CO2, which limits oxygen access
to the polymer materials and from the related endothermic effect.

This investigation was inspired by the increasing interest in the development of com-
posite polymer coatings containing inorganic FRM additives of the hydroxide and carbonate
types and the need to avoid halogenated FRMs. Poly(ethyl methacrylate) (PEMA) was
selected as a model functional polymer for the development of composite coatings. The
selection of this polymer was based on its advanced functional properties for various appli-
cations, such as corrosion protection of metals [31], thermal [32] and electrical [33,34] energy
storage, materials for packaging [35,36], biomedical composites [37], and other applications.
In this investigation, huntite (Mg3Ca(CO3)4 platelets), halloysite (Al2Si2O5(OH)4·2H2O
nanotubes), and submicrometre hydrotalcite (Mg6Al2(CO3)(OH)16·4H2O particles) were
used as inorganic FRM materials of the hydroxide or carbonate type. The results presented
below indicate that composite coatings can be prepared containing FRM additives in the
PEMA matrix. The thermal and corrosion protection properties of the composite coatings
were analysed. Moreover, in the proposed approach, the use of regular toxic solvents for
the processing of PEMA and its composites was avoided.

2. Materials and Methods

Poly(ethyl methacrylate) (PEMA, MW = 515,000), hydrotalcite (Mg6Al2(CO3)(OH)16·4H2O,
size~0.5 µm), halloysite (Al2Si2O5(OH)4·2H2O nanotubes, length 1–2 µm, diameter
100–150 nm), isopropanol (MilliporeSigma, Oakville, ON, Canada), and huntite (Mg3Ca(CO3)4
platelets, Sibelco, Antwerp, Belgium, size ~0.5–3 µm) were used. PEMA was dissolved in
a mixed solvent of 85% isopropanol and 15% water at 60 ◦C and subsequently cooled to
room temperature. A 0.1 mm-thick stainless steel foil (304 types) was used as a substrate
for coating deposition. The substrates were polished with sandpaper and washed with
water and isopropanol. Then, 10–20 g L−1 PEMA solutions were used for dip coating of
pure PEMA coatings. The substrates were immersed into the solutions for 1 min and then
were withdrawn from the solutions at a constant speed of 1 cm min−1. Coatings were
obtained after solvent evaporation by drying in air. Pure PEMA coatings were annealed
at 200 ◦C for 1 h. The monolayer composite coatings were prepared utilizing a similar
dip-coating procedure using 10 g L−1 PEMA solutions containing different FRM additives,
such as huntite, halloysite, and hydrotalcite. The FRM concentration in the suspensions
was 10 g L−1. The bi-layer composite coatings were prepared by deposition of first layer
from 10 g L−1 PEMA solutions followed by annealing procedure at 200 ◦C for 1 h and then
formation of as-deposited second layer from 10 g L−1 PEMA solutions containing 10 g L−1

FRM. The suspensions were ultrasonicated for 5 min before film deposition using Fisher
Scientific, Ottawa, ON, Canada, FB-505 sonic dismembrator.

The microstructure of coatings was studied using a JEOL SEM (scanning electron
microscope, JSM-7000 F, Tokyo, Japan). A Bruker Vertex 70 (Billerica, MA, USA) spectrom-
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eter was used for FTIR spectroscopy. Coating composition was analysed using a Bruker
Smart 6000 (Billerica, MA, USA) X-ray diffractometer (XRD, Cu Kα radiation). A potentio-
stat/impedance analyser PARSTAT 2273 (Ametek, Berwyn, PA, USA) was utilised to per-
form the electrochemical characterisation in 3% NaCl aqueous solution with a 3-electrode
corrosion cell, which included uncoated or coated stainless steel as the working electrode,
Pt mesh as the counter electrode, and saturated calomel electrode (SCE) as the reference
electrode. Electrochemical impedance spectroscopy (EIS) was performed using alternating
current (AC) in the frequency range from 10 mHz to 10 kHz and voltage amplitudes of
5 mV. The results of potentiodynamic studies (1 mV s−1 rate) and EIS are presented in Tafel
and Bode plots. Thermogravimetric analysis (TGA) was conducted in air at a heating rate
of 5 ◦C min−1 utilising a thermal analyser (Netzsch STA-409, Selb, Germany). The samples
for TGA analysis contained as-deposited coating materials, which were removed from
the substrates.

