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Abstract: In this study, a ternary hydrogen (H)-bonded complex intumescent flame retardant (TH-
IFR) of melamine (ME) - phosphoric acid (PA) ... pentaerythritol (PER) was synthesized through
hydrothermal reaction. The combination of the synthesized TH-IFR with 4A molecular sieve as
the synergist was used for the first time to improve the flame retardancy of polypropylene (PP).
The involved structure, morphology, flame retardancy, flame-retarding mechanism and mechanical
properties of the prepared PP composites were systematically investigated. The results show that
incorporation of 1 wt% synergist 4A shows the optimum synergistic effect, and the flame retardancy
and mechanical properties of the flame-retarded (FR) PP composites are significantly improved.
Incorporation of 4A could change the pyrolysis process of the entire system and promote the char-
forming chemical interaction, thereby further enhancing the flame retardancy of FR PP composite.
The synergistically flame-retarding mechanism of 4A is explained by the significantly improved
quality and quantity of the solid-phase char layer, which is formed through generation of SiO,
and Al,O3 substances, and also participation of PP macromolecular chains in the final char layer
formation during burning. Furthermore, the improved dispersion and compatibility of TH-IFR in the
composite is largely beneficial to the improvement of flame retardancy and mechanical properties.

Keywords: 4A molecular sieve; synergistic effect; hydrogen-bond complexation; intumescent flame
retardant; polypropylene

1. Introduction

Polypropylene (PP), as one of the important five general purpose plastics with excel-
lent mechanical properties, chemical resistance, easy moldability and non-toxicity, and it
is mainly used in construction, transportation and electronics [1,2]. However, its inherent
flammability limits its application in many fields with fire-proof requirements [3]. Further-
more, PP is easy to cause secondary fire due to its molten droplets and will produce a large
amount of toxic smoke during the combustion process [4-6]. These shortcomings would
cause huge potential danger to the safety of human life and property. Therefore, it is neces-
sary to improve the flame retardancy of PP by incorporating flame-retardant additives.

Recently, with the increasing attraction to health and environmental issues, people
have turned their attention to the development and use of environmentally friendly and
highly-efficient intumescent flame retardants (IFR) [7-10]. The IFR system generally con-
tains an acid source, carbon source and gas source. Due to the poor compatibility of the
mixed-flame retardants with the matrix, it is easy to deteriorate the properties of mate-
rial [11,12]. Comparatively, the ternary integrated intumescent flame retardants (TIRs,
with acid source, gas source and char former in one flame-retardant molecule) have lower
polarity and better compatibility with the PP matrix [13-15]. Furthermore, the TIRs-added
PP composites have reduced moisture absorption, and the incorporated TIRs are less prone
to exudation [16,17].
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Based on the advantages of ternary integrated intumescent flame retardant (TIR),
many efforts have been made to improve the flame retardancy of PP. For example, Zhu
et al. [18] synthesized a novel TIR hyper-branched triazine-piperazine pyrophosphate
(HTPPP) by using cyanuric chloride, 1-boc-piperazine and phosphoric acid. They found
that when HTPPP alone was loaded at 25 wt%, the limiting oxygen index (LOI) value of
PP/HTPPP composite reached 30.5% and achieved V-0 rating in vertical burning tests (UL-
94). Qi et al. [19] synthesized a novel TIR poly-(spirocyclic pentaerythritol bisphosphonate-
1,3,5-triazine-O-bicyclic pentaerythritol phosphate) (PSTBP). The results showed that the
LOI value of PP/PSTBP composite reached 30.5% and achieved V-0 rating in UL-94 test
when the PSTBP was added at 30.0 wt%. Compared with PP/APP/PER composite, the
PP/PSTBP composite showed a better water resistance. Zheng et al. [20] synthesized a
mono-component, cellulose-based and intumescent halogen-free flame retardant (HECPM)
by introducing IFR groups in the structure of cellulose. The results showed that there
is a synergistic flame-retardant effect between HECPM and expandable graphite (EG).
When HECPM/EG (1/3) was added at 30 wt%, the LOI value and UL-94 vertical burning
rating of the prepared PP composite could reach 31.5% and V-0, respectively. Liu et al. [21]
synthesized a mono-component flame-retardant additive of poly (dimethylol melamine
piperazine pyrophosphate) (PDMPP) by using formaldehyde, melamine and piperazine
pyrophosphate. It was found that the prepared PP/23 wt% PDMPP composites could
either achieve a V-0 rating of UL-94 before and after water resistance tests, and the LOI
value decreased slightly from 26.7% to 26.3%.

As a matter of fact, the addition of TIRs alone could show their higher efficiency only
at a high loading [22]. As we know, incorporation of a suitable synergist is effective [23].
Many studies have achieved the desired flame-retardant effect by adding different inorganic
synergists, including graphene, montmorillonite, metal oxides, zeolite and polyoxometa-
late [24-28]. The 4A molecular sieve (4A) is a synthetic aluminosilicate with an effective
aperture of about 0.4 nm and a three-dimensional network structure composed of SiO4 and
AlQy tetrahedrons combined with the common oxygen atoms [29-31]. Its unique structure
and composition make 4A have good thermal stability, absorptivity, ion exchangeability
and catalytic property. Recently, various types of molecular sieves have been used alone as
flame retardants to achieve a certain flame-retardant effect, or used as synergists to achieve
a good synergistic flame-retardant effect [30-33]. Thus, 4A could be a promising candidate
as a flame-retardant synergist in PP flame retardancy.

In this study, a novel ternary hydrogen (H)-bonded complex intumescent flame retar-
dant (TH-IFR) of melamine (ME) phosphoric acid (PA)-pentaerythritol (PER) was synthe-
sized through a moderate and environmentally friendly hydrothermal reaction. Then, the
synthesized TH-IFR and the flame-retardant synergist 4A were combined to improve the
fire safety of the flame-retarded (FR) PP materials. The structure, morphology, flame retar-
dancy, thermal performance and mechanical property of the prepared FR PP composites
are systematically investigated. Additionally, the related flame-retarding mechanism is
carefully discussed.

2. Experimental
2.1. Materials

Phosphoric acid (PA, 85%) and melamine (ME) were all analytically pure and pur-
chased from Kelong Chemical Reagent Corporation (Qionglai, Sichuan, China). Pentaery-
thritol (PER) was analytically pure and purchased from Tianjin Guangfu Fine Chemical
Research Institute (Tianjin, China). The 4A molecular sieve (4A) powder with an effective
aperture of about 0.4 nm was commercial grade and supplied by Jiangxi Xintao Technology
Co., Ltd. (Pingxiang, Jiangxi, China). Polypropylene (PP, a homopolymer named T30S,
melt flow rate = 3.4 g/10 min at 230 °C) was purchased from Dushanzi Petrochemical
corporation (Kelamayi, Xinjiang, China).
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2.2. Synthesis of TH-IFR

The TH-IFR was synthesized through a hydrothermal reaction [34], as shown in
Figure 1. First, 2.0 mol phosphoric acids were dropped into the deionized water in a three-
necked flask with mechanical stirring for 10 min at 95 °C. After that, 1.0 mol pentaerythritols
were added and stirred for 30 min at 95 °C. Finally, 2.0 mol melamines were added slowly
and stirred vigorously for the additional reaction time of 60 min at 95 °C. The finally
obtained reaction mixture was filtered and further dried at 120 °C for 24 h. The dried
flame-retardant products were effectively pulverized using a multi-functional pulverizer.
The obtained flame-retardant powders were sieved into 80 mesh particles for preparation
of the flame-retarded PP materials.
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Figure 1. The schematic diagram for synthesizing TH-IFR.

