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Abstract. Polystyrene composites containing silicon orthophosphate, taranakite, and aluminum phosphate,
were prepared via melt blending and characterized by powder X-ray diffraction, Fourier transform infrared
spectroscopy, thermogravimetric analysis and cone calorimetry. The systematic investigations of the effects
of the additives on ﬂame retardancy, thermal decomposition, and pyrolysis behavior of polystyrene were
conducted using cone calorimetry and thermogravimetric analysis. Thermogravimetric analysis indicated that
the addition of aluminum phosphates caused small increases in thermal stability as evidenced by as low as
4 °C increase in onset degradation temperature and up to 13 °C increase in midpoint degradation temperature.
The addition of silicon orthophosphate resulted in increases of between 9 and 27 °C in onset degradation
temperature and between 13 and 31 °C in midpoint degradation temperature. Thermal stability increased with
loading percentages, with 10 mass% giving the most stability. The addition of the additives at less than 10
weight percent resulted in a 22 to 52% reduction in the peak heat release rate. Whereas there is a signiﬁcant
reduction in the time-to-ignition for the phosphate composites compared to the virgin polymer, there are
remarkable reductions in the peak heat release rate, average mass loss rate and smoke production.
Keywords. Silicon orthophosphate; Taranakite; Cone calorimetry; Flammability; Thermal stability.

1. Introduction
The demand for synthetic polymers has continued to
grow and this has led to continuous research into
polymer matrix composites (PMCs) that have
improved mechanical, thermal, and electrical properties.1 Modern technology has allowed optimization of
PMCs to achieve a balance of properties for a given
range of applications. Due to the lightweight, low cost
and ease of processing of synthetic plastics, there has
been an increase in the applications of plastics in a
broad range of components in both domestic and
industrial sectors. The resultant increase in the ﬁre
load fraction of plastics in the various sectors has led
to enhanced research in the production of PMCs with a
signiﬁcantly lower tendency to ignite and burn easily
compared to virgin polymers2,3 as well as the development of ﬂame retardant coatings.4,5 Over the past
decades, halogenated compounds have been widely
used in the economical reduction of polymer
*For correspondence

ﬂammability without compromising product quality.
However, halogen-based ﬁre retardants have been
found to have negative environmental effects due to
their toxicity and persistence in the environment.6–8
Because of these undesirable features, great strides
have been made in the search for alternative ﬁre
retardants. At the moment, inorganic nanoﬁllers represents the most predominant route nanotechnology
can produce PMCs with ﬂame retarding properties. In
particular, modiﬁed and unmodiﬁed layered silicates are undoubtedly the most widely used nanoﬁllers
that serve as ﬂame retardants. In addition to the
extensively researched organoclays, other nanoﬁllers
such as; graphene and graphene oxide,9,10 polyhedral
oligomeric silsesquioxanes (POSS),11,12 layered double hydroxides (LDH),13 nanosilica,14 metal oxides,
and recently, metal-organic frameworks15,16 are also
generating a lot of interest in ﬁre research. It is highly
desirable to produce PMCs that have markedly
enhanced thermal resistance and improved ﬂammability properties when only small amounts of the
nanoﬁllers are loaded so that desirable physical
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properties of the polymer matrix are not compromised.
Hence the thermal resistance of polymer hosts should
be markedly enhanced when a small amount of
nanoﬁllers is loaded. Polystyrene (PS) is a well-known
thermoplastic polymer widely used for various applications17 because it is cheap, has very good chemical
resistance, low density, very good thermal and electrical insulation and is easy to process.5,18 Despite all
these very good properties, the high ﬂammability of
styrene-based materials limits their wider uses. When
styrene-based polymers are exposed to elevated temperatures, they easily depolymerize releasing numerous volatile products such as styrene monomers,
dimers, trimers, and other hydrocarbons.15,16 In the
last decade, a lot of work has been done to develop
environmentally-friendly ﬁre-retardant formulations
that have been shown to be effective for PS.5,16,19–23
Among the proposed ﬁre-retardant solutions, compounds containing phosphorus (P) atom(s) have been
shown to be highly effective24,25 with phosphorus
acting in the condensed or gas phase depending on the
valence.26 Phosphorus-containing compounds are also
considered to be less toxic than the corresponding
halogen-containing formulations.27,28 Despite a lot of
phosphorous-containing formulations developed to
reduce the ﬂammability of common household and
everyday use polymers, it is still challenging to design
non-toxic, environmentally friendly yet efﬁcient ﬁre
retardants for polystyrene. The purpose of this work
was to investigate the potential of using aluminum and
silicon phosphates as nanoﬁllers in polystyrene to
improve its ﬁre properties. Inorganic phosphates are of
interest in various applications as they exhibit interesting technological and structural properties. A particular feature of the alkali and alkali-earth
phosphosilicate glasses is that a fraction of the Si4?
ions is octahedrally coordinated as seen in Si5O(PO4)6,
Si3(PO4)4 and SiP2O7. The silicon phosphates are the
only normal pressure ionic crystalline phases known to
have SiO6 units. Because of these unique properties,
silicon phosphate particles have a very large interfacial
area which promotes tight packing when mixed with
polymers and consequently has the potential of
improving ﬁre and mechanical properties in composites. Aluminum phosphates are of interest due to their
good thermal stability and surface acidity which can
promote char formation during polymer decomposition. Silicon and Aluminum phosphates have been
synthesized in a variety of ways depending on the
particular application, with specialized applications
requiring adverse conditions of pressure and temperature.29–33 Herein we report the potential of AlPO4,
Si5O(PO4)6 and K3Al5((PO4)2(HPO4)6xH2O prepared
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by sol-gel synthetic methods as viable alternative ﬁre
retardants for polystyrene.

