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Abstract Hydroquinone bis(di-2-methylphenyl phosphate) (HMP) is an effective
phosphorus flame retardant, but its gas flame retardant mechanism is not clear. In
this study, the thermal degradation of HMP was investigated by thermogravimetry
(TG) coupled with Fourier transform infrared spectroscopy (FTIR) under nitrogen
and air, respectively. The results of the FTIR and semi-quantitative analyses agreed
with TGA and derivative thermogravimetric analysis. Under nitrogen, the results of
the TG, FTIR, and semi-quantitative analyses showed that HMP decomposed into
benzyl alcohol and hydroquinone phosphate ester in a one-step process from 392 to
475 °C. Under air, the TG, FTIR, and semi-quantitative analyses showed that HMP
decomposed in a two-step process. In the first step from 385 to 452 °C, HMP
decomposed into benzyl alcohol, hydroquinone phosphate ester, carbon dioxide,
water, and alkyne, while in the second step from 491 to 800 °C, it decomposed into
carbon dioxide, water, and alkyne.

Keywords HMP - Flame retardant - FTIR-TG - Degradation mechanism

Introduction

In the 1960s, halogenated flame retardants became popular due to their good flame
retardant effects, low dosage, minor effects on the properties of materials, and
moderate costs [1, 2]. However, the burning of polymer materials that contain
halogenated flame retardants produces dioxin, as well as generating large amounts

< Lin Yang
18980632893@163.com

College of Chemical Engineering of Sichuan University, Chengdu, Sichuan 610065,
People’s Republic of China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-015-1527-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-015-1527-9&amp;domain=pdf

928 Polym. Bull. (2016) 73:927-939

of smoke and corrosive gases, which damage the environment and human health [3—
6]. Thus, halogen-free phosphorus flame retardants that produce less smoke and
toxic gases are better alternatives [7, 8], and they may also improve the overall
properties of materials [9-11].

Halogen-free aryl phosphate is a form of phosphorus flame retardant, which
produces less poisonous gas and it obtains good flame retardation [12].
Triphenylphosphate (TPP), resorcinol bis(diphenyl phosphate) (RDP), and bisphe-
nol A bis(diphenyl phosphate) (BDP) are halogen-free aryl phosphate flame
retardants, which are effective for use with polycarbonate/acrylonitrile-butadiene—
styrene(ABS) [13, 14]. However, due to the volatility of TPP during machining
process [15, 16], only RDP and BDP are commercially available [14, 17]. RDP and
BDP still have many disadvantages. For example, they are liquid at room
temperature, which is inconvenient for the transportation and manufacture of flame
retardant products [18]. Thus, there is a tendency to use aryl phosphate flame
retardants with high melting points.

Aryl phosphate flame retardants such as hydroquinone bis(diphenyl phosphate)
(HDP) and hydroquinone bis(di-2-methylphenyl phosphate) (HMP) (HMP has a
higher melting point than HDP), which are solid at room temperature, were
synthesized in a previous study using hydroquinone, phosphorus oxychloride, and
phenol for HDP, and 2-methylphenol for HMP [19, 20]. The addition of HMP and
novolac phenol (NP) can increase the thermal stability of ABS at high temperatures
due to the synergistic interaction between HMP and NP [20]. The composition and
the flammability properties of ABS/HMP/NP composites are presented in Table 1
(when the mass ratio of HMP to NP was 2 to 1 with a total loading of 30 wt%, an
LOI value of 33.5 and a UL-94 V-1 rating were obtained with a tendency toward an
anti-dripping property) (Table 1). And the addition of the mixture of HMP and NP
can improve the initial degradation temperature of ABS composites, which
coincided with the flame retardancy properties [20]. However, the flame retardant
mechanism of this composite material has not been investigated. Studying the
decomposition mechanism of the flame retardant is also important for understanding
the flame retardant mechanism of the composite material.