2.3. Preparation of Flame-Retarded PP Composites

The synthesized TH-IFR, 4A and pure PP were homogeneously mixed in a high-speed
mixer, according to the formulation shown in Table 1. The well-mixed ingredients were
extruded in a co-rotating twin-screw extruder (®: 25 mm, L/D: 44:1, TSS]25/44, Angemei
Company, Chengdu, China) with a screw speed of 200 rpm and at a temperature of 180 °C.
The water-cooled extrudates were cut into pellets and dried at 80 °C for 8 h. The dried
pellets were injection molded in an injection machine (MA 1200-SMS-A, Haitian Group
Company, Ningbo, China) at 200 °C to obtain standard combustion and mechanical test
samples (Figure S1).

Table 1. Formulation and flammability of pure PP and PP composites.

S Composition (%) Flammability
ample
PP TH-IFR 4A LOI (%) UL-94 Drpping
PP 100.0 - - 19.0 (£0.6)  No rating Yes
TH-IFR/PP 78.0 22.0 - 27.6 (+£0.7) V-1 No
TH-IFR/4A /PP1 78.0 21.0 1.0 30.1 (£0.3) V-0 No
TH-IFR/4A /PP2 78.0 20.0 2.0 28.5 (£0.6) V-1 No
TH-IFR/4A /PP3 78.0 19.0 3.0 27.0 (£0.5) V-2 Yes
TH-IFR/4A /PP4 78.0 18.0 4.0 259(+£04) Norating Yes

2.4. Characterization

The Fourier transform infrared (FT-IR) spectra of samples were obtained by using a
FTIR spectrometer (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA) at a range
of 4000-500 cm L. For the liquid intermediate PA ... PER ... PA, before measurement, it
was coated on a salt tablet priorly prepared.
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The composite samples were fractured by immersion in liquid nitrogen. Then, the frac-
ture surface morphology of composite samples were observed by field emission scanning
electron microscopy (FESEM, Apreo S HiVoc, FEI, Hillsboro, OR, USA) with an accelerating
voltage of 5 kV. The additives and carbon residues were also observed by FESEM and
analyzed using an energy dispersive X-ray spectrometer (EDS, Octane Elect Super, EDAX,
Philadelphia, PA, USA) equipped with the above FESEM.

The limiting oxygen index (LOI) of samples were estimated using an oxygen index
meter (JF-3, Nanjing, China) with a dimension 120 x 10 x 4 mm?, according to ASTM D2863.
The UL 94 vertical burning tests of samples were performed using a horizontal vertical
flame tester (JT-HVR5450, Dongguang, China) with a dimension 125 x 13 x 3.2 mm?,
according to ASTM D3801. Before testing, the samples were well conditioned at a room
temperature for 48 h. The cone calorimeter test (CCT) of samples was performed using
a cone calorimeter (iCone, FTT, East Grinstead, West Sussex, UK) with a dimension of
100 x 100 x 3 mm?, according to ISO 5660-1, at a heat flux of 50 kW/ m?. After the CCT
test, the height of the left charred layers was carefully measured [22].

The thermal stability of samples was determined on a thermogravimetric analyzer
(TGA, Q50, TA Instruments, Newcastle, DE, USA) at a heating rate of 10 °C/min from
30 °C to 700 °C under N; atmosphere (flow rate of 60 mL/min). The crystallization and
melting behaviors of the samples were investigated by differential scanning calorimetry
(DSC; Q20, TA Instruments, Newcastle, DE, USA) at a heating rate of 10 °C/min from 30 °C
to 220 °C under N, atmosphere (flow rate of 50 mL/min).

The Raman spectra of carbon residue were recorded by a Raman spectrometer (HR
Evolution, HORIBA, Paris, France) equipped with the excitation of a 532 nm laser.

The tensile properties of samples were measured by using a universal testing machine
(DWD-10KN, Sichuan DEXKCYQ Instrument Company, Chengdu, China), according to
ASTM D638, with a crosshead speed of 50 mm-min~!. The five specimens were measured
for each FR PP composition sample and the average value was used.

3. Results and Discussion
3.1. Synthesis and Characterization of TH-IFR

In this study, an environmentally friendly hydrothermal reaction synthesis strategy
was adopted to prepare the ternary H-bonded complex intumescent flame retardant (TH-
IFR) from melamine (ME), phosphoric acid (PA) and pentaerythritol (PER). In the first step,
the PA was reacted with PER to form intermediate PA-PER-PA through H-bonded complex-
ation reaction; in the second step, the formed intermediate PA ... PER ... PA was used to
react with ME to synthesize the final product TH-IFR. Figure 2 shows the FT-IR spectrum of
the synthesized TH-IFR. For convenience of comparison, the FI-IR spectra of all reactants
(PA, PER and ME) and the synergist 4A were provided in Figure 2. In addition, the FT-IR
spectrum of the intermediate PA ... PER ... PA was shown in Figure 52. As can be seen,
there are the typical characteristic peaks of the reactant PA (3419 cm~! for P-OH bond,
1145 cm ™! for P=O bond, 1001 and 888 cm ™! for P-O bond), PER (3334 and 1014 cm ™! for
C-OH bond) and ME (3469, 3419, 3126 and 1651 cm~! for N-H bond, 1541 and 1434 cm ™!
for C=N bond) appearing [12]. Compared with the above-mentioned reactants of PA
(3419 cm~!) and PER (3334 cm ™), the characteristic peak (3389 cm 1) of the -OH in inter-
mediate PA-PER-PA shifts to lower (from 3419 to 3389 cm ! ie., the red shift) and higher
(from 3334 to 3389 cm !, i.e., the blue shift) wavenumber direction, respectively. This means
that the new intermolecular H-bonds have been formed between PA and PER [34,35]. The
new emerging characteristic peak of TH-IFR at 3395 and 3156 cm ™! and the changes in
characteristic peaks (from 1651 to 1670 cm~!, 1541 to 1557 cm ! and 1434 to 1477 cm™ 1)
were all assigned to the salt reaction between intermediate PA-PER-PA and ME [5,36].
All the above results demonstrate that the TH-IFR was successfully synthesized. For the
spectrum of 4A, the characteristic peak at 1004 cm~! and 666 cm ™! was assigned to Si-O-Si
stretching vibration. The characteristic peak at 553 cm~! was assigned to Si-O and Si-O-Al
stretching vibration [15].
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Figure 2. FT-IR spectra of PA, PER, ME, TH-IFR and 4A (a); TGA curves of TH-IFR and 4A (b); FESEM
images of TH-IFR (c) and 4A (d); EDS spectra of TH-IFR (e) and 4A (f); elemental mapping images of
TH-IFR (g) and 4A (h).

The TGA curves of TH-IFR and synergist 4A are shown in Figure 2. It can be seen that
the decomposition of TH-IFR is divided into four stages (Figure 2b). The first stage is in
the range of 150~258 °C, which could be attributed to water loss and degradation of the
incompletely reacted PER [37]; the second stage is in the range of 280~350 °C, which could
be caused by the release of water and ammonia due to the existence of hydroxyl and amine
groups; the three stage is in the range of 350~427 °C, which is attributed to the formation
of char layer; the four stage falls in the range of 427~650 °C, which could be ascribed
to the further degradation of the char layer and the formation of the final intumescent
carbon layer. Moreover, the char yield of TH-IFR at 700 °C is 38.29%, revealing a good
char-forming capability. As for the synergist 4A, there is only one degradation process
occurring in the range of 50~150 °C, which could be attributed to the adsorbed water loss,
and the char yield is as high as 81.78% at 700 °C, showing its excellent high-temperature
thermal stability.