2. Experimental
2.1 Preparation of aluminum and silicon
phosphate
Crystalline silicon phosphate (Si5O(PO4)6) was synthesized using 85% H3PO4 (JT Baker, USA) and silica
gel (Sigma Aldrich, USA) as sources of phosphorous
and silicon, respectively. Initially, H3PO4 was heated to
140 °C for 1 h and then silica gel was slowly added to
the acid. The ratio Si:P in the reaction mixture was 1:3
by mass. The reaction mixture was then reﬂuxed at
200 °C for 6 h. The product was washed thoroughly
with deionized water followed by acetone and then dried
at 100 °C for 2 hours followed by calcination at 800 °C
for 2 h.
AlPO4 was synthesized from 85% H3PO4 and
sodium aluminate (Strem Chemicals, USA). 5 g of
sodium aluminate was added to 100 mL of 2-butanol
followed by heating to 100 °C. Thereafter 20 mL of
concentrated H3PO4 was added drop wise with stirring
followed by reﬂuxing at 100 °C for 24 h. The white
precipitate was washed with water and ethanol and
dried at 80 °C for 6 h.
For K3Al5((PO4)2(HPO4)6xH2O synthesis, 100 mL
of a 0.12 M solution of Al(NO3)39H2O in previously
boiled deionized water was added drop wise with
stirring to a 180 mL solution of 0.24 M (KOH ?
KH2PO4). After ageing for 24 h at room temperature
under constant stirring, the slurry was washed thoroughly with deionized and decarbonated water then
ﬁnally air-dried at room temperature. The aluminum
phosphate synthesized using this method was identiﬁed as taranakite.

2.2 Preparation of polystyrene composites
Polystyrene (MW ca. 192 000; melt index 6.0-9.0 g per
10 min, 200 °C/5 kg; purchased from Sigma Aldrich,
USA) composites were prepared via melt blending in a
Brabender Plasticoder. The Brabender Plasticoder
melt blending operational parameters are; temperature
= 200 °C, screw speed = 60 rpm, and residence time =
10 min. The constituent components of the different
composite samples are presented in Table 1. Entry 1
(PS), in Table 1, represents the polystyrene reference
sample, without any additive, that was subjected to the
same procedure as the composites.
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Table 1. Composition of polystyrene composites.

