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Abstract: Expanded polystyrene (EPS) particles are commonly used for thermal insulation in
lightweight building materials due to their low density, low thermal conductivity, and affordability.
However, shortcomings such as hydrophobicity and poor fire safety limit the application of EPS. Bio-
based flame retardants have been developed for use in polymer composites due to their renewable,
environmentally friendly, and non-toxic properties. In this study, to improve the hydrophilicity and
fire resistance of EPS particles, phytic acid (PA)/chitosan (CS)-polydopamine (PDA)@EPS particles
(PA/CS-PDA@EPS) with a bio-based coating were prepared by using a simple coating method based
on PDA@EPS particles using PDA as an adhesive and PA and CS as bio-based flame retardants. The
results showed that the modified EPS particles had good hydrophilicity, the residual carbon yield of
the 10PA /3CS-PDA@EPS samples was increased to 24 wt%, and the maximum loss rate was reduced
by 69% compared with unmodified EPS. In flammability tests, the 10PA /3CS-PDA@EPS samples also
demonstrated low flame spread and some fire resistance. Furthermore, the modified EPS particles
exhibited fire resistance even after multiple washings. The hydrophilic and fire-resistant modified
EPS particles are anticipated to offer a novel approach to the advancement of EPS-based lightweight
building materials.

Keywords: bio-based coating; expanded polystyrene particles; bio-based flame retardant

1. Introduction

With the increase in global energy consumption, energy conservation and emission
reduction has become a major concern. Studies show that energy consumption in buildings
accounts for 32% of total energy consumption [1]. The thermal energy consumption of a
building’s external walls constitutes a significant portion of the overall building energy con-
sumption [2]. To address this issue, lightweight building materials can be created during
construction by adding a foaming agent [3,4] or lightweight aggregates [4,5] to the matrix
material. This improves the thermal insulation capacity of the wall structure, resulting
in reduced energy consumption [6]. Expanded polystyrene (EPS) particles are commonly
used for thermal insulation in lightweight building materials due to their low density, low
thermal conductivity, and affordability [7-9]. However, EPS, a porous polyolefin material,
is highly flammable because of its hydrocarbon-rich main chain, numerous aromatic rings
in the side chain, and high air circulation within the honeycomb structure [10,11]. Further-
more, the hydrophobicity of EPS causes the EPS particles to float and be unevenly dispersed
in the slurry, and the hydration products of inorganic materials are difficult to penetrate.
This poor interface between EPS particles and matrix materials often renders EPS particles
a weak link in the system, compromising the comprehensive performance of lightweight
building materials [9,12]. Therefore, it is necessary to implement effective modification
measures to improve the hydrophilicity and fire resistance of EPS in the production of
lightweight building materials.
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The addition of flame retardants in the polymerization or impregnation process of
EPS is an effective way to obtain flame retarded EPS. However, these methods have a large
limitation on the particle size of the flame retardants and there are some problems such
as unpolymerized monomer residues and low impregnation efficiency [13,14]. The attach-
ment of gels [15,16], aerogels [17], hydrogel [18], foams [19], films [20], and gelatinized
materials [21] with flame-retardant properties to the surface of polymers represents an
effective method for enhancing the fire resistance of polymers. The coating method, by
coating each EPS particle surface with an adhesive and flame-retardant, is a good flame-
retardant modification method [22,23]. Cao et al. [24] used aluminum nitrate-modified
multi-walled carbon nanotubes (ATH-MWNTs) and expandable graphite (EG) for EPS
flame-retardant modification using melamine-modified urea formaldehyde resin (MUF) as
an adhesive with the encapsulation method. The modified EPS foams achieved a limiting
oxygen index (LOI) of 30.3% and a UL-94 rating of V-0 when 14.3 wt% EG and 4.1 wt%
ATH-MWNTs were added, and the peak of the heat release rate (pHRR) was reduced from
933 to 177 kW /m?. Wang et al. [25] developed a cost-effective flame-retardant system for
EPS foams using thermosetting phenolic resin (PF) as an adhesive and the high SiO, content
of fly ash (FA) synergistic with ATH. In addition, for the EPS-PF/ATH35/FA15 sample with
an EPS/PF/ATH/FA ratio of 50:50:35:15, the LOI was increased to 29.6%, and a UL-94 V-0
rating was achieved. However, the most commonly used adhesive for the coating method
is thermosetting resins such as phenolic resins and melamine—formaldehyde resins. These
resins often contain formaldehyde, which is harmful to human health [26]. Therefore, it is
essential to choose an environmentally friendly, non-toxic, and flame-retardant adhesive.

