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Abstract High impact polystyrene/Fe-montmorillonite
(HIPS/Fe-MMT) nanocomposites were successfully pre-
pared by melting intercalation. The nanostructures of HIPS/
Fe-MMT were testified by X-ray diffraction (XRD) and
transmission electron microscope (TEM). Corresponding to
pure HIPS, the thermal stability of HIPS/Fe-MMT nano-
composites was notably improved. The peaks of heat
release rate (PHRR) and the mass loss rate (MLR) were
significantly reduced after the formation of the HIPS/Fe-
MMT nanocomposites from cone calorimetry. And nano-
composites PHRR was further lower with the increase of
Fe-MMT content in the range of 1 to 5 wt%. The
degradation mechanism of HIPS and HIPS/Fe-MMT nano-
composites was conducted by pyrolysis gas chromatogra-
phy mass spectrometry (Py-GC-MS). And the reason of the
enhancement of thermal stability maybe is that structural
iron is the operative site for radical trapping in the Fe-MMT
and the nanostructure enhances the interaction of the chains
of the HIPS.

Keywords Fe-montmorillonite - Py-GC-MS - High impact
polystyrene - Melting intercalation - Nanocomposites -
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Introduction

Nanocomposites, composed of clay and polymer, have been
studied extensively for some time and it has been shown
that most of the properties are enhanced in the presence of a
small amount of clay. For instance, incorporation of a few
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percent of clay in many cases increases the modulus, strength,
gas barrier properties, and heat stability, compared to the pure
polymers [1—4]. These improvements in the properties are the
result of the nanometer scale dispersion of clay in the polymer
matrix [5, 6]. This space between the clay layers is referred to
as the clay gallery. To make compatible with polymers, the
sodium ions are usually ion-exchanged with an organic
ammonium or phosphonium salt to convert this material into
a hydrophobic ammonium or phosphonium treated clay.

High-impact polystyrene (HIPS) is widely used for
electrical appliances, electronic instruments and building
materials. HIPS are composite material consisting of a PS
phase and a dispersed polybutadiene (PB) rubber phase. In
this article, the effect of synthetic Fe-montmorillonite (Fe-
MMT) in HIPS/Fe-MMT nanocomposites was studied. The
structure of the Fe-MMT is the same to that of natural
MMT. The difference is that Fe** ion replaced AI’" ion in
the crystal lattice. The clay containing iron was applied to
catalytic field many year ago [7, 8], and they perform
catalytic activity very well. In the previous research, the
structural iron can be the important site of radical trapping
[9]. A new application of Fe-MMT in HIPS was proved and
some favorable properties compared with pure polymer in
this study. The nanocomposites were prepared using this
type of organic Fe-montmorillonite (Fe-OMT) by melt
intercalation, and the nanostructure, thermal property and
fire property were measured.

Experimental
Materials

The majority of chemicals used in this study, including
cetyltrimeyhyl ammonium bromide (CTAB). Acidic sodi-
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um silicate (Na,Si03.9H,0), iron (III) chloride
(FeCl5.6H,0), zinc acetate [Zn (CH3;CO0O),.2H,0] and
sodium hydroxide (NaOH) were all from Shanghai Chem-
istry Company. High impact polystyrene (492J) was
supplied as pellets by SAL Petrochemical (Zhangjiagang)
Co., Ltd., China.

Preparation of HIPS/Fe-MMT hybrid

The way of the synthesis and modifiability of Fe-MMT was
reports in previous thesis [10, 11]. HIPS was melt-mixed
with Fe-OMT at 180°C using a twin-roll mill (XK-160,
made in Jiangshu, China) for 10 min to yield the hybrid,
denoted HIPS/Fe-MMT and the listing order in Table 1.

Characterization

X-ray diffraction (XRD) was used to characterize the layer
conformation of Fe-MMT in the composite. The operation
parameters were Cu-Ko (A=1.54178 A) radiation at a
generator voltage of 30 kV and current of 10 mA. The
range of the diffraction angle was 26=1.5-10°. The
structure of the composite was observed by transmission
electron microscope (TEM), TEM specimens were cut at
room temperature using an ultramicrotome (Ultracut-1,
UK) with a diamond knife.