The FESEM and EDS characterization tools were further used to confirm the structure
and composition of TH-IFR and 4A. The results are shown in Figure 2. It can be seen that
the TH-IFR exhibits a rough surface and an irregular blocky structure, and its particle
size ranges in 0.5-20 pm (Figure 2c). The 4A exhibits a relatively smooth surface and a
regular blocky structure, and its particle size ranges in 2-4 um (Figure 2d). The elemental
composition of TH-IFR mainly consists of C (36.26%), N (30.47%), O (26.73) and P (6.54%)
(Figure 2e and Table S1). The elemental mapping images demonstrate a uniform dispersion



Polymers 2023, 15, 374

6 of 16

of these elements (Figure 2g), indicating that the TH-IFR was successfully synthesized. In
addition, the elemental composition of 4A is mainly composed of O (49.83%), Na (13.41%),
Al (18.02%) and Si (18.74%) (Figure 2f and Table S1).

3.2. Characterization of Flame-Retarded PP Composities
3.2.1. Morphology Analysis

The fractured surface morphologies of TH-IFR /PP, TH-IFR/4A /PP1, TH-IFR/4A /PP2
and TH-IFR/4A /PP4 were observed, as shown in Figure 3. It can be seen that the frac-
tured surface of TH-IFR/PP is relatively rough and some holes can be observed (Fig-
ure 3a,b). Comparatively, after adding 4A, the fractured surface of TH-IFR/4A /PP1 be-
comes smoother and the number of holes significantly decreases (Figure 3c—f), indicating
that the dispersion and compatibility were improved to a certain degree. The reason for
this may be that the adsorption property of 4A particles is beneficial to the improvement
in dispersion and compatibility of TH-IFR in matrix [29]. Furthermore, with the further
increase of 4A loading, the fractured surface of TH-IFR/4A /PP4 becomes rough again, and
some aggregated particles appear (Figure 3g,h). The above morphology results would obvi-
ously be beneficial to the enhancement in the flame retardancy and mechanical properties
of the 4A incorporating FR PP composites.

Figure 3. The fractured surface FESEM images of TH-IFR/PP (ab), TH-IFR/4A/PP1
(c,d), TH-IFR/4A /PP2 (e,f) and TH-IFR/4A /PP4 (g,h) samples.

3.2.2. Flammability Performance

The LOIs and UL-94 ratings of pure PP and FR PP composites are shown in Table 1.
It can be seen that the LOI of pure PP is 19.0% and fails to pass the UL-94 rating. With
the introduction of different compositions of TH-IFR and 4A molecular sieve, the LOI
of the FR PP composites rises first and then decreases. Although the LOI of the TH-
IFR /PP FR material is enhanced to 27.6%, this material only passes the UL-94 V-1 rating.
Comparatively, the LOI of TH-IFR/4A/PP1 (with 1.0 wt% 4A) has the highest value of
30.1% and passes the UL-94 V-0 rating. However, with further increasing the 4A content
to 4.0 wt%, the LOI of TH-IFR/4A /PP4 continuously decreased to 25.9% and fails to pass
the UL-94 rating. These results show that there is a remarkable synergism between the
main flame retardant of TH-IFR and the 4A molecular sieve (e.g., adding 1 wt% synergist
4A achieves the best flame retardancy). This is possibly because the incorporated 4A as
a catalyst facilitates formation of the expanded and stable carbonaceous residues [38—40]
and, hence, helps to inhibit the propagation of fire as a physical barrier, resulting in better
flame retardancy of the composites. However, when the 4A content increases to higher
than 1.0 wt%, on one hand, at the same flame retardant loading, the increase of 4A loading
means the decrease in the relative content of the working flame retardant; on the other
hand, the 4A molecular sieves possess the large specific surface area and, hence, the great
adsorbability. Hence, the higher loading of 4A molecular sieves (e.g., >2.0 wt%) would
easily lead to the agglomeration of flame retardants (Figure 3g,h). The above factors would
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of course cause the decrease in flame retardancy (e.g., LOI) of FR PP material. That is to say,
there is no such synergistic effect in flame retardancy at a higher flame retardant loading
(e.g., 2.0 wt%).

The cone calorimeter test (CCT) proves to be an effective way to simulate real fire
hazards. The heat release rate (HRR), total heat release (THR), smoke production release
(SPR) and mass loss rate (MLR) curves of the pure PP, TH-IFR/PP and TH-IFR/4A /PP1
samples are shown in Figure 4. The corresponding parameters are listed in Table 2. The pure
PP exhibits a longer time to ignition (TTI) of 28 s and burns violently with a pHRR value of
850.19 kW /m?. The TTI of FR PP composites (21~23 s) is lower than that of pure PP, which
should be attributed to the change in the decomposition process of PP composites [41].
Comparatively, the pHRR and THR values of the TH-IFR/4A /PP1 FR sample are further
reduced (850.19 to 212.42 kW/m? and 108.52 to 90.04 MJ /m?). This result again indicates
existence of the synergistic flame-retardant effect between TH-IFR and 4A. Obviously, the
peak smoke production release (pSPR), peak mass loss rate (pMLR) and average effective
combustion (av-EHC) follow the following order of PP > TH-IFR/4A /PP4 > TH-IFR/PP >
TH-IFR/4A /PP2 > TH-IFR/4A/PP1. In addition, the fire performance index (FPI, the ratio
of TTI to pHRR) and the char residues are in reverse order. The above results indicate that
the incorporation of TH-IFR fillers could improve the flame retardancy of the composite
and reduce release of the amount of flammable gases through combining the gas-phase
(producing non-flammable gases such as H,O, NH3 and CO,) and solid-phase (producing
stable and intumescent carbon layers) flame-retardant effects. However, the 4A could
further strengthen the effects mainly through a solid-phase flame-retardant effect (catalytic
formation of more stable carbon layers) [38—40]. As a result, incorporating 1 wt% 4A can
exert the optimal synergistic flame-retardant effect and significantly improve the flame
retardancy of the FR PP system.

(a) 800 —PP (b) 100
—— TH-IFR/PP
—— TH-IFR/4A/PP1
——— TH-IFR/4A/PP2 80+
— —— TH-IFR/4A/PP4 | ~
£ £ 60
g z
= £
% =] 40 — PP
—— TH-IFR/PP
204 —— TH-IFR/4A/PP1
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——— TH-IFR/4A/PP4
L T T T T T T T 0 ! 1) L) T L T J ' L
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Figure 4. The HRR (a), THR (b), SPR (c) and MLR (d) curves of pure PP, TH-IFR /PP, TH-IFR/4A /PP1,
TH-TFR/4A /PP2 and TH-IFR/4A /PP4 FR material.
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Table 2. The CCT parameters of pure PP, TH-IFR /PP, TH-IFR/4A /PP1, TH-IFR/4A /PP2 and TH-
IFR/4A /PP4 FR material.

