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Abstract The aim of this work was to investigate the
catalysis of boron phosphate (BP) on the thermal stability
and char forming in flame-retardant polyurethane—poly-
isocyanurate foams (FPUR-PIR) with dimethyl-
methylphosphonate (DMMP) and tris(2-chloropropyl)
phosphate (TCPP). The flame-retardant performance and
thermal stability of FPUR-PIR were evaluated by cone
calorimetry (CONE), thermogravimetric analysis (TG) and
microscale combustion calorimetry (MCC). Gas-phase
products of FPUR-PIR during the thermal decomposition
were investigated via thermogravimetric analyzer coupled
with FTIR and mass spectrometry (TG-FTIR-MS). Ele-
mental composition and content of the charred layer in
detail were analyzed by X-ray photoelectron spectroscopy
(XPS). It was observed that the incorporation of 3 mass%
BP in FPUR-PIR decreases the heat release rate, total
smoke released and CO production. Meanwhile, the addi-
tion of 3 mass% BP advances the release of gaseous
products and lower the production of smoke and toxic
products like -NCO compounds, PO* and cyanic acid in
the gas phase. It can accelerate the dehydration of hydroxyl
compounds and promote the char formation of —NCO
compounds. This can improve the thermal and oxidation
resistance of condensed phase. The catalytic behavior of
the dehydration and char formation of BP in the thermal
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degradation of FPUR-PIR is attributed to Brgnsted and
Lewis acidic sites on BP.
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Introduction

Polyurethane foam is considered to be an ideal alternative
to inorganic insulation materials in buildings and insulated
appliances [1, 2]. Due to the cell physical structure and
chemistry of rigid polyurethane foams, the major disad-
vantage that prevents them being used as insulation mate-
rials especially in buildings is high flammability.
Meanwhile, rigid polyurethane foam releases large amount
of toxic gases such as carbon monoxide and cyanide in
combustion [3].

To improve the flame resistance of rigid polyurethane
foams, flame retardants based on halogen, phosphorus, etc.
have been used. In particular, some liquid flame retardants
such as DMMP and TCPP are widely used due to their
excellent flame retardancy, economy and suitability for
spraying. However, phosphonate and chlorinated phos-
phate release abundant phosphorus oxides and volatile
combustible organics during combustion [4, 5]. It leads to
the further increase in smoke and toxicity production,
which is not conducive to fire rescue. As we know, most
fire deaths are due to the toxic gases oxygen deprivation
and other effects that have been widely referred to as
smoke inhalation instead of burns [6]. Smoke and toxicity
are very important factors and have been considered in the
evaluation of fire safety in new fire safety regulation [7].

Some inorganic compounds as synergistic agents were
added in the phosphonates flame-retardant rigid
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polyurethane foams to improve the combustion properties
and decrease the smoke production [3, 8]. Layered silicates
[9, 10], transition metal compounds [11, 12], metal phos-
phates [13, 14] and metal borates [15, 16], which react by
Lewis acid-base interaction or as Friedel-Crafts catalysts,
can promote the cross-linking of polymer in some cases.
Boron phosphate (BP) was reported due to its environ-
mental friendly and excellent flame-retardant performance.
It has been used in polypropylene, polyimide and epoxy as
flame retardants or synergistic agents to improve the flame-
retardant behaviors. In our previous work, the catalysis
action of BP in hydroxyl compounds was investigated. BP
has a strong catalysis due to the existence of Brgnsted and
Lewis acid sites, which can accelerate the dehydration and
cross-linking of hydroxyl in compounds [17]. Based on our
previous work, we suspect that BP may have a good per-
formance in flame-retardant rigid polyurethane foam,
which decomposes to alcohol compounds with large
amount of hydroxyl and isocyanate compounds. Not only
the catalysis to alcohol compounds but also the charring
promotion to isocyanate compounds of BP will be elabo-
rated in this paper.

