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A B S T R A C T

The flame-retardant modification of polypropylene (PP) often deteriorates its resistance to ultraviolet (UV) ra
diation, leading to severe degradation in both flame retardancy and mechanical properties during long-term 
service. To address this issue, cerium oxide (CeO₂) was incorporated into an intumescent flame retardant 
(IFR) system to achieve synergistic flame retardancy and enhance anti-UV performance. The resultant PP/IFR/ 
CeO2 achieved a UL-94 V-0 rating with a limiting oxygen index (LOI) of 32.7 % at a total loading of only 20 wt% 
IFR and CeO2. After UV irradiation for 120 h, the surface of PP/IFR/CeO2 remained smooth, with only shallow 
cracks, and its water contact angle was maintained at 64.5◦. The carbonyl index increased merely to 1.45, 
indicating a markedly low degree of photo-oxidative aging. In addition, the tensile strength and elongation at 
break decreased by 9.4 % and 28.5%, respectively, which were significantly smaller reductions than those of PP/ 
IFR. The results indicate that CeO2 can effectively improve the anti-UV performance and flame retardancy of PP/ 
IFR, providing a valuable foundation for developing durable, flame-retardant PP composites with improved anti- 
UV performance.

1. Introduction

PP dominates industrial polymers owing to its balanced mechanical 
properties, durability, and cost-effectiveness. Its primary applications 
span packaging, automotive components, technical textiles, and medical 
devices [1–3]. However, PP is highly flammable, releasing a large 
amount of heat during combustion and accompanied by severe molten 
dripping, which is prone to causing large-scale fires [4–6]. PP also ex
hibits inherent sensitivity to UV light due to the relatively low bond 
energy (approximately 380 kJ/mol) of the C-H bonds on its numerous 
tertiary carbon atoms. This characteristic renders these bonds suscep
tible to becoming initiation sites for free-radical oxidation chain re
actions during aging, ultimately leading to chain scission and 
performance degradation [7–10]. Although introducing flame re
tardants can address the flammability issue of PP, the presence of flame 
retardants will further weaken the UV aging resistance of PP. Conse
quently, the long-term outdoor application of such flame-retardant PP 
materials remains challenging [11–13].

In recent years, IFR systems have been widely applied to enhance the 
flame retardancy of PP [14,15]. Among them, the most representative 
formulation is composed of ammonium polyphosphate (APP), pentaer
ythritol (PER) and melamine (MEL) [16,17]. Despite their widespread 
use, APP/PER/MEL system suffers from several inherent limitations, 
including poor water resistance, migration tendency, and the need for a 
high loading level (>30 wt%) to achieve satisfactory flame retardancy 
[18–20]. These issues significantly impair the mechanical properties of 
PP. To address these limitations, it is critical to develop high-efficiency 
APP/PER/MEL-derived systems to enhance flame retardant perfor
mance while minimizing adverse effects on material properties. In IFR 
systems, APP plays a crucial role by releasing phosphoric acid or poly
phosphoric acid during thermal decomposition, which acts as a strong 
dehydrating agent to catalyze char formation, thereby serving as both 
acid and gas source [21–25]. Consequently, the rational selection of a 
charring-foaming agent (CFA) as the carbon source to cooperate with 
APP is key to developing an effective IFR system for PP [26–29].

In addition to flame retardancy, enhancing the UV aging resistance of 
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PP is equally important for its long-term outdoor applications. CeO₂, as a 
rare earth metal substance, possesses a wide band gap of approximately 
3.1 eV, enabling it to effectively absorb UV light [30,31]. Moreover, 
CeO₂ can synergistically enhance the flame retardancy of IFR by cata
lyzing the formation of a dense and stable char layer during polymer 
pyrolysis [32–36]. Jose et al [37] introduced CeO2 into ethylene-vinyl 
acetate (EVA)/magnesium hydroxide (MDH) composites, leading to 
significant enhancements in both mechanical properties and flame 
retardancy. Specifically, the peak heat release rate (pHRR) of the ob
tained EVA/MDH/CeO2 composite decreased from 490.6 kW/m2 for 
EVA/MDH to 354.4 kW/m2, while the composite also exhibited 
well-preserved mechanical properties after UV aging. These results 
demonstrate that CeO2 holds great potential to simultaneously enhance 
the flame retardancy and UV aging resistance of IFR-containing PP 
composites, but such a synergistic effect has not been reported 
previously.