3. Results and Discussion

The approach developed in this investigation offers environmental benefits by avoid-
ing the use of regular toxic solvents for PEMA and halogenated FRMs. PEMA is only
soluble in relatively toxic and carcinogenic individual solvents, such as methyl ethyl ketone,
toluene, and benzene. PEMA is insoluble in alcohols and water. In our approach, PEMA
was dissolved in a mixed co-solvent containing isopropanol and water, avoiding the use of
traditional toxic and carcinogenic solvents. The main factor for achieving coating deposi-
tion using a dip-coating method was solubilisation of high-molecular-mass PEMA at the
formation of concentrated solutions. This investigation addressed the need to replace toxic
halogenated FRMs with more environmentally friendly materials. Our approach was based
on the use of environmentally friendly inorganic FRMs, such as hydrotalcite, halloysite,
and huntite. The mass losses for hydrotalcite, halloysite, and huntite, related to the release
of water and CO2, are 43.1, 24.5, and 49.9%, respectively. Hydrotalcite offers benefits of rel-
atively high mass loss, which is mainly due to the release of water. Despite the lower mass
loss, halloysite offers many benefits for the development of composite coatings. The tubular
shape of natural halloysite particles is beneficial for the mechanical reinforcement of a
polymer matrix. The hollow space of the halloysite nanotubes can be loaded with corrosion
inhibitors and other functional materials, which can impart advanced functional properties
to the composites. Huntite offers benefits of a relatively high decomposition temperature,
which makes it a material of choice for polymer coatings requiring post-deposition thermal
treatment. Huntite belongs to carbonate-type materials, which are currently under inten-
sive investigation for the development of polymer composites with enhanced mechanical
properties [38]. It is shown below that the corrosion protection properties of PEMA can
be improved by annealing at 200 ◦C. The thermal stability of huntite at this temperature
is beneficial for the fabrication of PEMA-huntite composites. The results presented below
also show that the dip-coating procedure allows for the fabrication of coatings of graded
composition and microstructure, with an annealed bottom PEMA layer and a composite
top layer, containing inorganic FRMs.

Figure 1 shows the SEM images of the PEMA coatings prepared from 20 g L−1 PEMA
solutions. The as-deposited coatings showed a relatively porous surface (Figure 1A).
Annealing at 200 ◦C resulted in the formation of dense coatings (Figure 1B). The thickness
of the annealed coatings was about 2 µm. The as-deposited and annealed PEMA coatings
prepared from 10 g L−1 PEMA solutions showed a similar morphology (Figure S1) with a
thickness of the annealed coating of about 1 µm.
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Figure 1. SEM images of (A) as-deposited coatings and (B) coatings annealed at 200 °C for 1 h, pre-
pared from 20 g L−1 PEMA solutions. 

The annealed PEMA coatings showed corrosion protection of the substrates. Figure 
2 shows Tafel and Bode plots for the coated and uncoated substrates. Compared with the 
uncovered stainless steel, both as-deposited and annealed PEMA coatings showed lower 
anodic currents and higher corrosion potentials. Accordingly, the Bode plot shows much 
higher absolute impedances |Z| of the coated samples in a wide frequency range from 10 
mHz to 10 kHz. Therefore, the PEMA coatings acted as a barrier layer, which limited elec-
trolyte penetration to the substrate. 

 
Figure 2. (A) Tafel and (B,C) Bode plots for (a) uncoated and (b,c) coated substrate: (b) as-deposited 
coatings and (c) coatings annealed at 200 °C for 1 h, prepared from 20 g L−1 PEMA solutions. 