In this work, BP was used in flame-retardant poly-
urethane—polyisocyanurate (FPUR-PIR) foams with
dimethylmethylphosphonate (DMMP) and tris (2-chloro-
propyl) phosphate (TCPP). The catalysis flame retardancy
and synergy with phosphonate of BP were investigated.
This study may provide guidance for the study of BP used
in FPUR-PIR foam as synergistic agent to improve the
flame retardancy and reduce the smoke and toxic products
release in the combustion.

Experimental
Materials

Polyester polyol (4110A, functionality, 3.0; hydroxyl value
410-460 mg KOH gfl; viscosity to 25 °C, 4500 mPa s),
polyaryl polymethylene isocyanate (PAPI, NCO%, 30.5;
average functionality 2.8; viscosity at 25 °C, 600 mPa s)
were all purchased from BASF Co. Ltd. The catalyst
employed for cyclotrimerization of isocyanate was 401
(main component is pentamethyldiethylenetriamine), pro-
vided by Shanghai Chemical Reagent Co. (Shanghai,
China). A silicon-based surfactant NIAX silicon SR-393 as
surfactant agent was purchased from Shanghai Chemical
Reagent Co. (Shanghai, China). Blowing agent, n-pentane
(technical grade) was provided by Shanghai Chemical
Reagent Co. of China. Flame retardants, dimethyl-
methylphosphonate (DMMP) and tris (2-chloropropyl)
phosphate (TCPP) were supplied by Jacques Jiangsu Sci-
ence and Technology Co., Ltd of China. Boron phosphate
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(BP) was prepared by the reaction of boric acid and
phosphoric acid in laboratory; the mole ratio of element B
and P was 1:1, according to the synthesis process elsewhere
[18]. The structure is shown in Fig. 1.

Preparation of foams

A one-shot, free rise open method casting method was used
to prepare neat PUR-PIR. Test samples with their coats
removed were machined in accordance with the test stan-
dard. In this study, the molar ratio of NCO to OH was 2.5;
the mass ratio of polyol to isocyanate was 100:209. TCPP,
DMMP content was fixed at 20 g:10 g per 100 g of poly-
ols; the content of BP is 0, 3, 5 and 8 mass%, respectively.

Characterization

The apparent density of the foam samples was measured
according to ASTM D 1622-03, with specimen cut to the
dimensions of 30 x 30 x 30 mm’ (length x width x thick-
ness). The apparent densities of five specimens per sample
were measured, and then, the average values were reported.

Cone calorimetry (CONE)

CONE measurements were taken at an incident radiant flux
of 45 kW m™2, according to ISO 5660 protocol, using a
fire Testing Technology apparatus with a truncated cone-
shaped radiator. The specimen (100 x 100 x 30 mm?®)
was measured horizontally without any grids. Parameters
such as heat release rate (HRR), peak heat release rate
(PHRR), average specific extinction area (av-SEA), total
smoke production (TSP), total smoke released (TSR), total
heat released (THR), remaining residue are recorded within
the time of 450 s after tests started.
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Fig. 1 Structure of boron phosphate [18]



Application of TG/FTIR TG/MS and cone calorimetry to understand flame retardancy and catalytic... 1819

Thermogravimetric (TG)

All TG experiments were performed with 3-5 mg samples
in alumina crucibles using a Netzsch 209 F1 thermal ana-
lyzer. The measurements were taken in N, at a heating rate
of 20 °C min~' from 50 °C to 850 °C.

Microscale combustion calorimetry (MCC)

Pyrolysis combustion experiments were carried out on a
Govmark MCC-2 microscale combustion calorimeter.
According to the ASTM D 7309-07, about 5 mg of sample
was heated to 900 °C at a heating rate of 1 K s™' and in a
stream of nitrogen flowing at 80 cm® min~"'. The reported
data are the average of three measurements, and the typical
relative error for heat release capacity is £10%.

Thermogravimetric analysis—Fourier transform infrared—
mass spectrometry (TG-FTIR-MS)

The TG-FTIR-MS analysis was performed using Netzsch
TG 209 F1 TG instrument coupled with a FTIR (Bruker
Tensor 27) and mass spectrometer (Netzsch QMS 403 C).
About 10 mg of the sample was heated under helium flow
rate of 50 mL min~' and a heating rate of 10 °C min~'
from 30 to 900 °C. The gas ionization was performed at
100 eV.

