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Abstract: As one of the most common fossil derivatives, plastics are widely used for their exceptional
chemical stability, low density, and ease of processing. In recent years, there has been a significant
increase in the production of waste plastics, coupled with a low recycling rate, resulting in serious en-
vironmental pollution. To enhance the use of waste plastics, this research synthesized flame-retardant
materials from hypercrosslinked polystyrene with different molar fractions of flame retardants. Waste
polystyrene foam was used as the raw material, while aniline, triphenylphosphine, and melamine
were employed as flame-retardant additives. The flame-retardant additives were successfully doped
into the porous skeleton structure of hypercrosslinked polystyrene through a chemical reaction or
physical mixing to achieve in situ flame retardancy, and the materials were shaped by a phenolic resin
prepolymer. Then, the samples were characterized in detail, and the results indicate that the addition
of a flame retardant enhances the flame retardancy of the material. In addition, the material has
excellent thermal insulation performance, with a minimum thermal conductivity of 0.04176 W /(m-K).

Keywords: waste plastic; recycle; material safety; excellent thermal insulation; flame retardant

1. Introduction

Plastics are derived from petroleum and are usually made by polymerizing monomers
such as ethylene, propylene, and styrene. With the development of industry, plastics
have become widely used in electrical, packaging, construction, medical, and other fields
based on their excellent chemical stability, low density, and ease of processing, becoming an
indispensable substance in modern life [1]. According to statistics, global plastic production
has reached nearly 400 million tons. Most plastic waste ends up being incinerated or
accumulating in landfills and the environment. Only 15-18% of plastic is recycled [2—-6].
Based on this state of affairs, increasing the recycling of plastics is an important issue [3,7,8].
Notably, certain waste materials have been employed to substitute traditional petroleum-
based flame retardants in polymeric materials [9-13]. Through the high-value recycling
of plastics, fossil energy can be saved and environmental pollution reduced. And, it will
help to reduce the need for oil and gas extraction, conserve limited fossil fuel resources,
and reduce the pressure of climate change.

There are three main methods of converting waste polystyrene (PS) into flame-
retardant materials. The first method involves coating the material’s surface with flame-
retardant materials to reduce heat and mass transfer between the gaseous medium and the
condensed phase, thereby impeding flame propagation during a fire [14,15]. Li et al. [16]
prepared biomass-based flame-retardant additives from renewable chitosan, melamine
formaldehyde resin-coated ammonium polyphosphate, and organic montmorillonite,
which were then blended into waterborne epoxy resin (WBEP) to produce waterborne
flame-retardant coatings. The prepared flame-retardant WBEP coatings showed good water
resistance and flame-retardant efficiency on wood substrates. However, the dispersion
uniformity between the matrix and the coating, as well as the problem of poor interfacial
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contact, has become an important factor restricting the development of flame-retardant
coatings. For this reason, doping flame retardants has become another direction for the
development of flame-retardant polystyrene. Presently, the primary categories of flame
retardants include halogenated-based [17,18], phosphorus-based [19-21], intumescent [22],
and nitrogen-based flame-retardant materials [23]. Halogenated flame retardants have
been prohibited due to their detrimental impact on the environment and organisms [24].
Phosphorus flame retardants are both environmentally friendly and efficient; they tend
to be less toxic than their organohalogen counterparts and are usually biodegradable
to environmentally benign products; they are mainly divided into two types: organic
phosphorus-based and inorganic phosphorus-based flame retardants [21,25,26]. Phospho-
rus flame retardants in different reaction zones can be divided into condensed-phase flame
retardants and vapor-phase flame retardants, and in organic phosphorus flame retardants,
the condensed phase plays an important flame-retardant role [27]. Intumescent flame
retardants consist of an acid source, a carbon source, and a gas source, and when burned, a
carbonaceous foam layer is generated on the surface, which serves as a thermal barrier to
combustion [22,28,29]. Nitrogen-based flame retardants are susceptible to decomposition
when exposed to heat, thus carrying away the heat generated during combustion and
interrupting combustion [30,31].

