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ABSTRACT: A combination effect was observed
between organics-modified montmorillonite (OMMT) and
a novel intumescent flame retardant, diphenylmethan-
amine spirocyclic pentaerythritol bisphosphonate (PSPD),
in low-density polyethylene (LDPE) nanocomposites. The
results from X-ray diffraction and transmission electron
microscopy showed that montmorillonite can achieve bet-
ter dispersion in LDPE/PSPD blend matrix, and exfoliated
LDPE/PSPD/OMMT nanocomposites are formed. Ther-
mal stability and flammability properties were investi-
gated by thermogravimetric analysis and cone calorimeter
tests. The combination effect of PSPD and montmorillonite
improved thermal stability and reduced significantly the
flammability (including heat release rate, total heat release,
average mass loss rate, etc.). The peak heat release rate of

LDPE/PSPD/OMMT is reduced by about 51% compared
with pure LDPE. The morphology and composition of resi-
dues generated after cone calorimeter tests were investigated
by scanning electron microscopy and X-ray photoelectron
spectroscopy. The scanning electron microscopy images
showed that the compact and dense intumescent char is
formed for LDPE/PSPD/OMMT nanocomposite after com-
bustion. The results of X-ray photoelectron spectroscopy con-
firmed that the carbon content of the char for LDPE/PSPD/
OMMT increases obviously by the combination effect of
PSPD and montmorillonite. © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 121: 1285-1291, 2011
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INTRODUCTION

Recently, polymer layered silicate nanocomposites
(PLSN) have drawn more and more attention
because of their unique behaviors. The addition of
layered silicates, even at a very lower concentration
level (usually less than 5 wt %), into a polymeric
matrix can significantly improve polymer properties
such as mechanical, thermal, flame-resistant, and
flame-barrier properties."™? Previous researches of
the flame-retardant properties of PLSN mainly dem-
onstrate a significant decrease in the heat release
rate (HRR), a change in the char structure, and a
decrease in the mass loss rate during combustion in
a cone calorimeter.>** Unfortunately, most of PLSN
usually do not extinguish and burn slowly until
most of the fuel has been burnt.

To further improve flame-retarding performance
of PLSN, flame retardant has been used. As environ-
mentally friendly halogen-free products, intumescent
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flame retardants (IFRs) are preferably applied in pol-
yolefin materials in place of halogen-containing
products because of their advantages of low toxicity
and relatively high flame-retarding efficiency.”' >
The IFR produces a swollen multicellular char layer
while burning, which protects the underlying mate-
rial from the action of the fire and acts as a physical
barrier against heat transmission and oxygen diffu-
sion, thus preventing pyrolysis of the materials to
volatile combustible materials. However, most com-
monly used intumescent systems, such as phos-
phates, pentaerythritol, and melamine, do not have
sufficient thermal stability under the processing tem-
perature of polyolefin materials and cannot be incor-
porated into polymer matrix. In our study, a novel
phosphorous—nitrogen-containing IFR, diphenylme-
thanamine spirocyclic pentaerythritol bisphospho-
nate (PSPD) was synthesized and applied to polyeth-
ylene as a flame retardant.

Combination effects of layered silicates and flame
retardant have been already reported for polypropyl-
ene,'**? ethylene vinyl z;u:Z’rateF,)Z&29 polyulset}}llaile?g’gl
and acrylonitrile-butadiene-styrene resin.*>** Combi-
nations of montmorillonite and flame retardant are
necessary to obtain satisfactory performance. The focus
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PSPD

Figure 1 Synthesis of PSPD.

of this work was to study combination -effects
between phosphorous—nitrogen-containing IFR and
layered silicates in low-density polyethylene (LDPE),
which was achieved by adding amounts of PSPD and
organics-modified montmorillonite (OMMT) during
preparation of the nanocomposites. The montmorillon-
ite dispersion was investigated by X-ray diffraction
(XRD) and transmission electron microscopy (TEM).
The combination effect of PSPD and montmorillonite
on thermal stability and flame retardancy was investi-
gated by thermogravimetic analysis (TGA) and cone
calorimeter. The char residue after combustion was
also examined by scanning electron microscopy (SEM)
and X-ray photoelectron spectroscopy (XPS). The
results indicated that the combination effect of PSPD
and montmorillonite can improve thermal stability
and flame retardancy of the nanocomposites.

EXPERIMENTAL
Materials

Commercial LDPE (LDPE-2426H) was supplied by
BASF-YPC Co., Ltd. (Nanjing, China). Pristine sodium
montmorillonite (Na-MMT), with a cation exchange
capacity about 120 mmol/100 g was mined at Anji,
Zhejiang, China, and was supplied by Anji Yu Hong
Clay Chemical Co., Ltd. (Zhejiang, China). The OMMT
was prepared by ion-exchange of Na-MMT and hexa-
decyl trimethyl ammonium bromide in aqueous solu-
tion. All reagents commercially available were used as
received unless otherwise stated. Spirocyclic pentae-
rythritol bisphosphorate disphosphoryl ~chloride**
was prepared according to the published procedure.