Scanning electron microscopy (SEM)

The surfaces of the samples after CONE test were observed
with an S-4800 (JEOL Japan) SEM with an accelerating
voltage of 5 kV.

X-ray photoelectron spectroscopy (XPS)

XPS spectra (Al Ka) of solid residues were recorded on a
PHI Quantera-II SXM (Ulvac-PHI, Inc.) at 25 W under a
vacuum of 2.6 x 10~ Pa. The spectrometer was calibrated
using the binding energy of adventitious carbon as
284.8 eV.

Results and discussion
Combustion behaviors

The formulas and the density of various PUR-PIR systems
are listed in Table 1. In this work, flame-retardant content
is 10 mass%, and various contents of BP 1, 3, 5 and
8 mass% are incorporated in the flame-retardant PUR-PIR
with TCPP and DMMP. The density of various formula
foams is about 42 + 2 kg m—>.

Table 1 Sample code, composition and density of PUR-PIR, FPUR-
PIR and BP incorporated FPUR-PIR

Sample PUR-PIR FR BP Density/kg m >
PUR-PIR 100 0 0 437
FPUR-PIR 100 10 0 39.2
FPUR-PIR-BPI 100 10 1 40.5
FPUR-PIR-BP3 100 10 3 40.7
FPUR-PIR-BP5 100 10 5 42.5
FPUR-PIR-BPS8 100 10 8 433

Cone calorimeter that based on the oxygen consumption
principle was used to investigate the combustion behaviors
of materials. Some important informations such as heat
release rate (HRR), total smoke released (TSR), CO pro-
duction (COP), peak of heat released rate (PHRR), total heat
release (THR), average specific extinction area (av-SEA),
total smoke production (TSP) and residual mass are pro-
vided in Fig. 2 and Table 2. The addition of 10 mass%
flame retardants decreases the HRR about 10%, but
increases the TSR about 13.3% compare with pure PUR-
PIR. It is as a result of the gas-phase flame retardancy effect
of phosphonate, which released phosphonate fragments in
gas phase to capture free radicals during the combustion
[19]. The incorporation of 1, 3 mass% BP in FPUR-PIR
decreases the HRR, TSR and COP. However, as the amount
of BP is over 3 mass%, the combustion properties were
deteriorated, the smoke production was increased dramati-
cally. In the formula with 8§ mass% BP, we can see the
thermal degradation is accelerated and two thermal degra-
dation peaks are very close. It means that sample degrades
rapidly and releases large amount of degradation fragments
in short time. Meanwhile, pure char residue of samples
incorporated BP decreases with the increase in BP loading.
It may be interpreted that BP has a strong catalyst action
during the combustion. Under lower amount, it has synergy
with phosphonate flame retardant and improves the flame-
retardant behaviors. But large amount of BP would deteri-
orate the flame-retardant behaviors by the strong acid cata-
lyst action, which can speed up the thermal degradation of
FPUR-PIR and make the decomposition fragments have no
time to cross-link and interact.

Thermal stability

TG analysis

The mass loss behavior was analyzed by TG for exploring
the basic degradation information. The TG curves of all the

samples at 20 °C min~' under nitrogen atmosphere are
shown in Fig. 3. The detailed data such as mass loss rate at
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Fig. 2 a HRR, b TSR and ¢ COP curves of PUR-PIR, FPUR-PIR and FPUR-PIR with BP (45 kW m™~?)

Table 2 Cone calorimetric data of PUR-PIR, FPUR-PIR and FPUR-PIR filled with BP (heat flux of 45 kW m~?)