Therefore, we developed flame-retardant PP composites with 
enhanced UV aging resistance by simultaneously incorporating APP/ 
CFA and CeO₂. The resulting composites were systematically evaluated 
for their flame retardancy, UV aging resistance, mechanical properties, 
and thermal stability. In addition, the underlying mechanisms of anti- 
UV aging and flame retardancy were investigated through a series of 
complementary tests.

2. Experimental

2.1. Experimental materials

Ammonium polyphosphate (APP) was provided by Shandong Shian 
Chemical Co., Ltd., China. CFA (N-ethyl triazine-piperazine copolymer) 
was obtained from our laboratory [38]. Polypropylene (PP) was pro
vided by Daqing Huake Co., Ltd., China. Cerium oxide (Micron-level) 
was provided by Suzhou Youyan Materials Co., Ltd., China. All materials 
were used as received.

2.2. Preparation of PP composites

PP, APP, CFA and CeO2 were dried under vacuum at 80 ◦C for 6 h to 
remove moisture before use. Then, the IFR (APP and CFA) and CeO2 
were evenly mixed with a high-speed grinder for 3 min. Subsequently, 
PP and the above mixture were blended in a twin-screw extruder, and 
the temperature of apparatus from feed zone to die zone was fixed at 
165, 175, 180, 180, and 175 ◦C, respectively. Finally, testing samples 

were prepared in an injection modeling machine at 180 ◦C. The for
mulations of PP samples are shown in Table 1.

2.3. Characterization

Please refer to the Supporting Information for details.

3. Results and discussion

3.1. UV aging resistance

PP-5 (named as PP/IFR/CeO2 in the following sections) showed the 
highest LOI value and UL-94 rating among all samples, and thus its UV 
aging resistance was investigated and compared with that of PP and PP/ 
IFR (PP-1 in Table 1) samples by different tests.

3.1.1. Surface morphology and mechanical properties
PP undergoes progressive aging when exposed to prolonged UV 

irradiation, with the severity of degradation being reflected in surface 
morphological changes [39,40]. As presented in Fig. 1a, unaged PP and 
PP composites exhibited smooth surfaces initially. After 40 h of UV 
exposure, surface cracking and reduced transparency emerged in pure 
PP. Following 80 h of irradiation, PP samples showed widened and 
deepened cracks that proliferated into a pronounced network, conclu
sively evidencing severe photo-oxidative degradation of the materials.

For PP/IFR samples, with the increase of UV irradiation time, the 
surface colour gradually became yellow, and the cracks did not appear 
on the surface until 40 h. For PP/IFR/CeO₂ samples, the surface 
morphology evolved similarly to that of PP/IFR sample, but formation of 
cracks proceeded more slowly under UV irradiation, even though the 
number of cracks increased with irradiation time. Both the PP/IFR and 
PP/IFR/CeO₂ composites exhibited significantly reduced crack density 
and depth compared to pure PP. This morphological distinction in
dicates lower aging severity in these composites under identical UV 
exposure durations due to the UV-absorbing properties of the triazine 
rings in CFA and CeO2. The above results are consistent with the ob
servations in the scanning electron microscope (SEM) images (Fig. 1a). 
Fig. 1b shows the colour difference value (ΔE) of PP/IFR and PP/IFR/ 
CeO₂ samples. The ΔE increase rate of PP/IFR sample was 10.6 % higher 
than that of PP/IFR/CeO₂ sample, further confirming that the presence 
of CeO2 further improved the UV aging resistance of PP/IFR. For pure 
PP, due to its transparent color, the change value of the ΔE was rela
tively small. During the late stage of aging, PP material generated micro- 
cracks, holes, and micro-plastic particles on its surface, which enhanced 
light scattering, resulting in a more pronounced surface colour differ
ence [41].

