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Abstract To improve the flame-retardant efficiency and water resistance of ammonium polyphosphate (APP), the
UV-curable pentaerythritol triacrylate (PETA) was used to microencapsulate APP via the UV curing polymerization method.
The prepared PETA-microencapsulated APP (PETA-APP) was characterized by Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and thermogravimetric (TG) analysis. PETA-APP was used as intumescent
flame retardant (IFR) alone to flame retard polypropylene (PP). The water resistance of PP/PETA-APP composites was
investigated, and the effect of PETA on the combustion behaviors of PP/APP composites was studied through limiting
oxygen index (LOI), vertical burning test (UL-94) and cone calorimeter (CC) test, respectively. With 40 wt% of PETA-APP,
the PP/PETA-APP system could achieve a LOI value of 30.0% and UL-94 V-0 rating after treatment in hot water for 168 h,
while the LOI value of the system containing 40 wt% uncoated APP was only 19.2%, and it failed to pass the UL-94 rating.
CC test results showed that the heat release rate (HRR), mass loss rate (MLR) and smoke production rate (SPR) of PP/PETA-
APP system decreased significantly compared with PP/APP system, especially the peak of HRR was decreased by 51.4%.
The mechanism for the improvement of flame reatardancy for PP/PETA-APP composites was discussed based on FTIR and
X-ray photoelectron spectroscopy (XPS) tests. All these results illustrated that simultaneous improvement of flame
retardancy and water resistance for PP/APP was achieved through coating UV-curable PETA onto APP.

Keywords: Microencapsulation; Pentaerythritol triacrylate; Ammonium polyphosphate; Intumescent flame retardant; Water
resistance.

INTRODUCTION

Ammonium polyphosphate (APP, (NHy), +,P,O3, 1) is an extensively-used inorganic phosphorus/nitrogen flame
retardant due to its low cost, low toxicity and higher thermal stability!"!. Generally, APP can improve the flame
retardancy of cured epoxy resins when it is used alone, but it has low flame-retardant efficiency on polyolefin
without the introduction of charring agents'”*!. In addition, APP has some shortcomings, such as its low water
resistance and poor compatibility with polymer matrix* *\. In order to solve these problems, the technique of
microencapsulation such as microencapsulation with melamine-formaldehyde resin!®, urea-formaldehyde
resin”), polyurethane!™ ezc. has been applied in industrial and academic fields. However, some encapsulated
flame retardants are associated with health risks. For example, formaldehyde and 2,4-diisocyanatotoluene may
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decompose and produce some harmful substances during being manufactured or applied”’.

As a derivative of pentaerythritol, pentaerythritol triacrylate (PETA) could act as a char-forming agent to
enhance the flame retardancy of APP!'? and its cured product exhibits excellent adhesive properties to a variety
of substrates, good chemical and corrosion resistance, outstanding electrical insulation, high tensile, flexural and
compressive strength and hardness!""™"¥). In this work, the UV-curable PETA, as a shell material, was used to
microencapsulate APP via UV irradiation towards simultaneously improving the water resistance and flame-
retardant efficiency of APP when used alone. The prepared PETA-microencapsulated APP (PETA-APP) was
used as intumescent flame retardant (IFR) to flame retard polypropylene (PP). The flame retardancy and water
resistance of PP/PETA-APP systems were investigated and a possible flame-retardant mechanism of PETA-APP
was proposed according to the results of FTIR and XPS spectra.

EXPERIMENTAL

Materials

APP (form II, » > 1000) was supplied by Taifeng New-Type Flame Retardants Co., Ltd. (Shifang, China). PETA
was provided by Sigma-Aldrich Trading Co., Ltd. (Shanghai, China). Triethanolamine (TEA), benzophenone
(BP) and acetone were provided by Kelong Chemical Reagent Co. (Chengdu, China). Commercial PP (T30S)
with a melt flow index of 2.6 g/10 min (230 °C, 2.16 kg) was provided by PetroChina Lanzhou Petrochemical
Co., Ltd. (Lanzhou, China).