Synthesis of PSPD

PSPD was prepared by the following steps (Fig. 1):
phenylmethanamine (0.2 mol) and triethylamine (0.4
mol) were mixed in a glass flask, and then spirocy-
clic pentaerythritol bisphosphorate disphosphoryl
chloride (0.1 mol) dissolved in acetonitrile was added
to the mixture gradually. After reaction for 6 hr at
30°C, the raw product was filtered and purified with
ethanol and dried at 80°C. The white solid powder
was obtained (yield, 88%; melting point, 210-212°C).
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TH-NMR (500 MHz, dimethyl sulfoxide [DMSQO], & ):
735 ~ 722 (m, 10H), 6.00 ~ 590 (m, 2H)4.39
~ 4.17(m, 8H), 407 ~ 3.97(m, 4H). >*C-NMR (500
MHz, DMSO, §): 141.16, 128.88, 127.65, 127.49, 68.17,
44.74, 36.13. High-resolution mass spectrometry (elec-
trospray ionization): Cy9Hz4N>OgP> calcd mass
438.1110, found 438.1117.

Preparation of the composites

LDPE, OMMT, and IFR (PSPD) were mixed in a
twin-screw extruder with a length/diameter ratio of
32 and a screw diameter of 30 mm. The extruding
temperature was 190°C for each sample (Table I). The
final pellets of the composites were pressed on a cur-
ing machine at 150°C for 8 min to be shaped into
3.0 = 0.1 mm thick sheets for further measurements.

Characterization and measurement

'H- and ""C-NMR spectra were recorded by a
Bruker Avance III (500 MHz) spectrometer in DMSO
or deuterated chloroform, using tetramethylsilane as
an internal standard. High-resolution mass spec-
trometry was performed with a Therm LCQ TM
Deca XP plus mass spectrometer coupled to a
Waters 2695 liquid chromatograph. XRD patterns
were obtained in Thermo ARL X'TRA diffractometer
using a CuK-o (A = 0.154 nm) radiation generator.
The diffraction patterns were collected within the 26
range 2-20° using scanning rate of 0.6°/min. TEM
samples were cut using a diamond knife and RMC
MTXL ultramicrotome. TGA was carried out on a
Q600SDT thermogravimetric analyzer. Sample weight
is in the range of 13.0 ~ 14.0 mg, respectively. All
samples of TGA were measured from 30°C to 600°C
at a heating rate of 10°C/min with a continuous
nitrogen flow. The flame-retardant characteristics of
the composites were tested using cone calorimeter
(model ASTME1354-93 and 1SQ5660) with heat flux
of 35 kW/m? using a cone radiator. All samples with
the dimensions of 10 cm x 10 cm x 3 mm plates
were placed in aluminum foil, and then put in a box
with the same dimension in the horizontal direction.
The cone data reported here were an average of three
replicated measurements. Char residue was examined

TABLE I
Formulations for Flame-Retarded LDPE/OMMT Systems

Proportions (g)

Sample code LDPE PSPD OMMT
LDPE 100 0 0
LDPE/OMMT 95 0 5
LDPE/PSPD10 90 10 0
LDPE/PSPD20 80 20 0
LDPE/PSPD/OMM 80 15 5
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Figure 2 XRD patterns of OMMT, LDPE/OMMT, and
LDPE/PSPD/OMMT.

by SEM using Hitachi S-4700(I) scanning electron
microscope. XPS data were obtained with an ESCA-
Lab220i-XL electron spectrometer from VG Scientific
using 300W AlK-o radiation. The base pressure was
about 3 x 10~ mbar. The binding energies were ref-
erenced to the Cls line at 284.6 eV from adventitious
carbon.

RESULTS AND DISCUSSION
Morphology

Figure 2 shows the XRD patterns of OMMT, LDPE/
OMMT, and LDPE/PSPD/OMMT. The basal spac-
ing of the material was calculated from the angular
position 20 of the observed reflection peaks based
on the Bragg's law A = 2d sin 0, where A is the
wavelength of the X-rays and 6 is the scattering
angle. The (001) reflection of montmorillonite indi-
cated a basal spacing of 1.90 nm. LDPE/OMMT
showed a basal spacing of 2.30 nm. The increased
spacing indicated that some LDPE molecular chains
were intercalated. The characteristic (001) reflection
disappeared for LDPE/PSPD/OMMT, which indi-
cated that the clay mineral may be delaminated in
the presence of PSPD. PSPD is a low-melting-point
organic flame retardant and functions as a plasticizer
improving the polymer chain mobility; thus, the
LDPE polymer chains are able to intercalate into the
layers more easily, and the delamination process of
the clay layers will be accomplished more effectively
because of existence of PSPD.

