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A B S T R A C T   

Despite extensive applications in modern industry, unsaturated polyester resin (UPR) suffers intrinsic flamma
bility, presenting fire threats to both environment and properties. Existing environmentally benign flame re
tardants, in particular ammonium polyphosphate (APP), often show a limited efficiency in UPR. Herein, a Schiff 
base-coated ammonium polyphosphate (MAPP) was synthesized using APP, 1,2-bis(2-aminoethoxy)ethane, and 
terephthalaldehyde (TPA). The results show that MAPP retards the initial decomposition of UPR and promotes its 
carbonization under heating, imparting enhanced thermal stability. Notably, 17 wt% of MAPP endows UPR with 
a UL-94 V-0 rating and a limiting oxygen index (LOI) of 28.6 %. MAPP is also effective in inhibiting heat and 
smoke release during combustion, and 17 wt% of it brings about 39.5 % and 18.0 % reductions in total heat 
release and total smoke production. Because of improved interfacial compatibility, the final UPR/MAPP displays 
significantly improved mechanical properties relative to UPR/APP. This work proposes a new functionalization 
surface modification strategy for creating efficient APP-based flame retardant for UPR, which is expected to be 
more widely applied in industries.   

1. Introduction 

As applications upgrade and stricter standards emerge, higher and 
more comprehensive requirements have been put forwards for the 
polymer properties. In particular, more and more attention has been 
paid to the fire safety of polymeric materials due to the frequent 
occurrence of fire accidents in recent years [1–3]. Thermosetting poly
mers have found ubiquitous applications in modern industries due to 
their superior integrated performances [4–6]. Unsaturated polyester 
resin (UPR) is one of the most important thermosetting resins [7–9], 
which features excellent mechanical properties, low density, good 
corrosion resistance, and low cost [10]. Hence, UPR is extensively 
applied in various industries, e.g., construction, maritime, trans
portation, and wind energy [11,12]. However, due to the poor carbon
ization, UPR is highly combustible, and will release a large number of 
toxic gases and smoke in the burning procedure, which significantly 

restricts its applications in daily life [13,14]. To meet the requirements 
of high-performance applications, it is of great significance to address 
the flammability issue of UPR. 

Ammonium polyphosphate (APP) is an environmentally friendly, 
halogen-free flame retardant, which has been commonly used to flame 
retardant UPR [15–18]. During combustion, APP decomposes to 
generate NH3, water, and phosphate esters. After the dehydration of 
phosphate esters, many viscous char layers are formed, and NH3 and 
water vapor make the char layers expanded. The intumescent char 
layers serve as protective shields to retard thermal transfer and isolate 
pyrolysis products, thus improving flame retardancy [19,20]. However, 
the unmodified APP suffers from a low flame-retardant efficiency and 
poor compatibility with the UPR matrix, deteriorating mechanical 
properties of UPR/APP composites and reducing their practical value 
[21,22]. 

To enhance the efficiency and dispersion, many efforts have been 
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made on the surface functionalization of APP [23–26]. For instance, 
Chen et al. [27] reported a core-shell flame retardant (Dia-APP-TPP) 
using triphenyl phosphate (TPP) as the shell and APP-coated diatoma
ceous earth as the core. Adding 20 wt% of Dia-APP-TPP enabled the UPR 
composite to achieve a UL-94 V-0 rating and a LOI of 26.6 %. When the 
loading level of Dia-APP-TPP reached 30 wt%, the peak heat release rate 
(PHRR) and THR of the composite decreased to 344.9 kW/m2 and 118.4 
MJ/m2, respectively. Jiang et al. [28] prepared a UPR-functionalized 
APP by grinding UPR and APP, and introduced it (34 wt%), dimethyl 
methyl phosphate (DMMP, 10 wt%), montmorillonite (MMT, 1 wt%) 
and zinc borate (ZB, 2 wt%) into UPR to fabricate flame-retardant 
composite. The as-prepare composite passed a V-0 classification in the 
UL-94 test and its LOI value increased to 31.3 %. These results demon
strate that the surface functionalization of APP contributes to increasing 
its efficiency. However, to achieve desirable flame-retardant perfor
mances, a relatively high content is still needed for these modified APP 
additives (>20 wt%). Therefore, it remains a huge challenge for creating 
high-efficiency APP-based flame retardants for the development of fire- 
safe UPR composites. 