Preparation of PETA-APP

The mixture of 30.0 g PETA and 30.0 g acetone was first stirred for 10 min at room temperature. Then, 50.0 g
APP was dispersed into the solution under stirring. Next, the polymerization mixture was prepared by adding
5 wt% photoinitiator (TEA and BP, 1:1), and the thin uniform films of the mixture were laid on glass plates. The
samples on the glass plates were put in the UV irradiation apparatus and were irradiated for about 3 min, and
then dried in a vacuum oven at 80 °C. Finally, cured PETA-APP was obtained. In order to obtain PETA-APP
with uniform size, the prepared PETA-APP was grinded in a mortar, and then sifted to get particles with about
70—-80 pm size.

Preparation of Flame Retardant PP Samples

All the formulations of flame retardant PP (FR-PP) are shown in Table 1. PP blends were extruded by a twin-
screw extruder (Kebeilong Keya Nanjing Machinery Co., Ltd, Nanjing, China) at a temperature protocol of 190,
195, 200, 195, 190 and 185 °C from the feed zone to the die, and the extrudates were cut into pellets, then, the
samples for combustion tests were molded by compression molding at 170 °C.

Table 1. FR-PP formulations

Samples PP (Wt%) _ APP (Wt%) _ PETA-APP (wt%)
PP 100 0 0
PP/APP20 80 20 0
PP/APP30 70 30 0
PP/APP40 60 40 0
PP/PETA-APP20 80 0 20
PP/PETA-APP30 70 0 30
PP/PETA-APP40 60 0 40

Determination of Water Resistance

Water solubility test of APP and PETA-APP

10 g sample was put into 100 mL distilled water at room temperature (or 70 °C) and stirred for 60 min. The
suspension was then filtered. Next, the obtained solid was dried to a constant weight at 100 °C. Finally, the
solubility of the sample in water was obtained.
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Water resistance of FR-PP composites

Each specimen (the weight of M) was put into distilled water at 70 °C, and kept at this temperature for 168 h
(the water was replaced at each interval of 24 h). And then the treated specimens were taken out, and dried to a
constant weight at 100 °C. The weight of the dried sample was M, so the weight loss can be calculated based on
the following equation: [(My—M;)/M,] % 100%.

Measurements

The ultraviolet light source used for irradiation is a lamp (INTELLI-RAY 400, Uvitron Co., US), which emits
light with the characteristic wavelength of 315-400 nm. The UV irradiation was carried out under air
atmosphere, and the distance between the samples and the UV lamp was about 10 cm.

FTIR spectra were recorded on a Nicolet FTIR 6700 apparatus (Nicolet, US) in the wavenumber range of
4000-400 cm™'. The powdered samples were mixed with KBr, and then pressed into slices for the measurement
of FTIR.

SEM was used to study morphological feature on a Philips XL-3 scanning electron microscope (JEOL, JSM
5900LV, Japan) under an accelerating voltage of 20 kV. The specimens were frozen in liquid nitrogen for 1 h,
and then the brittle fracture surfaces of specimens were coated with a conductive layer before being examined.

The LOI values were measured on an HC-2C oxygen index meter (Jiangning, China) with dimension of
130 mm x 6.5 mm X 3.2 mm according to ASTM D2863-97.

The UL-94 tests were performed on a CZF-2 type instrument (Jiangning, China) with dimension of 130 mm
x 13 mm x 3.2 mm, according to ASTM D3801.

CC tests were carried out on an FTT Standard Cone Calorimeter (Fire Testing Technology, UK) at a heat
flux of 50 kW/m? with dimension of 100 mm x 100 mm x 6 mm according to ISO 5660 standard procedures.

TG tests were performed using a NETZSCH TG 209 F1 (NETZSCH, Germany) thermal analyzer with a
constant scanning rate of 10 K/min in the temperature range of 40-700 °C under air atmosphere.

XPS spectra were recorded by an XSAMS80 (Kratos Co., UK), using Al Ko excitation radiation (hv =
1486.6 eV).