Table 1 The composition and

the flammability properties of Sample ID Components/(wt%) LOI UL-9%4

ABS/HMP/NP composites ABS HMP NP
ABS/HMP/NP-1 70 30 0 24.9 Failed
ABS/HMP/NP-2 70 25 5 29.7 Failed
ABS/HMP/NP-3 70 20 10 335 V-1
ABS/HMP/NP-4 70 15 15 29.0 Failed
ABS/HMP/NP-5 70 10 20 24.1 Failed
ABS/HMP/NP-6 70 5 25 23.1 Failed
ABS/HMP/NP-7 70 0 30 22.2 Failed
ABS 100 0 0 20.5 Failed
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Many previous studies of the flame retardant action of RDP analyzed its thermal
decomposition using TG, FTIR, and TG coupled with FTIR [19, 21, 22], but there
have been few analyses of HDP [13, 14] and none of HMP. In the present study, we
investigated the effective flame retardant HMP as the base material, where we
determined its thermal decomposition to gain insights into the flame retardant
mechanism. FTIR and TG were coupled to obtain the online data during the
decomposition of HMP under nitrogen and air.

Experimental

Materials

Neat HMP was used in this study, which was synthesized using phosphorus
oxychloride, hydroquinone, and 2-methylphenol in our laboratory. The HMP was
purified and characterized according to a previously reported method [20].
Measurements

FTIR-TG analysis of HMP was performed using a TGA 851 thermogravimetric
analyzer, which was interfaced with a Nicolet iS10 FTIR spectrometer. A sample
weighing ca 8 mg was placed in an aluminum crucible and heated from 50 to
800 °C (10 °C/min) under nitrogen and air in separate experiments (flow
rate = 30 mL/min). The purge gas (nitrogen or air) pushed the pyrolysis gas
products into the FTIR spectrometer throughout the thermal mass loss process via a
metal pipe and glass gas pool (200 °C to avoid condensation).

Results and discussion

FTIR-TG analysis under nitrogen

Thermogravimetric and derivative thermogravimetric analysis

The TG and DTG curves are summarized in Table 2. Figure 1 shows the TG and
DTG curves for HMP under nitrogen, which indicates that the decomposition

process began at 378 °C (around that of ABS) (374 °C) [20] and ended at 475 °C.

Table 2 Data of TG and DTG curves of HMP under nitrogen and air

Sample Tonset T max ML I Tonset Tomax ML II Residue
code °0) °0) wt% °0) (°0) wt% wt%
HMP-N 378 426 94.6 54
HMP-A 385 417 80.4 491 571 14.2 4.8

HMP-N HMP under nitrogen, HMP-A HMP under air, 7,,,,,, initial mass loss temperature, 7}, tem-
perature of maximum mass loss rate, ML mass loss
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Fig. 1 TG and DTG curves of HMP under nitrogen

The DTG curve (one peak) shows that HMP decomposed in one step under nitrogen
and the temperature with the maximum mass loss rate was 426 °C (a little higher
than that of ABS) (405 °C) [20]. The mass loss was 94.6 wt%/°C with a maximum
mass loss rate of 1.54 wt%/°C. A char residue of 5.4 wt% was obtained, which could
generate a carbon bed [20, 23] on the surface of materials to suppress burning. The
mass loss corresponded to the decomposition of HMP into benzyl alcohol and
phosphate ester, as demonstrated in the following FTIR analysis. The decompo-
sition temperatures of HMP are similar to that of ABS, which means they
decomposed almost together under nitrogen.

FTIR analysis

The FTIR gas phase spectra were dominated by the absorption bands of benzyl
alcohol and P-O-C,, (Fig. 2a), with C,—H stretching vibrations at 3073 and
3027 cm™!, and deformation vibrations of the aromatic ring of C5,—H at 910, 772,
and 695 cm™'. The —CH,— group of benzyl alcohol was also detected at 2938 and
2878 cm™', and the —OH group at 3660 cm™'. The characteristic vibrations of the
aromatic phosphate ester were also visible, with the phosphate group P-O-C,; at
968 and 1170 cm™' (i.e., 968 cm™' for the P-O-C stretching vibration of
pentavalent phosphorus and 1170 cm™' for the O-C stretching vibration). It
suggests that benzyl alcohol and hydroquinone phosphate ester were produced
during the degradation.

