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To address the high flammability and toxic smoke emission of flexible PVC (fPVC), a magnesium—
molybdenum-—phosphorus multi-component flame retardant (MO@MH-PEPE) was constructed by
surface-modifying self-synthesized molybdenum oxide-hybridized magnesium hydroxide (MO@MH) with
phenolic epoxy phosphate ester (PEPE). Fourier-transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM) confirmed the chemical
grafting of PEPE onto MO@MH via P-O-Mg bonds, enhancing interfacial compatibility. When
incorporated into fPVC, the fPVC/MO@MH-PEPE composite exhibited superior flame retardancy and
smoke suppression: limiting oxygen index (LOI) increased to 32.0%, UL-94 reached V-0 rating, peak heat
release rate (pHRR) and total smoke production (TSP) decreased by 47.16% and 75.15% compared with
the fPVC/MH composite, respectively. The char residue yield (50.00 wt%) and graphitization degree

significantly improved, attributed to Mo®"/Mo*" redox catalysis and phosphoric acid charring.
Received 18th June 2025

Accepted 16th August 2025 Thermogravimetry analysis-FTIR (TGA-FTIR) revealed gas-phase flame inhibition via H,O dilution.

Furthermore, PEPE modification optimized mechanical properties, increasing tensile and impact strength

DOI: 10.1039/d5ra04341g by 28.35% and 6.50% over fPVC/MO@MH, supported by SEM-proven interfacial adhesion. This work
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1 Introduction

Polyvinyl chloride (PVC), one of the five major general-purpose
plastics, exhibits excellent chemical resistance, processability,
electrical insulation, and cost-effectiveness.* It is widely utilized
in construction, packaging, electronics, medical equipment,
and other industries. Based on its plasticizer content, PVC can
be categorized into rigid, semi-rigid, and flexible types.” Flexible
PVC (fPVC), due to the incorporation of over 40% plasticizers,
demonstrates significantly increased flammability with
a reduction in the limiting oxygen index (LOI) by approximately
24%.2>* More critically, during combustion, fPVC releases
substantial amounts of toxic fumes, posing severe risks to
human life and property, thereby restricting the application
scope of fPVC products.>®

Magnesium hydroxide (MH), as an environmentally friendly
halogen-free flame retardant, offers advantages such as high
heat absorption capacity, a high thermal decomposition
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demonstrates a synergistic Mg—Mo—P system for high-performance fPVC composites.

temperature, and the ability to neutralize acidic gases generated
during combustion.”® However, MH relies mainly on physical
insulation and dilution of combustible gases to exert its flame
retardant effect. This has limitations in effectively suppressing
material combustion and smoke emissions. In order to achieve
the desired flame retardant effect, high amounts (often more
than 50%) are usually required, which will seriously weaken the
mechanical properties of the material.’>*" In order to solve this
problem, in recent years, researchers have begun to work on
combining traditional flame retardants with transition metal
oxides or salts to improve the flame retardant and smoke
suppression efficiency of polymer materials by virtue of the
catalytic carbonization or free radical scavenging ability of
transition metal compounds.’*** For example, Cheng et al.
constructed BiOCI@Cu-MOF hybrid materials on BiOCl
surfaces using an in situ growth strategy and incorporated them
into PVC coatings, effectively reducing peak smoke generation
(pSPR) by 66.7%, total smoke emission (TSP) by 50.3%, and
peak heat release rate (pHRR) by 55.9%.'° Bi et al. constructed
Fe-PDA modified layer (MDH®@Fe-PDA) by loading poly-
dopamine chelated iron ion on magnesium hydroxide (MDH)
surface in situ, and introduced it into epoxy resin (EP) system
cooperatively with MDH. The results showed that when the total
flame retardant content was 30 wt%, the pHRR and pSPR of EP
composite decreased by 57% and 67%, respectively."” These
studies demonstrate that the synergistic flame retardant system

© 2025 The Author(s). Published by the Royal Society of Chemistry
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containing transition metal components has significant
advantages in improving flame retardancy and smoke
suppression.

Based on this, nano molybdenum oxide (MoO5), as a transi-
tion metal oxide with strong Lewis acidity and redox activity,
has excellent catalytic carbonization ability, and shows prom-
ising applications in flame retardancy.*®>° In our prior research,
MoO; hybrid MH (MO@MH) was successfully prepared by one-
step hydrothermal method.” The findings indicated that
MO@MH substantially improved the flame retardancy and
smoke suppression properties of fPVC composites. The quality,
density and integrity of the char residue of fPVC/MO@MH
composites were significantly improved compared with that of
fPVC/MH composite. The +6 Mo element participated in the
charring process of fPVC matrix through oxidation-reduction
reactions to form +4 Mo compounds.”> MO@MH still faces
critical challenges: MO@MH has poor compatibility with poly-
mer matrix and is easy to agglomerate, thus affecting its
uniform distribution in the matrix. This issue is commonly
observed in various inorganic/polymer composite fields.
Researchers typically employ surface modification techniques
to treat inorganic fillers, introducing organic functional groups
onto their surfaces to enhance interface compatibility**** and
bonding strength with polymer matrices such as fPVC. Simul-
taneously introducing phosphorus,® silicon,* nitrogen,* or
other flame-retardant elements (or groups) is expected to
improve flame retardant efficiency while addressing mechan-
ical property concerns.”**° Notably, phosphorus-containing
modifiers, due to their synergistic effects, can simultaneously
enhance interface compatibility and further augment flame
retardancy. In our previous work, two different phosphorus-
containing modifiers, epoxy phosphate ester (EPE)* and
phenolic epoxy phosphate ester (PEPE),* were synthesized
successfully and performed well in enhancing flame retardancy
and smoke suppression properties of fPVC/MH composite. In
comparison, PEPE performed better than EPE since the higher
phosphorus content.