RESULTS AND DISCUSSION

Characterization of PETA-APP

The FTIR spectra of APP and PETA-APP are presented in Fig. 1. For APP, the peaks at 3180 and 1105 cm™
correspond to the asymmetric deformation vibration of NH," and O—P—0 in H,PO,, respectively; the peaks at
1075 and 1016 cm™ are ascribed to the symmetric deformation vibration of POs in HPO,*", and O—P—O in
PO;", separately; at 1252 and 800 cm™, the two peaks represent the symmetric stretching vibration of P=0 and
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Fig. 1 FTIR spectra of APP and PETA-APP
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P—O—P, respectively; in addition, the peak at 884 cm™' should be from the asymmetric stretching vibration of
P—0 in P—O—P!"'* 3] For PETA-APP, its spectrum is similar with that of APP except for the difference at
1745 cm™', which is ascribed to the stretching vibration of ester-carbonyl groups!'* '® '], The appearance of this
new peak for PETA-APP suggests that the PETA might be successfully coated on the surface of APP.

Figures 2(a) and 2(b) show the surface morphology of APP and PETA-APP. It was observed that the
surfaces of APP particles were quite smooth. After being modified by PETA, the surfaces of PETA-APP
particles were changed, and it seemed that some particles clung to each other. Obviously, both the surface
morphology and connection status of PETA-APP particles are rather different from those of APP, suggesting
that APP should be coated by PETA.

Fig. 2 SEM micrographs of APP (a) and PETA-APP (b)

Water Resistance of both PETA-APP and Its PP Composites

In order to evaluate the effect of microencapsulation on the water solubility of APP, the water solubilities of APP
and PETA-APP with different percentages of PETA were tested, and the results are presented in Fig. 3. The
solubilities of APP at 25 °C and 70 °C were 0.56 g/100 mL H,O and 10.00 g/100 mL H,O (all the APP particles
dissolved easily in hot water), respectively, suggesting that APP can be easily attacked by water, especially at
high temperatures'" ?!. After the microencapsulation, the solubility of APP decreased. When the percentage of
PETA resin was beyond 17.5 wt%, the solubility of PETA-APP decreased a lot. These results demonstrate that a
hydrophobic shell on APP particle can effectively protect the core (APP) from water.
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Fig. 3 Water solubility of neat APP and PETA-APP with different percentages of PETA

Figure 4 shows the SEM micrographs of fractured surfaces of PP/APP and PP/PETA-APP composites
before and after water treatment (70 °C) for 7 days. From Fig. 4(b), it can be seen that most of APP particles
were hydrolyzed when the composites containing APP were exposed to hot water at 70 °C for 168 h, leaving
some defects at the fracture surface. The hydrophobility of PETA shell could greatly decrease the water
solubility of APP, and thus many PETA-APP particles still existed in PP matrix after the water treatment at
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70 °C for 168 h, as shown in Fig. 4(d). Table 2 shows the weight loss percentage of the FR-PP composites. It is
noted that the weight loss of the PP/PETA-APP composites decreased greatly compared with that of PP/APP
composites. For example, the weight loss of the PP/PETA-APP40 decreased to 1.89%, compared with 7.68% for
PP/APP40. These results demonstrate that the microencapsulation of APP has a positive effect on the water
resistance of PP/APP composites.

Fig. 4 SEM micrographs of fracture surfaces of FR-PP composites: (a) PP/APP, (b) PP/APP (treated for
168 h in 70 °C water), (c) PP/PETA-APP and (d) PP/PETA-APP (treated for 168 h in 70 °C water)

Table 2. Weight loss of PP composites after water treatment (70 °C, 168 h)

Samples Weight loss (wt%) Samples Weight loss (wt%)
PP/APP20 5.72+0.05 PP/PETA-APP20 1.62 +£0.03
PP/APP30 6.84 +0.07 PP/PETA-APP30 1.75 +£0.05
PP/APP40 7.68 + 0.04 PP/PETA-APP40 1.89 +0.06