Figure 3 shows the three-dimensional (3D) FTIR spectrum for the gases
produced during the thermal degradation of HMP under nitrogen. The infrared
absorption peaks (around 3000 and 1000 cm™') related to the pyrolysis products
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Fig. 2 FTIR spectra of pyrolysis products for HMP at a 426 °C and b different temperatures (50, 150,
250, 350, 390, 430, 550, 650, 750 °C) under nitrogen

Fig. 3 Three-dimensional diagram corresponding to gases evolved from degradation of HMP under
nitrogen

(benzyl alcohol and hydroquinone phosphate ester) obtained by the thermal
degradation of neat HMP began to appear after about 33 min (380 °C). The
maximum intensity of the infrared absorption occurred at about 38 min (430 °C),
before decreasing gradually (which corresponded to the one-step decomposition in
the TG analysis). Due to the delay between TG and FTIR, the temperature was
slightly higher than the 7}, in the TG data.

HMP decomposed in a one-step process under nitrogen according to Figs. 1 and
2. The nine FTIR spectra of the pyrolysis products were analyzed at different
temperatures (50, 150, 250, 350, 390, 430, 550, 650 and 750 °C), as shown in
Fig. 2b. Notable absorbance peaks were present in the spectra obtained before
390 °C. At 380 °C, small absorbance peaks indicated the beginning of pyrolysis,
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while the spectrum at 430 °C contained strong absorbance peaks, which
corresponded to the temperature with the maximum mass loss rate in the TG
analysis. Furthermore, there were also weak absorbance peaks in the final three
spectra due to the residues of the pyrolysis products.

Semi-quantitative analysis

One FTIR spectrum was obtained for each 10 °C and the area of a specific
wavenumber arrangement was determined using the peak area tool in the OMNIC
program. The area—temperature curves were then generated. The area of each FTIR
absorbance peak corresponded to the amount of each pyrolysis product released at a
specific temperature.

Figure 4 shows the peak area—temperature curves obtained for the phosphate
ester and aromatic compounds under nitrogen. The curves have only one peak,
thereby indicating that the degradation is a one-step process. The area started to
increase rapidly at about 380 °C and the peak reached its maximum at 430 °C. The
temperature order of the peaks agreed with the TG and DTG analyses. However, the
curves did not reach zero at 800 °C (the end of the measurement range) due to the
residual gas products.

The TG-FTIR result suggests that the decomposition occurred via a one-step
process where benzyl alcohol and hydroquinone phosphate ester were produced
under nitrogen. The decomposition of HDP is a hydrolysis process [13]. Thus, the
proposed decomposition model under nitrogen is the hydrolysis of HMP into benzyl
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Fig. 4 Release amounts of phosphate ester and aromatic compounds under nitrogen
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Fig. 5 Proposed decomposition model of HMP under nitrogen
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alcohol and hydroquinone phosphate ester (Fig. 5). Rearrangements occurred during
hydrolysis, which yielded benzyl alcohol. The water may come from the
decomposition of HMP itself, especially for air atmosphere.

FTIR-TG analysis under air
TG and DTG analysis

Table 2 shows the TG and DTG data, while Fig. 6 shows the TG and DTG curves
for the decomposition of HMP under air. The results suggest that HMP decomposed
via a two-step process under air (Fig. 6). In the first step, decomposition started at
348 °C (lower than ABS) (374 °C) [20], which was 30 °C less than that for HMP
under nitrogen, while it ended at 452 °C, which was 23 °C less than that with HMP
under nitrogen. The maximum mass loss occurred at a temperature of 417 °C (a
little higher than that of ABS) (405 °C) [20], which was 12 °C less than that with
HMP under nitrogen. In the second step, decomposition started again at 491 °C and
ended at 800 °C (the end of the TG analysis), while the temperature with the
maximum mass loss rate was 571 °C. The maximum mass loss rate was 1.293 wt%/
°C in the first step and 0.107 wt%/°C in the second step. The mass loss was 80.4
wt% in the first step, 14.2 wt% in the second step, and the remaining residue was 4.8
wt%. The HMP decomposition temperatures under nitrogen were slightly higher
than that for HMP under air, as was the residue weight (5.4 wt% for nitrogen
compared with 4.8 wt% for air). However, the decomposition rate under nitrogen
(1.54 wt%/°C) was slightly faster than that under air (1.293 wt%/°C) because of the
one-step decomposition process. The decomposition temperatures of HMP suggest
that HMP decomposed before ABS at beginning then decomposed together, which
contributed to the flame retardation of ABS.
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Fig. 6 TG and DTG curves of HMP under air
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FTIR analysis