1
2
3
4
5
6
7
8
9
10

Sample name

Polystyrene PS (%)

AlP (%)

SiP (%)

Taranakite (%)

PS
PS–2AlP
PS–5AlP
PS–10AlP
PS–2SiP
PS–5SiP
PS–10SiP
PS-2taranakite
PS-5taranakite
PS-10taranakite

100
98
95
90
98
95
90
98
95
90

0
2
5
10
0
0
0
0
0
0

0
0
0
0
2
5
10
0
0
0

0
0
0
0
0
0
0
2
5
10

2.3 Characterization
Powder X-ray diffraction (PXRD) patterns (2h range of
2.0–80.0°; step size of 0.083° per second) were obtained
on a Rigaku Miniﬂex II X-ray diffractometer (USA)
utilizing Cu (Ka) X-ray source of wavelength
of 1.54 Å, 30 kV generating voltage and 15 mA current. Powdered samples were mounted onto quartz
slides while polymer samples were pressed into platelets
and mounted on aluminum sample holders. Attenuated
total reﬂectance-Fourier transform infrared (ATRFTIR) spectra of the synthesized materials and the
composites were obtained on a Perkin Elmer Spectrum
100 FTIR spectrometer, USA. The ATR-FTIR spectrometer was operated at 2 cm-1 resolution and
4000–650 cm-1 spectral range utilizing a MIRacleTM
single reﬂection ATR accessory from PIKE Technologies. Thermogravimetric (TG) data was obtained on a
NETZSCH TG 209 F1 (Germany) instrument using
ceramic sample holders. The temperature range was 30
to 500 °C at a ramp rate of 20 K min-1 in an inert N2
(ﬂow rate of 50 mL min-1) atmosphere. Triplicate
measurements were recorded, and the average was
reported here. An Atlas Cone 2 instrument (USA) was
used to evaluate the ﬂammability of the pure polymer
and its composites. For the cone calorimetry analysis,
the samples weighing about 30 g and of the dimensions
100 mm 9 100 mm 9 3 mm were subjected to an
incident heat ﬂux of 35 kW m-2 in a horizontal orientation. The analysis was conducted in triplicates and the
reported values are the averages of three measurements.

of the samples match well with the corresponding
values reported for K3Al5((PO4)2(HPO4)6xH2O, silicon orthophosphate Si5O(PO4)6 and AlPO4.
The nature of the inorganic ﬁller-polymer composites can also be evaluated by XRD. For layered
materials, the intercalation of the polymer matrix
within the interlayer space results in an increase in
the interlayer spacing of the resultant composite
material that is detected as a shift of Bragg reﬂections to lower 2 theta values on the XRD pattern.
An exfoliated system results from the complete loss
of the layered structure with the individual layers
dispersed within the polymer matrix leading to
complete loss of registry between the layers such
that no Bragg reﬂections are observed. However,
various types of disorders can lead to loss of peaks
on the XRD traces therefore the absence of peaks is
not proof of exfoliation. Figure 2 shows representative XRD patterns of PS and its composites. For
PS-taranakite composites, there appear to be a loss

3. Results and Discussion
3.1 Characterization of materials
Powder X-ray diffraction (PXRD) patterns of silicon
and aluminum phosphate samples are shown in
Figure 1. The d spacings and the relative intensities

Figure 1. Powder X-ray diffraction traces for Si5O(PO4)6,
K3Al5((PO4)2(HPO4)6xH2O and AlPO4.
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in crystallinity of taranakite when it is mixed with
polystyrene. This may suggest that taranakite might
have become disordered when it was blended with
PS at an elevated temperature. Temperature-dependent XRD studies have shown that at temperatures
greater than 200 °C, taranakite transforms into an
amorphous phase,34 which support our suggestion
rather than masking of the taranakite peaks by the
large amorphous hump from PS. For Si5O(PO4)6 and
AlPO4 composites, there are small sharp peaks in
addition to the broad PS peaks indicating that the
crystalline structures were maintained, but were
masked by the big amorphous PS hump.
FTIR results of silicon and aluminum phosphates
are shown in Figure 3. The phosphate m3 and m1
bands for aluminum phosphate and taranakite are
identiﬁed by three peaks (1087, 1042, and
911 cm-1).35 For silicon orthophosphate, the phosphate m3 and m1 bands appear at 1163, 1101 and
1023 cm-1.
3.2 Thermal stability
To investigate the individual temperature-dependent
transformations which the additives undergo before
being incorporated into polystyrene, thermogravimetric
analysis was conducted, and the results are presented in
Figure 4. The loss of physically adsorbed and chemically bound water manifests as the weight loss below
200 °C, and the losses at T[200 °C can be assigned to
the decomposition of the phosphates.36,37 Even though
the mechanisms of mass loss are different in AlPO4 and

Figure 2. Powder X-ray diffraction data for pure polystyrene. Si5O(PO4)6, K3Al5((PO4)2(HPO4)6xH2O and
AlPO4-polystyrene composites.
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Figure 3. FTIR traces for Si5O(PO4)6, K3Al5((PO4)2
(HPO4)6xH2O and AlPO4. Traces are offset for clarity
but not otherwise scaled.