Flame Retardancy of PP/PETA-APP Composites

To understand the flame retardancy of FR-PP samples before and after water treatment (70 °C, 168 h), the LOI
values and UL-94 ratings of FR-PP samples were measured, and the results are shown in Table 3. Clearly, neat
PP had a low LOI value (17.0%), and it was no rating in UL-94 test, accompanied by serious melt-dripping. The
LOI value of PP/APP20 was 19.7%, which was decreased to 19.0% after water treatment. However, with the
increasing of APP, the LOI value of the PP/APP composite only increased slightly. When the content of the APP
was 40 wt%, the LOI value of the composite was only 20.8% and decreased to 19.2% after water treatment. The
PP/APP composite still failed to pass the UL-94 rating and had an obvious dripping even though the addition of
the APP reached 40 wt%. These results indicated that APP was not very effective to improve the flame
retardancy of PP, and the water treatment had a great impact on the LOI values for PP/APP composites. For
PP/PETA-APP composites, when the addition of the PETA-APP was 20 wt%, the LOI value of the PP/PETA-
APP composite reached 26.2%, and it only decreased slightly after water treatment. With further increasing the
PETA-APP, the LOI value of the PP/PETA-APP composite increased significantly. When the content of PETA-
APP was 40 wt%, the LOI value of the PP/PETA-APP composite reached 30.5%, which increased by 46.6%
compared with APP at the same loading. Furthermore, the PP/PETA-APP40 composite could pass UL-94 V-0
rating after water treatment while PP/APP40 composite was still no rating. Obviously, PETA-APP is much more
effective to promote the flame retardancy of PP than APP. Wu et al!" * reported that the LOI value of
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PP/DPER/APP (the mass percentage of DPER/APP is 30%) was about 28.0, and the UL-94 rating was V-1.
According to the results listed in Table 3, the composite PP/PETA-APP30 could achieve the same effect on the
flame retardation as PP/DPER/APP at the same loading of flame retardant, suggesting that the PETA on the
surface of APP could act as the carbonization agent to improve the flame retardancy of PP/APP composites.
Furthermore, the LOI value of PP/DPER/APP decreased to 23.0% after the water treatment and it failed to pass
the UL-94 rating. However, the corresponding results are 27.5% and V-2 rating respectively in our research. So
the microcapsulation method should be better to improve the flame retardancy of PP/APP treated by hot water
than blending APP with the same loading of charring agent.

Table 3. LOI and UL-94 results of PP composites before and after water treatment (70 °C, 168 h)

Samples Untreated After water treatment
LOI (%) UL-94 rating LOI (%) UL-94 rating
PP 17.0 NR*? - -
PP/APP20 19.7 NR 19.0 NR
PP/APP30 20.5 NR 19.0 NR
PP/APP40 20.8 NR 19.2 NR
PP/PETA-APP20 26.2 NR 25.7 NR
PP/PETA-APP30 28.1 V-1 27.5 V-2
PP/PETA-APP40 30.5 V-0 30.0 V-0

*NR: no rating in UL-94 test

In order to further investigate the effect of PETA-APP on the combustion performances of PP, CC test was
performed in this study. The heat release rate (HRR) and total release rate (THR) curves of neat PP and PP
composites are shown in Figs. 5(a) and 5(b), and the corresponding data are presented in Table 4. For neat PP,
the peak of HRR (PHRR) was 837 kW/m? and the THR was 212 MJ/m’. At 40 wt% APP, the PHRR and THR
of PP/APP composite were 440 kW/m” and 186 MJ/m?, respectively, which were lower than those of neat PP. At
the same loading of PETA-APP, the PHRR and THR of the PP/PETA-APP composite significantly reduced,
which were 214 kW/m? and 183 MJ/m’, respectively, and the PHRR value decreased by 51.4 % compared with
PP/APP40. Based on the HRR curves, FGR has been calculated to assess the fire hazard of the composite
according to the following equation'®:

FGR = PHR];UtpHRR

Generally, a lower FGR value indicates that the time to flashover is delayed, which allows enough time to
evacuate for person in distress and/or arrive for fire extinguishers!'”). When 40 wt% APP was introduced into PP,
the FGR was increased from 3.28 kW/m® s to 3.38 kW/m>s. With the incorporation of 40 wt% PETA-APP, the
tpurr Was prolonged to 370 s, the FGR of PP/PETA-APP40 composite significantly decreased to 0.58 KkW/m?s,
which was greatly decreased by 82.8% compared with that of PP/APP40. The results presented above proved
that the microencapsulation by PETA greatly reduced the FGR of PP/APP composites, consequently could
significantly extent the time to escape in the accident!”’.