To address the aforementioned challenges, this study
employed PEPE as the modifier for the surface modification of
MO®@MH, constructing a magnesium-molybdenum-phos-
phorus multi-component flame retardant. The impacts of these
multi-component flame retardants on the flame retardancy,
smoke suppression and mechanical properties of fPVC
composites were systematically investigated. Modification
effects were characterized using Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
and scanning electron microscopy (SEM). Thermal stability was
assessed by thermogravimetric testing (TGA). Flame retardancy
and smoke suppression properties were evaluated via limiting
oxygen index (LOI), vertical combustion (UL 94) and cone
calorimeter tests (CCT). The char residues were observed and
analyze by scanning electron microscopy (SEM), energy
dispersive spectrum (EDS), Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), etc. The gas phase flame-retardant
and smoke-suppression mechanism was explored using ther-
mogravimetry analysis (TGA)-FTIR. Mechanical behavior was
analyzed through tensile and impact testing. This study aims to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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develop a flame retardant with superior flame retardancy,
smoke suppression and mechanical properties using PEPE
modification, providing novel insights and theoretical guidance
for the advancement of PVC flame retardants. Furthermore, the
findings hold significant reference value for the flame retardant
modification of other polymers.

2 Experimental
2.1 Material

Low-viscosity phenolic epoxy resin (SNE-625, AR grade, Hunan
Serwei New Material Technology Co., Ltd), orthophthalic acid
(GR grade, Titan Technology Co., Ltd), acetone (AR grade,
Sichuan Xilong Science & Technology Co., Ltd), polyvinyl chlo-
ride (SG-5, industrial grade, Inner Mongolia Juncheng Chemical
Industry Co., Ltd), dioctyl phthalate (DOP, 95%, AR grade,
Shanghai Maclin Biochemical Technology Co., Ltd), PVC pro-
cessing additives (ACR-401, industrial grade, Qingdao Best New
Material Technology Co., Ltd), glycerol monostearate
(C21H4204, =90%, AR grade, Shanghai Maclin Biochemical
Technology Co., Ltd), organotin heat stabilizer (C,,H440,4S,Sn,
Sn > 18,8%, AR grade, Shanghai Maclin Biochemical Tech-
nology Co., Ltd), liquid paraffin wax (AR grade, Tianjin Hedong
District Red Rock Reagent Factory), magnesium hydroxide
(Mg(OH),, AR grade, Tianjin Damao Chemical Reagent Factory),
ammonium heptamolybdate ((NH,;)sM0,0,,-4H,0, AR grade,
Tianjin Oubokai Chemical Co., Ltd), and sodium hydroxide
(NaOH, AR grade, Tianjin Yongda Chemical Reagent Co., Ltd)
were used in this study.

2.2 Preparation of PEPE and MO@MH

The preparation methods of PEPE and MO@MH both refer to
our previous reports. Dissolve 10.00 g of EPN in 30 mL of
acetone and stir magnetically at room temperature until EPN is
completely dissolved. Subsequently, 4.65 g of orthophosphoric
acid was mixed with 10 mL of acetone and added dropwise to
the 65 °C EPN solution via a dropping funnel at a rate of
approximately 1 drop/s. After completion of the dropwise
addition, magnetic stirring (30 rpm) was maintained for 4 h,
followed by dropwise addition of 30 mL of deionized water, and
the reaction was continued for 1 h. At the end of the reaction,
acetone was removed at 60 °C using a rotary evaporator to
obtain crude PEPE as a yellow emulsion. The crude product was
extracted by chloroform/water (volume ratio 1 : 2) system, the oil
phase was separated and chloroform was removed by vacuum
distillation, finally a white emulsion PEPE product was
obtained.*

Ammonium heptamolybdate was dissolved in deionized
water to prepare 0.035 mol L' ammonium molybdate solution;
magnesium hydroxide was added according to Mg: Mo molar
ratio of 1:1, and mixed and reacted for 10 min under stirring
conditions to obtain a uniform slurry. The slurry was then
transferred to a PTFE lined autoclave (filling degree not
exceeding 60%) and subjected to hydrothermal reaction at 160 °
C for 10 h under a stirring rate of 5 Hz. After the reaction, the
white suspension obtained is filtered, washed with deionized
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water, and dried at 80 °C for more than 6 h to finally obtain the
nano molybdenum oxide hybrid magnesium hydroxide
composite material (MO@MH).>* The chemical structure of
PEPE and XRD pattern of MO@MH were presented in Fig. S1
and S2, respectively.

2.3 Preparation of PEPE functionalized MO@MH

PEPE functionalized MO@MH (MO@MH-PEPE) was prepared
via a wet modification process: 10.00 g MO@MH was added into
200 mL of deionized water with magnetic stirring for 10 min in
order to obtain a pre-dispersed slurry of MO@MH. Then
a certain amount of PEPE (mass ratio of MO@MH to PEPE =
100:5) was added into the pre-dispersed slurry of MO@MH
which had been heated to 65 °C. The modification reaction was
continued under magnetic stirring at 30 rpm for 1 h. The
product was cooled to room temperate, then filtered and
washed with plenty of ethanol and deionized water successively
to remove excessive PEPE. Finally, the magnesium-molyb-
denum-phosphorus multi-component flame retardant was
collected and dried at 60 °C for 12 h.

2.4 Preparation of fPVC composites

PVC powder, ACR-401, glycerol monostearate, DOP, liquid
paraffin, organic tin heat stabilizer and MH(MO®@MH, or
MH®@MO-PEPE) were added to the mixer according to the mass
ratio of 100:4:0.6:40:0.4:2:20, and the pre-mixture was
mixed in a two-roll open mill at 145 °C. The mixing time was
12 min, and the fPVC composite was obtained. The obtained
fPVC composite material was placed in the plate vulcanization
press to make a certain thickness of the sheet, the sheet
temperature was 150 °C, the low pressure, high pressure and
cooling time were 6 min; the composite sheet was cut into
dumbbell type, straight type (notched and notched) splines by
an electric punching machine to carry out various performance
tests. The naming and formulation of the composite materials
are shown in Table 1.

2.5 Characterization

Fourier transformation infrared spectra (FTIR) were investi-
gated in Bruker INVENIOS fourier transform infrared spec-
trometer (Bruker, Germany) over 4000-400 cm ' with
resolution of 4 cm ™.

The morphologies of MO@MH, MO®@MH-PEPE, cross
section of fPVC composites and char residues after cone calo-

rimeter tests were all examined using a Merlin Compact

Table 1 Formulations of fPVC composites®
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scanning electron microscope (SEM, Zeiss, Germany) equipped
with an energy-dispersive X-ray spectrometer (EDS).