The PEMA-based composite coatings were deposited with three types of FRMs. The 
SEM images (Figure 3) at low magnification show a continuous porous composite coating 
formed by the dip-coating technique. The images at high magnification reveal the pres-
ence of FRM particles. Figure 3B shows the platelet morphology of huntite in the PEMA 
matrix. The halloysite nanotubes were densely packed, as shown in Figure 3D. Figure 3F 
shows submicrometre hydrotalcite particles embedding in the PEMA matrix. Voids were 
inevitable in the composite layers due to the packing of the FRM particles. The thickness 
of the coatings was about 2–2.5 μm. 

Figure 1. SEM images of (A) as-deposited coatings and (B) coatings annealed at 200 ◦C for 1 h,
prepared from 20 g L−1 PEMA solutions.

The annealed PEMA coatings showed corrosion protection of the substrates. Figure 2
shows Tafel and Bode plots for the coated and uncoated substrates. Compared with the
uncovered stainless steel, both as-deposited and annealed PEMA coatings showed lower
anodic currents and higher corrosion potentials. Accordingly, the Bode plot shows much
higher absolute impedances |Z| of the coated samples in a wide frequency range from
10 mHz to 10 kHz. Therefore, the PEMA coatings acted as a barrier layer, which limited
electrolyte penetration to the substrate.
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Figure 2. (A) Tafel and (B,C) Bode plots for (a) uncoated and (b,c) coated substrate: (b) as-deposited
coatings and (c) coatings annealed at 200 ◦C for 1 h, prepared from 20 g L−1 PEMA solutions.

The PEMA-based composite coatings were deposited with three types of FRMs. The
SEM images (Figure 3) at low magnification show a continuous porous composite coating
formed by the dip-coating technique. The images at high magnification reveal the presence
of FRM particles. Figure 3B shows the platelet morphology of huntite in the PEMA
matrix. The halloysite nanotubes were densely packed, as shown in Figure 3D. Figure 3F
shows submicrometre hydrotalcite particles embedding in the PEMA matrix. Voids were
inevitable in the composite layers due to the packing of the FRM particles. The thickness of
the coatings was about 2–2.5 µm.

The FTIR and XRD results confirm the successful fabrication of PEMA-FRM composite
coatings. The spectrum of the as-received PEMA in Figure 4Aa shows absorptions at
2983, 1727, 1146, and 1023 cm−1 due to asymmetric C-H stretching, C=O stretching, C-O-C
symmetric stretching, and C-H bending, respectively [39,40]. These four characteristic peaks
can also be observed in the FTIR spectra of the composite coatings, as shown in Figure 4Ba–c.
The FTIR spectrum of the as-received huntite (Figure 4Ab) shows characteristic absorptions
at 1510, 1434, 894, and 864 cm−1, attributed to carbonate ligands [41–44].



J. Compos. Sci. 2022, 6, 104 5 of 11
J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 5 of 11 
 

 

 
Figure 3. SEM images at different magnifications of as-deposited monolayer composite coatings: 
(A,B) PEMA-huntite, (C,D) PEMA-halloysite, and (E,F) PEMA-hydrotalcite. 

The FTIR and XRD results confirm the successful fabrication of PEMA-FRM compo-
site coatings. The spectrum of the as-received PEMA in Figure 4Aa shows absorptions at 
2983, 1727, 1146, and 1023 cm−1 due to asymmetric C-H stretching, C=O stretching, C-O-C 
symmetric stretching, and C-H bending, respectively [39,40]. These four characteristic 
peaks can also be observed in the FTIR spectra of the composite coatings, as shown in 
Figure 4Ba–c. The FTIR spectrum of the as-received huntite (Figure 4Ab) shows charac-
teristic absorptions at 1510, 1434, 894, and 864 cm−1, attributed to carbonate ligands [41–
44]. 