The thermal properties of HIPS and HIPS nanocompo-
sites were investigated by Thermogravimetric analyzed
(TGA, TAS50). In each case, the 10 mg specimens were
heated from 25 to 600 °C at the rate of 10 °C/min under
nitrogen flow.

The cone calorimetry experiments were carried out
following the procedure defined in ISO 5660, on the
3 mm thick100x 100 mm? plaques. The cone data obtained
are reproducible to within +10% when measured at 35 kW/m?
heat flux.

Comparative thermal degradation of HIPS/Fe-MMT and
virgin HIPS was conducted by pyrolysis gas chromatography
mass spectrometry (Py-GC-MS). The samples were purged
for 1 min under 99.999% pure helium flow (100 ml/min) and
pyrolyzed at 450 °C in a Frontier Labs pyrolyzer interfaced
with a Agilent 6890 GC and Agilent 5970 MSD. The GC
column was heated from 50 to 280 °C at 10 °C/min and held at
the final temperature for 10 min.

Table 1 Formulations of HIPS composites

Sample code HIPS (wt%) Fe-OMT (wt%)
HIPS1 100 0
HIPS2 99 1
HIPS3 97 3
HIPS4 95 5
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Fig. 1 XRD patterns of HIPS nanocomposites containing different
amount of @ Fe-OMT; b HIPS2; ¢ HIPS3; d HIPS4

Results and discussion
Nanostructure of HIPS/Fe-MMT composites

After the Fe-MMT was modified by CTAB, the original
inorganic Fe-MMT (the dy, spacing was about 15 A which
was previous report [11]) became hydrophobic and the
interlayer galleries were also amplification. The d spacing
has changed into 28 A (Fig. 1a) [11]. Figure 1b—d show a
series of XRD patterns of HIPS/Fe-MMT composites
containing different amount of Fe-OMT. With the decrease
of the Fe-OMT content (from 5 to 1 wt%), the peak relative
intensity of the (001) plane became weaker. The strong
(001) plane peak of HIPS4 corresponding to doo; (about
37 A; Fig. 1d) was clearly observed, resulting from this
kind of composite: intercalated nanocomposites. Along
with Fe-OMT content depression, the diffraction peak of
(001) plane was weak (Fig. 1c, 3 wt% Fe-OMT), it declared
the intercalated-exfoliated nanocomposites was formed.
When the content of Fe-OMT was 1 wt%, the peak was
disappeared. It declared the exfoliated morphology was
formed or the major. When the content of Fe-OMT
increased, structures of HIPS/Fe-MMT nanocomposites
changed from exfoliation to intercalation.

In order to certify XRD spectrum analysis of the HIPS/
Fe-MMT nanostructure, the TEM micrographs of the HIPS/
Fe-MMT composites were shown in Fig. 2, where the
bright region represented the polymer matrix and the dark
narrow stripes represented the Fe-MMT. From TEM
micrograph of HIPS2 and HIPS3 (showing Fig. 2a and b
respectively), it detected the Fe-MMT was dispersed in the
HIPS matrix. The exfoliated state was major in Fig. 2a
which most MMT layers were randomly dispersed in the
HIPS matrix. In Fig. 2b, it was typical intercalated
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Fig. 2 TEM micrograph of
HIPS2 (a) and HIPS3 (b)

dispersion which the layers of silicate had certain tendency
of arrangement; and the minor was exfoliated state. The
conclusion was coincident with XRD of the nanocomposites.