XRD patterns were determined by a X'Pert X-ray spectrom-
eter (Philips, Nederland) using Cu Ko radiation with a tube
voltage of 40 kV and a tube current of 35 mA.

XPS was carried out using an ESCALAB Xi' multifunction
electron spectrometer (Thermo Scientific, USA) equipped with
an Al Ko X-ray source. The survey XPS spectra were taken in the
constant analyzer energy mode with a pass energy of 100 eV and
an energy step size of 0.4 eV, and high-resolution XPS spectra of
C 1s, O 1s, P 2p and Mo 3d were also recorded with an energy
step size of 0.125 eV.

The particle size distribution of MO@MH and MO@MH-
PEPE was measured by a laser particle size analyzer (Malvern
Laser Particle Size Analyzer 3000).

Thermogravimetry analysis (TGA)-FTIR was performed by
a STA449F3 TG (Netzsch, Germany) coupled with a INVENIOS
FTIR (Bruker, Germany). The temperature was raised from 30 to
800 °C at a heating rate of 10 °C min~". The flow rate of the
carrier gas (high-purity N,) was 70 mL min~'. The temperature
of the transfer line between TG and FTIR apparatuses was 230 °
C. The resolution and range of FTIR were 4 cm™ ' and 4000-
600 cm ', and the spectrum was recorded per 21 seconds.

Limiting oxygen index (LOI) was carried out in a JP-6 oxygen
index meter (Nanjing Shine Ray Instruments and Equipments
Co. Ltd, China) with samples of 80 x 10 x 4.0 mm?®, following
the procedure described in the ASTM D2863 standard.

According to ISO 5658-2, the vertical combustion grade was
tested by HK-HVR horizontal and vertical testing machine
(zhuhai Huake Instruments and Equipment Co. Ltd, China),
and the sample size was 125 x 10 x 1.5 mm®.

Cone calorimeter tests were performed with samples of 100
x 100 x 3.0 mm® on a CCT cone calorimeter (Kunshan Motis
Combustion Technology Instrument Co., Ltd, China) on the
basis of standard ISO 5660-1. All samples were wrapped by an
aluminum foil layer and then horizontally irradiated at a heat
flux of 35 kW m™>.

TGA was carried out using a STA449F3 thermal analyzer
(Netzsch, Germany) at a heating rate of 10 °C min~"' under
nitrogen atmosphere.

The Raman spectra of char residues were recorded by
a LabRAM HR Evolution Laser Raman spectrometer (HORIBA
Jobin Yvon Co. Ltd, France) with excitation provided in back-
scattering geometry by a 514.5 nm argon ion laser.

Tensile strength was measured at room temperature with an
ETM-B Electronic universal testing machine (Wance Group,

Sample PVC (phr) MH (phr) MO®MH (phr) MO®@MH-PEPE (phr)
fPVC 100 — — —
fPVC/MH 100 20 — —
fPVC/MO@MH 100 — 20 —
fPVC/MO@MH-PEPE 100 — — 20

¢ All samples shown in Table 1 also contain DOP (40 phr), GMS (0.6 phr), ACR (4 phr), organic tin (2 phr) and paraffin wax stabilizer (0.4 phr), except

for PVC (100phr) and the flame retardants (20 phr).
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China) according to ISO 527-2: 1993 at 10 mm min ' using
dumbbell-shaped specimens of 750 mm in length and 2 mm in
thickness.

The unnotched Izod impact strengths was measured using
a 501]J-4 plastic impact tester (Wance Group, China) according
to ASTM D256-10 with the sample size was 80 x 10 x 4 mm”.

3 Results and discussion
3.1 Characterization of MO@MH-PEPE

The chemical composition of magnesium-molybdenum-phos-
phorus multi-component flame retardant, MO@MH-PEPE, was
systematically characterized using FTIR spectroscopy, as illus-
trated in Fig. 1. In the PEPE spectrum, the medium-intensity
absorption band at 3369 c¢cm™' corresponds to the O-H
stretching vibration, with peak broadening resulting from
hydrogen bonding interactions. A weak band observed at
2398 cm ™ is assigned to the P-O-H stretching vibration, while
the characteristic bending vibrations of aromatic C=C bonds in

MO@MH

P=0
1244 cm™
350 1275 1200 1125

MO@MH-PEPE

PEPE 1200 1100 1000

J @
@ — ‘n ® p-0-|
- = & 2998 e
" . - - v " 2500 2400 2300 2200
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm™!

Fig. 1 FTIR spectra of MO@MH, MO@MH-PEPE, and PEPE.

Mg Kal,2

8.48 at%

Sum L Sum

View Article Online

RSC Advances

the benzene group manifest as two weak absorption features at
1510 and 1455 cm™'. The strong absorption at 1236 cm ™'
originates from P=0 stretching vibrations, and the medium-
intensity peak at 998 cm ™' is characteristic of P-O-C groups.
In the MO@MH-PEPE spectrum, a weak band at 3645 cm™*
associated with free O-H stretching vibrations and a water
adsorption-related bending vibration at 1650 c¢cm™', both
consistent with the MO@MH. More importantly, three spectral
changes confirm the chemical modification: (1) a blue-shifted
P=O vibration appears at 1244 cm ' (pink inset), (2)
complete disappearance of the P-O-H characteristic band at
2398 cm ™! (yellow inset), and (3) a significant 64 cm ™" blue shift
of the P-O-C vibration to 1062 cm™* (gray inset), indicative of P-
O-Mg bond formation.*” These observations collectively suggest
that PEPE binds to the surface of MO@MH through a reaction
between P-O-H and Mg-O-H groups, forming stable P-O-Mg
covalent linkages.