At present, the methods of doping flame retardants are physical doping and chemical
doping. Physical doping is mainly divided into in situ polymerization [32], melt mix-
ing [33], and solution mixing [34]. For all approaches, a major challenge is the dispersion of
carbon nanomaterials into polymer matrices. In this regard, chemical doping has received
much attention due to its ability to dope flame retardants at fixed sites of the material to
achieve in situ flame retardancy. Li et al. [35] developed a nitrogen—phosphorus synergistic
flame-retardant plasticizer, named NPFP, by incorporating phosphate and chlorine flame
retardants into the chemical structure of rubber seed oil, and they applied it to plasticized
polyvinyl chloride (PVC). Material characterization results demonstrated that NPFP, with
excellent solvent extraction resistance, could markedly enhance the limiting oxygen index
and thermal stability of the plasticized PVC materials. Li et al. [36] employed graphene ox-
ide (GO) as an in situ lamellar intumescent flame retardant (IFR) to produce flame-retardant
polybutylene terephthalate materials with varying flame-retardant concentration gradients.
The IFR was incorporated into the GO lamellar structure through a chemical reaction to
achieve in situ flame retardancy, resulting in the significantly enhanced flame retardancy of
the composites.

Currently, there are more studies on the recycling of waste PS by chemical methods.
For example, Solis et al. [37] converted waste PS mixed with olivine through pyrolysis into
activated carbon material and used it for CO, adsorption. Vijaya et al. [38] converted waste
PS into electrode material for supercapacitors. Zhang et al. [39] pyrolyzed waste PS into
porous carbon and used it to coat phase-change materials such as paraffin. There is one
thing in common: the materials obtained are all porous materials. For the flame-retardant
performance of materials, current research mainly focuses on the thermal stability, limiting
oxygen index, and heat release rate of materials. It is worth paying attention to the fact
that heat insulation is also a key index for evaluating the flame-retardant performance of a
material. According to research, the larger the porosity of the material, the better its thermal
insulation effect [40]. However, research on the conversion of used PS into flame-retardant
materials by chemical methods is still rare. The research in this paper is the first trial of
converting waste PS into porous media and doping it with a flame retardant to improve its
thermal insulating properties while achieving an in situ flame retardant effect.

Based on the above situation and previous research experience on the high-value use of
waste plastics [39,41,42], this paper develops a novel and simple method for the preparation
of hypercrosslinked polystyrene (HCP) with high flame retardancy and excellent thermal
insulating properties. Waste polystyrene foam was used as a raw material, and three flame-
retardant additives were selected: aniline, triphenylphosphine, and melamine (Figure 1).
Each material was successfully added to the porous structure of HCP through chemical
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reactions or physical mixing, achieving an in situ flame-retardant effect, and the materials
were shaped by a phenolic resin prepolymer. It is worth noting that this method not only
greatly improves the flame-retardant effect of the material but also has a high thermal
insulation performance, which provides an idea for the high-value recycling of discarded
PS plastics, reduces its pollution of the environment, and has broad application prospects
in the field of building energy saving.
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Figure 1. Preparation process of HCP.

2. Materials and Methods
2.1. Materials

1,2-Dichloroethane (DCE) and FeCls were purchased from Shanghai Titan Technology
Co. Ltd. (Shanghai, China). Aniline (AN) and triphenylphosphine (TPP) with Formalde-
hyde dimethyl acetal (FDA) were purchased from Aladdin Chemical Reagent Company
(Shanghai, China). Melamine (ME) was purchased from Injury McLean Biochemistry
Ltd. (Shanghai, China). The phenolic resin prepolymer (PRP) was purchased from Henan
Platinum Run Casting Materials Co. (Zhengzhou, China). All reagents were used without
further purification unless otherwise stated. Waste polystyrene foam was collected from
daily life and had a density of about 35.6 kg/m?.