Si5O(PO4)6 as evidenced by different TGA proﬁles, the
percentage weight loss after heating to 800 °C is the
same. AlPO4 and Si5O(PO4)6 additives lose about 14%
of their starting weight whereas K3Al5((PO4)2(HPO4)6xH2O loses about 25% of its weight when
heated to 800 °C.
The temperature dependent mass loss data obtainable from TGA has led to the technique being routinely used to compare the thermal stability of pure
polymers and polymer composites. Improvements in
thermal stability of the composites, bestowed by the
inorganic ﬁllers, were evaluated making use of TGA
data presented in Figure 5. The onset of thermal
degradation (which we consider as the temperature at

Figure 4. TGA curves of K3Al5((PO4)2(HPO4)6xH2O,
Si5O(PO4)6 and AlPO4.
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which 10% mass loss occurs, T0.1) of pure polystyrene
is 378 °C. The onset of degradation in PS–AlP composites increases by less than 10 °C when compared to
the unmodiﬁed polymer at all three different loading
levels. Mid-point temperature (the temperature at
which 50% mass loss occurs, T0.5) also showed the
same trend as the onset degradation temperature. For
the PS–Si5O(PO4)6 composites, onset degradation
temperature increases by between 9 and 27 °C and T0.5
increases by between 13 and 31 °C. The increases in
Si5O(PO4)6 containing samples is dependent on additive loading percentage, with a high loading giving
more thermal stability. Phosphates have been shown to
act in the condensed phase by enhancing surface char
formation during polymer composites decomposition.38 The surface char acts as a barrier to mass and
heat transfer restricting the passage of polymer matrix
degradation products. The key properties obtained
from thermogravimetry analysis are summarized in
Table 2.
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Results summarized in Table 2 indicate the following order of thermal stability for the nanocomposites under investigation: PS-SiP[PS-AlP[PStaranakite. This order correlates well with the char
formation capabilities of the additives. Silicon and
phosphorus have been shown to have a char forming
synergy with phosphorus enhancing char formation
whilst silicon protects the char from degrading.39
Flame retardants containing Si and P have been shown
to form crosslinking residues which have excellent
ﬂame and smoke suppression effects.40

3.3 Evaluation of ﬂammability
The effects of the additives on the ﬂammability of PS
were investigated using cone calorimetry.
The cone calorimeter is one of the main instruments
that are widely used in the evaluation of the effectiveness of additives as ﬂame retardants. The utility of the

Figure 5. TGA curves for neat PS, PS-AlPO4, PS-Si5O(PO4)6 and PS- K3Al5((PO4)2(HPO4)6xH2O.
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Table 2. TGA data for pure polystyrene and its
composites.
Sample
PS
PS-2AlP
PS-5AlP
PS-10AlP
PS-2SiP
PS-5SiP
PS-10SiP
PS-2 taranakite
PS-5 taranakite
PS-10 taranakite

T0.1 (oC)

T0.5 (oC)

DT0.5

% Char

378±1
386±2
387±3
388±2
387±3
393±2
405±2
386±2
388±3
390±2

401±2
411±2
413±1
412±0
414±2
419±3
432±2
407±2
409±5
414±3

10±1
12±2
11±1
13±1
18±2
31±3
4±2
8±2
13±3

0.2±0.1
1.7±0.3
4.6±0.4
10.1±0.6
1.7±0.5
4.8±0.8
10.6±0.9
1.7±0.2
4.2±0.4
7.6±1.2