Halogenated flame retardants are gradually being replaced due to the toxic sub-
stances released during combustion which are hazardous to human health and the envi-
ronment [27,28]. Phosphorus-based flame retardants are halogen-free flame retardants of
high efficiency and low toxicity [29,30], such as red phosphorus [31], aluminum hypophos-
phite [32], ammonium polyphosphate [33], and diammonium phosphate [34], which have
been used for the flame-retardant modification of EPS. In the combustion process, the
phosphorus-based flame retardant fulfils two main roles: (i) as a solid-phase flame retardant,
it promotes carbon formation in oxygenated polymers; (ii) as a gas-phase flame retardant,
it generates reactive radicals that remove H- and OH [29,35]. Nitrogen-based flame retar-
dants are primarily composed of dicyandiamide [36], guanidine salt [37], melamine [38],
and melamine salts [39]. During the combustion process, nitrogen-based flame retardants
decompose and release inert gases (N, NH3, and water vapor), thus acting as gas-phase
flame retardants [35]. Nevertheless, nitrogen-based flame retardants exhibit low flame re-
tardant efficiency and frequently necessitate the use of phosphorus-based flame retardants
in conjunction with them [39-41]. Ji et al. [22] synthesized ammonium starch phosphate
starch carbamate (APSC) using starch, phosphoric acid, and urea as raw materials. When
the APCS content reached 47 wt%, the LOI of the modified EPS foams increased to 35.2%
and achieved a V-0 rating of UL-94, with a significant reduction in pHRR and total smoke
production (TSP). However, these flame retardants are non-renewable and non-degradable
and possess a certain degree of biotoxicity [42].

Many bio-based flame retardants have been developed for use in polymer compos-
ites due to their renewable, environmentally friendly, and non-toxic properties [43,44],
such as chitosan (CS) [45,46], phytic acid (PA) [47,48], alginate [49,50], and polydopamine
(PDA) [51,52]. Mussel-inspired PDA is applied to the surface of all materials by spon-
taneous deposition, and the catechol groups in PDA provide excellent adhesion at the
interface of organic and inorganic materials [53-58]. This allows PDA to be used as an
adhesive. PA is myo-inositol hexaphosphate, which is solubilized in grains, nuts, legumes,
and oilseeds by acidic, heat, ultrasonic irradiation, and enzymatic treatments, and pre-
cipitated as phytates through acidic dissociation [59-62]. PA contains 28 wt% elemental
phosphorus and six phosphate groups. It can serve as an acid source in intumescent flame
retardant (IFR) systems, producing phosphates during combustion [63,64]. This promotes
the formation of phosphorus-rich char layers and breaks down volatile phosphides to trap
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free radicals, inhibiting polymer combustion. In addition, PA can form complexes with
positively charged polymers and metal ions (pKa 1.9~9.5) due to its high negative charge,
which is carried by six phosphate groups [65]. CS is a non-toxic, highly productive, and
environmentally friendly linear aminopolysaccharide produced from chitin in the shells
of crustaceans (e.g., shrimps, crabs, and shells) through decalcification with acid treat-
ment and partial deacetylation with alkali treatment [66,67]. CS consists of (3(1-4)-linked
D-glucosamine and low amounts of N-acetyl-3-D-glucosamine [68,69]. CS is a carbon-rich
aminopolysaccharide that releases ammonia and forms residual carbon during thermal
decomposition which can be used as a source of charcoal and gas [70]. PA and CS can form
an IFR system that exhibits P-N synergistic flame retardancy. At low pH (pKa 6~6.5), CS
carries a positive charge [71], and complex deposition takes place due to strong ionic inter-
actions between negatively charged PA and positively charged CS [63]. Cheng et al. [72]
used a layer-by-layer assembly method to introduce PA, biochar, and CS into cotton fabrics.
The results demonstrated that the cotton fabric treated with PA /CS/BC (7.5%) exhibited
an 88.66% reduction in pHRR and an 88.69% reduction in total heat release (THR), and
the LOI was up to 64.1%. After being washed, the treated cotton retained about 60% of
flame-retardant properties. Fang et al. [73] used the LbL assembly method to prepare
polyester/cotton blend fabrics with PA /CS coatings, when PA/CS was 20 BL, the LOI
was increased to 29.6%. Additionally, the phosphate groups, hydroxyl groups, and amino
groups in PA and CS can increase the hydrophilicity of EPS [74,75]. Therefore, modification
with PA/CS bio-based flame retardants can produce hydrophilic and flame-retardant EPS
particles. However, there are no reports on bio-based PA /CS coatings that improve the fire
resistance and hydrophilicity of EPS particles.