Sample TTI (s) pHRR THR pSPR  pMLR  av-EHC FPI Residue
P (kW/m?) (MJ/m?) (m?/s) (g/s) MJ/kg)  (s-m2/kW) (%)
PP 28 850.19  108.52 0.129 0.181 40.44 0.033 0
TH-IFR /PP 21 390.28 99.16 0.066 0.097 32.82 0.054 5.64
TH-IFR/4A/PP1 21 212.42 90.04 0.045 0.056 30.26 0.099 9.08
TH-IFR/4A/PP2 22 318.76 97.20 0.054 0.096 32.66 0.069 6.38
TH-IFR/4A /PP4 23 47454  101.34 0.074 0.115 33.80 0.048 221

3.2.3. Thermal Performance

The thermal stabilities of these samples under N, atmosphere were characterized
using TGA, as shown in Figure 5 and Table 3. The evaluation parameters include the onset
decomposition temperature (Tonset, 5% mass loss temperature), the temperature at the
maximum decomposition rate (Tmax), the maximum decomposition rate (MDR), the real
char yield at 700 °C (Cygg oc) and the theoretical char yield at 700 °C (Tyyg oc). The variation
degree of char yield between the real value and the theoretical value is calculated by the
following equation:

Cro0°c = T700°C . 1000

Variation = €))
T700 o
3.0
(a) 100 (b) —pPP
—PP 254 —— TH-IFR/PP
—— TH-IFR/PP ) — TH-IFR/4A/PP1
8090 —— TH-IFR/4A/PP1 ) ——— TH-IFR/4A/PP2
——— TH-IFR/4A/PP2 £ 209 ——TH-IFR/4A/PP3
S 604 —— TH-IFRAA/PP3 s —— TH-IFR/4A/PP4
= —— TH-IFR/4A/PP4 E 151
:-ED 7 e 26
g 404 7o i 10424
68 ‘E -
204 68 5 0.5
i 23 0 440 450 460
09 = 0.0 L_
100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
Figure 5. The TG (a) and DTG (b) curves of pure PP and FR PP composites.
Table 3. The TGA parameters of pure PP and FR PP composites.
Sample Tonset (°C) Tmax (°C) MDR (%/min) Cro0°c (%) T o (%) Variation (%)
PP 400 449 2.61 0 - -
TH-TFR /PP 302 446 2.50 9.61 8.42 14.13
TH-IFR/4A /PP1 290 448 2.16 12.75 8.86 43.39
TH-IFR/4A/PP2 303 446 242 10.67 9.29 14.85
TH-IFR/4A/PP3 314 447 2.53 10.34 9.73 6.27
TH-IFR/4A /PP4 333 446 2.61 9.72 10.16 —4.33

It can be seen that in the whole degradation process, pure PP begins to decompose at
400 °C, and only one Tmax occurs at 449 °C, which corresponds to the MDR of 2.61 %/min,
and there is no char residue remaining at 700 °C. This indicates that pure PP easily burns
completely. Compared with pure PP, the Tonset of the FR PP composites are obviously
lower. This is because the incorporated TH-IFR additives decompose earlier and show a
positive influence on the degradation and carbonization of the composites. The reason for
the lowest Topget (290 °C) of TH-IFR/4A /PP1 FR material is that the introduction of the
4A synergist would change the pyrolysis process of the system [31], resulting in earlier
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degradation and carbonization of the entire system. In the meantime, the incorporation
of the excessive 4A particles (>2 wt%) would delay the degradation and carbonization
of the FR composites. The Tax of the composites is lower than that of pure PP, and this
may be due to the decomposition of the flame retardants for release of acid sources at
lower temperature [42]. The value of MDR presents a first decreasing and then increasing
tendency. The reduction of MDR is beneficial to the char formation of PP composites, thus
increasing the char yield. Obviously, except for the TH-IFR /4A /PP4 sample, the Cygg<c
of the other composites is higher than Ty -c, indicating the presence of the chemical
interaction among the flame retardant, synergist and PP matrix, and participation of PP
macromolecular chains in the carbon formation. The variation degree of char yield could
be used to describe the strength of the chemical interaction. The higher the variation degree
is, the stronger the char-forming chemical interaction of the intumescent system, leading to
the better flame retardancy of the FR PP composites. The TH-IFR/4A /PP1 sample exhibits
the highest variation degree of 43.39%, suggesting that adding 1 wt% 4A could achieve the
best synergistic effect with TH-IFR. In particular, the TH-IFR/4A /PP4 exhibits a negative
variation degree, and this may be because of the relatively lower loading of TH-IFR and/or
the possible agglomeration of 4A particles. Furthermore, it is worth noting that the change
regularity of the Cygpoc of the samples is consistent with that of the LOI and UL-94 test
results.

The DSC melting and crystallization curves of samples are shown in Figure 6, and
the corresponding parameters are summarized in Table 4, including the crystallization
temperature (T.), the crystallization enthalpy (AH,), the melting temperature (Tr,), the
melting enthalpy (AHp,) and the crystallinity (X.). The X, is calculated according to the
following equation:

_ AHp,
~ fAH,

where AHp, is the melting enthalpy, f is the weight fraction of PP in the composite and AH,
=209 ]/ g is the theoretical melting enthalpy of the 100% crystalline PP [37]. It can be seen
that the T, of all the FR PP composites is higher than that of pure PP, indicating that the
incorporated TH-IFR fillers and TH-IFR/4A composite fillers both show the heterogeneous
nucleation effects on the crystallization of PP macromolecular chains. The value of Tr,
presents a first increasing and then decreasing tendency with increasing 4A content. The
first increasing tendency could be attributed to the introduction of the low loading of 4A,
which is more favorable for the arrangement of PP macromolecular chains and, hence, the
heterogeneous nucleation. The subsequently decreasing tendency could be attributed to the
possible agglomeration caused by the adsorbability and large specific surface area of the
higher loading of 4A particles (>2 wt%) [29]. With increasing 4A loading, the PP X value
presents a first decreasing and then increasing tendency. This indicates that the incorporated
4A particles can improve the crystallization of PP to a certain degree (the reason for this
could be explained by the heterogeneous nucleation effect of the incorporated 4A particles).

Xe

@

3.2.4. Carbon Residue Analysis

As for IFR systems, a compact, continuous, stable and intumescent char layer could act
as an effective barrier to protect the underlying polymer matrix [43]. The digital photos of
the intumescent carbon layers of pure PP, TH-IFR/PP, TH-IFR/4A /PP1, TH-IFR/4A /PP2
and TH-IFR/4A /PP4 samples after CCT are shown in Figure 7 and Figure S3. There
is no carbon residue remaining for pure PP. The TH-IFR/PP, TH-IFR/4A /PP1 and TH-
IFR/4A /PP2 FR materials show the intumescent char layer formed. The TH-IFR/4A /PP4
FR system show the incomplete char layer formed (Figure 7e and Figure S3). Comparatively,
the height of the TH-IFR/4A /PP1 char layers is higher than that of the other FR PP samples,
again indicating that the incorporation of 1 wt% 4A has the optimal synergistic effect on
carbon formation [38—40]. This is the reason why the flame retardancy of the composites
could become better after incorporating 4A.
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Figure 6. The DSC melting (a) and crystallization (b) curves of pure PP and FR PP composites.

Table 4. The DSC parameters of pure PP and FR PP composites.

Sample T. (°O) AH, (J/g) Tm (°C) AHp, (J/g) X (%)
PP 114.55 116.2 166.54 99.50 47.61
TH-IFR/PP 122.99 7742 166.80 61.71 37.85
TH-IFR/4A /PP1 120.80 82.40 167.32 74.27 45.56
TH-IFR/4A/PP2 121.16 89.51 166.75 78.47 48.14
TH-IFR/4A/PP3 122.49 89.90 166.19 79.49 48.76
TH-IFR/4A /PP4 122.75 90.27 165.49 82.99 50.91

Figure 7. The digital photos of carbon residue for pure PP (a), TH-IFR/PP (b), TH-IFR/4A /PP1
(c), TH-IFR/4A /PP2 (d) and TH-IFR/4A /PP4 (e).