DT0.5; T0.5 (composite) minus T0.5 (pure PS). Italicized
entries are the expected char based on the residue obtained
from pure PS and additive fractions

cone calorimeter stems from the obtained parameters
such as heat release rate (HRR), peak of HRR (PHRR),
total heat release (THR), smoke production (ASEA),
average mass loss rate (AMLR) and time to ignition,
(tig), which are key in assessing the ﬂammability of
materials. An ideal additive should cause signiﬁcant
decreases in PHRR, THR, ASEA and AMLR while
increasing the time to ignition. To simulate radiant heat
during ﬁre development, a heat ﬂux of 35 kW/m2 was
used in the cone calorimetry experiments41 and the
results from the experiments are shown in Figure 6. The
HRR results shown in Figure 6 show that the HRR traces
for the composites span a wider time interval compared
to the pure polymer which indicates that the composite
materials burn for a longer time compared to the pure
PS. THR values, which are obtained from the integration of the HRR curves, provide an indication of the
extent of the burning of the pure polymer or the polymer
matrix in the composite. Results presented in Table 3
show that THR values of the composites are within the
experimental error margins of the neat polymer. This
indicates that the additives did not signiﬁcantly reduce
the extent of burning of the polymer matrix within the
composite and the polymer completely decomposed at
the end of the cone calorimetry experiment.
There was a decrease in smoke production with
increasing additive loading, the best results were
obtained at 10% Si5O(PO4)6 loading which caused a
13% reduction in ASEA. AMLR decreased slightly at
higher additive loadings with the greater reduction
being observed for Si5O(PO4)6 as compared to AlPO4
and taranakite. As previously observed for most
inorganic ﬁllers, the time to sustained ignition is
reduced for all the composites. This has been
attributed to the increase in polymer viscosity due to

the addition of the ﬁllers, which reduce the heat
exchange between the surface of the sample exposed
to heat ﬂux and the bulk polymer matrix.42 This
results in a rapid increase in the surface temperature
which reduces the time required for the sample to
reach pyrolysis temperature.43 The results presented
in Figure 6 and summarized in Tables 3 and 4
highlight the effects of the additives in reducing the
peak heat release rate, with a substantial reduction of
52% being observed for PS-10SiP. Table 4 shows
that the addition of Si5O(PO4)6 led to the best
improvements in the ﬁre properties when compared
to other modiﬁers. Figure 5 shows that polystyrene
degrades in a single step in the temperature range
300 to 500 °C. This degradation has been shown to
occur via statistical b-scission of the polystyrene
backbone.42 The external heat ﬂux initiates the
degradation process, releasing volatile molecules
(styrene, a-methyl styrene, benzene, and toluene)
which release substantial amounts of energy upon
oxidation. The heat released due to the oxidation of
these volatile degradation products is fed to the bulk
composite causing further degradation of the polymer
matrix resulting in the release of more volatile
degradation products which are then oxidized
releasing more heat. This creates a cycle (burning
cycle) that is responsible for sustaining the burning
process after the removal of the external heat source.
Effective ﬁre retardants act by breaking this burning
cycle through improving the thermal stability of the
polymer, dilution and consequent quenching of the
ﬂame, and formation of a heat and mass transfer
barrier.44 Si5O(PO4)6, taranakite, and AlPO4 might
act as ‘‘heat shields’’ which may limit heat feedback
to the bulk polymer by reducing heat conduction into
polystyrene. They can also limit gas evolved due to
an increase in melt viscosity and can also enhance
the wetting of mineral particles by the molten polymer. Unlike organic phosphorus compounds which
can act both in the condensed phase and in the gas
phase, inorganic compounds mainly act in the condensed phase catalyzing char formation.22,38,45
Therefore, the formation of a continuous char that act
as an efﬁcient barrier to heat and mass transfer is
critical for an effective ﬂame retardant as it screens
degradation products below the heated surface from
the burning ﬁre. Therefore additives that form continuous char act as better ﬂame retardants than
aggregates and pillars forming additives.46
Photographs of char formed from PS and its
composites after the cone calorimetry tests shown in
Figure 7 indicates that the appearance of the char
differed depending upon the additives. Residual char
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Figure 6. Heat release curves for neat PS, PS- K3Al5((PO4)2(HPO4)6xH2O, PS-AlPO4 and PS-Si5O(PO4)6.