In this study, we constructed a high-efficiency flame retardant 
(MAPP) by in-situ functionalizing APP with Schiff base, and applied it to 
flame retardant UPR. The impacts of APP and MAPP on the thermal 
properties, fire retardancy, and mechanical properties of UPR compos
ites were comprehensively investigated. The Schiff base layer endows 
MAPP with higher flame-retardant efficiency than APP, and enhances 
the compatibility between MAPP and UPR, allowing UPR/MAPP to 
achieve superior mechanical properties to UPR/APP. This work provides 
an effective functionalization approach to enhance the practicability of 
ammonium polyphosphate in unsaturated polyester resin. 

2. Experimental 

2.1. Materials 

Unsaturated polyester resin (UPR, commercial name: 196#) was 
provided by Xinyang Technology Group Co., Ltd. (China). Methyl ethyl 
ketone peroxide (MEKP, initiator, commercial name: Aksu V388), and 
cobalt isooctanoate (accelerator, commercial name: Tianma E4) were 
bought from Jiangyin Wanqian Chemical Co., Ltd. (China). Polymerized 
ammonium polyphosphate (APP, n > 1000) was provided by Shian 
Chemical Co., Ltd. (China). Ethyl acetate (>99 %), 1,2-bis(2-aminoe
thoxy)ethane (98 %), and terephthalaldehyde (TPA, 98 %) were pur
chased from Shanghai Aladdin Biochemical Technology Co., Ltd. 
(China). All reagents were directly used without further purification. 

2.2. Preparation of MAPP 

6.7 g (0.05 mol) of TPA was dissolved in 200 mL of ethyl acetate in a 
beaker. 42.7 g of APP was introduced and stirred continuously. Then, 
7.55 g (0.05 mol) of 1,2-bis(2-aminoethoxy)ethane dissolved in 50 mL of 
ethyl acetate was added dropwise into the beaker, and stirred at 65 ◦C 
until the solvent was completely evaporated. The crude product was 
further dried at 60 ◦C in a vacuum oven for 24 h, and finally a Schiff 
base-modified APP (MAPP) was obtained with a yield of 89 %. 

2.3. Preparation of UPR and its composites 

MAPP was directly blended with UPR, and its dosage was 15 or 17 wt 
%. The additive amount of MEKP as an initiator was 2 wt% (calculated 
by UPR mass), and that of cobalt isooctanoate as an accelerator was 1 wt 
% (calculated by UPR mass). Each UPR mixture was vigorously stirred in 
a 500 mL flask at a speed of 2000 rpm for 10 min. After degassing, the 
mixture was poured into a specific stainless-steel mold, and cured for 3 h 
at 70 ◦C and 2 h at 100 ◦C, respectively. The obtained UPR composite 
containing 15 wt% MAPP was abbreviated as UPR/15MAPP (see 
Table S1), and the rest were named in the same way. The UPR/APP 

composite was prepared in the above method, but MAPP was replaced 
with APP. 

2.4. Characterization 

Fourier transform infrared spectroscopy (FTIR) was conducted on a 
Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, USA) with the 
testing range of 4000–400 cm− 1 and scanning frequency of 32 times. 
Samples were prepared using potassium bromide disc method. 