At present, the flame-retardant modification of expanded polystyrene (EPS) is pri-
marily focused on EPS foam insulation boards. However, there are relatively few studies
conducted on EPS particles. In the context of lightweight building materials, EPS is pre-
dominantly employed as a lightweight aggregate in the form of particles. Therefore, it is
necessary to study the modification of EPS particles. In this study, a simple approach is
proposed to enhance the fire resistance and hydrophilicity of EPS particles through the use
of PA /CS bio-based coatings. A PA/CS of the IFR system was constructed on PDA@EPS
particles using PDA as the adhesive, and PA/CS-PDA@EPS particles were produced by
the simple coating method. The effect of the modified coating on the structure, hydrophilic-
ity, thermal stability, and fire resistance of the EPS particles was investigated by relevant
characterization. The prepared modified EPS particles are hydrophilic and fire resistant,
which provides a certain reference value for the application of EPS particles.

2. Materials and Methods
2.1. Materials

The expanded polystyrene (EPS) particles had a bulk density of 11 kg/m? and their
particle size was 3-5 mm. Dopamine hydrochloride (DA) was purchased from Aladdin.
Tris(hydroxymethyl)aminomethane (Tris) was commercially available in analytical grade
purchased from Zhonggin Chemical Reagent Co Ltd., Shanghai, China. The CS (deacetylation
degree: 80~95%), hydrochloric acid (HCl, AR, 36.0~38.0%), and acetic acid were purchased
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. The PA (70% aqueous solution)
was purchased from McLean Biochemical Technology Co., Ltd., Shanghai, China.

2.2. Preparation of Modified EPS Particles
2.2.1. Preparation of PDA-Coated Modified EPS Particles

Figure 1 shows the preparation process of modified EPS particles. Firstly, 1.21 g of
Tris was dissolved in 1000 mL of deionized water and titrated with HCI to prepare a
Tris-HCl buffer solution with pH = 8.5. A 4 mg/mL solution of Da was then prepared
using a Tris-HCI buffer solution (10 mM, pH 8.5). The unmodified EPS particles were
stirred continuously in the Da solution for 24 h. The EPS particles were rinsed with distilled
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water until the solution became colorless and then dried in an oven at 40 °C. The resulting
PDA-coated modified EPS particles were noted as PDA@EPS.

2.2.2. Preparation of CS-Modified PDA@EPS Particles

Firstly, 10 g of CS powder was added to 1000 mL of deionized water in a beaker and
stirred for 3 min to disperse the powder. Then, 10 mL (1%) of acetic acid was added and
stirred continuously for 24 h to produce a 1% (w/v) CS solution, which was recorded as 1%
CS. Following the same method, 2% and 3% CS solutions were prepared. Then, the PDA@EPS
particles were stirred in 1%, 2%, and 3% CS solutions for 3 h, fished out, and dried to produce
1CS-PDA@EPS, 2CS-PDA@EPS, and 3CS-PDA@EPS particles, respectively.

2.2.3. Preparation of PA /CS-Modified PDA@EPS Particles

Firstly, 28.57 g of PA (70%) solution was weighed and transferred to a beaker containing
1000 mL of deionized water and the mixture was stirred for 1 h to prepare a PA solution with
a concentration of 2% (w/v). The pH of the PA solution was neutralized to 6 with a specific
NaOH solution and stirred to obtain a 2% (w/v) PA-Na solution, designated as 2% PA.
Similarly, 6% and 10% PA solutions were prepared. Then, the CS-PDA@EPS particles were
stirred in different PA solutions for 3 h, retrieved, and dried. The modified particles were
noted as 2PA /3CS-PDA@EPS, 6PA /3CS-PDA@EPS, and 10PA /3CS-PDA@EPS, respectively,
based on the concentration of the PA solutions.