SEM images of MO@MH and MO@MH-PEPE are presented
in Fig. S3 and 2. As shown in Fig. S3(a) and (b), MO@MH is
a flaky stacked flower spheroid structure with an overall size of
20-30 um and a thickness of 10-20 nm. Compared with
MO@MH, MO@MH-PEPE is irregularly stacked with clusters of
flowers. High-magnification imaging (Fig. S3(d)) shows
substantial surface modifications characterized by adherent
particles and folded textures (yellow arrows), suggesting that
PEPE incorporation induces microstructural alterations
through either chemical modification or physical adsorption.
To verify this viewpoint, the element composition of MO@MH-
PEPE is characterized by EDS spectrum and elemental
mappings. As shown in Fig. 2(b)-(f), the elemental distribution
aligns essentially with the sample profile, especially for the
uniform presence of P element throughout the structure,
conclusively demonstrates the successful surface coating of
MO@®@MH with PEPE modifier. The atomic fractions of Mg, O,
Mo, P and C elements are 18.85 at%, 53.96 at%, 8.48 at%, 1.79
at% and 16.92 at%, respectively. Compared with MHPEPE (a

O Kal

18.85 at% 53.96 at%

1.79 at% 16.92 at%

| e |
Spm

Fig. 2 SEM images (a) and elemental distribution images of MO@MH-PEPE: (b) Mg, (c) O, (d) Mo, (e) P, and (f) C.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 30046-30061 | 30049


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04341g

Open Access Article. Published on 22 August 2025. Downloaded on 12/7/2025 4:17:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

previously reported multi-component flame retardant),® this
system shows reduced Mg and C content with increased O
content, which is attributed to the MoO; incorporation within
the MO@MH. The particle size distribution curves of MO@MH
and MO@MH-PEPE are shown in Fig. S4. Compared with
MO@MH, MO@MH-PEPE also exhibits a primary particle size
distribution in the range of 1-10 pm. However, the proportion
of particles in the 0.1-1 pm range increases while the fraction of
particles in the 10-100 um range decreases. This indicates that
PEPE modification effectively suppresses the aggregation
behavior of MO@MH and improves its dispersibility.

XPS was used to further analyze the varieties and states of
different elements in MO@MH-PEPE, as shown in Fig. 3. As
shown in the C1s high-resolution spectrum of MO@MH-PEPE,
the peak at 284.8 eV is attributed to C-C/C-H bond, the peak at
286.4 eV is attributed to C-O bond.** As shown in the O 1s high-
resolution spectrum of MO@MH-PEPE, it can be divided into
two peaks of 530.9 eV and 533.1 eV, which are respectively
attributed to lattice oxygen (O-Mg bond) and O-C/P bond. In
the Mo 3d spectrum of MO@MH-PEPE, Mo*® (3d;,,) at 235.7 eV
and Mo™ (3ds;) at 232.6 eV appear,® indicating that the
molybdenum element in the filler mainly exists in a hypervalent
state. The most significant change is in the P 2p spectrum, the
P-O/P=0 (133.6 eV) bond appears on MO@MH-PEPE * indi-
cating that there is physical adsorption or chemically bonded
PEPE on MO@MH-PEPE.

3.2 Thermal degradation behavior of flame retardants and
fPVC composites

In order to systematically evaluate the thermal stability of MH,
MO®@MH and MO@MH-PEPE, thermogravimetric analysis

(@)
284.8 ¢V
C-CIC-H
L
202 290 288 286 284 282 280
Binding energy /eV
(©
232.6 ¢V
Mo*(3dy;,)
2357 eV
Mo*5(3d,.,)
240 238 236 234 232 230 228
Binding energy /eV
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(TGA) and differential thermogravimetric analysis (DTG) were
used to characterize them under a nitrogen atmosphere. The
results are presented in Fig. 4(a) and (b). The key thermal
decomposition parameters are summarized in Table S1. As
shown in Fig. 4(a), MO@MH and MO@MH-PEPE transform the
original single-step decomposition process of MH into a two-
step decomposition. Specifically, MH exhibits an initial
decomposition temperature (Tps) of 343.3 °C, a maximum
decomposition rate temperature (Tpea) of 375.8 °C, and
a maximum decomposition rate of 0.57% min~", showing
characteristics of intense decomposition and poor thermal
stability. The residual rate is 69.0% at 800 °C. In contrast, the
Tos of MO@MH reduces 271.1 °C due to the catalytic action of
MoOj;. However, the final residual rate of MO@MH increases
significantly to 85.5%. After modification of PEPE, the T,s of
MO®@MH-PEPE further decreases to 208.5 °C, which may be
attributed to the poor thermal stability of PEPE itself and the
synergistic catalytic effect of MoOj;. The residual rate at 800 °C is
still as high as 85.7%, indicating that the charring ability was
not affected.

The thermal stability of the fPVC composite was also evalu-
ated by TGA and DTG analysis, and the results are shown in
Fig. 4(c), (d) and Table 2. All samples exhibited typical two-step
thermal decomposition behavior, corresponding to PVC
dechlorination and carbon chain skeleton decomposition
respectively. Compared with fPVC, the T,5 of fPVC composites
increased with the addition of MH, MO@MH and MO@MH-
PEPE. For instance, the T,5 of fPVC/MO@MH-PEPE reaches
257.5 °C, indicating the enhancement of thermal stability. This
improvement can be attributed to the thermal dilution and
physical barrier effect provided by MO@MH, and the inhibition

(b)
530.9 ¢V
_ - —‘/// |
538 536 534 532 530 528 526
Binding energy /eV
()

133.6 eV

138 136 134 132 130 128

Binding energy /eV

142 140

Fig. 3 XPS high-resolution spectra of MO@MH-PEPE: (a) C 1s, (b) O 1s, (c) Mo 3d, and (d) P 2p.
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Fig.4 TGand DTG results of (a) and (b) MH, MO@MH and MO@MH-PEPE (c) and (d) fPVC, fPVC/MH, fPVC/MO@MH and fPVC/MO@MH-PEPE in

N, atmosphere.

Table 2 TGA data for fPVC and fPVC composites”

Sample Tos (°C) Tpeak (°C) Residue (%)
fPVC 240.2 296.4 7.9
fPVC/MH 253.8 287.1 22.4
fPVC/MO@MH 253.8 268.8 25.0
fPVC/MO@MH-PEPE 257.5 276.6 25.5

¢ Tys: temperature at 5 wt% mass 10ss; Tpeax: maximum decomposition
rate temperature.

of thermal decomposition reaction by improved interfacial
compatibility after PEPE modification. In addition, the residual
rates of fPVC/MO®@MH and fPVC/MO@MH-PEPE at 800 °C are
25.0% and 25.5%, respectively, which are significantly higher
than fPVC (9.7%) and fPVC/MH (22.4%), further proving the
good thermal stability and charring promotion ability.