The smoke production rate (SPR) and mass loss (ML) curves of PP and PP composites are presented in
Figs. 5(c) and 5(d). It is noticeable that the SPR peak values of both PP/APP40 and PP/PETA-APP40
composites significantly reduced compared with that of neat PP. The SPR peak of neat PP was 0.106 m?/s.
Compared with neat PP, the SPR peak of PP/APP40 decreased to 0.078 m?/s, and the value of PP/PETA-APP40
further reduced to 0.044 m?s. These results illustrated that both PETA-APP and APP could play a role in
restraining the produce of smoke. Moreover, the smoke suppression effect of PETA-APP was significantly better
than that of APP. Figure 5 shows that the average MLR of PP/APP and PP/PETA-APP composites also
decreased markedly at 40 wt% flame retardant. For the PP/APP40 composite, the average MLR decreased to
0.067 g/s from 0.089 g/s of neat PP, and it further reduced to 0.035 g/s for the PP/PETA-APP40 composite.

The digital photos of the residues for PP/APP40 and PP/PETA-APP40 after CC tests are shown in Fig. 6.
There was no residue left for neat PP after CC test; while a small amount of residue was left for PP/APP40, and
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an unexpanded char layer was formed after CC test. For PP/PETA-APP40 composite, a continuous intumescent
char layer was formed after combustion. Generally, the intumescent char layer could slow the heat and mass
transfer between gas and condensed phases, and could also protect the underlying materials from further
burning™ ¥, So the formation of intumescent char layer should be the most important factor to achieve the
much better flame redtardancy of PP/PETA-APP.

HRR (kW/m?)

SPR (m%/s)

Fig. 6 Digital photographs of the residue chars after CC test: (a) ne
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Table 4. The main data from cone tests for neat PP and its composites

Samples TTI PHRR IPHRR FGR THR Av-MLR® PSPR

p (s) (kW/m?) (s) (kW/m®-s) (MJ/m?) (g/s) (m?/s)

PP 33 837 255 3.28 212 0.089 0.106
PP/APP40 30 440 130 3.38 186 0.067 0.078
PP/PETA-APP40 32 214 370 0.58 183 0.035 0.044

# TTI represents the time to ignition; Y foHRR represents the time to PHRR; © Av-MLR represents the average ML rate.

Thermal Decomposition Behavior

TGA is one of the commonly utilized techniques for rapid evaluation of the thermal stability of different
materials, and it can indicate the decomposition of polymers at various temperatures®®). The decomposition
curves of APP and PETA-APP are shown in Fig. 7, and the corresponding data are presented in Table 5. APP
decomposed in the range of 312-700 °C, including two main processes. In the first process, the onset
decomposition temperature (7,,s) of APP was about 312 °C, and then the weight loss was about 14.7 wt% from
312 to 480 °C. Here, T, is defined as the temperature at 5 wt% of mass loss (ML). The volatile in this process
mainly included NH; and H,O. Meanwhile, cross-linked polyphosphoric acid was formed during this period!*”).
The maximum ML rate was 1.5 wt%/min at 315 °C. The second process started at about 480 °C, which was the
main decomposition process of APP. The 61.7 wt% of weight loss was detected from 480 °C to 700 °C. The
maximum mass loss rate in this process was 9.8 wt%/min at 601 °C.

PETA-APP has the similar TG behavior with APP under the same conditions. At the first stage, the weight
loss resulting from some volatiles was about 25.2 wt% in the range from 287 to 450 °C. The T,ys; of PETA-APP
was about 287 °C, which is less than that of APP, due to the initial decomposition of PETA shell. The second
stage started at 450 °C and ended at 700 °C with a 44.9% weight loss. Above 580 °C, PETA-APP was more
stable in comparison with APP. Compared with APP, PETA-APP had a lower maximum ML rate at this stage,
and the char residue of PETA-APP had an increment of 34% compared with that of APP, indicating that
PETA-APP possessed better thermal stability at high temperatures.