Thermal stability of HIPS/Fe-MMT nanocomposites

In the experimental conditions, the thermal decomposition
behaviors of pure HIPS, HIPS/Fe-MMT nanocomposites
series and Fe-OMT were performed by TGA in Fig. 3 and
Table 2. It was seen that the thermal stability of the HIPS/
Fe-MMT nanocomposites was noticeably improved con-
trasting to that of the HIPS matrix. The data of the onset of
the degradation temperatures (at which 10% degradation
occurs, symbol Ty ;), the midpoint of the degradation
temperatures (at which 50% degradation occurs, symbol
Ty.5s) and the residue that was at 600 °C, were shifted to
higher with enhancing the Fe-OMT content in the HIPS/Fe-
MMT nanocomposites contrasting to that of HIPS. The
temperature of decomposition was increased as much as
20-30 °C. The origin of the noticeable increased in the
temperature of decomposition mainly resulted from strong
interaction between polymer and clay [12]. Polymer chains
subjected to the silicate layers. Surface features of silicate
layers made many polymer chains extremes link the same

Weight (%)

200 300 400 500 800
Temperature °C
Fig. 3 Fe-OMT, pure HIPS and HIPS/Fe-MMT nanocomposites
characterized by TGA a HIPS1; b HIPS2; ¢ HIPS3; d Fe-OMT

silicate layers. So those layers acted as cross-bonding
points. In the Table 2, HIPS4 (5 wt% Fe-OMT) had the
highest thermal property of the three types of nano-
composites. Thermal decomposition of the Fe-OMT takes
place at around 200 °C and proceeds according to the
Hofmann degradation mechanism [11-13]. The course was
similar to the Na-OMT, and it was described in our
previous report.

The fire performance of nanocomposites

Under fire like conditions, using the cone calorimeter has
revealed improved flammability properties for many types
of polymer/clay nanocomposites [14, 15]. The cone
calorimetric results for HIPS/Fe-MMT series nanocompo-
sites and pure HIPS were shown in Fig. 4. It was found that
nanocomposites had a much lower peak heat release rate
(PHRR) than that of the virgin polymer. The reduction of
PHRR in nanocomposites improved as the content of Fe-
OMT increased. The PHRR of HIPS/Fe-MMT nanocom-
posites (with Fe-OMT loading 1, 3, 5 wt%) were 29%,
36%, and 52% lower than that of pure HIPS, respectively.
The PHRR fell as the amount of Fe-OMT increases. In
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Fig. 4 Peak heat release rates for HIPS and HIPS/Fe-MMT
nanocomposites
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Table 2 TGA results of HIPS/Fe-MMT nanocomposites and Fe- [
OMT 04 1= e —=— HIPS1
L —x— HIPS2
Sample code To.1 (°C) To5 (°C) Residue at 600 °C (wt%) =/ .\_ —A— HIPS3
o3t / " —o— HIPS4
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measures other fire-relevant properties such as mass loss 0 P 700 50 200 250 300

(ML) and mass loss rate (MLR; Figs. 5 and 6). Comparison
with PHRR data in Fig. 6, the MLR of nanocomposites
showed a similar decrease to that of pure polymer, which
revealed that the nano-dispersed MMT reduced the PHRR
by reducing the MLR (fuel feed rate) of the nanocompo-
sites. This was consistent with the reports by Gilman [14].
These results indicated that an intercalated material was
more effective than an exfoliated material in flame
retardancy. Wilkie had reported the similar result in
polystyrene (PS)/clay nanocomposites [16]. The suggested
mechanism by which clay nanocomposites function in-
volved the formation of a char that serves as a barrier to
both mass and energy transport [16]. It was reasonable that
as the fraction of clay increases, the amount of char that can
be formed increases and the rate at which heat was
decreased. The other reasons maybe was the presence of
structural iron in Fe-MMT [9]. The burning of polymer was
the reaction of free radical chain [9, 17]. Structural iron was
the operative site for radical trapping within the clay in the
course of polymer nanocomposites burning.
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Fig. 5 Mass loss (ML) data for pure HIPS and HIPS/Fe-MMT
nanocomposites
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Fig. 6 Mass loss rate (MLR) data for pure HIPS and HIPS/Fe-MMT
nanocomposites