In order to further investigate the synergistic effect of 4A in a FR PP system, the
morphology observation of the remaining carbon residues of TH-IFR /PP, TH-IFR/4A /PP1,
TH-IFR/4A /PP2 and TH-IFR/4A /PP4 samples and determination of the part element
composition after CCT were performed using SEM and the attached EDS, respectively. The
results are shown in Figure 8 and Table S2. As can be seen, in the TH-IFR/PP and TH-
IFR/4A /PP4 FR samples, there are the carbon layers with many holes and defects formed
after combustion (Figure 8a,d), and the structure cannot ensure the good barrier property of
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the formed carbon layers to the heat and oxygen. On the contrary, the TH-IFR/4A/PP1 FR
sample shows the well compact and continuous carbon layers after combustion (Figure 8b),
which could provide a good physical barrier effect in preventing the burning of the un-
derlying matrix resin. Furthermore, although the carbon layers of the TH-IFR/4A /PP2
FR sample are relatively compact and continuous, there are an increasing number of holes

formed (Figure 8c).
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Figure 8. The FESEM images of carbon residue for TH-IFR/PP (a), TH-IFR/4A/PP1 (b), TH-
IFR/4A/PP2 (c) and TH-IFR/4A /PP4 (d); EDS spectra of carbon residue for TH-IFR/PP (e) and
TH-IFR/4A/PP1 (f); elemental mapping images of carbon residue for TH-IFR/PP (g) and TH-
IFR/4A/PP1 (h); FT-IR spectra of carbon residues for TH-IFR/PP, TH-IFR/4A /PP1, TH-IFR/4A /PP2
and TH-IFR/4A/PP4 sample after CCT (i), Raman spectra of carbon residue for TH-IFR/PP
(j), TH-IFR/4A /PP1 (k), TH-IFR/4A/PP2 (1) and TH-IFR/4A /PP4 (m).

The EDS results show that the carbon residue of TH-IFR/PP sample is mainly com-
posed of the elements C (40.65%), N (3.31%), O (35.17%) and P (20.87%)
(Figure 8e and Table S2). However, the carbon residue of the TH-IFR/4A /PP1 sample is
mainly composed of the elements C (53.68%), N (1.45%), O (29.71%), P (12.87%), Al (1.20%)
and Si (1.09%) (Figure 8f and Table S2). Relative to TH-IFR/PP, the C element content
of the 4A-incorporated sample (TH-IFR/4A /PP1) remarkably increases (from 40.65% to
53.68%), confirming that the addition of 4A particles could promote the participation of PP
macromolecular chains in the formation of the final char layer. In addition, according to
the EDS results, it could be reasonably believed that on the surface of the residual carbon
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layers, there are the possible SiO, and Al,Oj3 particles formed through oxidation of 4A
during burning. The above S5iO; and Al,O3 particles could effectively strengthen the carbon
layers and, hence, prevent the further oxidative degradation of the carbon layers, which
is beneficial to inhibiting heat and gas transfer during the combustion process. Moreover,
the element mapping images (Figure 8g,h) demonstrate a uniform dispersion of Al and Si
elements in carbon layers (Figure 8h), presenting formation of the good char layers with
improved quality in the TH-IFR/4A /PP1 sample. As a result, the incorporated 4A particles
improve the flame retardancy of the FR PP composites mainly through promoting the
formation of a more thermally stable char layer in the condensed phase.

The FT-IR spectra of the intumescent carbon residues of TH-IFR/PP, TH-IFR/4A /PP1,
TH-IFR/4A /PP2 and TH-IFR/4A /PP4 samples after CCT are shown in Figure 8. It can
be seen that in the char layers of the TH-IFR/PP FR sample, there are the characteristic
peaks of some groups occurring, including N-H bond (3422 cm~!), C-H bond (2951 and
2921 cm ™), C=C bond (1637 cm~1), P=O bond (1254 cm '), P-O-C structure (1085 cm™!)
and P-O-P structure (974 and 899 cm 1) [44,45]. Compared with the TH-IFR/PP FR sample
(without 4A molecular sieve), the peak intensities of some functional groups (N-H, P=0O, P-
O-C and P-O-P) of TH-IFR/4A /PP FR materials (with 4A molecular sieve) are significantly
strengthened. In addition, there is also a new peak appearing at 760 cm ™!, which is
caused by the existence of the Al-O-P structure [15] in the char residues. The above results
clearly indicate that the incorporated 4A molecular sieves can really effectively catalyze the
esterification reaction in the char formation of TH-IFR, thus improving the barrier effect of
the intumescent char layers in the system. This is also the reason why the flame retardancy
of the composite could be improved after incorporating 1.0 wt% 4A particles. However,
it is also noticed that, with further increasing 4A content in 4.0 w%, the intensity of the
characteristic peaks of the functional groups above mentioned (particularly C=C, P=O and
P-O-C) in the char layer show a decreasing tendency, indicating that the capability for
catalyzing char formation weakens. This could explain the decrease in flame retardancy of
FR PP materials with increasing the 4A content in the range of over 1.0 wt%.

Raman spectroscopy is also used to evaluate the graphitization degree of carbon
residue. The higher graphitization degree of the carbon residue generally means the
higher the thermal oxidation resistance, and, hence, the higher flame retardancy of the
polymer [46]. Figure 8 shows the raman spectra of the carbon residue of TH-IFR/PP, TH-
IFR/4A/PP1, TH-IFR/4A /PP2 and TH-IFR/4A /PP4 samples after CCT. In general, the
integrated intensity ratio of band D to G (Ip/Ig) could be used to evaluate the graphitization
degree of carbon residue. The lower value of Ip/Ig means the higher graphitization degree,
indicating that the carbon residue is more stable. As can be seen, the Ip /I ratio of the
TH-IFR/4A/PP1 (3.16) is lower than that of the other FR PP samples, illustrating that
the addition of a small amount of 4A particles is helpful for increasing the graphitization
degree. As a result, the more stable char layers could act more effectively as the physical
barrier to inhibit the transfer of heat and volatile components during combustion.

3.2.5. Synergistically Flame-Retarding Mechanism

Based on the above results, the involved flame-retarding mechanism can be illustrated
in Figure 9. The synthesized TH-IFR mainly exerts the flame-retardant effects in both gas
phase and solid phase. On one hand, during burning, the oxidative decomposition of TH-
IFR could generate non-flammable gases, such as H,O, NH3 and CO,, which can reduce
heat generation and dilute the external oxygen and flammable gas from the underlying
matrix (a gas-phase flame-retardant effect). On the other hand, based on the chemical reac-
tions in TH-IFR, the release of non-flammable gases, as well as the catalytic carbonization
of 4A, can ensure the formation of the compact, continuous, stable and intumescent char
layers, which can inhibit the transfer of heat and volatile components between the polymer
degradation region and the combustion region (a solid-phase flame-retardant effect). As a
result, the high-quality intumescent char layers covering the surface of the composite could
act as a good physical barrier to effectively protect the underlying substrate. The synergistic
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effect of 4A plays a dominant role in the solid-phase flame-retardant effect. During the
combustion process, on one hand, the incorporated 4A synergists can catalytically promote
the participation of PP macromolecular chains in formation of the final char layers, and on
the other hand, the 4A synergists could also produce the SiO, and Al,Os particles, which
have a reinforcing effect on the formed charred layers. All the above effects could help to
significantly improve the quality and quantity of the char layers, imparting better flame
retardancy to the FR PP composite.

