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and smoke suppression
properties of flexible polyurethane foams
containing an aluminum phosphate microcapsule

Hong Liu, Bin Zhang and Jian Han*

A novel aluminum phosphate (ALP) microcapsule was synthesized with the aim of enhancing the flame

retardancy and smoke suppression properties of flexible polyurethane (PU) foams. Meanwhile, the ALP

microcapsule was analyzed by SEM, XRD, and EDX. The ALP microcapsule was added into PU foams to

prepare flame retardant PU composites which show good flame retardancy, thermal stability, synergy

effect and anti-dripping performance. Meanwhile, the LOI of the PU composites was about 28.5% and

a V-0 rating in UL-94 was attained in the case of 15 wt% of the flame retardant compared to 21.0% and

no rating for pure PU. An SDR of the PU composites of about 16.0% was attained in the case of 20 wt%

of the flame retardant compared to 29.0% for pure PU. The gaseous phase mechanism of PU

composites was investigated with thermogravimetry and Py-GC-MS. SEM, EDX and FTIR were employed

to investigate the chemical structure and composition of the residual char of the flame retardant PU

composites after TG tests. The results indicated that the ALP microcapsule could serve as an outstanding

flame retardant that operates by both chemical (condensation) and physical (cooling and blocking)

mechanisms. This suggests that the ALP microcapsule may provide a promising option for a new, cost-

effective, eco-friendly, yet efficient flame retardant.
1. Introduction

Polyurethane (PU) foam is one example of a highly ammable
material that is used widely in consumer products (e.g., furni-
ture, bedding, mattresses, and automotive seating).1,2 Moreover,
just like exible PU foams, it also shows the drawback of in
ammability, which limits its application in these elds.3

Therefore, it is signicant to improve the ame retardancy
properties of exible PU foam. Flexible PU foam is susceptible
to ignition with severe dripping and its limiting oxygen index
(LOI) value is as low as 20.0%. Hence, it is clear that re retar-
dants are an important part of polymer formulations. The
conventional re retardants are halogen-based compounds that
are economical and which can enhance the re retardancy of
polymers without degrading their physical properties, such as
strength. However, toxic species such as dioxins and furans,
which are generated during the combustion of halogen-
containing composites, could cause serious environmental
contamination.4,5 Therefore, developing halogen-free, low-
smoke, and environmentally-friendly re retardant composites
has become increasingly important in recent years.6,7

Phosphorus-containing ame retardants and inorganic
hydroxides, such as aluminum hydroxide or magnesium
al Textile Materials & Manufacturing
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hydroxide are among the most widely used inorganic re retar-
dants at the present time due to their non-toxic and environ-
mentally friendly properties. However, the high levels of loading
(30–60 wt%) are required, leading to additional costs, processing
difficulties and a decrease in physical properties of the poly-
mers.8,9 Hence the development of new highly effective ame
retardants has prompted much attention during the last decade.
In recent years, little attention has been focused on the develop-
ment of nanocomposites with an inorganic aluminum compound
that contains phosphate, ammonium,molybdate.14 It is challenge
to achieve high ame retardancy and non-dripping for PU foam
simultaneously by the multilayer phase (aluminum compound
that contains phosphate, ammonium, molybdate).

Microencapsulation was a mature technique and has been
widely used in many elds.10 It could endow especial properties
with the core materials by forming a solid shell. The capsule
materials can be chosen from a great variety of natural or
synthetic polymers which depend on the core materials. For
example, ammonium polyphosphate has been micro-
encapsulated by melamine-formaldehyde and polyurethane to
enhance its water resistance.11,12 Microencapsulated ammo-
nium polyphosphate with shell of epoxy resin has better
compatibility in polypropylene composite.13 Inspired by the
above researches, the capsule material should provide protec-
tive layer for aluminum phosphate (ALP).