3.3 Flame retardant properties of fPVC composites

To systematically evaluate the flame-retardant and smoke-
suppression efficiency of the magnesium-molybdenum-phos-
phorus multi-component flame retardant in fPVC composites,
four systems, fPVC, fPVC/MH, fPVC/MO@MH andfPVC/
MO®@MH-PEPE composites, were selected for comparative
analysis. Quantitative assessments were performed through UL
94 vertical burning tests, LOI measurements, and cone

© 2025 The Author(s). Published by the Royal Society of Chemistry

calorimetry analysis. Fig. 5 shows the photos of the UL 94
vertical burning tests. Pure fPVC material showed poor flame
retardancy, the sample continued to burn for about 3 s after the
first ignition, and violently burned for about 2 s after the second
ignition, accompanied by obvious melting and dripping
phenomenon, ignited cotton, and was rated as V-2. As
mentioned in the previous work, the fPVC/MH composite was
extinguished at about 1 s and 13 s after the first and second
ignition, respectively. No molten droplets were observed during
the burning process, which meant a V-1 rating was achieved for
it. In contrast, both the fPVC/MO@MH and fPVC/MO@MH-
PEPE composites demonstrated markedly enhanced combus-
tion resistance. These two composites were immediately extin-
guished within 2-4 s after the first and second ignition and no
molten droplets were observed during the burning process.
Hence, both the fPVC/MO@MH and fPVC/MO@MH-PEPE
composites passed the V-0 rating in UL 94 vertical burning tests.

The LOI, quantified as the minimum oxygen concentration
(vol%) required to sustain candle-like combustion in an O,/N,
mixture, serves as a critical indicator of material flammability.
As documented in Table 3, the LOI value of pure fPVC is 24.0%,
showing poor flame retardant properties. The fPVC/MH
composite exhibited an LOI value of 29.7%, whereas the fPVC/
MO®@MH and fPVC/MO@MH-PEPE composites demonstrated
elevated LOI values of 31.0% and 32.0%, respectively. Therefore,
it is preliminary confirmed that the magnesium-molybdenum-

RSC Adv, 2025, 15, 30046-30061 | 30051
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phosphorus multi-component flame retardant performed better
than MO@MH and MH in flame retardant fPVC.

Fig. 6 shows the cone calorimetry tests results of fPVC, fPVC/
MH, fPVC/MO@MH, and fPVC/MO@MH-PEPE composites,
including heat release rate (HRR), total heat release (THR),
smoke production rate (SPR), and total smoke production (TSP)
curves. The corresponding data are summarized in Table 3. As
shown in Fig. 6(a), the incorporation of MO®@MH and
MO®@MH-PEPE results in moderated HRR curves for fPVC
composites. According to Table 3, the peak HRR (pHRR) values
of fPVC/MO@MH and fPVC/MO@MH-PEPE composites are
139.91 and 133.80 kW m ™, respectively. These values represent
a reduction of 58.48% and 60.29% compared to pure fPVC
(337.01 kW m™?) and a decrease of 44.74% and 47.16%
compared to fPVC/MH composites (257.33 kW m™?), respec-
tively. These data confirmed that the introduction of MO@MH
and MO@MH-PEPE significantly reduced the pHRR value of
fPVC composites, among which MO@MH-PEPE composite
system showed better heat release inhibition effect, further
verifying the effectiveness of its synergistic flame retardant
mechanism in inhibiting heat release rate. Consistent conclu-
sions emerge from the THR curves in Fig. 6(b), where the THR

of the fPVC/MO@MH-PEPE composite is reduced by 29.54%
and 31.59% compared to pure fPVC and fPVC/MH composites.
In addition to these, the fPVC/MH and fPVC/MO@MH
composites show almost the same time to ignition (TTI),
while the TTI of fPVC/MO@MH-PEPE composite increases
significantly to 68 s, indicating enhanced ignition resistance
that holds practical implications for fire safety applications.
Particular emphasis was placed on smoke production anal-
ysis of PVC composites, as PVC combustion inherently produces
toxic fumes whose asphyxiating effects constitute the primary
cause of fire-related fatalities. Fig. 6(c) reveals significant
reduction of SPR curves in fPVC composites following the
incorporation of MO@MH and MO@MH-PEPE. As quantified
in Table 3, the peak SPR (pSPR) values of the fPVC/MO@MH
and fPVC/MO@MH-PEPE composites were 0.0234 m” s~ and
0.0415 m” s, respectively, representing reductions of 90.02%
and 82.30% compared to pure fPVC (0.2345 m® s~ '). When
compared with the fPVC/MH composite (0.1007 m> s™"), the
reductions were 76.76% and 58.79%, respectively. This
confirms the superior smoke suppression ability of both
MO®@MH and MO@MH-PEPE over MH. The discrepancy of
smoke suppression between MO@MH and MO@MH-PEPE is

Table 3 CCT data of fPVC, fPVC/MH, fPVC/MO@MH and fPVC/MO@MH-PEPE composites

Sample TTI (s) PHRR (kW m™?) THR (M] m~?) pSPR (m”*s™") TSP (m?) Residue (wt%) LOI (%)
fPVC 33 337.01 51.82 0.2435 30.34 14.44 24.0
fPVC/MH 30 253.20 53.37 0.1007 10.86 30.81 29.7
fPVC/MO@MH 29 139.91 39.31 0.0234 4.93 46.21 31.0
fPVC/MO@MH-PEPE 68 133.80 36.51 0.0415 2.70 50.00 32.0
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further elucidated in Fig. 6(d). The data in Table 3 reveal a TSP
reduction from 10.86 m> (fPVC/MH composite) to 4.93 m>
(fPVC/MO@MH  composite), with fPVC/MO@MH-PEPE
composite achieving an exceptional 75.15% decrease to 2.70
m®’. The enhanced smoke suppression correlates with char
residue characteristics: fPVC/MO@MH-PEPE exhibits a 50.00%
char yield, substantially higher than other composites. Mecha-
nistically, the improvement in flame retardancy can be attrib-
uted to synergistic carbonization catalysis between phosphorus-
containing species (e.g. phosphoric acid, pyrophosphoric acid
and metaphosphoric acid) generated during PEPE decomposi-
tion and molybdenum oxide nanoparticles from MoOj, which is
consistent with previous studies.*” In summary, the introducing
of magnesium-molybdenum-phosphorus multi-component
flame retardant can effectively improve the flame-retardant
and smoke-suppression properties of fPVC composites.