A TG 209 F3 Tarsus instrument (Netzsch, Germany) was applied to 
conduct thermogravimetric analysis (TGA) under nitrogen and air at
mosphere, respectively. About 10 mg of powder sample was heated from 
30 to 800 ◦C at a heating rate of 10 ◦C/min. X-ray photoelectron spec
troscopy (XPS) was recorded using a K-Alpha XPS spectrometer (Thermo 
Fisher Scientific, USA). 

Field emission scanning electron microscope (SEM) was conducted 
on a SU8010 scanning electron microscope (Hitachi, Japan), coupled 
with an energy disperse X-ray spectrometer (EDX). The electron accel
eration voltage was 3 kV, and the gold film was sprayed on the sample 
surface before testing. 

Limiting oxygen index (LOI) measurement was performed on a JF-3 
oxygen index instrument (Nanjing Jiangning, China) based on GB/ 
T2406.2-2009 standard, with the specimen size of 130 mm * 6.5 mm 
* 3 mm. Vertical burning (UL-94) test was carried out using a 5402H-V 
vertical burning tester (Suzhou Yangyi Vouch Co., Ltd., China) accord
ing to ASTM D3801 standard, and the specimen size was 130 mm * 13 
mm * 3 mm. Cone calorimetry (CONE) test was performed on a cone 
calorimeter (FTT, UK) in accordance with ISO5660 standard under an 
external flux of 35 kW/m2, and the sample size was 100 mm * 100 mm * 
3 mm. Fire performance index (FPI) and fire growth index (FGI) were 
calculated using the following formula: 

Fire performance index (FPI) = TTI/PHRR  

Fire growth index (FGI) = PHRR/tPHRR  

where TTI is the time to ignition, PHRR is the peak heat release rate, and 
tPHRR is the time to PHRR. 

Tensile and bending tests were carried out on a CMT6000 universal 
mechanical testing machine (SANS, China) according to GB/T1040.1- 
2006 and GB/T9341-2008 standards, with the specimen sizes of 75 
mm * 10 mm * 2 mm and 80 mm * 10 mm * 4 mm, respectively. The 
tensile and bending rates were 2 mm/min, and at least five specimens 
were tested for each group and the average value was reported. 

3. Results and discussions 

3.1. Synthesis and characterization of MAPP 

Fig. 1a illustrates the synthesis route of MAPP. In short, the synthesis 
process includes two steps: (1) the synthesis of Schiff base intermediate 
by the condensation of 1,2-bis(2-aminoethoxy)ethane and TPA, and (2) 
the formation of Schiff base-containing ammonium polyphosphate 
(MAPP) by the in-situ encapsulation of APP with the intermediate. 

The chemical structure of MAPP was firstly characterized by XPS 
technique, with the spectra shown in Fig. 1b–d. The surface element 
compositions of APP and MAPP obtained from XPS are listed in Table 1. 
As presented in Fig. 1b, both APP and MAPP exhibit four binding energy 
peaks, which are P2p (134.6 eV), C1s (284.7 eV), N1s (401.4 eV) and 
O1s (532.2 eV), respectively, indicating that no additional element is 
introduced during the in-situ encapsulation. From Table 1, the C content 
on MAPP surface is 58.61 wt%, much higher than 16.04 wt% on APP 
surface, while the other element contents are all lower. Obviously, the 
Schiff base intermediate is rich in carbon element, leading to the 
increased C content on the MAPP surface. As shown in Fig. 1c, there are 
three binding energy peaks at 284.8, 286.0 and 286.3 eV in the C1s 
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spectrum of MAPP, which are respectively assigned to C–C/C–H, 
C–O–C and C––N bonds [29,30]. Obviously, the C–O–C bond comes 
from 1,2-bis(2-aminoethoxy)ethane, and the existence of C––N bond 
confirms the successful condensation of 1,2-bis(2-aminoethoxy)ethane 
and TPA on the APP surface. The O1s spectrum of MAPP in Fig. 1d ex
hibits three binding energy peaks at 531.0, 532.1 and 532.9 eV, which 
belong to O–C, O––P and O–P structures, respectively. For the P2p 
spectrum of MAPP in Fig. S1, it shows two binding energy peaks at 133.8 
and 134.5 eV, which are corresponded to the P–O and P––O bonds of 
APP [31]. The XPS results demonstrate that MAPP is successfully syn
thesized by the in-situ encapsulation of APP with Schiff base. 