2.2. Characterization

Fourier Transform Infrared Spectroscopy (FT-IR) spectra were recorded by using a
VERTEX 70 (Bruker, Berlin, Germany) FI-IR as KBr discs. Thermogravimetric analysis
(TGA) was carried out by heating from room temperature to 800 °C at a rate of 10 °C-min~!
on a TA SDT Q600 instrument under a nitrogen atmosphere. X-ray polycrystalline diffrac-
tometer (XRD) patterns were recorded on a diffractometer (Smartlab, Aachen, Germany)
with Ni-filtered CuK o radiation (k = 0.154 nm) at a tube current of 30 mA and a generator
voltage of 40 kV. Scanning was performed at a speed of 8°-min~!, from 0 to 80° of 20. The
thermal conductivity of the samples was measured by using a thermal conductivity meter
(Hot Disk 2500-OT, Goteborg, Sweden) based on the transient plane source method, and the
testing temperature was adjusted and controlled by a water bath and an insulated chamber.
Scanning electron microscope (SEM) images were recorded using an FEI Sirion 200 field-
emission scanning electron microscope operating at 10 kV. Loss-on-ignition tests repeated
3 times, combustion tests repeated 5 times, and thermal conductivity tests repeated 5 times
were performed.

2.3. Uncertainty Analysis

Uncertainty analysis is considered due to the uncertainty of the data acquisition
devices. The temperature measurement error range for each measure is £0.5 °C. The
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thermal conductivity analyzer has an accuracy of 3% at a working temperature from
—200 to 150 °C.

2.4. Synthesis of HCP

Waste PS foam (3 g) was dissolved in DCE (25 mL) and stirred for 1 h. After the waste
PS was completely dissolved, the flame retardants AN, TPP, and ME were added according
to the proportions shown in Table 1, and stirring was continued for 30 min. After the liquid
was mixed well, FDA (3.2 mL) and FeCl3 (15 mmol) were added in turn. The reaction
temperature was set at 80 °C and stirring speed at 600 rpm for 20 h. Then, the solvent, DCE,
was removed by evaporation using a rotary evaporator after the reaction was completed.
Finally, the resulting product was dried in a vacuum oven at 80 °C for 12 h to obtain the
final product HCP-x-y (x is the type of additive, and y is the molar ratio of the additive to
waste polystyrene plastic). The specific experimental parameters are shown in Table 1.

Table 1. Preparation parameters of polystyrene-based plastic fireproofing material *.

Sample PS (g) AN (g) TPP (g) ME (g) Mole Ratio
S1 3 - - - -
S2 3 0.26 - - 1: 10
S3 3 0.17 - - 1: 15
S4 3 0.13 - - 1: 20
S5 3 0.10 - - 1: 25
S6 3 - 0.75 - 1: 10
S7 3 - 0.49 - 1: 15
S8 3 - 0.37 - 1: 20
S9 3 - 0.29 - 1: 25
S10 3 - - 0.36 1: 10
S11 3 - - 0.24 1: 15
S12 3 - - 0.18 1: 20
S13 3 - - 0.14 1: 25

1 FeCls: 15 mmol; DCE: 25 mL; FDA: 3.2 mL; reaction temperature: 80 °C.

2.5. Synthesis of Phenolic Resin-Based HCP (PHCP)

Firstly, PHCP-x-y was obtained by mixing HCP-x-y with PRP at a mass ratio of 3:1,
and 4 g of PHCP-x-y was placed in a rectangular mold (60 mm x 20 mm x 20 mm) and
then thermally cured for 30 min at 150 °C in a thermostatic drying oven, and the resulting
material was taken out and used for combustion testing. Then, 1 g of the prepared THCP-
x-y was taken and placed in a tablet press, and the resulting circular tablet was placed in
a constant-temperature drying oven for 30 min at 150 °C for heat curing. The resulting
material was removed for thermal conductivity testing.