3.4 Flame retardant mechanism

3.4.1 Condensed phase mechanism. The char residue was
analyzed in detail, and its appearance was shown in Fig. S5 and
7. As shown in Fig. S5(a1) and (a2), the char residue of fPVC after
combustion is black, the surface is rough, the structure is loose
and the morphology is irregular, and the mechanical strength of
the char layer is extremely low. From Fig. S5(b1) and (b2), it can
be seen that the char residue of fPVC/MH composite is

© 2025 The Author(s). Published by the Royal Society of Chemistry

composed of messy and broken grayish-white substances, and
its structure can be destroyed into powdering substances by
slight touch. In contrast, as shown in Fig. S5(c1) and (c2), the
char residue of fPVC/MO@MH composite has a more complete
structure. The external surface of fPVC/MO@MH composite is
white concave and convex, showing obvious expansion effect,
and the hardness is obviously better than that of fPVC/MH
composite. Obviously, this outer surface structure is more
conducive to blocking the transfer of combustible volatiles and
heat during the combustion process. In fPVC/MO@MH-PEPE as
shown in Fig. 7(a) and (b), the introduction of PEPE further
optimizes the structure of char residue, making it dense and
flat, and significantly increasing its thickness, thus effectively
isolating heat, oxygen and combustible volatiles, which is an
important reason for its excellent flame retardant and smoke
suppression performance. According to the data of Table 3, the
char yield of fPVC/MO@MH-PEPE composite reaches
50.00 wt%, which is 62.3% higher than that of fPVC/MH
composite. This significant difference indicates that the intro-
duction of MO@MH-PEPE has a double effect on the carbon-
ization process of the fPVC matrix promoting effect: on the one
hand, the char yield is significantly increased. On the other
hand, the structural integrity and stability of the char residue
are improved. This kind of the efficient charring mechanism
can be attributed to the synergistic catalytic action between

RSC Adv, 2025, 15, 30046-30061 | 30053
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magnesium, molybdenum and phosphorus elements, which
forms excellent thermal barrier property of the char layer
structure.

Fig. 7(c) and (d) show the SEM images of the inner and outer
char residues of the fPVC/MO@MH-PEPE composite. Fig. 7(c)
display the outer char layer, which presents an aggregate
structure composed predominantly of granular particles with
minor blocky fragments. This layer exhibits a relatively loose
structure containing numerous pores, cracks, and defects that
allow gas permeation. As shown in Fig. 7(d), the inner char layer
exhibits a compact and continuous structure without visible
pores. Lamellar-like structures, presumably the decomposition
product of MO@MH-PEPE filler, are distinctly observable on the
surface and are well integrated with the char matrix. This
indicates that the synergistic effect of MO@MH and PEPE
significantly enhances the formation of a dense and stable char
layer during combustion. This structure is similar to a “laby-
rinth” barrier path. This structure not only improves the insu-
lation ability of heat and oxygen, but also significantly prolongs
the diffusion path of combustible gases, thus effectively inhib-
iting the release of volatile combustible decomposition prod-
ucts. The distinct structural characteristics of the inner and
outer layers indicate a dual protective mechanism: the outer
char layer provides an initial thermal barrier via expansion,
while the inner char layer further impedes the transfer of heat
and flammable gases. This combined action effectively
decreases the fPVC matrix from thermal decomposition,
thereby significantly enhancing the flame retardancy and
smoke suppression properties.

EDS element distribution analysis was performed on the
char residues of the inner and outer layers of the fPVC/
MO@MH-PEPE composite (Fig. 7). The EDS data for the outer
char layer reveal that the predominant elements are Mg (25.84
at%), O (45.67 at%), and C (20.88 at%), with minor amounts of

30054 | RSC Adv, 2025, 15, 30046-30061

Mo (6.56 at%), Cl (0.38 at%), and P (0.68 at%). This composition
indicates that the outer char residue is primarily composed of
inorganic compounds such as MgO and MoO;. In contrast, the
inner char layer exhibits a significantly higher C content (76.61
at%), suggesting it is predominantly comprised of a carbona-
ceous structure. Concurrently, the contents of O, Mg, Mo, and P
are substantially reduced, demonstrating a decrease in
MO@MH-PEPE within the inner layer. This implies that
MO@®@MH-PEPE migrated towards the composite's outer surface
during combustion. Obviously, the P content in the inner layer
decreased markedly to 0.07 at%. This effective char formation
promoted by the low P content is considered a key factor
contributing to the structural integrity and stability of the char
residue.

To quantitatively characterize the compactness of the resi-
dues, which is crucial for condensed-phase flame retardancy,
Raman spectroscopy was performed on the inner-layer residues
of the fPVC/MH, fPVC/MO@MH, and fPVC/MO@MH-PEPE
composites, as shown in Fig. 8. The Raman spectra reveal that
all three residues exhibit characteristic D and G bands located
at approximately 1370 cm™" and 1580 cm™ ", corresponding to
amorphous carbon and graphitic carbon, respectively. The ratio
of the integrated areas of these two bands, denoted as Ip/Ig, is
commonly used to evaluate the graphitization degree of the
residue.’”*® A lower Ip/I value indicates a higher graphitization
degree. Based on peak deconvolution and fitting calculations,
the Ip/Ig value for the fPVC/MH composite residue is 2.67. In
contrast, the values for the fPVC/MO@MH and fPVC/MO@MH-
PEPE residues decrease to 1.65 and 1.38, respectively. These
results demonstrate that both the introduction of MO hybrid-
ization and the PEPE modifier effectively enhance the graphi-
tization degree of the residue. The fPVC/MO@MH-PEPE
composite residue exhibits the highest graphitization degree,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which is a key factor contributing to its superior flame retard-
ancy and smoke suppression performance.