Table 3. Cone calorimetry data for PS composites at 35 kW m-2.
Sample

tign(s)

PHRR (kW m-2) (% reduction)

tPHRR (s)

THR
(MJ m-2)

AMLR
(g sec m-2)

ASEA
(m2 kg-1)

PS
PS-2AlP
PS-5AlP
PS-10AlP
PS-2SiP
PS-5SiP
PS-10SiP
PS-2 taranakite
PS-5 taranakite
PS-10 taranakite

43±1
38±2
31±3
28±3
34±2
32±2
25±3
28±2
26±1
10±1

1489±56
1346±43
1243±34
1165±58
990±29
840±15
722±18
1412±65
1342±47
1168±51

142±6
142±4
140±3
138±5
148±6
149±7
126±5
141±7
140±8
139±5

94±4
88±3
89±6
88±3
87±3
83±4
81±4
93±9
111±5
102±5

30±2
26±3
29±3
25±3
24±1
23±2
20±1
25±2
25±2
27±1

1356±87
1280±65
1270±46
1256±39
1218±25
1204±19
1178±33
1343±21
1295±47
1270±24

from the PS-AlP (a) and PS-taranikite (c), formed
multiple islands with discontinuities that occupy a
small area relative to the original sample area. The
synergistic effects of silicon and phosphorus39
resulted in the char from PS-SiP (Figure 7b) being
ﬁrm, intact and uniformly distributed occupying
close to 100% of the original sample area.

Si5O(PO4)6 containing formulations were more
effective in reducing ﬂammability when compared to
other formulations due to the highly dense char
network that was impermeable to gases, hence providing a barrier to diffusion of volatile degradation
products to the pyrolysis zone thereby retarding the
combustion process.46,47
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Table 4. Comparison of different modiﬁers on ﬁre properties of polystyrene.
Additive
Si5O(PO4)6
AlPO4
Taranakite
MgAl-undecenoate/APP
Organically modiﬁed MMT (various
modiﬁers)
DOPO
Graphene oxide functionalized DOPO
Bis(2,4-dicumylphenyl)
pentaerythritol diphosphate
Sugar beet leaves derived graphite sheets
Graphitic carbon nitride/organic aluminum
hypophosphites

Loading
(%)

PHRR
Reduction (%)

THR

10
10
10
5/5
5

52
22
22
42
16-37

81±4
88±3
102±5
101±1
86-94

23
23
10

17
28
22

10
4

28
27

ASEA
Change (%)
-13
-7
-6

AMLR Reference
This work
This work
This work

?3 to ?15

20±1
25±3
27±1
16±1
24-27

64.9
62.8
101

-61

-

22

110±8
89.0

-26
-17

-

10

42
44

22
38

20

Figure 7. Photographs of residual char (a) PS-5% AlPO4 (b) PS-5% Si5O(PO4)6 (c) PS-K3Al5((PO4)2(HPO4)6xH2O.

4. Conclusions
Polystyrene composites containing K3Al5((PO4)2
(HPO4)6xH2O, Si5O(PO4)6 and AlPO4 were prepared
via melt blending and characterized by XRD, FTIR
and cone calorimetry. Thermo-gravimetric analysis
revealed that addition of AlPO4 caused small increases

in thermal stability as evidenced by approximately a
7 °C increase in onset degradation temperature and
approximately an 11 °C increase in the midpoint
degradation temperature. The addition of Si5O(PO4)6
caused increases between 9 and 27 °C in the onset
degradation temperature and between 13 and 31 °C in
the midpoint degradation temperature. Thermal

J. Chem. Sci. (2022)134:11

stability increases due to AlPO4 was independent of
percentage loading whilst that from Si5O(PO4)6 was
directly proportional to loading. The addition of Si5O(PO4)6 and the aluminum phosphates at loadings of
no more than 10% resulted in substantial reductions in
peak heat release rate (PHRR) as determined from
cone calorimetry. Si5O(PO4)6 additive resulted in the
greatest reduction in the PHRR of PS as compared to
the other additives. This was mainly due to the Si5O
(PO4)6 forming a more compact char during the
burning process. Similar reductions were observed for
the average mass loss rate (AMLR) suggesting that
reductions in PHRR are due to the slower rate at which
combustible volatiles are produced. Between the
phosphates investigated Si5O(PO4)6 gave the best
results.
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