2.6. Steps of Loss-on-Ignition Test

The specific operation steps are as follows: (1) Take 3 g of the sample and place it in
a constant-temperature drying oven at 105 °C to dry for 1 h in order to remove external
moisture from the material, and then stand by. (2) Measure the mass of the dry crucible
with an analytical balance and record it as my. (3) Take 1 g of the sample and add it to the
crucible, and measure the mass of the crucible and record it as my. (4) Put the crucible in a
suitable position above the 150 mL capacity alcohol lamp (depending on the position of the
flame), carry out the combustion, measure the mass of the crucible every 2 min, and record
the data. (5) After the mass of the crucible is stabilized, remove and measure the mass of
the crucible and record it as my. The loss on ignition S is
my

g— 7M. 509
mp; —my
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3. Results and Discussion
3.1. Properties of HCP

The effects of additives on the performance of the products can be concluded from
their characterization and analysis.

As shown in Figure 2a, the structure of the obtained HCPs was first characterized
using an ATR-FTIR spectrometer. In the spectra, the peaks at 1635 cm !, 1608 cm~!, and
1450 cm~! can be attributed to the characteristic stretching vibration of the polystyrene
phenyl skeleton, while the peaks at 1700~2000 cm~! indicate that the benzene ring is
mono-substituted, and the peaks at 2850 cm ! and 2920 cm ! are attributed to -CH, asym-
metric stretching vibration and symmetric stretching vibration, respectively [43]. With the
addition of the flame-retardant additives AN and ME, the absorption bands near 3440 cm ™!
and 1450 cm ™! were enhanced, corresponding to the N-H stretching vibration and C-N
vibration, respectively. This indicated that AN and ME were successfully doped into the
HCP backbone. The enhancement of the characteristic peaks at 3440 cm ! and 1450 cm ™!
of HCP-ME was smaller than that of the peaks of HCP-AN, implying that it was physically
doped with HCP. Conversely, the characteristic peaks at 3440 cm ™! and 1450 cm ™! of
HCP-TPP were greatly weakened, which indicates that TPP has successfully reacted.

——HCP b —— HCP
—— HCP-AN-1:25 —— HCP-AN-1:25
—— HCP-TPP-1:25 —— HCP-TPP-1:25

—— HCP-ME-1:25 —— HCP-ME-1:25

-\
IR e
N\

l l IL___LI ol ke

4000

3500

3000 2500 2000 1500 1000 500 10 20 30 40 50 60 70

Wavenumber (cm™) 20 (degree)
Figure 2. Characterization of HCP composite flame-retardant material. (a) FTIR image; (b) XRD image.

Afterward, the XRD spectra of the obtained samples were characterized. As shown
in Figure 2b, it was found that the XRD diffraction profiles of the samples were similar
due to the similar crystalline shape. The profiles of HCP-AN were weakened after 45°,
whereas for HCP-TPP, new diffraction peaks were added near 21° and 32°. HCP and
HCP-ME-1:25 showed similar XRD characteristic peaks; there was basically no change
in the positions at which the diffraction peaks were located, and there were no obvious
changes in the slit width of the diffraction peaks, which indicated that the addition of a
small amount of ME would not change the crystal structure of the polystyrene composite
flame-retardant material, and the change in the intensity of the diffraction peaks might be
due to the slowing down of the nucleation rate caused by the addition of ME. It can be
deduced that there are no chemical reactions in the preparation process with the addition
of ME, but only physical and mechanical mixing.