The degradation mechanism analysis by Py-GC-MS

In order to investigate the difference the degradation
mechanism between of HIPS and HIPS/Fe-MMT nano-
composites, the pyrolysis gas chromatography of HIPSI
and HIPS4 samples was shown in Fig. 7. The chemical
structure of the main crackates in Fig. 7 was offered in
Table 3. For virgin HIPS, the three major peaks at retention
times of 3.96, 14.61, and 22.26 min had yielded mass
spectra that, according to the Wiley database, are respectively
consistent with styrene monomer, 2, 4-diphenylbut-1-ene
(dimmer) and 2, 4, 6-triphenylhex-1-ene (trimer) [18, 19].
The two minor peaks at retention times of 1.71 and 4.98 min
were consistent with butadiene and o-methylstyrene. It
suggested that abundant product was styrene, which was
formed by [3-scission of a chain-end radical (unzipping).
Intermolecular radical transfer yielded trace amounts of oc-
methylstyrene [20]. The pyrogram for the HIPS/Fe-MMT
system was more complex compared with virgin HIPS.
And the distinct difference was the peak whose mass
spectrum had been matched with that of x-methylstyrene.
Its abundance was about 22.1% of that for styrene in
HIPS4. Then the abundance of a-methylstyrene was about
4.4% of that for styrene in HIPS1. This was high compared
with the trace amounts of «-methylstyrene produced by the
degradation of virgin HIPS. The HIPS4 showed an
unusually high yield of «-methylstyrene that indicated
intensification of intermolecular radical transfer reactions
[19]. Jang and Wilkie [21] thought that the primary radical
was transformed to the tertiary radical because of its
increased stability, leading to the formation of «-methylstyrene
via 3-scission and the formation of another secondary radical,
after the formation of primary and secondary radicals via chain
scission, the schematic figure of 3 cracking was shown in
Fig. 8. The key in this mechanism was hydrogen transfer
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Fig. 7 GC pyrograms of virgin
HIPS and HIPS4 nanocomposites
pyrolyzed at 450 °C: 1,
butadiene; 2, styrene; 3,
o-methylstyrene; 4, 2, 4-
diphenylbut-1-ene (dimmer); 5,
2, 4, 6-triphenylhex-1-ene
(trimer)
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Table 3 The chemical structures of compounds corresponding to the major peaks in GC chromatograms in Fig. 7

No. m/z compounds Chemical formula
1 54 butadiene N

N
2 91 styrene b

X
3 118 o-methylstyrene Ej

=

4 145 2, 4-diphenylbut-1-ene

=
5 196 2, 4, 6-triphenylhex-1-ene
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Fig. 8 Schematic figures of 3 .
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from one chain to another, and yiclded a mid-chain radical.
An unsaturated chain end was produced when the mid-chain
radical was cracking. (3-scission of the latter yielded «-
methylstyrene radical which converted into «-methylstyrene
by hydrogen abstraction. Chen and Vyazovkin [19] had
reported the brush mechanism model in degradation mech-
anism of polystyrene/clay nanocomposites was expounded.
The brush hypothetical model had been outlined that links the
enhancement of intermolecular interactions to the formation.
The chain conformation for random coils of pure HIPS
cannot interact with others. When the nanocomposites were
formed via melting, the chains of HIPS were limited by the
layers of the Fe-MMT, the interchain distance was decreased
and maybe the interaction between chains increased. So the
linear chain should increase the probability of intermolecular
reactions and the yield of x-methylstyrene was high in the
HIPS4. And the structural iron strengthened this effect further
and the structural iron was the operative site for radical
trapping within the clay [9].

Conclusions

HIPS/Fe-MMT nanocomposites were successfully prepared
via melting intercalation. The thermal stability of HIPS/Fe-
MMT nanocomposites improved observably in comparison
with HIPS. The peak heat release rate (PHRR) and the mass
loss rate (MLR) from cone calorimetry of the nano-
composites were significantly reduced compared with that
of the virgin HIPS. And from the results of Py-GC-MS, the
HIPS/Fe-MMT nanocomposites system showed an unusually
high yield of a-methylstyrene that indicated intensification of
intermolecular radical transfer reactions. In conclusion, the
unique properties of the nanocomposites result from the
strong interactions between the silicate structural layers and
the polymeric chains and the iron maybe have the important
site of radical trapping.
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