In addition to aluminum phosphate (ALP) microcapsule,
there are other types of microcapsule, such as redmicrocapsule,
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (1) The synthetic route of the ALP microcapsules; (2) X-ray
diffraction patterns of ALP and ALP microcapsules; (3) SEM micro-
graphs of ALP; (4) SEM micrographs of ALP microcapsules; (5) EDX
analysis of ALP; (6) EDX analysis of ALP microcapsules.
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ammonium polyphosphate microcapsule, melamine-
formaldehyde microcapsule and polyurethane microcapsule.
These materials have the different structure with ALP micro-
capsule, and the most important shell materials are polymeric
material, the core materials are inorganic compound. However,
the shell material of ALP microcapsule is ammonium phos-
phomolybdate trihydrate, the core material is aluminum
phosphate, and these compounds are inorganic compound.
Varying the metal identity and composition in these
compounds is expected to generate a wide range of chemical
applications. One of the most interesting aspects of the ALP
microcapsule is their capacity to reduce rate of combustion of
the exible PU foams, we have prepared the ALP microcapsule,
and the ame retardant was compounded into PU matrix to
prepare the ame-retardant PU foam. Thermal stability, ame
retardancy properties and thermal degradation behavior of the
composites were studied. The ame retardant mechanism
based on gas and condensed actions was investigated.

2. Experimental
2.1. Materials and chemicals

The following chemicals were purchased from Aladdin reagent
(Shanghai) Co., Ltd (China): aluminumphosphate (AlPO4, AR) and
diethanolamine (AR). The following chemicals were purchased
from Hangzhou Gaojing Fine Chemical Co., Ltd (China): phos-
phoric acid (H3PO4, AR), nitric acid (HNO3, AR), polyether polyol
(GEP-330N, Mn ¼ 5000 g mol�1), 2,6-toluene diisocyanate (TDI80,
–NCO content, 48 wt%) and silicone oil (Y-10366). The catalyst A-
33 (a dipropylene glycol solution of triethylenediamine (mass
fraction of 33%)) and ammonium molybdate were obtained from
Hangzhou Baoxin Chemical Co., Ltd (China). All reagents were
used as received without further purication.

2.2. Preparation of ALP microcapsule

The microencapsulation process used in this study was illus-
trated in Fig. 1(1). In a typical procedure, the aluminum phos-
phate (10 g) was dispersed in 45% phosphoric acid aqueous
solution (10 ml) and stirred at room temperature using
a magnetic stirrer for 6 h. Then, the ammoniummolybdate (3 g)
and nitric acid were added into the suspension, followed by pH
to 1. The mixture was allowed to sit for 24 h, the obtained
precipitate was ltered, washed with deionized water several
times, and dried at 30 �C overnight.

2.3. Preparation of the PU foams

The polyether polyol (100 g), silicone oil (1.7 g), distilled water
(2.75 g), catalyst A-33 (1.6 g), diethanolamine (2.5 g), ame
retardant (5.0 wt%, 10.0 wt%, 15.0 wt%, 20.0 wt%, 25.0 wt%)
were mixed at room temperature for 4 s using mechanical
stirring. TDI80 (38 g) was then quickly added into the suspen-
sion. Aer high speed stirring at 1400 rpm for about 4 s, the
mixture was poured quickly into a cast mold completely covered
with a lid. When frothy bubbles formed fast, the mold was put
into an oven and heated for 2 h at 55 �C. The foam was then
taken out from the mold. The PU foam containing ALP and ALP
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 35320–35329 | 35321
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microcapsules were denoted as PU/ALP composite and PU/ALP
microcapsule composite, respectively. For comparison, pure PU
was also fabricated via a similar process.
2.4. Characterization and analysis

The crystalline structure of samples were characterized by
powder X-ray diffraction using a D/MAX 2550V diffractometer
(Rigaku, Tokyo) with Cu Ka radiation (l ¼ 1.5406 Å; scanning
speed: 0.02� s�1). Files from the Joint Committee on Powder
Diffraction Standards (JCPDS) were used for phase identica-
tion. TG was carried out using a PYRIS 1 TGA analyzer at a linear
heating rate of 20 �C min�1 under pure nitrogen. The weight of
all the samples were kept within 5–10 mg. Samples in an open
Pt pan were examined under an airow rate of 6 � 10�5 m3