As depicted in Fig. S1, after 120 h of UV irradiation, the water 
contact angle values of pure PP, PP/IFR, and PP/IFR/CeO2 were 40.6◦, 
49.3◦, and 64.5◦, respectively. This progressive increase in hydropho
bicity was found to inversely correlate with surface oxidation severity, 
indicating the preferential oxidation of methylene groups to hydrophilic 
oxygen-containing functionalities on the surfaces of PP and PP/IFR 
samples [42]. This enhancement in the UV aging resistance imparted by 
CeO₂ is further demonstrated.

As shown in Fig. 1c and d, the incorporation of IFR reduced both 
tensile strength and elongation at break of PP/IFR sample. With the 
addition of CeO2, both tensile strength and elongation at break were 
slightly improved, and the reductions in tensile strength and elongation 
at break after UV aging were the lowest among three samples. These 
results confirm that CeO2 is able to absorb UV light, thereby providing 
further protection to the matrix against UV-induced damage, inhibiting 
breakage of the PP main chain, maximizing the preservation of me
chanical properties, and consequently retarding the photoaging process.

3.1.2. Carbonyl index
When oxygen was present, the side-chain methylene groups in PP 

Table 1 
The formulations, LOI values and UL-94 ratings of PP samples.

Sample Loading 
(wt %)

IFR/CeO2 

mass ratio
UL-94 (3.2 mm) LOI ( 

%)
Rating Dripping t1+t2 

(s)

PP 0 - NR Yes >50 18.7 ±
0.2

PP-1 20 100:0 V-2 Yes 3 29.6 ±
0.2

PP-2 23 100:0 V-0 No 3 31.9 ±
0.2

PP-3 20 99:1 V-0 No 9 31.9 ±
0.2

PP-4 20 97:3 V-0 No 8 32.4 ±
0.2

PP-5 20 95:5 V-0 No 6 32.7 ±
0.2

PP-6 20 93:7 V-2 Yes 11 30.5 ±
0.2

PP-7 19 95:5 V-2 Yes 17 30.5 ±
0.2

PP-8 1 0:100 NR Yes >50 19.3 ±
0.2
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were oxidized to carbonyl groups under UV radiation, leading to main 
chain fracture and a shortened service life [43]. Therefore, the relative 
amount of carbonyl groups generated during photoaging was used as an 
indicator to evaluate the degree of photoaging for pure PP and its 

composites. The carbonyl index (CI) and carbonyl peak intensity at 
various photoaging durations for PP, PP/IFR, and PP/IFR/CeO₂ are 
presented in Fig. 1e-g and S2. PP showed a CI of 1.04 after 40 h of UV 
radiation, indicating the initiation of photo-oxidative degradation. 

Fig. 1. Optical microscopy images of PP and PP composites after UV irradiation, with SEM images of PP and PP composites after 20 h of UV irradiation (a); The color 
difference values of PP and PP/IFR/CeO2 after UV irradiation for different times (b); Tensile strength of PP and PP composites before and after 120 h of UV irra
diation (c); Elongation at break of PP and PP composites before and after 120 h of UV irradiation (d); and Carbonyl index of PP and PP composites after UV 
irradiation for different times (e-g).

Fig. 2. Melting curves of PP (a), PP/IFR (b) and PP/IFR/CeO2 (c).
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Furthermore, the CI increased to 6.06 after 120 h of irradiation. PP 
underwent significant photo-oxidative degradation, which is consistent 
with the observations in Fig. 1a. The introduction of IFR delayed UV 
aging, leading to lower CI of PP/IFR than that of PP after 120 h of UV 
irradiation. Notably, the PP/IFR/CeO2 showed the lowest CI, suggesting 
suppressed oxidation of side-methyl groups during photo-oxidative 
degradation. Thus, CeO2 imparts superior UV-aging resistance to 
PP/IFR, thereby effectively delaying the aging process of PP [44].