 
Figure 4. FTIR spectra of (A) as-received materials, namely, (a) PEMA, (b) huntite, (c) halloysite, 
and (d) hydrotalcite, and (B) as-deposited composite coatings, namely, (a) PEMA-huntite, (b) 
PEMA-halloysite, and (c) PEMA-hydrotalcite. 

Figure 3. SEM images at different magnifications of as-deposited monolayer composite coatings:
(A,B) PEMA-huntite, (C,D) PEMA-halloysite, and (E,F) PEMA-hydrotalcite.

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 5 of 11 
 

 

 
Figure 3. SEM images at different magnifications of as-deposited monolayer composite coatings: 
(A,B) PEMA-huntite, (C,D) PEMA-halloysite, and (E,F) PEMA-hydrotalcite. 

The FTIR and XRD results confirm the successful fabrication of PEMA-FRM compo-
site coatings. The spectrum of the as-received PEMA in Figure 4Aa shows absorptions at 
2983, 1727, 1146, and 1023 cm−1 due to asymmetric C-H stretching, C=O stretching, C-O-C 
symmetric stretching, and C-H bending, respectively [39,40]. These four characteristic 
peaks can also be observed in the FTIR spectra of the composite coatings, as shown in 
Figure 4Ba–c. The FTIR spectrum of the as-received huntite (Figure 4Ab) shows charac-
teristic absorptions at 1510, 1434, 894, and 864 cm−1, attributed to carbonate ligands [41–
44]. 

 
Figure 4. FTIR spectra of (A) as-received materials, namely, (a) PEMA, (b) huntite, (c) halloysite, 
and (d) hydrotalcite, and (B) as-deposited composite coatings, namely, (a) PEMA-huntite, (b) 
PEMA-halloysite, and (c) PEMA-hydrotalcite. 

Figure 4. FTIR spectra of (A) as-received materials, namely, (a) PEMA, (b) huntite, (c) halloysite,
and (d) hydrotalcite, and (B) as-deposited composite coatings, namely, (a) PEMA-huntite, (b) PEMA-
halloysite, and (c) PEMA-hydrotalcite.

The as-received halloysite showed peaks at 3692 and 3621 cm−1 due to the presence
of the surface hydroxyl group (Figure 4Ac) [45]. The peaks at 1006, 906, and 525 cm−1

were ascribed to the stretching mode of Si-O-Si, the bending vibrations of Al-OH, and
the bending and stretching vibrations of Si-O-Al, respectively [46,47]. The as-received
hydrotalcite (Figure 4Ad) showed a peak at 3432 cm−1 due to the stretching mode of the
hydroxy groups; the asymmetric stretching of the carbonate contributed to the peak at
1363 cm−1; the bands at 777, 648, and 553 cm−1 were assigned to oxygen–metal–oxygen
stretching [48,49]. The spectra of the composite coatings show the absorptions of huntite
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(Figure 4Ba), halloysite (Figure 4Bb), and hydrotalcite (Figure 4Bc), in addition to the PEMA
absorptions, and confirm FRM incorporation into the PEMA coatings.

Figure 5 shows the XRD data for the composite coatings. The peaks of huntite,
halloysite, and hydrotalcite were found in the XRD patterns of the composite coatings.
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and (c) PEMA-hydrotalcite (�—JCPDS file 14-0409, •—JCPDS file 09-0453,F—JCPDS file 50-1684).