min�1 at a temperature ranging from room temperature to
650 �C. Energy dispersive X-ray (EDX) measurements were
conducted on an energy dispersive X-ray spectrometer (EDX,
INCA, PENTAFETX3, OXFORD) equipped with an SEM (JEOL
JSM-5610LV), the samples were observed aer gold plating.
Fourier transform infrared analysis (FTIR): the FTIR spectra
were recorded with MAGNA-IR 7500 spectrometer (Nicolet
Instrument Company, USA) using KBr pellet. The transition
mode was used and the wavenumber range was set from 4000 to
400 cm�1. LOI was measured using a HC-2 oxygen index meter
(Jiangning Analysis Instrument Company China) on sheets 130
� 10 � 10 mm3. According to the standard oxygen index test
ASTM D2863-2010. Horizontal and vertical burning ratings of
all samples were measured on a CZF-2 instrument produced by
Jiangning Analysis Instrument Factory, China, according to
ASTM D3801-96 standard. Vertical burning test results were
classied by burning ratings V-0, V-1, and V-2; horizontal
burning test results were classied by burning ratings HB,
HB40, and HB75. HB and V-0 rating indicates polymeric mate-
rials with the best ame retardancy. The smoke density (SDR)
values of all samples were determined to study the smoke
release of these composites using a JCY21 instrument (Jiangn-
ing Analysis Instrument Factory, China) according to ASTM
D2843-1993 standard. To recognize the pyrolysis fragments of
PU foam thermosets, a Shimadzu GC-MS-QP5050A gas
chromatography-mass spectrometer equipped with a PYR-4A
pyrolyzer was employed. The helium (He) was utilized as
carrier gas for the volatile products. The injector temperature
was 250 �C, the temperature of GC/MS interface was 280 �C and
the cracker temperature was 550 �C.
3. Results and discussion
3.1. Characterization of ALP microcapsules

The XRD patterns of ALP and ALP microcapsule were shown in
Fig. 1(2). All of the observed diffraction peaks in the XRD
patterns were well indexed to the ALP (JCPDS 48-0034). We can
see that the two patterns all had two peaks at 2q of about 21.5�,
29.5� corresponding to the characteristic diffraction adsorp-
tions of ALP. However, compared with raw ALP, the spectrum of
the ALP microcapsule was found to have the peak appeared at
about 27.33�, 35.59�, 41.55�, 43.87�, and that a signicant
35322 | RSC Adv., 2017, 7, 35320–35329
change has happened in crystal structure of ALP. All of the
observed diffraction peaks in the XRD patterns were well
indexed to the ammonium phosphomolybdate trihydrate
(JCPDS 43-315). This result indicated that ALP and ammonium
phosphomolybdate trihydrate had been appeared in the ALP
microcapsule.

The surface morphology of ALP was shown in Fig. 1(3). It can
be seen that the particle shape of ALP was irregular, the raw
materials were smooth with sharp edges. Aer phosphoric acid
reacts with ammonium molybdate, the formed nano inorganic
rods can be seen in Fig. 1(4). These nano rods had a uniform
length of 300–400 nm and a diameter of less than 300 nm, which
exhibited well-dispersed morphology. Aer microencapsulation,
the surface of ALP microcapsule turned to relatively rough.

This can be further examined by EDX. The EDX results were
shown in Fig. 1(5). For pure ALP, only the Al, P and O elements
were detected, the Al, P and O atom content on the surface of
ALP were 14.15 wt%, 31.64 wt%, 54.00 wt%, respectively.
However, for the ALP microcapsule, not only did the peaks of
the Al, P and O elements appear, but also new peaks corre-
sponding the N and Mo were found, the Al, P and O atom
content on the surface of ALP microcapsule were 8.6 wt%, 39
wt%, 32 wt%, respectively. Meanwhile, the N and Mo atom
content were 6.15 wt%, 14.25 wt%, respectively. The P atom
content on the surface of ALPmicrocapsule (39 wt%) was higher
than that of ALP (31.64 wt%). The Al and O atom content on the
surface of ALP (14.15 wt%, 54.00 wt%) were higher than that of
ALP microcapsule (8.6 wt%, 32 wt%). To summarize, the
changes of the above elemental compositions illustrated that
ALP was successfully microencapsulated.