The XPS high-resolution spectra of the inner char residue
from the fPVC, fPVC/MH, fPVC/MO@MH, and fPVC/MO@MH-
PEPE composite are presented in Fig. 9 and S6. As revealed in
Fig. 9(a), the C1s spectrum can be deconvoluted into three
peaks at 284.0, 284.8, and 286.0 eV, assigned to C=C, C-C/C-H,
and C-O bonds, respectively. The carbon atoms in both C-C/C-
H and C-O bonds exhibit sp® hybridization, likely originating
from the PVC matrix itself. Significantly, the appearance of the
C=C bond indicates the presence of sp>hybridized carbon
atoms, confirming graphitic carbon formation. In other words,
the inner char residue of fPVC/MO@MH-PEPE demonstrates
a distinct graphitization tendency, consistent with the Raman
spectroscopy results discussed earlier. In comparison, the C 1s
spectra of fPVC and fPVC/MH composites are deconvolved into
other three characteristic peaks at 284.8, 286.2 and 289.2 eV,
corresponding to C-C/C-H, C-O, and O-C=O0 bonds, respec-
tively, as shown in Fig. S6. Simultaneously, the C=C charac-
teristic peak at 284.0 eV still appears in the C 1s spectrum of
fPVC/MO@MH composite. Hence, it is confirmed that the
introduction of MO@MH can promote the formation of
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Fig. 9 XPS high-resolution spectra of the inner char residues of fPVC/MO@MH-PEPE composites: (a) C 1s, (b) O 1s, (c) Mo 3d, and (d) P 2p.
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graphitized carbon during combustion, and the addition of
PEPE can further strengthen this graphitization trend Fig. 9(b)
displays the O 1s spectrum, resolved into four peaks at 530.0,
531.5, 532.4, and 533.6 eV, corresponding to lattice oxygen (O-
Mg or O-Mo bonds), O-C/O-P bonds, O=C/O=P bonds, and
chemically adsorbed oxygen, respectively. Compared to
MO@MH-PEPE, the Mo 3d spectrum in Fig. 9(c) exhibits
notable changes. In addition to the peaks at 235.7/232.6 eV
attributed to Mo®*, weaker peaks emerge at 233.5/230.3 eV,
indicating partial reduction of Mo®* to Mo*".3%% 1t is further

View Article Online

Paper

indicated that MoO; phase in the filler is involved in the
carbonization process of fPVC matrix in the form of redox
reaction. In contrast, XPS analysis of fPVC/MO@MH-PEPE
shows some significant changes, with a P-O/P=0 (133.3 eV)
characteristic peak detected in the P 2p spectra, which is
attributed to the large presence of PEPE's own structure and the
creation of more P=0/P-O bonds during combustion.

3.4.2 Gas phase mechanism. The flame retardant mecha-
nism of MO@MH PEPE in gas phase was analyzed by TGA-FTIR.
Fig. S7 shows the three-dimensional infrared spectra of fPVC

0.002
—a— fPVC/MO@MH
(C) —o— fPVC/MO@MH-PEPE
Aromatic compounds
1600 cm™
~~
=
S
0.001 -
£
»
=
o
N
= [ ]
—
0.000 -

0 100 200 300 400 500 600 700
Temperature (°C)

800

0.08

—s— fPVC/MO@MH
0.07 4 (e) —o— fPVC/MO@MH-PEPE
0.06 Aliphatic compounds

2950 cm™!

0 100 200 300 400 500 600 700
Temperature (°C)

800

Fig. 10

0.040
—s— fPVC/MO@MH
0.035 4 (d) —o— fPVC/MO@MH--PEPE
Carbonyl compounds
0.030 1800 cm™
Ly
S 0.0251
S
= 0.020-
-
‘2 0.015;
S
S 0.010
I
0.005 1
0.000 1
-0.005 r T T r T T r
0 100 200 300 400 500 600 700 800
Temperature (°C)
0.006
—=— fPVC/MO@MH
(f) —o— fPVC/MO@MH-PEPE
H,0
~20.004 - sz
5 3700 ¢cm
<
N’
£
2 0.002 -
D
N
=
o
0.000 -

0 100 200 300 400 500 600 700 800
Temperature (°C)

(a) 3D infrared spectra of fPVC/MO@MH and (b) fPVC/MO@MH-PEPE composites; the intensity changes of (c) aromatic compounds, (d)

carbonyl compounds, and (e) aliphatic compounds, (f) H,O produced by cracking.

30056 | RSC Adv, 2025, 15, 30046-30061

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04341g

Open Access Article. Published on 22 August 2025. Downloaded on 12/7/2025 4:17:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and fPVC/MH. By further comparing the TGA-FTIR three-
dimensional spectra of fPVC/MO@MH and fPVC/MO@MH-
PEPE composites in Fig. 10 with the intensity change curves
of pyrolysis products (Fig. 10(a)—(e)), it is found that they are
basically consistent in the types and evolution trends of gaseous
decomposition products. Both spectra exhibit the following
characteristic peaks: aliphatic compounds (C-H stretching
vibrations at 3000-2800 cm ™" and C-H bending vibrations at
1300-1000 cm™ '), carbonyl compounds (C=O stretching
vibrations at 1800-1650 cm ™ '),*>* and aromatic compounds
(C=C aromatic ring vibrations at 1600-1450 cm ').** The
generation of these substances is associated with the dehydro-
chlorination reaction and backbone scission of the PVC matrix.
Further analysis of Fig. 10(c)-(e) shows that although PEPE
modification does not significantly change the species and
release trends of these gaseous products, their characteristic
peak intensities are slightly reduced. It is interesting to note
that in Fig. 10(f), the H,O absorption peak intensity of fPVC/
MO®@MH-PEPE composite in the region of 3500-4000 cm ™' is
significantly enhanced,*” indicating that this material releases
more water vapor during pyrolysis to dilute the combustible gas
concentration in the combustion region and inhibit flame
propagation. To sum up, the gas phase flame retardant mech-
anism of fPVC/MO@MH-PEPE composites is mainly reflected in
the dilution of water vapor.