Figure 3a,b show the TGA curves and derivative thermogravimetry (DTG) curves
of HCP. The TGA curves of HCP show a clear one-step thermal decomposition process,
which proceeds in three main 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 and the decomposition
of side chains in HCP [44]. In the second stage, from 240 °C to 320 °C, the main chain
of HCP breaks down and decomposes to produce non-flammable gases [45]. The third
stage is from 320 °C to 490 °C and is dominated by the continuous pyrolysis of HCP [46].
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Table 2 shows the TGA test data of the samples under a nitrogen atmosphere. The analysis
shows that the maximum loss rate of the HCP sample is —10.87%/min at 445 °C, and
the residual carbon content is 35.85 wt% at 600 °C, which is elevated by 35 wt% relative
to pure PS, whose maximum loss rate is —26.54%/min at 413 °C. Compared with HCP,
HCP-AN-1:25 has 36.96 wt% residual carbon, but its thermal decomposition temperature
starts earlier, with a maximum loss of —12.11%/min at 442 °C, which is attributed to the
influence of NHj3 groups in HCP. In addition, the thermal stability of HCP-TPP-1:25 is
reduced, with a residual carbon content of 30.73 wt%, and its thermal decomposition starts
earlier than that of HCP, with a maximum loss rate of —12.00%/min at 441 °C, whereas, for
the sample physically doped with the ME flame retardant, the residual carbon content of
HCP-ME-1:25 is 40.63 wt% at 600 °C, much higher than indicated in previous research on
flame-retardant materials for PS [40,46,47], and the maximum loss rate is —9.81%/min at
446 °C. The maximum loss rate is —9.81%/min, but the weight loss at 1% and 5% occurs at
a much lower temperature, which may be because the sample contains more moisture and
has ME distributed on its surface, which is pyrolyzed in advance. It is important to note
that a low thermal decomposition temperature does not mean low flame retardancy. The
lower the decomposition temperature of the sample, the earlier it decomposes to produce a
non-flammable gas/film, resulting in a flame-retardant effect.
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Figure 3. Characterization of HCP composite flame-retardant material. (a) TGA image; (b) DTG image.

Table 2. TGA data for samples under a nitrogen atmosphere.

Sample T7 (°O) T, (°C) T3 (°C) Tmax (°C) CR (wt%)
PS 88 355 378 413 0.95
HCP 95 348 408 445 35.85
HCP-AN-1:25 72 287 404 442 36.96
HCP-TPP-1:25 85 308 390 441 30.73
HCP-ME-1:25 46 264 398 446 40.63

T;: temperature at 1% loss of sample weight; T,: temperature at 5% loss of sample weight; T3: temperature at 10%
loss of sample weight; Tmax: temperature of a maximum rate of degradation; and CR: char residue at 600 °C.

In Figure 4a—-d, SEM images show the microscopic morphology of the samples. There
are particles on the surface of the material, and there is a crosslinking phenomenon. In
Figure 4a—c, it is observed that the surface of the sample is relatively rough and has a
porous structure, and there are smaller particles of material distributed on the surface.
The particles are the ferric chloride catalyst, and they are distributed on the surface of
the material after the material is milled. This may help to improve its flame retardancy.
Comparing Figure 4a-c, it can be observed that the microscopic morphology of HCP-ME is
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quite different from the other three groups, with larger particulate matter distributed on its
surface in Figure 4d, which is the reason that the ME molecules cannot participate in its
reaction but are added to the material in the form of physical mixing, and thus, there are
ME particles distributed on the surface of the material as well as in its interior. When the
material burns, the ME molecules distributed on its surface will decompose and absorb
heat, which improves the flame retardancy of the material.

Figure 4. SEM images of (a) HCP, (b) HCP-AN-1:25, (c) HCP-TPP-1:25, (d) HCP-ME-1:25.

3.2. Flame-Retardant Performance Test

To evaluate the material’s flame-retardant properties, we conducted a loss-on-ignition
test, which represents the amount of gaseous products released by the physical evaporation
or chemical decomposition of raw materials due to heat [48,49].