3.1.3. Melting behaviors
Fig. 2 illustrated the variations in the melting behaviors of PP and PP 

composites before and after UV irradiation. Pure PP exhibited a single 
melting peak corresponding to α-type crystals at 164 ◦C (Fig. 2a). 
However, the melting peak temperature decreased with increasing aging 
time, and multiple melting peaks emerged after 60 h of aging. After 120 
h of aging, the melting peaks associated with α-type crystals shifted to 
155 ◦C, while those corresponding to β-type crystals shifted to 140 ◦C. 
This decrease was attributed to the oxidation of side methyl groups on 
the PP backbone to carbonyl (C = O) groups under UV irradiation, 
coupled with chain scission. These processes resulted in shorter polymer 
chains, which exhibited enhanced mobility during heating, thereby 
lowering the melting temperature. Consequently, the enhanced forma
tion of β or γ-crystals during melting led to the appearance of multiple 
melting peaks.

The incorporation of IFR and CeO2 affected the melting behaviors of 
PP. The melting temperatures (Tm) of PP/IFR and PP/IFR/CeO₂ samples 
were lower than that of pure PP. Both PP/IFR and PP/IFR/CeO₂ samples 
showed a single melting peak after 60 h of UV irradiation, but multiple 
peaks emerged after 120 h, indicating the enhanced UV aging resistance. 
After 120 h of aging, the Tm of PP/IFR sample belonging to α-crystals 
decreased to 159 ◦C and that corresponding to β-crystals reduced to 151 
◦C. The melting peaks of PP/IFR/CeO2 sample showed relatively small 
changes, as shown in Fig. 2c. Thus, the presence of IFR and CeO2 
retarded the photoaging process, and fewer main chains of PP/IFR/CeO2 
were broken compared with pure PP under UV irradiation, thus the 
melting peak showed minimal change [31].

3.1.4. Mechanism of UV aging resistance
As depicted in Fig. S3, PP exhibited no distinct characteristic ab

sorption peaks. In contrast, the incorporation of IFR and CeO₂ led to 
significant UV absorption peaks accompanied by reduced transmittance, 
confirming their superior UV absorption and shielding capabilities 
within the 250–350 nm range [45].

Fig. 3 illustrates the changes in the PP molecular chain and the 

formation of surface cracks in PP and PP composites during UV aging. 
With the increase of UV irradiation time, UV light could penetrate the 
material, resulting in the tertiary char structure of the PP main chain to 
be oxidised to form carbonyl groups. Meanwhile, the chemical bond 
broke, and the main chain started to fracture, leading to the reduced 
molecular weight and the emergence of surface cracks. With the addi
tion of CeO2, the electronic structure of CeO2 consists of a valence 
electron band filled with electrons and a conduction band formed by 
empty orbitals without electrons. The energy gap between the valence 
band and conduction band, known as the forbidden band width (E), of 
CeO2 is 3.1 eV. Under UV irradiation, the electrons in the valence band 
can be excited to the conduction band. Owing to its rich 4f electronic 
structure, CeO2 can absorb UV light through electron excitation and 
subsequently release the absorbed energy as low-energy visible or 
infrared light and heat. This process effectively converts light energy 
into thermal or chemical energy, enabling CeO2 to absorb UV radiation 
in the 200–400 nm range and thereby reduce the risk of polymer bond 
cleavage induced by UV exposure. In addition, CeO2, which uniformly 
disperses within the PP matrix, can reduce UV light penetration by 
serving as a physical shielding. The triazine ring structure in the CFA 
molecule is also capable of absorbing UV energy [46]. Thus, both CFA 
and CeO2 can effectively enhance the UV aging resistance of PP.

3.2. Thermal stability

Thermal stability of PP and its composites before and after UV aging 
were investigated via thermogravimetric (TG) analysis. The corre
sponding data, including temperature at 5% weight loss (T5%), tem
perature at maximum decomposition rate (TMAX), maximum mass loss 
rate (RMAX), and residual char yield at 800◦C, are presented in Fig. 4 and 
Table S1. The incorporation of IFR and CeO2 enhanced the thermal 
stability of PP, as evidenced by the increased T5% relative to pure PP. 
Concurrently, the residual char yield at 800◦C increased significantly 
from 0.73% of pure PP to 10.76% of PP/IFR and 11.70% of PP/IFR/ 
CeO₂. These enhancements were attributed to the formation of intu
mescent char layers, which provided thermal insulation and retarded 
volatilization of degradation-derived small molecules [47–49]. As 
revealed in Fig. 4, the residual char of PP/IFR/CeO2 at 800◦C was lower 
than that of PP/IFR after aged for 120 h. The relatively poor 
UV-resistance of PP/IFR led to more significant scission of PP molecular 
chains and the viscosity of composites was declined, which contributed 
to the generation of expanded char layer. As a result, the residual char of 
PP/IFR was relatively higher than that of PP/IFR/CeO2. After 120 h of 
UV aging, decreased T5% and TMAX values were observed for all PP 