TGA and DTG curves of ALP and ALP microcapsule in
nitrogen were shown in Fig. 2. For ALP, it can be found that the
thermal degradation process was also consists of two main
stages. The temperature of the maximum mass loss rate (Tmax)
was dened as the temperature at which the samples presented
the maximal mass loss rate. The solid residue was obtained
from TGA curves; Tmax was obtained from DTG curves. As shown
in Fig. 2(a), the rst decomposition temperature at 80–120 �C
and leads to the release of water, Tmax at 110 �C. The second
decomposition temperature at 210–240 �C and leads to the
decomposition of ALP, Tmax at 260 �C. The solid residue at
800 �C was 87 wt%. As for ALP microcapsule, it can be found
that the thermal degradation process was also consists of two
main stages. In the rst stage, the decomposition temperature
had no obvious change. But the maximummass loss rate of ALP
microcapsule was apparently higher than that of ALP. The
difference could be ascribed to the formation of microcapsule.
For ALP microcapsule, ammonium phosphomolybdate trihy-
drate as the capsule material was exposed to the external envi-
ronment and had a larger surface area, leads to the release of
water. Consequently, the maximum mass loss rate of ALP
microcapsule was higher than ALP. For the second stage, the
decomposition temperature at 500–560 �C and leads to the
decomposition of ALP microcapsule, Tmax at 560 �C and this
means that ALP microcapsule was more stable than ALP. At last,
the residues of ALP microcapsule at 800 �C was 88.5 wt%. The
improvement in thermal stability of ALP microcapsule was
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) TGA and DTG curves of ALP in nitrogen atmosphere. (b) TGA and DTG curves of ALP microcapsule in nitrogen atmosphere.
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benecial to its application in polymers because the com-
pounding of llers and polymers were usually performed by
melt blending methods.
Fig. 3 TG curves of PU composites in nitrogen atmosphere.
3.2. Thermal stability of PU composites

Thermogravimetric analysis of the PU composites was per-
formed in nitrogen conditions. Thermal degradation behaviors
of pure PU and the PU composites in nitrogen condition were
presented in Fig. 3. For PU composites, it can be found that the
thermal degradation process was also consists of one main
stages. The temperature of the maximum mass loss rate (Tmax)
was dened as the temperature at which the samples presented
the maximal mass loss rate. The rst mass loss was attributed to
the degradation of hard segments and so segments (polyether
polyol group). In this stage, there were many kinds of gases
released, such as carbon monoxide, carbon dioxide, formalde-
hyde, and so on.15,16 The rst decomposition temperature of
pure PU at 240–420 �C, Tmax at 357 �C. The solid residue at
800 �C was 0.1 wt%. As for ALP, it was decomposed to water at
above 100 �C, and they further degenerated to phosphorus oxide
and aluminum oxide. These products and ALP itself could
absorb heat. Moreover, ALP dehydrated to coke residue which
covered the PU substrate, and this decreasing the thermal
This journal is © The Royal Society of Chemistry 2017
conductivity. So it can be seen in Fig. 3, the rst decomposition
temperature of PU/10% ALP composites at 250–411 �C, Tmax at
371 �C. The solid residue at 800 �C was 21.36 wt%. ALP
microcapsule can strengthen the dense structure of char, which
will release water and ammonia easily at higher temperature
and form phosphorus oxide and aluminium oxide to promote
the formation of charred layers in the PU foam more effec-
tively.17,18 So it can be seen in Fig. 3, the rst decomposition
temperature of PU/10% ALP microcapsule composites at 250–
409 �C, Tmax at 381 �C. The solid residue at 800 �C was 31.5 wt%,
RSC Adv., 2017, 7, 35320–35329 | 35323
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indicating that it had good charring capacity under high
temperature. Meanwhile, effect of ALP microcapsule on the
thermal degradation behavior of PU composites was both
evident.19

3.3. Flammability behavior of the PU composites and the
mechanism consideration

Underwriters Laboratory (UL-94) and limited oxygen index (LOI)
tests were two of the most widely used tests to characterize the
re performance of polymer composites. The LOI test was one
of the most important screening and quality control methods
used in the plastics industry.20 The UL-94 tests, developed by the
Underwriters Laboratories, was the most common procedure to
check the regulatory compliance of plastic materials for parts in
devices and appliances. The results of LOI and UL-94 tests for
PU composites were showed in Fig. 4(a). Neat PU was an easily
ammable polymeric material, and its LOI value was only
21.0%. For PU composites in which the content of ALP was 5%,
10%, 15%, 20%, 25%, the LOI value showed an increase and
reached to 22%, 24%, 24.9%, 27.5%, 28.5%, respectively. In UL-
94 test, neat PU, PU/5% ALP, PU/10% ALP and PU/15% ALP had
no rating, and accompanied by heavy melt dripping during the
combustion process. While for PU/20% ALP and PU/25% ALP,
the V-0 rating was totally achieved, the dripping phenomenon
was totally existed. For PU/20% ALP microcapsule composites,
the LOI value increases to 29.5%, indicating that ALP micro-
capsule had an inuence on the ame retardation of PU. For PU
composites in which the content of ALP microcapsule was 5%,
10%, 15%, 20%, 25%, the LOI value showed an remarkable
increase and reached to 25%, 27%, 28.5%, 29.5%, 33%,
Fig. 4 (a) LOI and UL-94 results of PU composites. (b) SDR results of
PU composites.