Table 3 shows the loss-on-ignition data of the HCP flame-retardant materials, from
which it can be seen that with the increase in AN addition, the loss on ignition of the
materials decreases, and the loss on ignition was less than that of the control group without
additives. From the loss-on-ignition test curve (Figure 5a), it was found that the mass of
the samples changed a lot in the first 5 min, which is the main decomposition process. The
mass curve for HCP-AN-1:10 stabilized at 14 min, HCP-AN-1:15 at 12 min, HCP-AN-1:20
at 16 min, and HCP-AN-1:25 at 22 min, indicating that the change in AN has a significant
effect on its loss on ignition. This is because AN is an alkaline material and FeClj is an acidic
catalyst; when too much of the flame-retardant additive AN is added, a mutual reaction
between AN and FeCl3 occurs, which affects the structure of the product, so its loss on
ignition increases and the curve stabilization time is prolonged. However, from the results
of the loss on ignition, it can be seen that the loss on ignition of HCP-AN is smaller than
that of HCP, which has a positive effect on the flame-retardant properties of the material.
With the increase in TPP addition, the loss on ignition of the material increased. This
may be attributed to the fact that TPP is a triphenyl structure containing multiple reaction
sites, and the more TPP that is added, the less homogeneous the reaction is, leading to a
decrease in the stability of HCP-TPP and an increase in the rate of loss on ignition. From
the loss-on-ignition curve (Figure 5b), it was found that HCP-TPP has similar properties,
and the main decomposition process occurs in the first 6 min; its final loss on ignition is



J. Compos. Sci. 2024, 8, 266

8 of 15

much smaller than that of HCP-AN, which is mainly because HCP samples doped with
different flame-retardant additives had significantly different combustion products under
aerobic conditions. Therefore, it is not appropriate to compare samples with different
additives through loss on ignition, which should only be used to compare the same kinds
of additives. The loss on ignition of HCP-ME did not show regular changes: HCP-ME-1:10
and HCP-ME-1:25 had a smaller loss on ignition, and HCP-ME-1:15 and HCP-ME-1:20
had a larger loss on ignition, the reason being the uneven distribution of ME molecules in
the interior of HCP. However, it was found that the addition of ME reduced the burnout
rate of HCP, which is because the addition of ME makes HCP-ME thermally decompose to
produce ammonia and other gases, and ammonia decomposition is a kind of heat-absorbing
reaction, as the resulting gas will take away heat in the form of thermal convection, which
slows down the whole thermal decomposition process and reduces the rate of product loss
on burning (Figure 5c).

Table 3. Loss on ignition of HCP samples.

Sample S1 S2 S3 S4 S5 S6 S7
S (%) 0.44 0.34 0.38 0.39 0.46 0.25 0.24
Sample S8 S9 S10 S11 S12 S13
S (%) 0.20 0.19 0.28 0.36 0.35 0.29
a ——HCP b e HCP
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Figure 5. Flame-retardant test of HCP. (a) Mass change curve of HCP-AN, (b) mass change curve of
HCP-TPP, (c) mass change curve of HCP-ME, (d) thermal conductivity test chart.
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As shown in Figure 6, the PHCP sample (60 mm x 20 mm x 20 mm) was clamped
to the iron frame table of the combustion test bench and burned with an alcohol lamp for
1 h. After that, the remaining length of the combusted sample was measured, and during
this process, infrared thermal imaging cameras were used to observe the temperature
distribution of the material during the combustion process. As can be seen from Table 4,
the addition of the flame retardants AN, TPP, and ME has a positive effect on the flame
retardancy of the materials. With the increase in the addition of the flame-retardant
additive AN, the residual burning length of the PHCP-AN sample showed a gradual
increase of 43 mm, 45 mm, 45 mm, and 47 mm, indicating that its flame-retardant effect
increases with the increase in the molar fraction of flame-retardant additives. This is
because of the presence of ammonium ions, so HCP-AN is thermally decomposed to
produce ammonia, nitric oxide, and other non-combustible gases. Among them, ammonia
will further decompose with oxygen and absorb heat. This process not only reduces the
concentration of oxygen but also takes away the heat, so its flame-retardant properties are
enhanced with the increase in the dosage of AN additives.

Figure 6. Combustion test experiment platform.