100 0
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Fig. 7 TG (a) and DTG (b) curves of cured PETA, APP and PETA-APP under air

Table 5. TG and DTG data of cured PETA, APP and PETA-APP under air

Tax” The rate of Ty . 0
Samples ?’)E;t (°C) (Wt%/min) The char residue (wt%)
Peakl Peak2 Peak1 Peak?2 500 °C 600 °C 700 °C
PETA 248 238 376 3.4 10.1 114 0.6 0.3
APP 312 315 601 1.5 9.8 79.2 36.3 18.6
PETA-APP 287 340 581 8.9 2.7 66.7 46.6 24.9

T max: the temperature at the maximum ML rate
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In order to investigate the effect of the microencapsulation of APP on the thermal behavior of PP
composites, the thermal degradation behaviors of PP composites were investigated in this work, and the results
are shown in Fig. 8 and Table 6. Neat PP began to decompose at 265 °C; when the temperature further increased,
the weight loss increased rapidly until PP decomposed completely at about 500 °C, finally no residual char was
left. The thermal decomposition of the PP/APP40 composite included three processes''. In the first process, the
sample of PP/APP40 decomposed at about 285 °C, which was delayed by the decomposition of APP, compared
with neat PP. The second process of ML in the temperature range from 300 to 420 °C was the main
decomposition process of PP/APP40 composite, and its corresponding maximum decomposition rate was
9.3 wt%/min. In the third process, the further decomposition of the char occurred at above 420 °C, and the
residue left at 700 °C for PP/APP was about 2.9 wt%. In comparison with PP/APP, the T, of PP/PETA-APP40
was 289 °C, higher than that of PP/APP. As mentioned in Table 5, the T of APP (312 °C) was much higher
than that of PETA/APP (287 °C), while the Ty, of PP/APP40 (285 °C) was lower than that of PP/PETA-APP40
here. The reason might be that the shell of PETA prevents the contact between APP and PP matrix, and then
postponed the acid catalyzed decomposition when the temperature was below 289 °C, consequently caused that
the Tt of PP/APP40 was lower than that of PP/PETA-APP40*"**). The char residues at 700 °C was 3.5 wt%
for PP/PETA-APP40, which was higher than that of PP/APP40, indicating that the thermal stability of
PP/PETA-APP40 was improved a little at high temperatures after being microencapsulated by PETA.
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Fig. 8 TG (a) and DTG (b) curves of neat PP and PP composites under air atmosphere
Table 6. TG and DTG data of neat PP and PP composites under air atmosphere
Tinax The rate of Ty . o
Samples (Tg‘ée)‘ (°C) (Wt%/min) The char residues (wt%)
Peakl Peak2  Peakl Peak2  500°C  600°C 700 °C
PP 265 301 - 19.2 - 1.7 0.2 0.2
PP/APP40 285 363 582 9.3 2.4 32.1 13.8 29
PP/PETA-APP40 289 375 618 8.0 5.7 37.1 26.0 3.5

Flame Retardant Mechanism of PETA-APP

The flame-retardant mechanism of PETA-APP might include the co-contribution of the gas phase and the
condensed phase. It was reported that the gas products from APP/pentaerythritol (or its derivatives) system
during the thermal degradation process were NH;, CO, CO, and H,O, similar to the gas products from APP
only®*!. So the contribution of the gas phase for PETA-APP to the flame retardancy should be similar to APP.
Therefore, the condensed phase mechanism may play the key role for the better flame retardancy of PETA-APP
than APP. To understand the contribution of the condensed phase of PETA-APP to the flame retardancy, FTIR
test of the condensed products at different temperatures was carried out. Here, it should be noted that this test
was conducted with the samples exposed to air for 10 min in a muffle furnace. Several literatures” ***! have
studied the condensed products of APP at different temperatures during the thermal degradation. First, APP
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tends to dissociate and release ammonia above 300 °C, and the free condensed hydroxyl groups give cross-
linked structures containing ‘“P—O—P” (ultraphosphate) with the elimination of water. Above 410 °C, the
thermal degradation of the ultraphosphate is limited and followed by the formation of a relatively stable residue.
Figure 9 shows the FTIR spectra of the condensed products of PETA-APP at 287, 340 and 580 °C,
corresponding to the initial decomposition, the first and second maximal degradation of PETA-APP,
respectively. The strong and broad absorbing peak at 3200 cm™ could be attributed to the stretching vibration of
N—H bond of NH,", and it gradually decreased with increasing temperature, meaning that amount of NH; was
released during the thermal degradation. This process was accompanied by the formation of ultra-, pyro- or poly-
phosphoric acids with free acidic hydroxyl groups by thermal dehydration!"***. The phosphoric acid(s) could
react with the side group —OH on PETA and facilitate the formation of char®” *¥. At 287 °C, the new
absorption peaks appeared at 1640 and 1400 cm ™', indicating the formation of species containing C=C and
C—H in the carbonization process, respectively®* **). The peaks at 1000 cm™" and 900 cm ™" corresponding to the
stretching vibration of the P—O—C and P—O—P groups could also be observed in the whole heating process,
and they became much stronger at 340 °C, suggesting that more and more phosphorus-rich cross-linked
structures were formed with increasing of temperature!*”’. It is well-established that the P—O—C cross-links can
further form the thermal stable charring residues by aromatization at relatively high temperatures (580 °C)"2.
FTIR test demonstrated the main reactions between APP and PETA at the temperature range of 287-580 °C, in
which the formation of the phosphorus-rich cross-links should play a positive role on enhancing the flame
retardancy'!.
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Fig. 9 FTIR spectra of the condensed residues of PETA-APP at different temperatures