4mg/ml DA 1%.2%, 3% (w/v)CS
10mM Tris pH=8.5 1% (w/v) Acetic acid PA CS
I | PDA

Unmodified EPS PDA@EPS CS PDACEPS PA/CS-PDA@EPS

2%, 6%, 10% (w/v) PA
NaOH, pH=6

Figure 1. A schematic diagram of the modified EPS particle preparation process.

2.3. Characterizations

The microscopic morphology of various modified EPS particles was studied using a
scanning electron microscope (SEM, ZEISS GeminiSEM 500, Carl Zeiss AG, Oberkochen,
Germany) with an Oxford UltimMax 65 EDS energy spectrometer.

The hydrophilicity of the modified EPS particles was assessed by measuring the water
contact angle (WCA) using a contact angle meter (OCA25, Eastern Dataphy Instruments Co.,
Beijing, China). The EPS foam board samples were cut to specifications of 4 cm x 4 cm X 2 cm.
The same modification method as that used for the EPS particles was employed to prepare
the modified EPS foam board samples. Subsequently, 5 pL of ultrapure water was dropped
onto the surface of the modified EPS foam board samples, and the WCA was then measured.

The thermal stability of the modified EPS particles was studied using a TA TGA55
thermogravimetric analyzer (TA Instruments Co., Newcastle, DE, USA) through thermo-
gravimetric analysis (TGA). A total of 4 mg of the sample was weighed into a crucible and
heated from room temperature to 800 °C at a rate of 10 °C/min in a nitrogen atmosphere
with a flow rate of 10 mL/min.

The flammability of the modified EPS particles was tested by using a butane flame
combustion test. This test was similar to the test used in previous studies by Liu et al. [76],
Xu et al. [77], and Chen et al. [78]. The butane gun was positioned at a distance of 8 cm
from the sample, while the blue flame was about 3 cm, and the total flame was about 10 cm.
In the flammability test, 100 cm? of EPS particles was stacked in a metal container and
directly exposed to a butane flame to compare the changes during combustion.
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The water resistance of the modified EPS pellets was assessed by washing them several
times in tap water with agitation and recording the change in mass before and after.

3. Results
3.1. Morphology and Coating Efficiency

The morphology of unmodified EPS particles and coated modified EPS particles was
analyzed by SEM and is shown in Figure 2. The surface of unmodified EPS particles is
rough and has many holes, which are the result of the evaporation of the pentane blowing
agent [79]. After the PDA-coating modification, the surface of the PDA@EPS particles is
covered with a flat coating (Figure 2b). The PDA coating on the EPS surface serves as an
adhesive, and the strong interaction between PDA and CS allows the CS to adhere to it [58].
The CS-PDA@EPS particles are prepared by coating CS onto the surface of PDA@EPS
particles using the coating method. The apparent morphology of the particles is shown in
Figure 2c—e. During film growth and adsorption, CS is a polysaccharide with a considerable
hardness that can hinder the process and lead to island growth [65]. Aggregates are visible
on the surface of the CS film, which should be the residue of island growth (Figure 2c). As
the concentration of CS increases, the residue of the island on the surface of the modified
EPS gradually disappears, and a flat and dense CS film is formed. The CS film on the
surface of 1CS-PDA@EPS appears relatively flat. However, due to the spherical surface of
EPS particles, it is difficult to achieve uniform film formation with high concentrations of
CS solutions, resulting in the formation of folds and grooves. In addition, CS has excellent
film formation and flexibility, and no significant cracks are found in all of the films [63].

Figure 2. SEM images of EPS (a), PDA@EPS (b), 1CS-PDA@EPS (c), 2CS-PDA@EPS (d), and 3CS-P-
Da@EPS (e).

As indicated in Table 1, the high concentration of the CS solution promotes the growth
of the CS films, which increases the coating efficiency. However, if the concentration of CS
exceeds 3%, the solution’s viscosity becomes too high for the application, and the dried
modified EPS particles become bonded together and difficult to separate. The IFR system
utilizes CS as a carbon and gas source. Therefore, EPS particles modified with CS, which
has a high coating efficiency, will exhibit better thermal stability. For subsequent tests,
3CS-PDA@EPS particles will be used.