With the increase in the flame-retardant additive TPP, the residual burning length of
the PHCP-TPP sample showed a gradual increase of 44 mm, 46 mm, 46 mm, and 47 mm,
and the overall residual length was better than that of the PHCP-AN sample. As a kind of
organic phosphorus flame retardant, the flame-retardant mechanism of TPP is as follows:
HCP-TPP will decompose to generate metaphosphoric acid during the combustion process,
and the metaphosphoric acid will polymerize to generate polymethyl metaphosphoric
acid. In this process, the covering layer generated by phosphoric acid plays the role of a
coating, but because the generated polymethylphosphoric acid is a strong acid with strong
dehydrating properties, it will also make the polymer dehydrated and carbonized, change
the combustion process of the polymer, and form a layer of carbon film on the surface of
the polymer in order to insulate the air.

However, the residual burning lengths of HCP-ME did not change regularly with
the increase in flame-retardant additives, and the overall residual burning lengths were
42 mm, 47 mm, 42 mm, and 48 mm with the increase in flame-retardant additives. The
flame-retardant mechanism is similar to that of HCP-AN, but ME is doped into HCP in a
physical form, which is different from the traditional means of physical doping, and this
method leads to the uneven distribution of ME inside HCP, resulting in large changes in
its flame-retardant effect. Therefore, in the future, the physical doping of flame retardants
should focus on the doping method to ensure the uniform distribution of flame retardants.

It can be seen that, compared with the physical addition of the ME flame retardant,
the chemical addition of the AN and TPP flame retardants is more stable in improving the
flame-retardant performance of the material.
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Table 4. Combustion test data.
Sample Burning Images Residual Burning Length
S1 Faiey 42 mm
S2 47 mm
S3 45 mm
S4 45 mm
S5 43 mm
S6 47 mm
S7 46 mm
S8 46 mm
59 44 mm
510 48 mm
S11 42 mm
512 47 mm
513 42 mm

Table 5 shows the infrared thermography of the sample combustion process. During
the early stage of combustion (0~2 min), there will be a brief (<30 s) combustion phe-
nomenon, and then the flame will extinguish on its own. From Table 4, it was found that
during the entire heating process of the alcohol lamp, only the front part of the material is
in a high-temperature state, while the back part is at room temperature, indicating that the
material has an excellent insulation effect. However, during the flame combustion process,
although the front part of the material does not self-ignite, a slow oxidation process occurs,
causing the phenolic resin prepolymer of the material to lose its binding, become a powder,
and fall off. In addition, it was found that the front end of the material can still maintain a
high-temperature state after prolonged combustion. Only when the material burns to a
sufficiently short state will the temperature at its front end return to normal, as shown in
S11 and S13. Unfortunately, because the experimental process is susceptible to the influence
of the external environment, we cannot compare and analyze the thermal insulation effect
of the material from infrared thermography but only analyze the approximate pattern.
Therefore, subsequent thermal conductivity testing of PHCP samples was carried out.
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Table 5. Infrared thermal imaging data for combustion testing.
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Figure 5d shows the thermal conductivity of the materials. In addition, Tukey’s test
was performed on the obtained data and labeled a-d to indicate that there is a significant
difference between the thermal conductivity of the samples, while the same labeled letters
represent non-significant differences between the data. It was found that the samples all
have low thermal conductivity, which indicates their excellent thermal insulation effect.
For PHCP-AN, the thermal conductivity of PHCP increased with a small amount of AN,
which may be attributed to the fact that too little AN has little effect on the pore structure of
PHCP, and some impurities, such as FeClz, remain in the pores of PHCP. With the increase
in AN content, the thermal conductivity decreases and then increases. This is because when
a small amount of AN, a flame-retardant additive, is added, the presence of AN increases
the porosity of the product and raises its air sites, which increases its thermal resistance
and enhances the thermal insulation effect of the samples. However, since AN is alkaline
and FeCl; is an acidic catalyst, when too much of the flame-retardant additive AN is added,
AN and FeCl;3 will react with each other, thus reducing the porosity of the product and
weakening the heat insulation effect. For PHCP-TPP, a small amount of TPP addition does
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not have a significant effect on its thermal conductivity, while when too much TPP is added,
the thermal conductivity of PHCP-TPP first increases and then decreases, which is mainly
related to the homogeneity of the TPP reaction; when the amount of TPP is increased, the
homogeneity of the reaction deteriorates, which leads to a change in the structure of the
product [43].