Barrier effect Anti-dripping |

Egases T "\rl

Gas-phase ISulid-phase

. . . . Combustion
. . . Charringa . . .
®e.® ©® c.® -©®

Figure 9. The schematic diagram of the synergistically flame-retarding mechanism.

3.2.6. Mechanical Properties

The tensile mechanical properties of pure PP and various FR PP composites were
investigated. The corresponding stress-strain curves and the averaged tensile strength
and elongation at break are shown in Figure 54 and Table 5, respectively. As can be seen,
pure PP has the highest tensile strength (30.3 MPa) and elongation at break (77.5%). It is
evident that the mechanical properties of the FR PP composites are negatively affected by
the addition of TH-IFR and 4A to some extent. With incorporation of the TH-IFR and 4A
fillers, both the tensile strength and elongation at break of FR PP composites show a small
decrease tendency. Except for TH-IFR/4A /PP1 FR material, all the other FR PP composites
show the similar mechanical properties. For the TH-IFR/4A /PP1 FR material with the best
flame retardancy, its tensile strength and elongation at break achieve 28.9 MPa and 31.6%,
respectively. The incorporation of 1 wt% 4A can slightly increase the tensile strength, but
decrease the elongation at break to a certain degree. In total, this FR PP material possesses
a good comprehensive performance.

Table 5. The mechanical properties of pure PP and FR PP composites.

Sample Tensile Strength (MPa) Elongation at Break (%)
PP 30.3 (£0.3) 77.5 (£2.1)
TH-IFR /PP 27.6 (£0.4) 47.7 (£1.0)
TH-IFR/4A /PP1 289 (£0.2) 31.6 (£1.8)
TH-IFR/4A/PP2 27.8 (£0.1) 43.3 (£2.8)
TH-IFR/4A /PP3 27.6 (+0.6) 44.0 (£3.0)
TH-IFR/4A /PP4 27.5 (£0.2) 44.6 (£2.9)

4. Conclusions

In this study, a novel TH-IFR of ME PA-PER was successfully synthesized through
hydrothermal reaction. The 4A was used as a synergist to further improve the flame retar-
dancy of the prepared FR PP composite. The results of LOI, UL-94, CCT, TGA, FESEM-EDS,
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FT-IR and Raman measurements demonstrate that the incorporation of only 1 wt% 4A syn-
ergists can achieve the optimum synergistically flame-retardant effect. The corresponding
TH-IFR/4A /PP1 FR material possesses the enhanced LOI of 30.1% and the vertical burning
rating of UL-94 V-0. In addition, relative to pure PP, the cone calorimeter parameters of
pHRR, THR, pSPR, pMLR and av-EHC of the TH-IFR/4A /PP1 FR compounds are also
significantly decreased. The involved synergistically flame-retarding mechanism of 4A
can be explained by the significantly improved quality and quantity of the solid-phase
charred layers, which is realized through formation of SiO, and Al,Os particles, and also
participation of PP macromolecular chains in the final char layer formation during burn-
ing. Furthermore, the improved dispersion and compatibility of TH-IFR fillers in the PP
substrate due to the adsorption of 4A is beneficial to the improvement of flame retardancy.
It is worth noting that the incorporation of 1 wt% 4A particles also helps to improve the
mechanical properties (mainly the tensile strength) of the FR PP composite to a certain
degree. With this good comprehensive performance, the prepared FR PP materials show
the broader application prospects in the field of fire-proof requirements.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15020374/s1, Figure S1: Digital photo of the sample pellets
and injected samples; Figure S2: FT-IR spectra of PA, PER and intermediate PA---PER:--PA; Figure S3:
Digital photos of carbon residue for TH-IFR/4A /PP4; Figure S4: The stress-strain curves of pure PP
and FR PP composites; Table S1: The element content of TH-IFR and 4A estimated from EDS surveys;
Table S2: The element content of carbon residue for TH-IFR/PP and TH-IFR/4A /PP1 estimated from
EDS surveys.

Author Contributions: Conceptualization, Q.W. and Y.C.; Methodology, Q.W., Software, X.W. and
H.P,; Validation, Q.W., X.W. and H.P.; Investigation, Q.W., H.P., X.W. and Y.C; Data curation, Q.W.;
Writing—original draft preparation, Q.W.; Writing—review and editing, Y.C.; Supervision, Y.C.;
Funding acquisition, Y.C. All authors have read and agreed to the published version of the manuscript.

Funding: International Science & Technology Innovation Cooperation Project of Sichuan Province,
2021YFHO0088; International Science & Technology Cooperation Project of Chengdu, 2021-GHO03-
00009-HZ; Program for Featured Directions of Engineering Multidisciplines of Sichuan University,
2020SCUNG203; Program of Innovative Research Team for Young Scientists of Sichuan Province,
22CXTD0019.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: This project is financially supported by the International Science & Technology
Innovation Cooperation Project of Sichuan Province (2021YFHO0088), the International Science &
Technology Cooperation Project of Chengdu (2021-GH03-00009-HZ), the Program for Featured
Directions of Engineering Multidisciplines of Sichuan University (2020SCUNG203) and the Program
of Innovative Research Team for Young Scientists of Sichuan Province (22CXTD0019).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Spoerk, M.; Holzer, C.; Gonzalez-Gutierrez, J. Material extrusion-based additive manufacturing of polypropylene: A review on
how to improve dimensional inaccuracy and warpage. J. Appl. Polym. Sci. 2020, 137, 48545. [CrossRef]

2. Xu, WL, Ma, PB;; Jiang, G.M.; Wan, A.l. Mechanical properties of polypropylene warp-knitted hernia repair mesh with different
pull densities. Polymers 2018, 10, 1322. [CrossRef] [PubMed]

3. Zhao, W].; Kundu, C.K;; Li, Z.W.,; Li, X.H.; Zhang, Z.J. Flame retardant treatments for polypropylene: Strategies and recent
advances. Compos. Part A-Appl. Sci. Technol. 2021, 145, 106382. [CrossRef]

4. Wang, N.; Chen, S.P; Li, L.T,; Bai, Z.Y.,; Guo, ].B.; Qin, J.; Chen, X.L.; Zhao, R.; Zhang, K.; Wu, H. An environmentally friendly
nanohybrid flame retardant with outstanding flame-retardant efficiency for polypropylene. J. Phys. Chem. C 2021, 125, 5185-5196.
[CrossRef]

5. Shang, S.; Yuan, B.H.; Sun, Y.R.; Chen, G.Q.; Huang, C.Y.; Yu, B.; He, S.; Dai, HM.; Chen, X.F. Facile preparation of layered

melamine-phytate flame retardant via supramolecular self-assembly technology. J. Colloid. Interf. Sci. 2019, 553, 364-371.
[CrossRef]


https://www.mdpi.com/article/10.3390/polym15020374/s1
https://www.mdpi.com/article/10.3390/polym15020374/s1
http://doi.org/10.1002/app.48545
http://doi.org/10.3390/polym10121322
http://www.ncbi.nlm.nih.gov/pubmed/30961247
http://doi.org/10.1016/j.compositesa.2021.106382
http://doi.org/10.1021/acs.jpcc.0c11139
http://doi.org/10.1016/j.jcis.2019.06.015

Polymers 2023, 15, 374 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zhao, Z.L.; Jin, Q.; Zhang, N.E.; Guo, X.R.; Yan, H. Preparation of a novel polysiloxane and its synergistic effect with ammonium
polyphosphate on the flame retardancy of polypropylene. Polym. Degrad. Stab. 2018, 150, 73-85. [CrossRef]