Fig. 3. Aging mechanisms of PP and PP/IFR/CeO2.
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samples, indicating accelerated decomposition. Compared with pure PP 
and PP/IFR, PP/IFR/CeO2 showed smaller decreases in T5% and TMAX, 
further confirming the positive effect of CeO2 on UV aging resistance.

3.3. Flame retardancy

3.3.1. LOI and UL-94 results
The LOI and UL-94 tests were applied to evaluate the flammability of 

PP and its composites, and the relevant data presented in Fig. S4 and 
Table 1. PP produced a lot of molten droplets during UL-94 test, and its 
LOI value was only 18.7 %, indicative of high flammability. Interest
ingly, when a small portion of IFR was replaced by CeO2, the flame 
retardancy of PP composites increased markedly. Especially, the PP/ 
IFR/CeO2 presented the optimum flame retardancy with an LOI of 32.7 
% when the mass ratio of IFR to CeO2 was 95:5. In addition, it not only 
achieved V-0 rating in UL-94 tests but also quickly extinguished after 
two ignitions (Fig. 5c). As revealed in Table 1, there was no rating during 
vertical burning test for the PP/ CeO2 sample with 1 wt% CeO2, and the 
LOI was only 19.3 %. The fact indicated that only the addition of CeO2 
could not endow PP with good flame retardancy. Thus, there was a 
synergistic flame-retardant effect between CeO2 and IFR.

3.3.2. Cone calorimetry results
The combustion behavior of PP and its composites was evaluated 

using cone calorimeter test (CCT), with corresponding data presented in 
Fig. 5d-g and Table 2. The time to ignition (TTI) of PP/IFR composite 
decreased from 21 s (pure PP) to 13 s. This reduction indicated pro
moted early degradation of the PP matrix by IFR. Furthermore, the TTI 
of PP/IFR/CeO₂ was further reduced to 11 s. As shown in Fig. 5d and e, 
pure PP exhibited a rapid increase in both heat release rate (HRR) and 

total heat release (THR) after ignition, with a pHRR of 1362.4 kW/m2 

occurring at 262 s. When 20wt % IFR was added, the HRR curve of PP/ 
IFR showed two distinct peaks, with the first and second peak HRR 
values (peak1–HRR and peak2–HRR) reaching 506.7 and 518.5 kW/m2, 
respectively. When 5wt % of IFR was replaced by CeO2, the peak1–HRR 
value of PP/IFR/CeO2 decreased to 265.1 kW/m2 and the Peak2–HRR 
value reduced to 94.5 kW/m2. In addition, the PP/IFR/CeO2 sample had 
the lowest THR value of 65.1 MJ/m2, which was 70.9 % and 66.7 % 
lower than those of pure PP and PP/IFR, respectively. Thus, the syner
gistic effect between IFR and CeO2 endows PP with outstanding fire 
safety.

As depicted in Fig. 5f and g, pure PP exhibited a peak smoke pro
duction rate (pSPR) of 0.103 m²/s. In contrast, the SPR curve of PP/IFR 
displayed two distinct peaks, with the first and second peak SPR values 
(peak1-SPR and peak2-SPR) of 0.040 and 0.080 m²/s. The PP/IFR/CeO₂ 
composite similarly demonstrated two SPR peaks, with pSPR values of 
0.017 and 0.012 m²/s, which were reduced compared to those of PP/ 
IFR. In addition, the total smoke production (TSP) decreased signifi
cantly from 17.6 m² (pure PP) and 20.2 m² (PP/IFR) to 5.7 m² for PP/ 
IFR/CeO₂ (Fig. 5g). The enhanced smoke suppression of PP/IFR/CeO2 
was mainly due to the catalytic effect of CeO₂ on the formation of the 
carbonaceous, intumescent char layers during combustion. Such char 
barriers can trap smoke-generating hydrocarbons (e.g. alkanes, alkenes) 
within the condensed phase, thereby substantially suppressing smoke 
release.