Sample pk-HRR/AW m—>  THR/MJ m~>  TSP/m®kg~'  av-SEA/m”> kg~'  Residual mass/%  Pure char residue/%*"
PUR-PIR 209.8 + 3.9 315+ 0.8 6.0 + 0.3 537.3 £ 21 20.6 20.6
FPUR-PIR 182.3 £ 2.6 213+ 04 6.8 £ 0.2 7342 + 15 18.8 18.8
FPUR-PIR-BP1 1742 £+ 1.2 20.7 + 0.4 6.6 £ 0.3 6933 + 16 227 21.7
FPUR-PIR-BP3  164.9 & 4.2 192+ 1.0 6.4 £ 0.1 6432 + 12 27.3 24.3
FPUR-PIR-BP5  189.9 + 1.3 194 + 0.3 71405 698.9 + 7 28.2 232
FPUR-PIR-BP§  232.4 + 0.8 204 + 0.2 8.9+ 0.2 823549 29.1 21.1

# Amount of the purified char (the amount of BP is subtracted from the residue) divided by the amount of sample
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Fig. 3 a TG and b DTG curves of PUR-PIR, FPUR-PIR and FPUR-PIR filled with BP under nitrogen

the thermal degradation peaks and char yields at 750 °C are
listed in Table 3. As shown in Fig. 3 and Table 3, the neat
PUR-PIR shows three-step mass loss. The first stage at
200-280 °C is due to the volatilization of phosphonate and
other small molecule compounds, whereas the second can
be ascribed to the pyrolysis of the PUR-PIR at around
340 °C and the third stage is attributed to the further
decomposition of char layer when the temperature is higher
than 430 °C.

@ Springer

As for the degradation of neat PUR-PIR, the first
degradation peak is not obvious. The addition of phos-
phonate flame retardants increased the mass loss rate of
first peak from 1.5 to 2.4% min~'. The incorporation of
various amounts of BP, the mass loss rates of first
decomposition peak were increased and the mass loss rates
of second decomposition peak were decreased compared
with FPUR-PIR. It is worth noting that the third decom-
position peaks were disappeared with the addition of more
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Table 3 TG data of PUR-PIR, FPUR-PIR and FPUR-PIR filled with BP under nitrogen

Sample First peak Second peak Third peak Char residue  Pure char residue
at 750 °C/%  at 750 °C/%"
Temp/°C  Mass loss Temp/°C  Mass loss Temp/°C  Mass loss
rate/% min ™' rate/% min rate/% min ™'
PUR-PIR 238.4 1.5 338.3 15.2 451.2 52 23.1 231
FPUR-PIR 226.5 24 337.1 14.7 450.4 4.0 18.1 18.1
FPUR-PIR-BP1  226.7 2.5 337.1 14.8 458.2 3.7 21.2 20.2
FPUR-PIR-BP3  228.0 2.7 336.8 14.4 4743 25 23.8 20.8
FPUR-PIR-BP5  220.1 2.7 3335 14.2 - - 26.3 213
FPUR-PIR-BP8  218.9 2.6 330.7 143 - - 29.5 21.5

# Amount of the purified char (the amount of BP is subtracted from the residue) divided by the amount of sample

than 3 mass% BP. As listed in Table 3, the char yields of
the FPUR-PIR filled with BP were significantly increased
from 18.1 to 29.5% with 8 mass% BP. From the pure char
residue, we can see the results are different with CONE
test, which is due to different sample scales and test
environment of TG and cone calorimeter. It indicated that
BP and FPUR-PIR matrix have some chemical reactions. It
may be attributed to that BP can catalyze the thermal
degradation at the initial stage, then promote the char
forming and keep more thermal degradation fragments in
condensed phase which result in the decrease in mass loss.