3.4.3 Flame-retardant mechanisms. Based on the above
analysis, the possible flame-retardant mechanism of the Mg-
Mo-P multi-component flame retardant is inferred, as detailed
in Fig. 11. In the condensed phase, MgO generated from the
thermal decomposition of MO@MH primarily resides on the
composite surface, forming a fragile outer char layer that is
ineffective at hindering the transfer of heat and flammable
volatiles, while another portion of MgO combines with carbo-
naceous or carbon-oxygen compounds to ultimately form
a hard, continuous, and dense inner char layer that effectively
shields the underlying matrix from flammable free radicals and
heat. During this process, part of the MoO; utilizes its Lewis
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acid catalytic effect to catalyze char formation within the PVC
matrix, concurrently undergoing reduction from the +6 oxida-
tion state to +4. Additionally, the thermal dehydration of the
PEPE coating on the MO@MH surface generates acids such as
phosphoric acid, metaphosphoric acid, and pyrophosphoric
acid, whose catalytic action significantly enhances the integrity,
compactness, and total yield of the char residue. In the gas
phase, water vapor reduces the concentration of oxygen and
combustible volatiles by dilution. At the same time, the pyrol-
ysis of PEPE produces phosphorus radicals (such as P°, PO’,
PO;), which can efficiently capture H" and HO" radicals after
entering the flame region, thus interrupting the combustion
chain reaction and inhibiting the propagation of flame.**™**

3.5 Mechanical properties of fPVC composites

Fig. 12 displays the tensile strength and impact strength of the
fPVC, fPVC/MH, fPVC/MO@MH, and fPVC/MO@MH-PEPE
composites. As shown in Fig. 12(a) and (b), the tensile
strength of fPVC was 19.33 MPa, and the tensile strength of
fPVC/MH composites decreased to 16.32 MPa after MH addi-
tion, while the tensile strength of fPVC/MO@MH composites
decreased further to 12.77 MPa after MO@MH addition. This
indicates that the MO@MH filler provides less reinforcement to
the fPVC matrix compared to MH. The primary reason for this
phenomenon is that MO@MH consists of a flake-assembled
microflower structure. Compared to flaky MH, MO@MH
possesses a more complex structure and larger size. Without
any surface modification treatment, defects are more likely to
form at the interface between MO@MH and the fPVC matrix.
Fig. 12(g) shows a poorly compatible interface of fPVC/MO@MH
composite. Under tensile stress, this interface is more prone to
debonding, leading to stress concentration and premature
fracture. In contrast, the tensile strength of the fPVC/MO@MH-
PEPE composite reaches 16.39 MPa. This value is not only
significantly higher than that of the fPVC/MO@MH composite
but also slightly exceeds that of the fPVC/MH composite. This
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g(OH), == Mg inner

absorb great of heat layer
increase char residue

Mg(OH), + 2HCI = MgCl, + H,0

- ————— -

h decrease HCI production _

MO@MH & char residue

Fig. 11 Schematic illustration of the mechanism for the enhanced flame resistance and smoke suppression of the fPVC/MO@MH-PEPE

composite.
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Fig. 12 Stress—strain curves (a), tensile strength (b), nominal strains at break (c), and impact strengths (d) of fPVC, fPVC/MH, fPVC/MO@MH and
fPVC/MO@MH-PEPE composites; SEM images of cryo-fractured fPVC (e), fPVC/MH (f), fPVC/MO@MH (g), and fPVC/MO@MH-PEPE (h)

composites.
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demonstrates that PEPE modification improves the interfacial
compatibility between MO@MH and fPVC, enhances interfacial
interactions, and consequently facilitates more effective stress
transfer, as shown in Fig. 12(h). In Fig. 12(c), the nominal strain
at break of fPVC was 197%, and decreased slightly to 193.38%
after adding MH. The nominal strain at break of fPVC/MO@MH
and fPVC/MO@MH-PEPE composites was lower than that of
fPVC/MH, indicating that the introduction of MO@MH reduced
the ductility of the composites to some extent. However, this
parameter is also enhanced to 161.07% for the fPVC/MO@MH-
PEPE composite in comparison with the fPVC/MO@MH
composite.

The impact strengths of fPVC, fPVC/MH, fPVC/MO@MH,
and fPVC/MO®@MH-PEPE composites shown in Fig. 12(d) are
40.27, 53.99, 71.45, and 76.09 k] m >, respectively. The fPVC/
MO@MH-PEPE composite again exhibits the best perfor-
mance. The impact strength of the fPVC/MO@MH composite is
23.77% higher than that of the fPVC/MH composite. Further-
more, the introduction of the PEPE modifier further increased
the impact strength to 76.09 k] m 2 for the fPVC/MO@MH-
PEPE composite. Both the fPVC/MO@MH and fPVC/
MO@MH-PEPE composites exhibit significantly higher impact
strength than the fPVC/MH composite. As discussed earlier, the
introduction of the PEPE modifier improves the interfacial
compatibility and enhances the interfacial interactions between
the MO@MH filler and the fPVC matrix. Consequently, more
energy is required to separate MO@MH from the fPVC matrix
under external impact. All the above results indicate that PEPE
modification effectively enhances the mechanical properties of
the fPVC/MO@MH composite.

4 Conclusions

This study demonstrates that surface modification of self-
synthesized molybdenum oxide-hybridized magnesium
hydroxide (MO@MH) with phenolic epoxy phosphate ester
(PEPE) successfully constructs a magnesium-molybdenum-
phosphorus ternary flame retardant (MO@MH-PEPE), which
significantly enhances the fire safety and mechanical properties
of flexible PVC composites. Structural characterization (FTIR/
XPS/SEM-EDS) confirms the formation of P-O-Mg covalent
bonds and uniform dispersion of elements (Mg, Mo, P). The
fPVC/MO@MH-PEPE composite achieves outstanding flame
retardancy (LOI of 32.0%, UL-94 V-0 rating, 47.16% reduction in
PHRR) and exceptional smoke suppression (75.15% reduction
in TSP versus fPVC/MH), attributed to the synergistic catalytic
charring effect involving Mo®* — Mo*" redox reactions and
phosphoric acid generation from PEPE, forming a dense bilayer
char residue (50.00 wt% yield, I,/I = 1.38 graphitization) that
effectively blocks heat and mass transfer. Remarkably, PEPE
modification simultaneously improves interfacial compati-
bility, increasing tensile strength to 16.39 MPa (28.35% increase
versus fPVC/MO@MH) and impact strength to 76.09 k] m ™2,
outperforming both MH and unmodified MO@MH composites.
This work provides an effective strategy for developing high-
performance fPVC composites through multi-element syner-
gistic flame retardancy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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