Yu, G.X.;; Ma, C.; Lj, J. Flame retardant effect of cytosine pyrophosphate and pentaerythritol on polypropylene. Compos. Part
B-Eng. 2020, 180, 107520. [CrossRef]

De Juan, S.; Zhang, ]. H.; Acufia, P; Nie, S.B.; Liu, Z.Q.; Zhang, W.; Luisa Puertas, M.; Esteban-Cubillo, A.; Santarén, J.; Wang,
D.Y. An efficient approach to improving fire retardancy and smoke suppression for intumescent flame-retardant polypropylene
composites via incorporating organo-modified sepiolite. Fire. Mater. 2019, 43, 961-970. [CrossRef]

Yang, W.; Dong, X.; Nie, S.B.; Yang, ].N.; Zhang, X.F,; Wu, X.Q.; Fang, C.Y.; Su, H.L. Flame-retardant and thermal properties
of highly efficient water-resistant intumescent flame-retardant polypropylene composites. J. Therm. Anal. Calorim. 2022, 147,
7323-7336. [CrossRef]

Yuan, J.; Wang, H.; Wang, Y.D.; Ma, YM.; Zhu, Z.M; Lin, X.B. A novel highly efficient intumescent flame-retardant polypropylene:
Thermal degradation, flame retardance and mechanism. J. Polym. Res. 2022, 29, 205. [CrossRef]

Gao, S.; Zhao, X.; Liu, G.S. Synthesis of an integrated intumescent flame retardant and its flame retardancy properties for
polypropylene. Polym. Degrad. Stab. 2017, 138, 106-114. [CrossRef]

Yang, B.; Chen, Y.H.; Zhang, M.D.; Yuan, G.W. Synergistic and compatibilizing effect of octavinyl polyhedral oligomeric
silsesquioxane nanoparticles in polypropylene/intumescent flame retardant composite system. Compos. Part A-Appl. Sci. Technol.
2019, 123, 46-58. [CrossRef]

Wu, K,; Shen, M.M.; Hu, Y. Synthesis of a novel intumescent flame retardant and its flame retardancy in polypropylene. J. Polym.
Res. 2011, 18, 425-433. [CrossRef]

Chen, J.L.; Wang, ].H.; Ding, A.X.; Ni, A.Q.; Chen, H.D. Flame retardancy and mechanical properties of glass fibre reinforced
polyethylene composites filled with novel intumescent flame retardant. Compos. Part B-Eng. 2019, 179, 107555. [CrossRef]
Abdelkhalik, A.; Makhlouf, G.; Hassan, M.A. Manufacturing, thermal stability, and flammability properties of polypropylene
containing new single molecule intumescent flame retardant. Polym. Adv. Technol. 2019, 30, 1403-1414. [CrossRef]

Lai, X.J.; Tang, S.; Li, H.Q.; Zeng, X.R. Flame-retardant mechanism of a novel polymeric intumescent flame retardant containing
caged bicyclic phosphate for polypropylene. Polym. Degrad. Stab. 2015, 113, 22-31. [CrossRef]

Chen, X.L; Jiao, C.M.; Li, S.X.; Hu, Y. Preparation and properties of a single molecule intumescent flame retardant. Fire. Saf. ].
2013, 58, 208-212. [CrossRef]

Zhu, CJ.; He, M.S,; Liu, Y,; Cui, ].G,; Tai, Q.L.; Song, L.; Hu, Y. Synthesis and application of a mono-component intumescent flame
retardant for polypropylene. Polym. Degrad. Stab. 2018, 151, 144-151. [CrossRef]

Qi, H.S.; Liu, SW.; Chen, X.L.; Shen, C.H.; Gao, S.J. The flame retardant and thermal performances of polypropylene with a novel
intumescent flame retardant. J. Appl. Polym. Sci. 2020, 137, e49047. [CrossRef]

Zheng, Z.H.; Liu, Y.H.; Dai, B.Y.; Meng, C.Y.; Guo, Z.X. Fabrication of cellulose-based halogen-free flame retardant and its
synergistic effect with expandable graphite in polypropylene. Carbohyd. Polym. 2019, 213, 257-265. [CrossRef]

Liu, H.C; Li, S.; Zhang, Z.Y.; Li, B.; Xu, M.]. An efficient and convenient strategy toward fire safety and water resistance of
polypropylene composites through design and synthesis of a novel mono-component intumescent flame retardant. Polym. Adv.
Technol. 2019, 30, 1543-1554. [CrossRef]

Yan, L.; Xu, Z.S.; Wang, X.H.; Deng, N.; Chu, Z.Y. Preparation of a novel mono-component intumescent flame retardant for
enhancing the flame retardancy and smoke suppression properties of epoxy resin. J. Therm. Anal. Calorim. 2018, 134, 1505-1519.
[CrossRef]

Zhao, WJ.; Cheng, YM.; Li, ZW.; Li, X.H.; Zhang, Z.]. Improvement in fire-retardant properties of polypropylene filled with
intumescent flame retardants, using flower-like nickel cobaltate as synergist. J. Mater. Sci. 2021, 56, 2702-2716. [CrossRef]

Yuan, B.H,; Fan, A.; Yang, M.; Chen, X.E; Hu, Y.; Bao, C.L.; Jiang, S.H.; Niu, Y.; Zhang, Y.; He, S.; et al. The effects of graphene on
the flammability and fire behavior of intumescent flame retardant polypropylene composites at different flame scenarios. Polym.
Degrad. Stab. 2017, 143, 42-56. [CrossRef]

Ma, H.Y;; Tong, L.E; Xu, Z.B.; Fang, Z.P. Intumescent flame retardant-montmorillonite synergism in ABS nanocomposites. Appl.
Clay. Sci. 2008, 42, 238-425. [CrossRef]

Xu, Z.S.; Jia, H.Y,; Yan, L.; Chu, Z.Y.; Zhou, H. Synergistic effect of bismuth oxide and mono-component intumescent flame
retardant on the flammability and smoke suppression properties of epoxy resins. Polym. Adv. Technol. 2019, 31, 25-35. [CrossRef]
Feng, C.M.; Liang, M.Y,; Jiang, J.L.; Huang, J.G.; Liu, H.B. Flame retardancy and thermal degradation behavior of efficient
intumescent flame retardant LDPE composite containing 4A zeotile. J. Anal. Appl. Pyrol. 2016, 118, 9-19. [CrossRef]

Han, L.J.; Wu, WH.; Qi, Y.X.; Qu, H.Q.; Xu, ].Z. Synergistic flame retardant effect of BiFeOj3 in intumescent flame-retardant
polypropylene composites. Polym. Compos. 2017, 38, 2771-2778. [CrossRef]

Chen, X.Y.; Tao, T. Analysis of application of molecular sieve on the woody Fire-Retardant research. Appl. Mech. Mater. 2014,
585-586, 1395-1399. [CrossRef]

Jiao, C.M,; Jiang, H.Z.; Chen, X.L. Reutilization of abandoned molecular sieve as flame retardant and smoke suppressant for
thermoplastic polyurethane elastomer. J. Therm. Anal. Calorim. 2019, 138, 3905-3913. [CrossRef]