To further confirm the existence of imine bonds in MAPP, the FTIR 
studies were conducted on Schiff base intermediate, APP, and MAPP. As 
shown in Fig. 1e, the typical absorption peaks of APP are located at 
1088 cm− 1 (P–O) and 802 cm− 1 (P–O–P), respectively [19,32]. For 
MAPP, all typical characteristic peaks derived from APP still exist, but a 
new absorption peak appears at 1643 cm− 1, which is attributed to the 
stretching vibration of C––N bond [33]. Such results further prove the 
successful synthesis of MAPP. 

The TG and DTG curves of APP, MAPP, and Schiff base intermediate 
under N2 atmosphere are shown in Fig. 1f and g. From the TG curves (see 
Fig. 1f), the initial degradation temperature (temperature at 5 % mass 
loss, Ti) of APP is as high as 324 ◦C, while that of MAPP reduces to 
272 ◦C, which is mainly due to the introduction of Schiff base (Ti: 
273 ◦C). Notably, the char yield of APP at 700 ◦C is 24.2 wt%, while that 
of MAPP increases to 32.1 wt%, demonstrating that the imine units 
undergo cross-linking and form chars under elevated temperatures, 
leading to the improved carbonization ability of MAPP [33]. Similar to 
Ti, the temperature at maximum mass loss rate (Tmax) of MAPP reduces 
from 610 ◦C of APP to 523 ◦C. This is probably because the decompo
sition products of Schiff base promote the degradation of APP at high 
temperatures [34]. 

The surface morphologies and element distributions of APP and 
MAPP were studied by SEM and EDX techniques, with the results shown 
in Fig. 2 and Table S2. APP exhibits a typical smooth surface (see 
Fig. 2a). After being modified by Schiff base, the surface morphology of 
MAPP undergoes significant changes (see Fig. 2b), becoming rough and 
uneven. Meanwhile, the surface carbon content of MAPP increases 
relative to that of APP, while the surface nitrogen content decrease (see 
Fig. 2a1 and b1 and Table S2), which is consistent with the XPS result. 
These results offer compelling evidence for the formation of the Schiff 
base layer on the surface of MAPP. 

Fig. 1. (a) Synthesis of MAPP, (b) XPS full-scan spectra of MAPP and APP, (c) XPS C1s spectrum of MAPP, (d) XPS O1s spectrum of MAPP, (e) IR spectra of Schiff 
base intermediate, APP and MAPP, and (f) TG and (g) derivative TG (DTG) curves of Schiff base intermediate, APP, and MAPP in nitrogen condition. 

Table 1 
The surface elemental contents of APP and MAPP obtained from XPS.  

Sample P (wt%) N (wt%) C (wt%) O (wt%) 

APP  17.05  20.36  16.04  46.56 
MAPP  5.57  10.71  58.61  25.12  
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3.2. Thermal properties of UPR and its composites 

The thermal degradation behaviors of UPR and its composites were 
studied by TGA, with the curves and data presented in Fig. 3 and Table 2. 
The thermal degradation of all UPR samples under nitrogen atmosphere 
can be divided into two stages (see Fig. 3a and b). The first stage occurs 
at 200 to 300 ◦C, which is mainly caused by the dehydration of the UPR 
matrix and the decomposition of flame retardants [35]. The second stage 
at 300–420 ◦C is the main thermal degradation, which is due to the 
depolymerization of polystyrene segments and polyester main chains in 
UPR [36]. Compared with virgin UPR, the maximum weight loss rates of 
all UPR composites are significantly reduced (see Fig. 3b). In addition, 
the maximum weight loss rates of UPR/MAPP samples are lower than 
those of UPR/APP samples, indicating the better promoting 