Figure 3 shows the morphology of the modified EPS particles at different PA concentra-
tions. The strong ion-ion interaction between PA and CS results in the formation of a dense
PA/CS coating on the PDA@EPS particles through complexation and deposition [65,80].
This process effectively eliminates the grooves on the surface of 3CS-PDA@EPS particles.
Delamination of the coatings is observed in Figure 3b4, which is attributed to the low PA



Coatings 2024, 14, 574

6 of 15

concentration and incomplete complexation of the underlying CS. With the increase in
PA concentration, PA and CS are fully complexed on the modified EPS surface and the
surface coatings show a wrinkled morphology; the thickness of the coatings is increased
significantly from 2.83 um (1CS-PDA@EPS) to 6.46 um (6PA /3CS-PDA@EPS) and 9.23 pm
(10PA /3CS-PDA@EPS), respectively, and no obvious delamination between the coatings
is found. Therefore, it can be assumed that an increase in PA concentration will cause
more PA to attach to the surface of the modified EPS particles and increase the thickness of
the surface coating. In addition, the convex aggregates present on the coating surface are
associated with the island growth of chitosan and the complexation deposition with PA /CS.
As shown in Table 1, the mass of 3CS-PDA@EPS is increased from 8 g to 9.27 g (15.9%),
10.38 g (29.77%), and 11.16 g (39.45%), respectively, with increasing PA concentration. The
alteration in the mass of modified EPS particles indicates the successful complexation and
deposition of PA/CS coatings.

Table 1. Coating efficiency of different modified EPS particles.

Sample Initial Weight Final Weight (g) Weight of Materials Coated

(g after Drying on EPS (g)/Efficiency

PDA@EPS 8 8.22 0.22 (2.75%)
1CS-PDA@EPS 8 8.47 0.47 (5.91%)
2CS-PDA@EPS 8 9.48 1.48 (18.54%)
3CS-PDA@EPS 8 10.29 2.29 (28.58%)
2PA /3CS-PDA@EPS 8 9.27 1.27 (15.9%)
6PA /3CS-PDA@EPS 8 10.38 2.38 (29.77%)
10PA /3CS-PDA@EPS 8 11.16 3.16 (39.45%)

The mass calculation was carried out after drying.

(a @
il it}
(b2) [GX))

Figure 3. SEM images of 3CS-PDA@EPS (al-a4), 2PA /3CS-PDA@EPS (b1-b4), 6PA /3CS-PDA@EPS
(c1-c4), and 10PA /3CS-PDA@EPS (d1-d4).

3.2. FTIR Analyses of EPS Samples

The FTIR spectra of EPS samples are shown in Figure 4. The absorption peaks of
unmodified EPS at 698 and 755 cm ™! correspond to aromatic C-H bending vibration, the
bands at 1449 and 1492 cm ™! are assigned to C=C stretching vibration in the aromatic
ring [55,81]. The absorption peaks at 2849 and 2920 cm ! correspond to the symmetric and
asymmetric stretching vibrations of the CH, group, respectively. The peak at 3060 cm ™!
is attributed to C-H stretching vibration [82]. After the PDA-coating modification, the
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absorption peaks appearing at 1631 cm~! in the PDA@EPS samples are attributed to the N-
H bending vibration [83], and the broad peak at 3424 cm™~! is associated with the stretching
vibrations of the catechol -OH and N-H groups [84]. The presence of these characteristic
peaks of PDA indicates the successful preparation of PDA@EPS particles.

EPS
PDA@EPS
|
J 1631
3424 s 1157
: - — . ~—
- ~ 1627\ [/ \f
TS 3CS-PDA@EPS ™\, 1026

S SET

1,;'430 2PA/3CS—PDA@EPS;

Transmittance (%)

10PA/3CS-PDA@EPS ¢,
“3425 '

|
|
3416
|

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 4. The FTIR spectra of different EPS samples.