XPS data for the condensed products of PETA-APP at different temperatures are presented in Table 7. This
test was also conducted with the samples exposed to air for 10 min in a muffle furnace. The content of C
decreased to 30.0 wt% from 42.7 wt% with increasing temperature mainly because of the oxidization of unstable
CP¥, indicating that PETA was engaged in the formation of char layer. The content of N was also reduced as the
result of the volatilization of NH,'/NH; during heating, while the contents of O and P increased, which should be
associated with the formation of the P—O—P and P—O—C structure in this case”>**\. In general, the XPS
results are in accordance with the FTIR results.

Table 7. Element content of the condensed products of PETA-APP during heating

C (Wt%) N (Wt%) 0 (Wt%) P (Wt%)
287°C 427 49 389 135
340 °C 34.5 44 429 18.2

580 °C 30.0 34 44.9 21.6
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On the basis of the experimental data presented above, a potential flame-retardant mechanism of PETA-
APP is shown in Fig. 10. First, APP was thermally decomposed into ultra-, pyro- or poly-phosphoric acids with
free acidic hydroxyl groups®* "), The phosphoric acid(s) could react with PETA chains or another molecular of
poly-phosphoric acid by the dehydration reaction of the side group —OH. During this process, cross-linked
reaction might occur, and then lead to the formation of a three-dimensional network structure. PETA containing
hydroxyl groups could promote the dehydration reaction in PETA-APP, which facilitated the stabilization of
APP and reduced the volatility of phosphorus, and thus more APP would be available for phosphorylation and
the formation of char®” **. This would certainly enhance the stabilization of the three-dimensional network
structure. Consequently, the flame retardancy of PP composite containing PETA-APP was improved compared
with that of PP containing APP uncoated.

Ultra-, pyro- or poly-phosphoric acids
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Fig. 10 Possible flame-retardant mechanism for PETA-APP

CONCLUSIONS

APP was microencapsulated through PETA shell by the UV curing polymerization method. FTIR and SEM tests
confirmed that the surfaces of APP particles were microencapsulated by PETA. The microencapsulation of APP
resulted in the decrease of water solubility. The water resistance test demonstrated that the shell of PETA could
effectively restrain the extraction of APP in the FR-PP composites. TG data illustrated that the thermal stability
of APP and its FR-PP composites was affected by the microencapsulation through PETA. The LOI value of
PP/PETA-APP40 was higher than that of PP/APP40 at the same loading before and after the water treatment.
Moreover, the PP/PETA-APP40 composite could pass UL-94 V-0 rating after the water treatment while
PP/APP40 composite was still no rating. CC results indicated that PETA-APP had better flame retardant
contribution in PP matrix than APP. The HRR, MLR and SPR of the PP/PETA-APP system decreased largely
compared with that of neat PP and PP/APP system. The study on the flame-retardant mechanism of PETA-APP
demonstrated that PETA containing hydroxyl groups could promote the dehydration reaction in PETA-APP,
which facilitated the stabilization of APP and the formation of char residue. Consequently, the flame retardant
efficiency of APP was improved by the microencapsulation of PETA shell.
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