carbonization effect of MAPP at high temperatures due to the presence 
of the Schiff base layer. The promoting carbonization effect of MAPP can 
also be confirmed by the obviously increased char yields of UPR/MAPP 
composites as compared to that of UPR. For instance, the char yield of 
UPR/17MAPP increases from 4.1 wt% of UPR to 26.2 wt%, by about 5- 
fold. Notably, the introduction of MAPP also brings about the increased 
Ti of UPR/MAPP. In detail, the Ti of UPR/15MAPP (271 ◦C) is 36 ◦C 
higher than that of UPR (235 ◦C) in nitrogen condition. In sum, MAPP 
enhances both thermal stability and char-forming ability of UPR. 

As shown in Fig. 3c and d, the thermal oxidation decomposition of 
UPR and its composites consists of three stages. The first stage at 
200–310 ◦C is mainly due to the loss of water in the matrix. The second 
stage is the major stage (310–410 ◦C), which is mainly because of the 
breakdown of the cross-linking network. In this stage, the unstable char 
layers are formed [37], which decompose at higher temperatures, 
leading to the appearance of the third decomposition stage. Similarly, 
the maximum weight loss rates of all UPR composites are lower than that 
of UPR in air condition, and the char yields are much higher. As shown 
in Table 2, the char yield of pure UPR is only 0.6 wt% at 700 ◦C, while 
that of UPR/17MAPP reaches the highest of 18.6 wt%. This further in
dicates the superior catalytic effect of MAPP towards the carbonization 
of the UPR matrix. In addition, the Ti value of UPR under air atmosphere 
is 254 ◦C, and those of UPR/15MAPP and UPR/17MAPP increase to 266 
and 265 ◦C, respectively, by 12 and 11 ◦C. In sum, the introduction of 
MAPP effectively enhances the thermal stability and carbonization 

Fig. 2. SEM and element mapping images of (a, a1) APP and (b, b1) MAPP.  

Fig. 3. TG and DTG curves of UPR and its composites under (a, b) nitrogen and (c, d) air atmosphere.  

Table 2 
Thermal performance data of UPR samples under N2 and air atmosphere.  

Sample Ti (◦C) Tmax (◦C) Char yield (700 ◦C, wt%) 

N2 Air N2 Air N2 Air 

UPR  235  254  408  408  4.1  0.6 
UPR/15APP  254  259  334  335  24.1  14.3 
UPR/17APP  270  275  338  339  25.1  16.3 
UPR/15MAPP  271  266  336  334  24.9  17.4 
UPR/17MAPP  236  265  335  337  26.2  18.6  
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ability of UPR. The superior promoting carbonization effect of MAPP is 
mainly due to the combined action of Schiff base and APP units [33]. 

3.3. Flame retardancy of UPR and its composites 

To evaluate the flame retardancy of UPR samples, the UL-94 test was 
first conducted, with the results listed in Table S3. During test, pure UPR 
sample was easy to be ignited and burned violently to produce a large 
amount of smoke after ignition, failing to reach any classification. The 
addition of APP does not significantly improve the flame retardancy of 
UPR composites, while superior flame retardancy is achieved when 
replacing APP with MAPP (see Table S3). When the additive amount of 
MAPP is 15 wt%, the UL-94 rating of UPR/15MAPP reaches V-1. Upon 
the MAPP content increases to 17 wt%, a UL-94 V-0 rating is obtained. 
Under the same loading level, MAPP exhibits a higher flame-retardant 
efficiency than APP, as confirmed by the higher UL-94 ratings of UPR/ 
MAPP than those of UPR/APP. The modification with Schiff base brings 
about enhanced catalytic carbonization effect of MAPP, enabling it to 
show higher flame-retardant efficiency towards UPR. 