The composite coatings were studied by TGA. The TGA analysis of pure PEMA has
been reported in several investigations [50–54]. It was found that PEMA decomposition
started at 230 ◦C, and the complete burning out of PEMA was observed at 400 ◦C. Figure 6
shows several steps in the mass loss of composite coatings, related to the decomposition of
FRMs and the burning out of PEMA. The total mass loss of PEMA-huntite at 900 ◦C was
76.5%. From the TGA data, the huntite content in the coating was found to be 46.9%. The
total loss in mass of PEMA-halloysite was 62.6%, and the halloysite content in the composite
was 49.5%. The mass loss for PEMA-hydrotalcite was 76.6%, and the hydrotalcite content
in the composite coating was found to be 41.1%. The calculations of the FRM content in
the composite coatings were based on the theoretical mass loss of 49.9, 24.5, and 43.1% for
huntite, halloysite, and hydrotalcite, respectively. The experimental mass loss for such
materials was very close to the theoretical mass loss [41,55,56].
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Composite coatings are promising due to the possibility of combining corrosion
protection and FRM properties. The experimental results presented above show enhanced
corrosion protection of annealed PEMA. However, annealing at 200 ◦C can result in the
partial decomposition of halloysite and hydrotalcite. Therefore, in this investigation, bi-
layer coatings were prepared containing an annealed bottom layer of pure PEMA and an
as-deposited composite PEMA-FRM layer. The microstructure of the PEMA-FRM layers
deposited on the annealed PEMA layers (Figure S2) was similar to the microstructure of
the PEMA-FRM layers deposited directly on stainless steel (Figure 3). Dip coating is a
versatile method [57] for the fabrication of composite and multilayer coatings. It is known
that multilayer and functionally graded materials offer advantages in the fabrication of
composites with enhanced functional properties [58,59]. In contrast to other techniques,
such as electrophoretic deposition [60,61], dip coatings can be obtained on conductive and
insulating substrates.

Figure 7 compares the results of the potentiodynamic testing of monolayer PEMA-
FRM coatings and bi-layer coatings containing an annealed bottom PEMA layer and a
top PEMA-FRM layer. The comparison of Tafel plots for PEMA-FRM-coated substrates
(Figure 7Aa,Ba,Ca) with the corresponding data for uncoated samples (Figure 2Aa) indicates
that PEMA-FRM coatings provide corrosion protection of the substrates. The coated
samples showed lower anodic currents compared to uncoated samples and higher corrosion
potentials. As hypothesised, the bi-layer coatings provided improved corrosion protection
compared to the monolayer coatings. The Tafel plots show a further reduction in the anodic
current compared to the monolayer coatings (Figure 7Ab,Bb,Cb). The corresponding Bode
plots are presented in Figure 8.

The Bode plots for the monolayer PEMA-FRM coatings show enhanced impedance
|Z| (Figure 8Aa,Ca,Ea) compared to uncoated stainless steel (Figure 2Ba). The bi-layer
coating showed higher |Z| (Figure 8Ab,Cb,Eb) compared to the monolayer coatings.
Therefore, bi-layer coatings represent an enhanced barrier for electrolyte diffusion.
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4. Conclusions

The approach developed in this investigation offers the benefits of using a non-toxic
co-solvent and the replacement of regular toxic solvents for PEMA. The use of advanced
inorganic FRM materials, such as huntite, halloysite, and hydrotalcite, instead of toxic halo-
genated FRMs offers additional environmental benefits. The ability to obtain concentrated
solutions of high-molecular-mass PEMA and disperse FRM particles in such solutions
plays a vital role in the fabrication of coatings using a dip-coating method. SEM, TGA,
XRD, and FTIR studies confirmed the fabrication of composite coatings with a large FRM
content. Pure PEMA and PEMA-FRM coatings provide corrosion protection of stainless
steel. Annealed PEMA coatings provide enhanced corrosion protection due to lower poros-
ity. The ability to form composite laminates containing different layers using a dip-coating
method is a promising strategy for the fabrication of composite coatings with enhanced
functionality.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcs6040104/s1, Figure S1: SEM images of (A) as-deposited coatings and (B) coatings annealed
at 200 ◦C for 1 h, prepared from 10 g L−1 PEMA solutions. Figure S2. SEM images at different
magnifications of as-deposited bi-layer composite coatings, containing annealed PEMA bottom layer
and PEMA-FRM top layer with (A,B) huntite, (C,D) halloysite, and (E,F) hydrotalcite.

https://www.mdpi.com/article/10.3390/jcs6040104/s1
https://www.mdpi.com/article/10.3390/jcs6040104/s1
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