35324 | RSC Adv., 2017, 7, 35320–35329
respectively. The dripping phenomenon was totally eliminated.
Meanwhile, the V-0 rating was achieved. Obviously, the incor-
poration of ALP microcapsule not only promoted the UL-94
rating of PU composite from no rating to V-0 rating, but also
decreased the amount of ame retardant in the case of fullling
the requirement of V-0 rating. As a result, it can be concluded
that the charring of ALP microcapsule played a very important
role in ame retarding PU.

The results of SDR tests for PU composites were showed in
Fig. 4(b). Neat PU was an easily produce black and toxic smoke,
and its SDR value was only 29.0%. For PU composites inwhich the
content of ALP was 5%, 10%, 15%, 20%, 25%, the SDR value
showed an decrease and reaches to 27.5%, 27.0%, 26.5%, 24.5%,
23.5%, respectively. For PU/20% ALP microcapsule composites,
the SDR value decreases to 16.0%, indicating that ALP micro-
capsule had an inuence on the ame retardation of PU. For PU
composites in which the content of ALP microcapsule was 5%,
10%, 15%, 20%, 25%, the SDR value showed an remarkable
decrease and reached to 26.0%, 21.0%, 17.0%, 16.0%, 15.5%,
respectively. Obviously, the incorporation of ALP microcapsule
not only promoted the re resistance of PU composite, but also
decreased the smoke density during the combustion process. As
a result, it can be concluded that the charring of ALP microcap-
sule played a very important role in ame-retardant PU.

The residual length data of horizontal burning was shown in
Fig. 5(a). It can be seen that the residual length of horizontal
burning increased with an increase of the content of ALP and
ALP microcapsule. When the content of ALP and ALP micro-
capsule were 25%, PU/ALP and PU/ALP microcapsule compos-
ites obtained a HB rating, the residual length of PU/ALP
microcapsule composite was higher than that of PU/ALP
composite. When the content of ALP microcapsule were more
than 15%, PU/ALP microcapsule composite can maintain the
residual length of composites at 24.9 cm. From Fig. 5(b), the
residual length of vertical burning showed a sharply increase
with the increase of the content of ALP microcapsule, when the
content of ALP microcapsule were more than 20%, PU/ALP
microcapsule composite can maintain the residual length of
composites at 24.5 cm. The residual length of PU/ALP micro-
capsule composite was higher than that of PU/ALP composite,
PU/ALP composites not obtained a V-0 rating.

Fig. 6(a and b) showed the digital photos of horizontal burning
and vertical burning residue of PU composites, respectively. Neat
PU, PU/5% composite, PU/15% composite had been burned out
and large amounts of melt droplet, igniting off fat cotton. PU/15%
microcapsule composite and PU/25% microcapsule composite
immediately self-extinguish aer leaving the re, they were
completely maintained the initial shape, indicating excellent
ame retardancy property. In addition, the detailed data for all
composites were also given in Table 1. It can be seen that PU/ALP
microcapsule composite can be self-extinguish and resistance of
melt drip. Moreover, based upon horizontal burning results, PU/
15% ALP microcapsule composite, PU/25% ALP composite and
PU/25% ALPmicrocapsule composite can obtain a HB rating, and
PU/5% ALP composite, PU/15% ALP composite and PU/5% ALP
microcapsule composite can not obtain a HB rating. Based upon
vertical burning results, PU/15% ALP microcapsule composite,
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Comparison of residual length curves of PU composites: (a) horizontal burning; (b) vertical burning.
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PU/25% ALP composite and PU/25% ALP microcapsule
composite can obtain a V-0 rating, and PU/5%ALP composite, PU/
15% ALP composite and PU/5% ALP microcapsule composite can
not obtain a V-0 rating. Therefore, ALP microcapsule can effec-
tively enhanced the ame retardancy of PU composites compared
with neat PU foam. The ame retardancy, self-extinguish and
resistance of melt drip properties of the PU/ALP microcapsule
composite was higher than PU/ALP composite.