In Figure 4, the peaks of CS at 1027 and 1157 cm ! correspond to the C-O stretch-
ing vibration and the glycosidic bond (-C-O-C-) vibration, respectively [58]. The dou-
ble peaks at 1598 cm~! and 1627 cm ™! are bending vibrations of -NH, [85]. The broad
band at 3419 cm~! is around stretching vibrations of -NH; and -OH groups [86]. For
3CS-PDA@EPS, the changes in the peaks near 1072 and 1627 cm™! indicate that the
PDA@EPS particle surface was successfully coated with CS. After the PA-coating modi-
fication, the bending vibration peak of N-H in the PA /3CS-PDA@EPS samples is shifted
to 1643 cm~! due to the interaction between the amino group in CS and the phosphate
group of PA [87,88]; the peak at 1374 cm~! corresponds to the stretching vibration of
P=0 in PA [80,89]. The new peak at 1540 cm ! is related to the complexation of PA and
CS [59]. Compared with PDA@EPS, the O-H stretching vibrational bands of 3CS-PDA@EPS,
2PA /3CS-PDA@EPS, 6PA /3CS-PDA@EPS, and 10PA /3CS-PDA@EPS are shifted to 3430,
3428, 3425, and 3416 cm !, respectively, suggesting the existence of hydrogen bonding
between PDA, CS, and PA [90]. Moreover, the peak of 3CS-PDA@EPS and PA/3CS-
PDA@EPS becomes broader near 3400 cm~!, indicating more amino group, hydroxyl
group, and hydrogen bonding interactions in the modified EPS samples [58]. The elemental
distribution of different EPS surfaces was analyzed by EDS (Figure S1). C (45.8 wt%),
O (7 wt%), Na (4.5 wt%), N (1.1 wt%), and P (11.5 wt%) are uniformly distributed on
the 10PA /3CS-PDA@EPS surface. In summary, the successful preparation of PA/3CS-
PDA®@EPS is achieved.

3.3. Water Contact Angle of EPS Samples

The WCA of the EPS foam board samples under different modification conditions is
shown in Figure 5. The unmodified EPS sample is hydrophobic, with a WCA of 104.08°.
After the introduction of PDA onto the EPS surface, the WCA of PDA@EPS is 22.18°, with
good hydrophilicity, indicating that the PDA coating containing hydrophilic groups (-OH
and -NH-) was successfully coated onto the EPS surface [57,91]. The surface of the EPS has
been coated with CS and the WCA of the modified EPS samples is 83.2° after treatment,
with a limited improvement in the hydrophilicity due to a certain degree of acetylation
of CS (5%-15%) [74]. The WCA of the modified EPS samples is gradually decreased
with increasing PA concentration, and the WCAs of the 2PA /3CS-PDA@EPS, 6PA /3CS-
PDA@EPS, and 10PA /3CS-PDA@EPS samples are reduced to 75.14°, 64.3°, and 44.84°,
respectively, which suggests that the phosphate groups in PA can effectively improve the
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hydrophilicity of the samples [75], and this also proves that the increase in PA concentration
leads to more phosphate groups adhering to the coating surface.

140 -
120 -
< 104,08
o
s 83.2
i 4 i
= 64.3
S 60- : ndili
1S
2 44.84
S 2
Z 40
2.3
20
0
© > > & & >
N < N s N s
- V@ Y‘®$) V’®§) ?'@g) V@g)
O O S o O
& & &
e Yg,o & vg}c,
» & ¢

Figure 5. The water contact angles of different EPS samples.

3.4. Thermal Stability Properties of Eps Samples

The thermal stability of the EPS, PDA@EPS, CS-PDA@EPS, and PA/CS-PDA@EPS
samples has been evaluated through TGA, and the results are shown in Figure 6 and Table 2.
The TGA curve of expanded polystyrene indicates a clear, one-step thermal decomposition
process with a maximum loss rate (DTGmax) of —1.88%/°C at 404 °C and almost no residue
at 800 °C [82]. The thermal stability of PDA/EPS is improved compared to EPS, with a
residual carbon content of 1.17 wt%. The presence of the PDA coating helps to trap the
free carbon released from the EPS during the combustion process, promoting charring and
preventing further pyrolysis of the EPS [51]. However, the thermal stability improvement
is limited by the thin PDA coating on the PDA /EPS.

0.5

Weight (%)

—EPS 0.0 s — —
——PDA@EPS _ BN
——3CS-PDA@EPS o
2PA/3CS-PDA@EPS | 5 g5 ]
~———6PA/3CS-PDA@EPS | <
10PA/3CS-PDA@EPS|
20
£ 109 ——gps
g ——PDA@EPS
g ——3CS-PDA@EPS
a-154 2PA/3CS-PDA@EPS
6PA/3CS-PDA@EPS
10PA/3CS-PDA@EPS
-2.0 H
T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure 6. TG (a) and DTG (b) curves for different EPS samples.