The limiting oxygen index (LOI) is also an important indicator to 
evaluate the flame retardancy of materials [38]. As shown in Table S3, 
the LOI of UPR is only 19.6 %, indicating that it is a combustible poly
mer. The addition of MAPP obviously increases the LOI of UPR. The LOI 
values of UPR/15MAPP and UPR/17MAPP reach up to 28.2 % and 28.6 
%, respectively, indicating that both can be classified into self- 
extinguishing materials. The UL-94 and LOI results confirm that MAPP 
can effectively enhance the flame retardancy of UPR by the synergistic 
effect of Schiff base and APP. 

Cone calorimetry (CONE) test can quantitatively evaluate the com
bustion behaviors of materials by simulating real fire scenarios [39]. The 
curves and data obtained from CONE tests are shown in Fig. 4 and 
Table 3. Pure UPR exhibits the shortest time to ignition (TTI) of 43 s, 
with the highest PHRR (769 kW/m2) and THR (73.4 MJ/m2) among all 
UPR samples (see Table 3), demonstrating that it is easily ignited and 
release a great deal of heat during burning. With the addition of flame 

retardants (APP and MAPP), the TTI values of all composites are pro
longed, for example, the TTI values of UPR/17APP and UPR/17MAPP 
are up to 46 and 56 s, respectively. The prolonged TTI allows an 
increased escape time in a fire. Meanwhile, both MAPP and APP effec
tively suppressed the heat release of the UPR matrix during combustion 
(see Fig. 4a and b). Compared with virgin UPR, the PHRR and THR of 
UPR/17MAPP are reduced by 30.6 % and 39.5 %, respectively, indica
tive of improved flame retardancy. 

As shown in Fig. 4c, due to the poor char-forming ability, pure UPR 
releases a large amount of toxic smoke in the burning process, of which 
the TSP and peak smoke production rate (PSPR) reach 22.8 m2 and 
0.231 m2/s, respectively. Notably, introducing MAPP brings about 
obviously reduced smoke generation of UPR composites. In particular, 
UPR/17MAPP displays the lowest TSP and PSPR among all UPR sam
ples, reducing to 18.7 m2 and 0.206 m2/s, respectively. Both TSP and 
PSPR of UPR/17MAPP are lower than those of UPR/17APP, demon
strating that the Schiff base endows MAPP with better smoke suppres
sion function. As displayed in Table 3, the significantly increased 
residual weight (RW) of UPR/MAPP is responsible for the enhanced 
smoke suppression. For example, the RW values of UPR/15MAPP and 
UPR/17MAPP increase to 21.7 and 24.2 wt%, respectively, which are 
about 6 and 7 times higher than that of UPR control. As mentioned in 
Section 3.2, the increase in RW of UPR/MAPP is attributed to the cat
alytic effect of both Schiff base and APP units in MAPP on the formation 
of char layers [40]. 

The fire performance index (FPI) and flame propagation index (FGI) 
are two important parameters for evaluating the fire hazard of materials 
[41,42]. As shown in Fig. 4e and f, pure UPR exhibits a low FPI of 0.056 
FPI m2s/kW and a high FGI of 7.1 kW/m2/s, demonstrating high fire 
hazard. With the addition of flame retardants, the FGI decreases and the 
FPI increases. Among all UPR samples, UPR/15MAPP presents the 
lowest FGI (2.4 kW/m2/s) and the highest FPI (0.157 m2s/kW), indi
cating that the introduction of MAPP imparts superior fire safety to UPR 
composites. 