3.3.3. Condensed phase analysis
Digital photographs of char residues from CCTs are presented in 

Fig. 6a-c. Complete combustion without any residual chars was observed 
for pure PP, whereas PP/IFR showed substantial intumescent char 

Fig. 4. TGA and derivative TG (DTG) curves of PP composite before (a, b) and after 120 h of UV aging (c, d).
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formation. The introduction of CeO₂ significantly reinforced the char 
structure via catalytic carbonization. This intact barrier suppressed both 
heat and smoke during combustion. SEM images of char residues for PP 
composites were presented in Fig. 6d-g. Abundant wrinkles were 
observed within the residual char of PP/IFR, which partially hindered 
heat transfer and gas convection. However, further observation revealed 
the presence of perforations in the outer char wrinkles, mainly due to the 
loose structure of the intumescent char layer derived from IFR. During 
combustion, the released gases penetrated the char layer, and the 
propagation of cracks and the formation of pores undermined its 
structural integrity. Such degradation markedly reduced the thermal 
and oxidative barrier effectiveness of the char [50]. The incorporation of 

Fig. 5. Video screenshots of vertical combustion of pure PP (a), PP/IFR (b) and PP/IFR/CeO2 (c); and HRR (d), THR (e), SPR (f), and TSP (g) curves of PP, PP/IFR and 
PP/IFR/CeO2 samples.

Table 2 
Cone calorimetry results of PP and its composite.

Sample PP PP/IFR PP/IFR/CeO2

TTI (s) 21±1 13±1 11±1
peak1–HRR (kW/m2) 1362.4 ± 16.3 506.7 ± 14.4 265.1 ± 11.9
peak2–HRR (kW/m2) — 518.5 ± 9.0 94.5 ± 4.7
THR (MJ/m2) 223.5 ± 7.9 195.6 ± 6.1 65.1 ± 3.2
peak1-SPR (m2/s) 0.103±0.009 0.040±0.007 0.017±0.002
peak2-SPR (m2/s) — 0.080±0.001 0.012±0.001
TSP (m2) 17.6 ± 1.2 20.2 ± 1.0 5.7 ± 0.5
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CeO2 facilitated the formation of a denser char layer, where the 
enhanced wrinkles contributed to improved structural integrity. 
Elemental mapping in Fig. 6h identified C, N, O, P, and Ce within the 
indoor char layers of PP/IFR/CeO₂. Uniform elemental distribution was 
observed, effectively restricting heat/oxygen diffusion while suppress
ing smoke evolution and retarding flame propagation.

In order to further verify the chemical element composition of char 
layers for PP composites, the X-ray photoelectron spectroscopy (XPS) 
tests were performed, with the data listed in Fig. 6i-k and S5. Compared 
with PP/IFR char, the PP/IFR/CeO₂ char had two new peaks, which 
belonged to Ce 3d5/2 (882.3 eV) and Ce 3d5/2 (907 eV) bonds [51–53]. 
There were two peaks in the O1 s spectrum of PP/IFR, which were 
attributed to the P = O (530.9 eV) and C–O-P (533.5 eV) bonds [54]. 
The appearance of the P = O binding energy peak indicated the presence 
of phosphoric acid groups in the char layer, which promoted the dehy
dration and carbonization process. Except for the above two peaks, the 
PP/IFR/CeO₂ char showed a Ce-O-P peak at 530.5 eV, indicating that the 
Ce atom crosslinked with phosphate during combustion.