In Figure 6, the thermal decomposition of 3CS-PDA@EPS in nitrogen occurs in three
stages. In the first stage, from 30 °C to 180 °C, the mass loss is mainly attributed to the
volatilization of free and bound water from CS and the decomposition of side chains [80].
In the second stage, from 240 °C-320 °C, the main chain of CS breaks, carbonation occurs,
and non-flammable gas (water vapor, NH3, and CO,) is produced from decomposition [84].
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The third stage is from 320 °C to 490 °C, which is mainly the continuous pyrolysis of the
EPS. Thermal decomposition from 490 °C to 800 °C occurs when the high temperature
destroys the charred protective layer of CS, exposing the internal polymer to the flame and
causing additional thermal decomposition. The residual carbon content of 3CS-PDA@EPS
is 2.23 wt%. The DTGmax is decreased to —1.2%/°C due to the formation of hydrogen
bonds between PDA and CS, and thermal stability is improved [58,85]. The lower thermal
stability of CS results in lower Tyg9,, Tso9, and Tmax of CS-PDA@EPS [92].

Table 2. Thermal gravimetric analysis data of different EPS samples.

Sample & T s Miseee
EPS 350 395 404 —1.88 0.17
PDA@EPS 368 407 414 —1.68 1.11
3CS-PDA@EPS 314 388 396 —-12 2.23
2PA /3CS-PDA@EPS 285 381 397 —0.86 13.1
6PA /3CS-PDA@EPS 273 383 386 —0.8 16.76
10PA /3CS-PDA@EPS 132 385 381 —0.59 24.19

T10%, T50%, and Tmax correspond to temperatures with mass loss rates of 10% and 50% and a maximum mass loss
rate, respectively.

The thermal decomposition curves of PA/3CS-PDA@EPS in nitrogen are similar to
those of 3CS-PDA@EPS, but Tyge,, Ts5p%, and Tmax are reduced, which are related to the low
thermal stability of PA/CS [73]. The thermal decomposition of PA at lower temperatures
produces acidic substances such as phosphate, which promotes the dehydration reaction
of CS and the formation of a carbon layer. Additionally, the ammonia produced by the
decomposition of amino groups in CS causes the carbon layer to expand, and this expanded
carbon layer improves the high-temperature thermal stability of PA/3CS-PDA@EPS [92].
Furthermore, the modified EPS demonstrates an increased ability to form carbon as the PA
content increases. In comparison to the 3CS-PDA@EPS sample, the 2PA /3CS-PDA@EPS,
6PA /3CS-PDA@EPS, and 10PA /3CS-PDA@EPS samples exhibit a residual carbon content
of 13.1 wt%, 16.76 wt%, and 24.19 wt%, respectively. The rise in residual carbon content
is linked to the increase in the weight of the sample itself following PA modification.
However, related studies have demonstrated that PA itself does not possess a significant
carbon-forming capacity [59,76]. Consequently, the rise in residual carbon content can be
attributed to PA facilitating the dehydration of CS to form carbon, with a high content of PA
exhibiting a more pronounced effect [64,93]. Meanwhile, the DTGnax of the EPS samples
modified with PA is reduced to —0.86%/°C, —0.8%/°C, and —0.59%/°C, respectively.
With the formation of more carbon, the barrier of the carbon layer can provide better
protection, effectively preventing further thermal decomposition of the EPS and improving
the flame-retardant properties of the modified EPS [64,89,93].