To further explore the effects of flame retardants on the char 

Fig. 4. (a) Heat release rate curves, (b) total heat release plots, (c) total smoke production plots, (d) smoke production rate curves, (e) FPI values, and (f) FGI values 
of UPR and its composites. 
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formation, the digital camera and SEM were used, with the photos 
shown in Fig. 5. UPR almost burns out after CONE test, only leaving few 
fragile chars (see Fig. 5a). With the introduction of APP and MAPP, the 
residual chars of UPR composites are greatly increased and their struc
tures become continuous and intumescent. The residual char thicknesses 
of UPR/15MAPP and UPR/17MAPP reach 3.5 and 4.0 cm, which are 
higher than those of UPR/15APP (2.0 cm) and UPR/17APP (3.8 cm), 
further confirming the positive effect of Schiff base on the char forma
tion. In general, an intumescent and continuous char layer can prevent 

heat/oxygen transfer, inhibit the combustible release, and protect the 
underlying material from further degradation [43,44]. Therefore, the 
formation of such intumescent and dense char layers is critical for the 
improved flame retardancy and smoke suppression of UPR/MAPP. 

The microstructure of UPR char is shown in Fig. 5a2, where abundant 
irregular pores can be observed on the surface, which is probably caused 
by tremendous combustible gases breaking through the thin char layers. 
Notably, the pores on the char surface are significantly reduced after the 
introduction of APP and MAPP (see Fig. 5c2 and e2). In particular, the 

Table 3 
Detailed burning data of UPR samples obtained from cone calorimetry tests.  

Sample TTI 
(s) 

PHRR 
(kW/m2) 

THR 
(MJ/m2) 

TSP 
(m2) 

PSPR 
(m2/s) 

RW 
(wt%) 

FPI 
(m2s/kW) 

FGI 
(kW/m2/s) 

UPR 43 ± 1 769 ± 15 73.4 ± 2.4 22.8 ± 1.1 0.231 ± 0.012 2.8 ± 0.2 0.056 ± 0.002 7.1 ± 0.2 
UPR/15APP 46 ± 2 468 ± 10 46.6 ± 2.3 21.5 ± 1.2 0.252 ± 0.015 20.6 ± 0.3 0.098 ± 0.003 3.9 ± 0.4 
UPR/17APP 46 ± 1 430 ± 18 51.1 ± 2.2 22.3 ± 1.3 0.222 ± 0.009 23.3 ± 0.3 0.107 ± 0.004 3.9 ± 0.3 
UPR/15MAPP 54 ± 1 344 ± 15 54.8 ± 2.7 20.8 ± 0.9 0.254 ± 0.011 21.7 ± 0.2 0.157 ± 0.006 2.4 ± 0.2 
UPR/17MAPP 56 ± 4 534 ± 17 44.4 ± 1.9 18.7 ± 1.4 0.206 ± 0.008 24.2 ± 0.2 0.105 ± 0.003 3.8 ± 0.5  

Fig. 5. Digital photos and SEM and elemental mapping images of char residues for UPR and its composites after CONE tests (a: UPR, b: UPR/15APP, c: UPR/17APP, 
d: UPR/15MAPP, and e: UPR/17MAPP). 
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pore almost disappears on the surface of UPR/17MAPP char. Mean
while, the char surface of UPR/17MAPP is continuous and dense, which 
contributes to suppressing the heat release and smoke generation. The 
EDX results show that the C content of UPR/17MAPP residue reaches 32 
wt%, which is higher than that of UPR/17APP residue (26 wt%), while 
O, N, and P contents are all lower. Such results further confirm the 
catalytic effect of Schiff base on the carbonization during burning. 

3.4. XPS analysis of residual char 

To study the chemical structure and composition of chars, the XPS 
analyses were conducted on UPR/17APP and UPR/17MAPP residues, 
with the spectra presented in Figs. 6 and S2. Both XPS full-scan spectra in 
Fig. S2 display four characteristic binding energy peaks, which are 
assigned to phosphorus (134.6 eV, P2p), carbon (284.7 eV, C1s), ni
trogen (401.4 eV, N1s) and oxygen (532.2 eV, O1s), respectively. The 
high-resolution C1s and P2p spectra are shown in Fig. 6. Both UPR/ 
17APP and UPR/17MAPP chars display the same deconvoluted peaks in 
the C1s and P2p spectra, but the C–N and O––P–O–C peak intensities 
of UPR/17MAPP char are higher than those of UPR/17MAPP char. This 
is because both Schiff base and APP play catalytic roles in charring, 
leading to more stable char layers remained in the condensed phase 
during combustion [33]. Clearly, the catalytic carbonization effect of 
Schiff base and APP in MAPP is responsible for the enhanced flame 
retardancy and smoke suppression of UPR/MAPP. 