Jiao, C.M.; Jiang, H.Z.; Chen, X.L. Properties of fire agent integrated with molecular sieve and tetrafluoroborate ionic liquid in
thermoplastic polyurethane elastomer. Polym. Adv. Technol. 2019, 30, 2159-2167. [CrossRef]


http://doi.org/10.1016/j.polymdegradstab.2018.02.007
http://doi.org/10.1016/j.compositesb.2019.107520
http://doi.org/10.1002/fam.2757
http://doi.org/10.1007/s10973-021-11038-0
http://doi.org/10.1007/s10965-022-03064-9
http://doi.org/10.1016/j.polymdegradstab.2016.05.007
http://doi.org/10.1016/j.compositesa.2019.04.032
http://doi.org/10.1007/s10965-010-9433-1
http://doi.org/10.1016/j.compositesb.2019.107555
http://doi.org/10.1002/pat.4573
http://doi.org/10.1016/j.polymdegradstab.2015.01.009
http://doi.org/10.1016/j.firesaf.2013.01.011
http://doi.org/10.1016/j.polymdegradstab.2018.03.007
http://doi.org/10.1002/app.49047
http://doi.org/10.1016/j.carbpol.2019.02.088
http://doi.org/10.1002/pat.4585
http://doi.org/10.1007/s10973-018-7810-x
http://doi.org/10.1007/s10853-020-05367-y
http://doi.org/10.1016/j.polymdegradstab.2017.06.015
http://doi.org/10.1016/j.clay.2007.12.009
http://doi.org/10.1002/pat.4744
http://doi.org/10.1016/j.jaap.2015.12.008
http://doi.org/10.1002/pc.23876
http://doi.org/10.4028/www.scientific.net/AMM.584-586.1395
http://doi.org/10.1007/s10973-019-08328-z
http://doi.org/10.1002/pat.4622

Polymers 2023, 15, 374 16 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Luo, T.T,; Jiao, C.M.; Chen, X.L.; Jiang, H.Z. Flame-retardant effect of modified molecular sieve by ionic liquid in TPU. J. Therm.
Anal. Calorim. 2021, 147, 4141-4150. [CrossRef]

Yang, G.C.; Liu, J.; Xu, B.B,; Liu, Z.J.; Ma, E; Zhang, Q.H. Effect of silicon-containing nitrogen and phosphorus flame-retardant
system on the mechanical properties and thermal and flame-retardant behaviors of corrugated cardboard. J. Therm. Anal. Calorim.
2020, 145, 2321-2334. [CrossRef]

Chen, X.Y.; Chen, Y.H. Synthesis of a hydrogen-bonded complex intumescent flame retardant through supramolecular complexa-
tion and its application in LDPE foam. RSC Adv. 2017, 7, 31298-31309. [CrossRef]

Pasban, S.; Raissi, H.; Mollania, F. Solvent effects on the structural, electronic properties and intramolecular N-H O hydrogen
bond strength of 5-aminomethylene-pyrimidine-2,4,6 trion with DFT calculations. J. Mol. Lig. 2016, 215, 77-87. [CrossRef]

Pan, Y.T;; Luo, Z.L.; Wang, B.B. Cross-linking modification of ammonium polyphosphate via ionic exchange and self-assembly for
enhancing the fire safety properties of polypropylene. Polymers 2020, 12, 2761. [CrossRef]

Demirhan, Y.; Yurtseven, R.; Usta, N. The effect of boric acid on flame retardancy of intumescent flame retardant polypropylene
composites including nanoclay. J. Thermoplastic. Compos. 2021, 08927057211052327. [CrossRef]

Bourbigot, S.; Le Bras, M.; Delobel, R.; Bréant, P; Tremillon, ].M. 4A zeolite synergistic agent in new flame retardant intumescent
formulations of polyethylenic polymers-study of the effect of the constituent monomers. Polym. Degrad. Stab. 1996, 54, 275-287.
[CrossRef]

Demir, H.; Arks, E.; Balkose, D.; Ulki, S. Synergistic effect of natural zeolites on flame retardant additives. Polym. Degrad. Stab.
2005, 89, 478-483. [CrossRef]

Feng, C.M.; Zhang, Y,; Liu, S.W,; Chi, Z.G.; Xu, ].R. Synergistic effects of 4A zeolite on the flame retardant properties and thermal
stability of a novel halogen-free PP/IFR composite. Polym. Adv. Technol. 2013, 24, 478-486. [CrossRef]

Zhang, M.D.; Zhang, W.C.; Chen, Y.H.; Yang, B. Preparation of efficiently intumescent-flame-retarded polypropylene composite:
Synergistic effect of novel phosphorus-containing polyhedral oligomeric silsesquioxane. Plast. Rubber. Compos. 2021, 50, 464—476.
[CrossRef]

Yan, L.; Xu, Z.S.; Deng, N.; Chu, Z.Y. Synergistic effects of mono-component intumescent flame retardant grafted with carbon
black on flame retardancy and smoke suppression properties of epoxy resins. J. Therm. Anal. Calorim. 2019, 138, 915-927.
[CrossRef]

Yuan, Z.; Wen, H,; Liu, Y.; Wang, Q. Synergistic effect between piperazine pyrophosphate and melamine polyphosphate in flame
retarded glass fiber reinforced polypropylene. Polym. Degrad. Stab. 2021, 184, 109477. [CrossRef]

Liu, L.B,; Xu, Y,; He, Y.T;; Xu, M.J.; Shi, Z.X.; Hu, H.C; Yang, Z.C.; Li, B. An effective mono-component intumescent flame
retardant for the enhancement of water resistance and fire safety of thermoplastic polyurethane composites. Polym. Degrad. Stab.
2019, 167, 146-157. [CrossRef]

Ding, H.Y.; Wang, J.F.; Wang, C.P.; Chu, F.X. Synthesis of a novel phosphorus and nitrogen-containing bio-based polyols and its
application in flame retardant polyurethane sealant. Polym. Degrad. Stab. 2016, 124, 43-50. [CrossRef]

Yuan, B.H.; Hu, Y,; Chen, X.F; Shi, Y.Q.; Niu, Y.; Zhang, Y.; He, S.; Dai, H.M. Dual modification of graphene by polymeric flame
retardant and Ni(OH), nanosheets for improving flame retardancy of polypropylene. Compos. Part A-Appl. Sci. Technol. 2017, 100,
106-117. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s10973-021-10840-0
http://doi.org/10.1007/s10973-020-09802-9
http://doi.org/10.1039/C7RA02790G
http://doi.org/10.1016/j.molliq.2015.11.038
http://doi.org/10.3390/polym12112761
http://doi.org/10.1177/08927057211052327
http://doi.org/10.1016/S0141-3910(96)00055-9
http://doi.org/10.1016/j.polymdegradstab.2005.01.028
http://doi.org/10.1002/pat.3108
http://doi.org/10.1080/14658011.2021.1924480
http://doi.org/10.1007/s10973-019-08298-2
http://doi.org/10.1016/j.polymdegradstab.2020.109477
http://doi.org/10.1016/j.polymdegradstab.2019.07.006
http://doi.org/10.1016/j.polymdegradstab.2015.12.006
http://doi.org/10.1016/j.compositesa.2017.04.012

	Introduction 
	Experimental 
	Materials 
	Synthesis of TH-IFR 
	Preparation of Flame-Retarded PP Composites 
	Characterization 

	Results and Discussion 
	Synthesis and Characterization of TH-IFR 
	Characterization of Flame-Retarded PP Composities 
	Morphology Analysis 
	Flammability Performance 
	Thermal Performance 
	Carbon Residue Analysis 
	Synergistically Flame-Retarding Mechanism 
	Mechanical Properties 


	Conclusions 
	References