In order to further measure the quality of the residues ob-
tained aer LOI test, SEM measurement was performed. As
shown in Fig. 7, the char residue of pure PU was continuous, but
some big holes locate in the residue, which might be formed
due to the permeating of gases resulting from the decomposi-
tion of PU. The char residue of PU/10% ALP composite was like
a network with continuous, which was compact. However, the
residue char of PU/10% ALP microcapsule composites was not
only continuous, but also very compact, which can provide
a shielding effect for the materials underneath from the radiant
heat source, oxygen, and combustible gases.21 Obviously, both
PU/ALP microcapsule composites and PU/ALP composites have
better barrier than pure PU, which must be the leading reason
for improving ame retardancy. SEM results directly conrm
that the ALPmicrocapsule had an inuence on the quality of the
residue formed aer the combustion process, consequently
affected the ame retardancy of PU matrix. To further conrm
This journal is © The Royal Society of Chemistry 2017
the effect of condensed phase in the inner layer of the residue
on the ame retardancy of PU composites, the composition of
the inner residues obtained in LOI test was detected using EDX.
The EDX results were presented in Fig. 8. For pure PU, only the
carbon (C), oxygen (O) and nitrogen (N) were detected. However,
for the PU/10% ALP composites and PU/10% ALP microcapsule
composites, not only did the peaks of the C, O and N appear, but
also new peaks corresponding the aluminum (Al) was found,
indicating that some matters containing the Al remained in the
residues aer incorporating the ALP microcapsule and ALP.
Generally, the matters containing the Al have good contribution
to the ame retardancy of PU. EDX results further demonstrated
that the condensed phase formed during the combustion
process might play an important role in ame-retardant PU
through ALP microcapsule.

To illuminate the effect of the charring of ALP microcapsule
on the ame-retardant efficiency of ALP, the Py-GC/MS test was
performed for pure PU, PU/10% ALP microcapsule composites
and PU/10% ALP composites, and the results were shown in
Fig. 9 and Table 2. For pure PU, more than nine kinds of
pyrolysis products were detected, in which pyrazine, ethyl-
benzene, 2-ethylpyrazine, 3-ethylpyrrole, 2,6-diethylpyrazine, N-
(1-ethyl-3-piperidyl)-cyclohexane-1-carboxamide, 3,4-dimethox-
ytoluene, geraniol and 4,40-methylene-phenyl isocyanate-phenyl
carbamate, corresponding to peaks (1), (2), (3), (4), (5), (6), (7),
RSC Adv., 2017, 7, 35320–35329 | 35325

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04323f


Fig. 6 Digital photos of PU composites after burning 10 s: (a) horizontal burning; (b) vertical burning.

Table 1 Horizontal and vertical burning properties of PU composites with different compositions

Samples code Dripping
Self-extinguish
time/s

Horizontal burning
rating

Vertical burning
rating

Neat PU Very intense Burn out No rating V-2
PU/5% ALP composites Very intense Burn out No rating V-2
PU/15% ALP composites Very intense 9 No rating V-2
PU/25% ALP composites Very intense 4 HB V-0
PU/5% ALP microcapsule composites No dripping 4 No rating V-1
PU/15% ALP microcapsule composites No dripping 2 HB V-0
PU/25% ALP microcapsule composites No dripping 1 HB V-0
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(8) and (9), respectively,22–24 were the major components. The
abundant pyrazine derivatives make a great contribution to the
generation of sufficient aromatic structures. Generally, the
aromatic structures play an important role in forming a stable
char layer.25 For PU/10% ALP composites, more than ve kinds
of pyrolysis products were detected, in which pyrazine, ethyl-
benzene, 2-ethylpyrazine, 3-ethylpyrrole, 2,6-diethylpyrazine,
corresponding to peaks (1), (2), (3), (4) and (5), respectively, were
the major components. When PU/10% ALP microcapsule
composites was heated up to 550 �C, some small molecules like
NH3 and H2O were produced, and some cross-linked structures
like polyphosphoric acid etc. were also generated. However, the
detection limit of the instrument was 30 (m/z $ 30), and the
only four kinds of major components were detected, in which
pyrazine, ethylbenzene, 2-ethylpyrazine, 3-ethylpyrrole, corre-
sponding to the peaks (1), (2), (3) and (4), respectively.
35326 | RSC Adv., 2017, 7, 35320–35329
Therefore, it can be speculated that some kind of chemical
interaction between ALP microcapsule and PU occurred, which
promoted the formation of aromatic structures. For the
aromatic process, the dehydrogenation and catalysis effect of
ALP microcapsule should play an important role. During the
process, the small molecular fragments of the decomposition
products of ALPmicrocapsule might rearrange and cyclize, then
led to the formation of aromatic structures.26 Moreover, the (5),
(6), (7), (8) and (9) peaks were disappeared, indicating more
piperazine rings might be retained in the condensed phase as
the original form, or transformed into aromatic structures that
were more stable, enriching the components of the residue.