3.5. Mechanical properties of UPR and its composites 

The impacts of APP and MAPP on the mechanical properties of UPR 
were studied by tensile and bending tests, with the results given in Fig. 7 
and Table 4. The tensile strength and elastic modulus of pure UPR reach 
50.1 MPa and 2.43 GPa, respectively. The introduction of flame re
tardants reduces the tensile properties of UPR composites. Similar re
ductions can also be observed in the flexural strengths and moduli of 
UPR/APP and UPR/MAPP composites. Notably, the mechanical prop
erties of UPR/MAPP are significantly increased in comparison to those 
of UPR/APP. For instance, under the same loading level of 15 wt%, the 

tensile strength and elastic modulus of UPR/15APP decrease to 20.2 
MPa and 1.23 GPa, while those of UPR/15MAPP reach 36.5 MPa and 
2.09 GPa. Additionally, both flexural strength and modulus of UPR/ 
15MAPP are much higher than those of UPR/15APP. Such results indi
cate that the in-situ encapsulation with Schiff base effectively enhances 
the compatibility between APP and UPR matrix, thus reducing the 
negative effect of APP on the mechanical properties of UPR [45]. 

The fractured surface morphologies of UPR and its composites were 
observed using SEM, with the images presented in Fig. 8. The fractured 
surface of pure UPR has obvious fluctuations and linear cracks, which is 
a typical brittle fracture. With the addition of APP, the cross-section of 
UPR/17APP becomes rough and many APP clusters can be observed (see 
Fig. 8b). The interface force between APP and matrix is poor, and the 
existence of APP aggregates tends to cause stress concentration under 
the external force, thus reducing the mechanical performances of UPR 
[46,47]. However, the aggregation of MAPP is apparently decreased on 
the cross-section of UPR/17MAPP (see Fig. 8c), further proving that the 
presence of the Schiff base layer improves the compatibility between 
MAPP and UPR, thus endowing UPR/MAPP with improved mechanical 
properties relative to UPR/APP. 

4. Conclusions 

In this work, a novel Schiff base-coated APP was successfully syn
thesized using 1,2-bis(2-aminoethoxy)ethane, TPA and APP as starting 
materials. The incorporation of MAPP increases both Ti and char yield of 
UPR/MAPP, demonstrating the improved thermal stability and 
carbonization ability. UPR/17MAPP with 17 wt% MAPP achieves a UL- 
94 V-0 rating, with a LOI of 28.6 %. In CONE test, UPR/17MAPP exhibits 
the lowest THR and TSP values, which decrease by 39.5 % and 18.0 % 
relative to those of pure UPR, demonstrating superior flame retardancy 
and smoke suppression. The significantly enhanced fire safety of UPR/ 
MAPP is mainly due to the catalysis of both Schiff base and APP units in 
MAPP on charring, thus inhibiting the heat release and smoke genera
tion during combustion. In addition, the in-situ encapsulation with Schiff 
base improves the compatibility between APP and UPR, which is 
conducive to reducing the negative effect of APP on mechanical 

Fig. 6. (a) XPS C1s and (b) P2p spectra of UPR/17APP char, and XPS (c) C1s and (d) P2p spectra of UPR/17MAPP char.  
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properties. This work offers a facile strategy for creating high-efficiency 
flame retardants for the development of fire-safe UPR composites. 
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Table 4 
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