Two typical spectra (the temperatures with the maximum mass loss rates in the two
steps) were selected at 420 and 570 °C (Fig. 7a, b). The large molecular products
identified in Fig. 7a were similar to the products identified in Fig. 2a (benzyl
alcohol and hydroquinone phosphate ester). However, some small molecular
gaseous products were also released, including water (the successive peaks from
3400 to 4000 cm~' and from 1200 to 2100 cm_l), carbon dioxide (2379, 2349,
2308 and 637 cm_l), and alkyne (2182 and 2110 cm_l) (Fig. 7b). The hydro-
quinone peaks were also clear (C,,—H stretching vibration at 3030 em™!, C Aa—H
deformation vibration at 771 and 745 cm™ ', ring stretching and skeletal vibration of
the aromatic ring at 1507 cm ™', and —OH stretching vibration at 3644 cm™ ).

The further combustion of the pyrolysis products (benzyl alcohol and hydro-
quinone) produced large amounts of CO, and H,O. These small molecule products can
retard burning, which would be highly effective due to the large amounts of CO, and
H,0. In addition, phosphorus oxygen free radicals (PO- and PO,-) were produced
during the decomposition of phosphoric acid. The phosphorus oxygen free radicals
can capture the free radicals in the air (H- and OH-) and burning would be suppressed
when the concentration of free radicals in the air is low [24].
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Fig. 7 FTIR spectra of pyrolysis products for HMP under air at a 420 °C, b 570 °C, ¢ different
temperatures (50, 150, 250, 350, 385, 420, 490, 550, 570, 650, 750 °C) and d 550 and 790 °C under air
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The 3D FTIR spectrum obtained under air is shown in Fig. 8. The pyrolysis
products (benzyl alcohol, hydroquinone phosphate ester, water, carbon dioxide, and
alkyne) started to release from about 30 min (350 °C) and they ended at about
40 min (450 °C) in the first step, while the products of further oxidization (CO,,
H,0, and alkyne) also started to release in the first step. The products of further
oxidization continued to release from 44 min (490 °C) until 75 min (800 °C) (the
end of the heating process) in the second step. This also demonstrates that the
decomposition of HMP under air was a two-step process.

Thus, HMP decomposes in two steps under air according to Figs. 6 and 8. Eleven
FTIR spectra of the pyrolysis products were also analyzed, which were collected at
different temperatures (50, 150, 250, 350, 385, 420, 490, 550, 570, 650 and 750 °C)
(Fig. 7c). The absorbance peaks of the first-step pyrolysis products (benzyl alcohol,
hydroquinone phosphate ester, carbon dioxide, water, alkyne) were clear at 385 and
420 °C. The peaks were strongest at the temperature with the maximum mass loss
rate (420 °C), which agreed with the TG analysis. The absorbance peaks of the
products in the second step (carbon dioxide, water, and alkyne) were clear at 550,
650 and 750 °C. This result also agreed with the TG results.

Semi-quantitative analysis

Figure 9a, b shows the area—temperature curves for phosphate ester and aromatic
compounds under air. Both curves have one peak, which suggests that the
generation of the two products is a one-step process. The temperature of the peak
was 420 °C, which was similar to the T, of the TG curve. The areas of the
pyrolysis products were slightly larger under nitrogen compared with air. This was
mainly due to the further pyrolysis under air, which directly reduced the amount of
pyrolysis products during the first step.