To further illuminate the charring process of PU composites
and its contribution in ame-retardant PU, and the condensed
phases were investigated by FTIR. Fig. 10 was the FTIR spectra
of char residues le by the burning of the PU composites. It can
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Digital photos and (b) SEM images of the residual chars after
LOI test.

Fig. 8 EDX analysis of the residual chars of: (1) pure PU, (2) PU/10%
ALP composites, (3) PU/10% ALP microcapsule composites.
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be observed that the peak at 3439 cm�1 belongs to –OH group,
and the absorption peak observed at 2928 cm�1, 2842 cm�1

could be assigned to CH3, CH2 group, respectively. The peak at
1624–1637 cm�1 corresponds to C]C, the peak at 732 cm�1

corresponds to Al–O, the peak at 1720 cm�1 corresponds to C]
O, the peak at 1236 cm�1 corresponds to C]N.21�25 For neat PU,
the peak at 3439 cm�1 corresponding to OH group, –CH3, –CH2

and C]C were observed in the neat PU. The peaks at 1236 cm�1

was observed for the residue, indicating that C]N bond existed
in the residue. For PU/10% ALP composites, the peak corre-
sponding the –OH, C]O, C]C, Al–O bond still exists, illus-
trating that the stable Al–O structures should be one kind of
important component in the char residue. Meanwhile, the
absorbing peak at 1624 cm�1 becomes wider, indicating the
generation of structures containing C]C bond. According to
the results presented above, it was concluded that the existence
of C]O, Al–O, C]N and C]C structures in the residue aer
the decomposition process should be the leading reason for the
excellent charring capacity of ame-retardant PU composites.
As for PU/10% ALP microcapsule composites, the peaks at 3439
cm�1 and 1624 cm�1 always exist in the FTIR curves of the
residue, which was the same as those in the residue of PU/10%
ALP composites. The compact and continuous char layer con-
sisting of –OH, C]O, Al–O, C]C and C]N structures resulted
in the better ame retardancy of PU/10% ALP microcapsule
composites than that of neat PU.

The FTIR spectrum curves of the residues of PU composites
were presented in Fig. 11. The heating temperature range of the
samples was 200–400 �C, the heating rate was 20 K min�1. It
could be seen from the FTIR spectra of PU/ALP microcapsule
composite in Fig. 11(a and b), when the temperature rose up to
200 �C, the peak locating at 1750 cm�1 was attributed to the
carbonyl group (C]O) in the PU so segment. The absorption
This journal is © The Royal Society of Chemistry 2017
peak locating at 2950 cm�1 corresponds to the exural vibration
of C–H structure. The absorption peak locating at 3700 cm�1

corresponds to the exural vibration of O–H in H2O appeared.
At a temperature of 300 �C, the absorption peak locating at 1622
cm�1 indicated the existence of the C]C structure and some
aromatic compounds were released during the thermal degra-
dation of PU at low wavenumber. From 400 �C, the character-
istic absorption peak locating at 1250 cm�1 could be attributed
to the stretching vibration of the C–O structure.

It can be seen from the FTIR spectrum of the residues of PU/
5% ALP microcapsule composite in Fig. 11(a) that the charac-
teristic absorption peak of C]O absorption peaks of locating at
1750 cm�1 were presented at about 200 �C. With the increase of
the temperature, the absorption peak intensity of C]O dis-
appeared gradually. When the temperature rose up to 350 �C,
the absorption peak of C]O disappeared. The C–H absorption
peak locating at 2950 cm�1 appeared at about 200 �C and
250 �C, the C–H absorption peak at 250 �C was a little higher
than that at 200 �C, with the increase of the temperature, the
RSC Adv., 2017, 7, 35320–35329 | 35327
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Fig. 9 The pyrograms of PU composites.