MCC test

MCC is a new and useful method developed by Lyon and
Walters, which was used to determine on a milligram scale,
and it has many advantages on evaluation of polymer
decomposition in comparison with other conventional large-
scale calorimetry methods [20]. The heat release rate (HRR)
curves and detailed MCC data such as the peak heat release
rate (PHRR) and the total heat release (THR) are presented in

200 -
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Fig. 4 HRR of PUR-PIR, FPUR-PIR and FPUR-PIR-BP from
MCC

Table 4 Detailed data of PUR-PIR, FPUR-PIR and FPUR-PIR fil-
led with BP from MCC

Sample Peak HRR/W g=' THR/KJ g='  Residue/%,
850 °C
PUR-PIR 160.2 18.7 21.7
FPUR-PIR 140.7 11.6 185
FPUR-PIR-BP1  138.6 12.0 220
FPUR-PIR-BP3  126.6 10.5 23.1
FPUR-PIR-BP5  138.2 11.8 25.4
FPUR-PIR-BP8  160.5 12.4 28.3

Fig. 4 and Table 4. The addition of 10 mass% phosphonate
flame retardants decreases the HRR and THR of PUR-PIR.
The incorporation of 3 mass% BP further decreases the HRR
and THR of FPUR-PIR. However, the HRR was increased
about 14.3% when the amount of BP is 8 mass%. Further-
more, BP alters the thermal degradation stages of FPUR-PIR.
Pure PUR-PIR has two obvious thermal degradation peaks,
FPUR-PIR has a small degradation peak at 420-450 °C, but
it hardly to find the peak for FPUR-PIR incorporated BP. In
addition, BP increases the char residue value at 850 °C. This
may be due to the char-forming action of BP, which promote
the cross-linking of thermal degradation fragments and keep it
in the condensed phase. MCC results are not entirely fit with
the CONE results due to different sample scales and test
environment. Different with CONE test, MCC separately
reproduces the solid state and gas phase of combustion by
controlled pyrolysis of the sample in an inert gas stream
followed by high-temperature oxidation of volatile pyrolysis
products. So the combustion of sample in MCC test is more
complete. The char residue value for the same sample in
MCQC test is lower than in CONE test.

TG-FTIR-MS analysis

Based on the interpretation of CONE, TG and MCC data,
FPUR-PIR filled with 3 mass% BP has a lower smoke
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production and shows excellent char formation compared
to other formulas. To understand the catalysis of BP in
FPUR-PIR, additional investigations into FPUR-PIR fil-
led with 3 mass% BP were carried out. The TG-FTIR-
MS technique can give information about the pyrolysis
products, which provides insight into the thermal degra-
dation mechanisms. In order to analyze the influence of
BP in gas phase of FPUR-PIR during the thermal
degradation, TG-FTIR-MS was utilized to identify the
gas products.

The gaseous products of FPUR-PIR and FPUR-PIR
with BP at different temperatures during the degradation
process are shown in Fig. 5. Peaks in the regions of about
900-1300, 1500-1800, 2200-2500, 2800-3000 and
3500-3700 cm ™' which assigned to NHj;, phosphorus
compounds, -NCO compounds, CO,, hydrocarbons and
water are highly noted [21]. As Fig. 5 illustrates, the
addition of 3 mass% BP increases the CO, production of
FPUR-PIR at 324 °C with the same sample mass. It may
be attributed to that BP accelerates and advances the
decomposition of FPUR-PIR at the initial stage.

To further understand the effects of additives on
evolved gases, the relation between relative intensity of
characteristic peak and time for evolved CO,, -NCO
compounds, PO* and hydroxyl compounds under the
same sample mass is shown in Fig. 6. It can be seen
that the addition of BP advances the release of gaseous
products and lower the production of CO,, -NCO
compounds, PO* and hydroxyl compounds. The release
peak of -NCO compounds is at about 1800 s corre-
sponded to 320-350 °C which already reported in
studies [22, 23]. The reduction of NH; and -NCO
compounds can decrease the toxicity of the gaseous
products from FPUR-PIR. The phosphorus compounds
release early than other gaseous products due to the low
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CO2
POz
_CHs. —-CH2—
J\/\.}\-/\L o 188 °C
A
£ 324 °C
jED H20
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188 °C
g
£ 324 °C
=}
S
<
- 462 °C
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K—Amwv—/w’/v\——/ﬂ%—«—«-mw

thermal degradation temperature of phosphonate flame
retardants. BP reduces the production of PO*, espe-
cially decrease the release peak at about 2000 s. In
addition, the production of hydroxyl compound was
decreased. It is because BP has a lot of Brgnsted and
Lewis acid sites on the surface, which can accelerate
the decomposition of FPUR-PIR and promote the cross-
linking of hydroxyl compounds [17], -NCO compounds
and other fragments to keep more phosphorus oxides,
nitrogen compounds and decomposition fragments in
the condensed phase.