The thermal conductivity of PHCP-ME did not change regularly with the increase in
the amount of ME added. Its thermal conductivity is mainly related to the distribution of
ME; because PHCP is a porous material, when ME molecules are distributed inside the
pores of the material, the pore diameter becomes smaller, the thermal resistance of materials
is reduced, and the coefficient of thermal conductivity increases, which is especially obvious
in 510, because S10 has more ME added. This also explains why S10 has the longest residual
burning length in the combustion test, because ME is distributed inside the aperture of the
material, which reduces the contact area of oxygen, on the one hand, and on the other hand,
when the material burns, the flame retardant is distributed more widely and uniformly,
which can better prevent combustion.

4. Conclusions

In conclusion, this paper presents a simple method to prepare HCP with flame retar-
dant and low thermal conductivity properties. HCP modified with different molar fractions
of flame retardants was prepared from waste PS foam by selecting three flame-retardant
additives, namely, AN, TPP, and ME. The process successfully doped the flame retardants
into the porous structure of HCP by two methods, chemical reaction and physical mix-
ing, to achieve the effect of in situ flame retardancy, after which the resulting materials
were shaped with a phenolic resin prepolymer. The loss on ignition, combustion perfor-
mance, and thermal conductivity of the materials were investigated with different ratios
of flame-retardant additives to PS. It is worth noting that the method greatly improves
the flame-retardant effect of the materials; the resulting materials all have enhanced flame-
retardant properties, and the higher the amount of the flame-retardant additive added, the
better the flame-retardant effect. Among them, HCP-ME-1: 10 has the best flame-retardant
effect, and its remaining length (original length of 60 mm) can reach 48 mm after burning for
1 h. Compared with the physical addition of the ME flame retardant, the chemical addition
of the AN and TPP flame retardants causes a more stable improvement in flame-retardant
properties. It was found that the uniform distribution of the flame retardant inside the
molecular pores of the material is the key to the improvement of molecular flame retardancy
by physical addition. The results of thermal conductivity tests showed that the resulting
materials all have excellent thermal insulation, with a minimum thermal conductivity of
0.04176 W /(m-K). This study successfully realized the conversion of waste polystyrene
foam into flame-retardant materials, which provides a new idea for the high-value recy-
cling of waste plastics and reduces their environmental pollution. This process not only
reduces the dependence on primary fossil energy but also mitigates the negative impacts
of waste plastics on the environment, which has certain application prospects in the field of
building energy efficiency. Future research will focus on exploring the synergistic in situ
flame retardancy of multiple flame retardants and their mechanisms in order to further
enhance the high-value utilization of waste plastics and the potential for a wide range
of applications.
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Abbreviations

AN Aniline

DCE 1,2-Dichloroethane

DTG Derivative thermogravimetry
FDA Formaldehyde dimethyl acetal
FTIR Fourier Transform Infrared Spectroscopy
GO Graphene oxide

HCP Hypercrosslinked polystyrene
IFR Intumescent flame retardant
ME Melamine

PRP Phenolic resin prepolymer

PS Waste polystyrene

pPVC Polyvinyl chloride

SEM Scanning electron microscope
WBEP Waterborne epoxy resin

XRD X-ray polycrystalline diffractometer
Nomenclature

CR Char residue

my Crucible mass

S Loss on ignition rate

Tr Weight loss temperature
Subscripts

f Loss

X Factor
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