Table 2 Compounds identified from the pyrograms of PU composites

No. Retention time/min Compounds

1 1.18 Pyrazine
2 2.42 Ethylbenzene
3 3.77 2-Ethylpyrazine
4 4.07 3-Ethylpyrrole
5 7.91 2,6-Diethylpyrazine
6 14.07 N-(1-Ethyl-3-piperidyl)-

cyclohexane-1-carboxamide
7 24.497 3,4-Dimethoxytoluene
8 25.195 Geraniol
9 27.16 4,40-Methylene-phenyl isocyanate-

phenyl carbamate
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absorption peak intensity of C–H disappeared gradually. When
the temperature rose up to 400 �C, the absorption peak of C–H
disappeared. While the absorption peak of O–H in H2O locating
at 3700 cm�1 appeared at lower temperature. With the increase
of the temperature, the absorption peak intensity of O–H
increased gradually, reached the maximum at about 400 �C.
With the increase of the temperature, the absorption peak
intensity of C]C increased gradually, reached the maximum at
Fig. 10 FTIR spectra of the residues for the PU composites after LOI
test.

35328 | RSC Adv., 2017, 7, 35320–35329
about 400 �C. The aromatic compounds and the C–O charac-
teristic peak locating at 1250 cm�1 increased gradually, reached
the maximum at about 400 �C.

It can be seen from the FTIR spectrum of the residues of PU/
25% ALP microcapsule composite in Fig. 11(b) that the charac-
teristic absorption peak of C]O absorption peaks of locating at
1750 cm�1 were presented. With the increase of the temperature,
the absorption peak intensity of C]O decreased gradually. When
the temperature rose up to 400 �C, the absorption peak of C]O
disappeared. With the increase of the temperature, the absorp-
tion peak intensity of C–H decreased gradually, reached the
maximum at about 200 �C, and then began to increased gradu-
ally. While the absorption peak of O–H in H2O locating at 3700
cm�1 appeared at lower temperature. With the increase of the
temperature, the absorption peak intensity of O–H increased
gradually, reached the maximum at about 350 �C. With the
increase of the temperature, the absorption peak intensity of
C]C increased gradually, reached the maximum at about
350 �C, and then began to decline gradually. The aromatic
compounds and the C–O characteristic peak locating at 1250
cm�1 increased obviously with the increase of the temperature,
reached the maximum at about 400 �C.

It can be easily concluded that the absorption peaks of C–H
appeared at higher temperature in the PU/ALP microcapsule
composite because the char formation prevents the thermal
decomposition of polymers, as a result the LOI was higher than
that of neat PU. And with help of the carbon layer, which can
work as physical barrier to inhibit the heat andmass transfer and
pyrolysis of polymer. At the same time, due to hindrance of the
compact char layers, more aluminum-containing pyrolysis
products of ALP microcapsule were le in condensed phase
resulting in denser and larger amount of char residue.27–29 Aer
the PU foamwas ignited, ALPmicrocapsule rstly decomposed to
generate NH3 and H2O before aluminum phosphate and catalyze
the pyrolysis of PU, and then ALP began to decompose. P element
can promote the decomposition of PU, releasing more CO2 at
a lower temperature. This means that P element catalyzes dehy-
dration of polyol from the depolymerization of PU to form water;
then water can react with isocyanate from the depolymerization
This journal is © The Royal Society of Chemistry 2017
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Fig. 11 FTIR spectra of the residues of PU/5% ALP microcapsule
composite (a), PU/25% ALP microcapsule composite (b) and the
heating temperature range of the samples was 200–400 �C.
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of PU to form CO2 and polyurea structure. The polyurea structure
has better re safety than polyurethane structure from PU, and
can be used as carbon source with P element in ame retardants.
4. Conclusion

In the present era in which the environment pollution and the
waste of resources is getting worse and worse, a new clean
environmental friendly ame retardant of polymer is very
necessary. In this paper, a novel ALP microcapsule was
synthesized successfully. The ame retardancy of PU foam was
studied by various measures. The results showed that the ALP
microcapsule had better ame retardant effect on PU foam than
pure ALP. Through the analysis of these experiments, it had
provided a new idea and method to study the shell–core struc-
ture, and these shell–core materials were inorganic compound,
halogen-free, non-toxic and environmentally friendly, and that
green ame retardant of polymer. This will be very signicant.
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