3.5. Flammability Test of EPS Samples

In Figure 7, the unmodified EPS particles appear white, the PDA@EPS particles have
a brown appearance, and the 3CS-PDA@EPS and 10PA /3CS-PDA@EPS particles have a
darker brown color; the macro changes indicate successful preparation of modified EPS
particles. In flammability tests of the EPS samples using a butane torch, the honeycomb
structure of EPS rapidly shrinks when exposed to the flame, causing the particles to melt
and leave a sticky residue (see Video S1). At high temperatures, EPS undergoes thermal
decomposition, releasing volatile styrene monomers and oligomers, which burn rapidly
and produce large amounts of smoke as the concentration of flammable gases increases at
an ignition temperature of 350 °C [10,94]. The thin PDA coating on the surface of the EPS
particles does not function as a flame retardant, and the PDA@EPS sample burns rapidly
under a butane flame, producing large amounts of smoke and leaving behind a molten
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polymer (see Video S2). For 3CS-PDA@EPS, some residual carbon is produced during
combustion, which prevents the flame from spreading rapidly [46]. In Figure 7d1-d5, the
flame spread of 10PA /3CS-PDA@EPS during combustion is significantly slower, smoke
production is reduced, and a large amount of expanding residual carbon remains (see Video
S4). The fire resistance effect of the PA/CS coatings may be responsible for this [65,72].
When undergoing thermal decomposition, PA facilitates the dehydration of CS into char
and releases non-combustible ammonia and water vapor, which form an expanded char
layer that acts as a protective barrier. Additionally, the non-combustible gases dilute
the oxygen concentration. Combined with the TGA results, it can be assumed that the
PA /CS-PDA@EPS particles have some degree of fire resistance.

Before combustion 10s 20s After combustion

Figure 7. Flammability test of EPS (al-a5), PDA@EPS (b1-b5), 3CS-PDA@EPS (c1-¢5), and 10PA /3CS-
PDA@EPS (d1-d5).

3.6. Water Resistance Test of EPS Samples

The change in mass of the modified EPS particles following multiple washes with
tap water is illustrated in Figure 8A. All of the modified EPS particles show significant
mass loss after the initial water washing. The 3CS-PDA@EPS samples exhibit an 11.76%
reduction in mass following the initial water washing. However, there is minimal change
in mass following multiple washes, indicating that the catechol groups in the PDA coating
provided excellent adhesion and successfully immobilized the CS on the EPS surface. The
2PA /3CS-PDA@EPS samples exhibit the lowest mass loss (7.94%) and demonstrate good
water resistance. This suggests that complex precipitation occurs between PA and CS
through strong ionic interactions, which can improve the stability of the modified films [72].
The modified EPS samples with a high PA content have a high mass loss rate after multiple
washes, which is attributed to the fact that PA only adheres to the coating surface by means
of physical action. As illustrated in Figure 8B, the 10PA /3CS-PDA@EPS samples subjected
to five cycles of water washing demonstrate a certain degree of fire resistance in the butane
flame. Furthermore, the flame spreading speed slows down during the combustion process,
forming expanding residual carbon.
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Figure 8. Water resistance test of EPS (A) and flammability test of 10PA /3CS-PDA@EPS by washing
with tap water 5 times (B, b1-b4).

4. Conclusions

In this study, a bio-based coating was applied to modified EPS particles by using
a simple coating method to address the hydrophobicity and flammability of EPS parti-
cles. PDA was used as an adhesive and the PA/CS IFR system was introduced onto the
PDA@EPS particles through electrostatic self-organization. The PA /CS-PDA@EPS particles
were prepared using the coating bio-based flame retardant method. The hydrophilicity of
the modified EPS was enhanced compared to the unmodified EPS. The WCA on the surface
of 10PA /3CS-PDA@EPS was measured to be 44.84°. TGA revealed that PA promotes
an improvement in carbon formation and in the thermal stability of the modified EPS
particles. The residual carbon contents of the 2PA /3CS-PDA@EPS, 6PA /3CS-PDA@EPS,
and 10PA /3CS-PDA@EPS samples were 13.1 wt%, 16.76 wt%, and 24.19 wt% respectively,
corresponding to a decrease in the DTGpax from —1.88 to —0.86%/°C, —0.8%/°C, and
—0.59%/°C respectively. The butane combustion test demonstrated that the 10PA /3CS-
PDA@EPS samples exhibited flame-retardant properties and remained fire resistant fol-
lowing multiple water washes. Thus, flame-retardant and hydrophilic EPS particles are
expected to have wider applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings14050574/s1, Figure S1: Elemental mapping (N, Na, and P
elements) of modified-EPS particles recorded with SEM-EDS, Video S1: Flame-retardant testing of EPS
particles; Video S2: Flame-retardant testing of PDA@EPS particles; Video S3: Flame-retardant testing
of 3CS-PDA@EPS particles; Video 54: Flame-retardant testing of 10PA /3CS-PDA@EPS particles.
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