3.3.4. Gas phase analysis
The TG coupled with Fourier-transform infrared spectroscopy (TG- 

IR) tests of pure PP, PP/IFR and PP/IFR/CeO2 were conducted to 

investigate the gas-phase flame-retardant mechanism (Fig. 7). Pure PP 
produced a large number of pyrolysis products such as alkanes (2964 
cm− 1) and alkenes (1460 cm− 1). The gas decomposition products of PP/ 
IFR were obviously reduced, and some inert gases such as NH3 (965 
cm− 1) were produced. Under heating, APP decomposed to produce 
phosphoric acid and metaphosphoric acid, which would promote the 
dehydration of polymers into carbon and isolate volatile alkanes in the 
char layer. Meanwhile, the decomposition of CFA produced NH3 gas, 
and the formed char layer was expanded. However, the char layer 
formed by PP/IFR was not stable enough and continued to degrade at 
high temperatures. The total amount of alkanes and alkenes released by 
PP/IFR/CeO2 were obviously lower than that of PP/IFR. Obviously, 
CeO2 enhanced the structural integrity of the char layer, which blocked 
flammable gases such as alkanes inside. Therefore, the olefin produced 
by pyrolysis was carbonized.

3.3.5. Flame-retardant mechanism
Based on the above discussion, the flame retardancy mechanism is 

illustrated in Fig. 8. Pure PP burned rapidly when ignited, generating 
large amounts of toxic gases such as CO and CH4, as well as dense smoke, 
and left no char residue after combustion. During combustion, APP 
decomposed to generate phosphoric acid and polyphosphoric acid. 

Fig. 6. The digital photos of char residues for PP (a), PP/IFR (b) and PP/IFR/CeO2 (c); The SEM images of inner and outer char residues for PP/IFR (d, e) and PP/ 
IFR/CeO2 (f, g); The energy dispersive X-ray spectroscopy (EDS) mapping images of indoor char residue for PP/IFR/CeO2 (h); The XPS full-scan spectra of PP/IFR and 
PP/IFR/CeO2 chars (i); High-resolution XPS Ce 3D spectrum of PP/IFR/CeO2 char (j); and The O 1 s spectrum of PP/IFR/CeO2 char (k).
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Acting as effective catalysts, these generated acids promoted the dehy
dration and cross-linking of the polymer chains, thus facilitating the 
formation of a stable char layer. Concurrently, APP catalyzed CFA to 
produce inert gases (e.g., NH₃ and H₂O) under heating, providing 
adequate gas sources for dense expanded char layer formation. The 
resultant char layer effectively impeded oxygen and heat contact with 
the substrate, ultimately suppressing the combustion process. In addi
tion, CeO₂ catalyzed the decomposition of combustible small molecules 

(e.g., hydrocarbons) produced during combustion into inert products 
such as CO₂ and NH₃, leveraging the reversible redox properties of Ce³⁺/ 
Ce⁴⁺. Furthermore, CeO₂ functioned as an acid source, promoting 
esterification and dehydrogenation, which contributed to char forma
tion [55]. These findings further demonstrate the catalytic role of CeO₂ 
in the thermal degradation process and the formation of dense, intu
mescent char layers is attributed to the synergistic effect between APP, 
CFA and CeO2.

Fig. 7. 3D TG-IR spectra and IR spectra of pyrolysis products for (a, d) PP, (b, e) PP/IFR, and (c, f) PP/IFR/CeO2.

Fig. 8. Combustion mechanism of PP/IFR/CeO2 composite.
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4. Conclusion

In this study, CeO₂ was combined with an intumescent flame retar
dant (IFR) to fabricate flame-retardant PP composites with enhanced UV 
aging resistance. Incorporating 20 wt% IFR/CeO₂ (mass ratio = 95: 5) 
enabled the PP/IFR/CeO₂ system to achieve a UL-94 V-0 classification 
with an LOI of 32.7 % because CeO₂ can collaborate with IFR to facilitate 
the formation of robust intumescent char layers on the PP matrix surface 
during combustion. In addition, the PP/IFR/CeO₂ system exhibited 
enhanced mechanical properties compared with PP/IFR system. After 
120 h of UV exposure, the PP/IFR/CeO₂ sample exhibited a low CI value 
and effectively maintained its mechanical properties. Consequently, the 
PP/IFR/CeO₂ composite shows excellent UV aging resistance, flame 
retardancy, and mechanical performance. This study offers a viable, 
synergistic strategy for creating flame-retardant PP composites with 
extended durability.
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