Carbon dioxide was produced under air. There were three pyrolysis steps for
carbon dioxide (the first two steps corresponded to the two pyrolysis steps for HMP
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Fig. 8 Three-dimensional diagram corresponding to gases evolved from degradation of neat HMP in the
temperature interval 50-800 °C under air
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Fig. 9 Release amounts of a phosphate ester, b aromatic compounds, ¢ carbon dioxide and d alkyne

under air

under air, but the third step was not clear in the TG and DTG curves) (Fig. 9c). The
two temperatures of the first two peaks occurred at 420 and 570 °C, which were
similar to Tjpnax and Toyax in the TG analysis. After the second peak, the area
increased with the temperature until the end of the heating process, which
comprised the third step.

However, the third step was not clear for carbon dioxide in the TG and DTG
curves, it should be related to the temperature almost at the end of pyrolysis. The
results shown in Fig. 7d demonstrate that alkyne was not produced in the third step
(no peaks at 2182 and 2110 cm ™" in the FTIR spectrum at 790 °C). Low amount of
small molecules (carbon dioxide and water) was not present in the TG and DTG
curves. Figure 9d shows the area—temperature curve for alkyne derivatives, where
the two peaks correspond to the two-step pyrolysis process. The second peak is
higher than the first peak, which also shows that the second-step mass loss in the TG
curve was related mostly to the release of alkyne.

Thus, it was inferred from the discussion above that the first step corresponds
mainly to the decomposition of HMP into benzyl alcohol and hydroquinone
phosphate ester (Fig. 10a), whereas the second step corresponds mainly to the
further oxidization into alkyne, carbon dioxide, and water (Fig. 10b). According to a
previous study [24], we infer that the phosphoric acid decomposed into phosphorus
oxygen free radicals (PO- and PO,-), which would capture the free radicals in the air
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Fig. 10 Proposed a first-step and b second-step decomposition model of HMP under air

Table 3 Proposed flame retardation mechanism of pyrolysis products under air

Components

Mass loss step

Retardation method

Benzyl alcohol
Hydroquinone phosphate

ester
Carbon dioxide
Water

Alkyne

Phosphorus acid

Hydroquinone

Mass loss 1
Mass loss 1

Mass loss 1 and
2

Mass loss 1 and
2

Mass loss 1 and
2

Mass loss 2
Mass loss 2

Dehydration charring
Produce PO- and PO,- to capture H- and OH- in the air

Dilute the oxygen content in the air
Absorb heat and produce water vapor to dilute the oxygen

content

Produce PO- and PO2- to capture H- and OH-
Dehydration charring

(H- and OH.), thereby suppressing the fire. Proposed flame retardation mechanism
of pyrolysis products under air is presented in Table 3.

Conclusion

In this study, we investigated the thermal degradation behavior of HMP under
nitrogen and air based on FTIR and TG analyses. The thermal degradation processes
differed under nitrogen and air. Under nitrogen, the TG and DTG analysis suggests
that HMP decomposed via a one-step process. The FTIR analysis indicates that
HMP decomposed mostly into benzyl alcohol and hydroquinone phosphate ester.
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The semi-quantitative analysis also shows that the release of aromatic compounds
and phosphate ester is a one-step process. Under air, the TG and DTG results
indicate that HMP decomposed via a two-step process. The FTIR analysis
demonstrates that HMP decomposed into benzyl alcohol, hydroquinone phosphate
ester, carbon dioxide, water, and alkyne derivatives in the first step, whereas the
second step corresponds mainly to further oxidization into carbon dioxide, water,
and alkyne. The semi-quantitative analysis shows that the aromatic compounds and
phosphate ester are released via a one-step process. Carbon dioxide was released in
a third step and alkyne was released in a two-step process. The results of the FTIR
and semi-quantitative analyses agree with the TG analysis. Thus, the flame retardant
effect relies mainly on the release of carbon dioxide and water, the pyrolysis of
phosphoric acid, and the formation of a carbon bed. Carbon dioxide can suppress the
flames and water can absorb heat. The pyrolysis products of phosphoric acid
(phosphorus oxygen free radicals) may also play important roles in flame retardation
by combining with free radicals in the air. And the carbon bed forms a layer that
protects materials from burning.
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