Meanwhile, the evolved products during the thermal
degradation of FPUR-PIR and FPUR-PIR-BP3 were
determined by TG-MS and are illustrated in Fig. 7. The
intensity curves of water (m/z 18), cyanic acid (m/z 43),
CO; (m/z 44) and C-4 butylene (m/z 56) [24, 25] with time
are shown. It can be seen FPUR-PIR-BP3 degrades earlier
than FPUR-PIR, which is consistent with TG-FTIR
results. With the same sample mass, FPUR-PIR-BP3 has
the lower intensity in water, cyanic acid, CO, and C-4
butylene. As we know, the cyanic acid is a toxic com-
pound, which can lead to the lung injured [26], and C-4
butylene is the precursor of smoke [27]. It means that the
addition of BP lowers the smoke and toxicity action in the
gas phase. It is probably induced by the Brgnsted and
Lewis acid catalysis of BP in the combustion, which can
catalyze the decomposition of FPUR-PIR and promote the
cross-linking of decomposition fragments to form char
layer. Firstly, BP promotes the dehydration of hydroxyl
which release from the decomposition of polyurethane
foam and form the unsaturation bonds. Then, the unsatu-
ration bonds and decomposition fragments such as -NCO
compounds cross-link each other and keep in condensed
phase to form char layer, which is consistent with the
results of previous study [17].

1000 1500 2000 2500 3000 3500 4000

Wavenumber/cm™!

Fig. 5 FTIR spectra of a FPUR-PIR, b FPUR-PIR-BP3 evolved gases at different temperatures in helium
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Fig. 6 Comparison of TG-FTIR spectra of pyrolysis products for FPUR-PIR and FPUR-PIR-BP3

Char residue

To further understand the condensed phase activity of the
flame retardants, the residues of FPUR-PIR after CONE
test were characterized using SEM. As shown in Figs. 8

and 9, the char of pure

4000

PUR-PIR shows a loose struc-

ture, which indicates inefficient barrier protection for
underlying layers. Compared to the char of PUR-PIR,

the char of FPUR-PIR

is coherent, but still has some

cracks on the surface. After the addition of BP, the char
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Fig. 7 Comparison of TG-MS spectra of pyrolysis products for FPUR-PIR and FPUR-PIR-BP3

BP8

Fig. 9 SEM images of the char residues after CONE test a PUR-PIR, b FPUR-PIR, ¢ FPUR-PIR-BP3, d FPUR-PIR-BP5, e FPUR-PIR-BP8
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Table 5 Comparison of atomic ratios of FPUR-PIR and FPUR-PIR-
BP3 residues in CONE test

Sample Mole content/mol% Atomic ratio
of C/O
C N o P B
FPUR-PIR 717 75 141 07 - 55

FPUR-PIR-BP3  50.7 4.0 252 47 154 20

structures are more continuous and compact. Especially
the FPUR-PIR filled with 3 mass% BP, we can see some
black char on the surface which can improve the strength
of char layer.

XPS provides information about elemental composition
and content of the charred layer in detail. The char residues
of FPUR-PIR and FPUR-PIR-BP3 after CONE test were
analyzed by XPS. The contents of several elements present
in charred layers obtained from FPUR-PIR and FPUR-
PIR-BP3 are listed in Table 5. The incorporation of BP
increases the phosphorus content. The atomic ratio of C/O
was decreased from 5.5 to 2.0. It means more oxygen
elements are kept in the condensed phase. Cls spectrums in
Fig. 10 were deconvoluted into three components with
fixed positions adopted in the analysis of the Cls region of

()

FPUR-PIR

Intensity/a.u.

290 288 286 284 282
Binding energy/eV

carbon materials. The different binding energies (BE) of
carbon were provided. The components in Table 6 repre-
sent graphitic carbon C-C and C=C (peak 0, BE =
284.8 eV), aliphatic carbon (peak 1, BE = 285.6 eV),
carbon in thermal oxidation products such as COOH and
—C(0O)-O—C (peak 2, BE = 288.9 eV). As the data show,
the incorporation of 3 mass% BP, the content of C—C and
C=C (peak 0) increases from 52.5 to 58.4%. C—C and C=C
are thermal stability structures in the char layer, which
can increase the thermal and oxidation resistance of con-
densed phase.

In Fig. 11, Nls spectrums were deconvoluted into two
components. The peaks at 400.0 eV and 398.3 eV can be
attributed to C=N and C-N, respectively [27, 28]. It was
found out that the addition of 3 mass% BP increased the
content of C=N in char residues from 54.2 to 68.3%
(Table 7). The carbon and nitrogen conjugated bond is
probably came from the interaction of thermal degradation
fragments. It may be attributed to some stable structures
such as carbodiimide, which can be formed by the inter-
action of -NCO groups and alcohol compounds during the
thermal degradation of polyurethane [29]. The results
indicate that BP catalyzes the transformation of -NCO
groups to thermal stable structures and promotes the

®) |
| FPUR-PIR-BP3

Intensity/a.u.

290 288 286 284 282

Binding energy/eV

Fig. 10 Cls spectra of the char residues of a FPUR-PIR and b FPUR-PIR-BP3

Table 6 Cls curve fitting of FPUR-PIR and FPUR-PIR-BP3 residues in CONE test

Peak FPUR-PIR FPUR-PIR-BP3 Assignment
Position/eV Area/CPS Al% Position/eV Area/CPS Al%

0 284.8 21,5354 52.5 284.8 13,700.5 58.4 C-C, C=C
285.6 18,522.0 45.1 285.7 8030.5 343 Aliphatic

2 288.9 1000.0 2.4 288.9 1709.8 7.3 COOH, -C(0)-0-C
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a
@ FPUR-PIR

Intensity/a.u.

406 404 402 400 398 396

Binding energy/eV

®) [

FPUR-PIR-BP3

Intensity/a.u.

406 404 402 400 398 396
Binding energy/eV

Fig. 11 N1s spectra of the char residues of a FPUR-PIR and bPUR-PIR-BP3

Table 7 Nls curve fitting of FPUR-PIR and FPUR-PIR-BP3 residues in CONE test

Peak FPUR-PIR FPUR-PIR-BP3 Assignment
Position/eV Area/CPS Al% Position/eV Area/CPS Al%

0 400.1 2107.9 54.2 399.8 2080.3 68.3 C=N
398.4 1783.4 45.8 398.3 1051.8 31.7 C-N

formation of C=N groups in condensed phase. It performs
the cross-linking and formation of char layer and keeps
more degradation fragments in condensed phase, which
increase the stability of char residue and decrease the
smoke and toxicant production.

Conclusions

In this paper, the acid catalysis of BP in flame-retardant
PUR-PIR with dimethylmethylphosphonate (DMMP) and
tris (2-chloropropyl) phosphate (TCPP) was investigated. It
was noted from the CONE data that the incorporation of
3 mass% BP in FPUR-PIR decreases the HRR, TSR and
COP. However, as the amount of BP is over 3 mass%, the
combustion properties were deteriorated, and the smoke
production was increased dramatically. TG and MCC
results showed that BP accelerates the thermal degradation
of FPUR-PIR and increases the amount of char yield.
According to the characterization of TG-FTIR-MS, the
addition of BP in FPUR-PIR lowers the production of
smoke and toxicity gases during the thermal degradation.
Meanwhile, BP promoted the interaction and cross-linking
of hydroxyl compounds and catalyzed the transformation
of -NCO to stable structures in condensed phase and

@ Springer

retained more decomposition products in the solid phase. It
is induced by the Brgnsted and Lewis acid catalysis of BP
in the combustion. The catalysis and char-forming effect of
BP in FPUR-PIR were elaborated.
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