To further investigate the clay dispersion in the
polymer matrix, TEM analysis was carried out, and
the results are shown in Figure 3. TEM micrograph
for LDPE/OMMT reveals that the clay mineral
layers consisted of multilayered stacks. No serious
agglomeration was observed, and a few individual
silicate layers were seen, indicating the intercalated
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structure. In the micrographs of LDPE/PSPD/
OMMT, much better dispersion of the montmorillon-
ite and many single clay mineral layers were seen,
which indicated that the clay mineral is delaminated
and exfoliated LDPE/PSPD/OMMT nanocomposites
are formed. This proves that the plasticization of
PSPD improves the dispersion of MMT in the poly-
mer matrix. All TEM results further support the
XRD data.

Thermal stability

Figure 4 shows the TGA and differential weight loss
(DTG) thermograms of PSPD, pure LDPE, LDPE/
OMMT, LDPE/PSPD blends, and LDPE/PSPD/
OMMT. The TGA and DTG data are summarized in
Table II. As the TGA and DTG curves show in Figure
5, the temperature where the weight loss exhibits 5 wt
% is defined as the initial decomposition temperature,
which is denoted as Tinitia; the temperature at which
the degradation rate reaches a maximum is defined as
Trnax->*® PSPD decomposes at 260°C and has a

Figure 3 TEM images of (a) LDPE/OMMT and (b)
LDPE/PSPD/OMMT.
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Figure 4 TGA and DTG curves for PSPD, LDPE, LDPE/
OMMT, LDPE/PSPD blends, and LDPE/PSPD/OMMT at
a heating rate of 10°C/min in Np.

residue of 31 wt % at 600°C in N, indicating the
excellent carbonization ability of PSPD. Pure LDPE
decomposes at 420°C, leaving negligible char at
600°C. For LDPE/OMMT, a two-steps degradation
(380-420°C and 450-500°C, respectively) was found.
The first-step degradation is caused by the decompo-
sition of the organic modifier, which results in that
Tinitia1 of LDPE/OMMT is lower than LDPE. A larger
residue showed an enhanced thermal stability

TABLE II
Data of TGA and DTG Thermograms for Various
Samples at a Heating Rate of 10°C/min in N,

Residue Tmax (°C)
Tinitiai  at 600°C
Sample °C) (wt %)  Stage1 Stage 2
PDPS 260.5 31 - 301.4
LDPE 420.3 <1 - 481.3
LDPE/OMMT 382.6 4 401.5 482.0
LDPE/PSPD10 342.4 4 307.7 486.6
LDPE/PSPD20 303.2 5 308.4 487.1
LDPE/PSPD/OMMT  313.7 11 310.8 490.6

Tinitiar, initial degradation temperature (temperature at
5% weight loss); Trax, maximum weight loss temperature.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 HRR of LDPE, LDPE/OMMT, LDPE/PSPD
blends, and LDPE/PSPD/OMMT at 35 kW /m?.

because of the barrier properties of clay mineral
layers. The DTG results showed a lower maximum
degradation rate in LDPE/OMMT than that of pure
LDPE. For LDPE/PSPD blends, a two-step degrada-
tion (250-330°C and 450-500°C, respectively) was
found. The first-step degradation is caused by the
decomposition of PSPD. Tinia of PSPD-containing
samples is lower than that of the uncontained one
because of earlier degradation of PSPD; however, the
maximum mass loss rate at Tpnax of the major degra-
dation step decreases slightly for the PSPD-contained
samples, indicating the thermal enhancing effect of
PSPD. A significant change in thermal stability was
found for LDPE/PSPD/OMMT. The value of T«
was significantly improved, almost 3°C higher than
LDPE/PSPD20. The final char for LDPE/PSPD/
OMMT was 6 wt % higher than that for LDPE/
PSPD20. In addition, Tinitiar of LDPE/PSPD/OMMT
increases about 10°C compared with the LDPE/
PSPD20 blend. Results from TGA and DTG thermo-
grams showed that the combination of OMMT with
PSPD can significantly enhance the thermal stability
of flame-retarded acrylonitrile-butadiene-styrene
systems, especially at the high temperature range and
enhance the char formation.

Fire behavior

Figure 5 shows the HRR of LDPE, LDPE/OMMT,
LDPE/PSPD10, LDPE/PSPD20, and LDPE/PSPD/
OMMT at 35 kW/m? The corresponding cone calo-
rimetry data are shown in Table III. Compared with
pure LDPE, peak heat release rates (PHRR) and av-
erage heat release rate (AHRR) of LDPE/OMMT
reduced by 5.7% and 25%, even though total heat
release (THR), average specific extinction area
(ASEA), and average mass loss rate (AMLR) remain
almost same. The time of ignition (tg,) of LDPE/
OMMT was 2 sec lower than that of pure LDPE. For
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TABLE III
Cone Calorimetry Data for Various Samples at 35 kW/m?
Term LDPE LDPE/OMMT LDPE/PSPD10 LDPE/PSPD20 LDPE/PSPD/OMMT

Hign (5€C) 44 + 2 41 + 2 54 + 1 59 + 3 56 + 2

PHRR (kW/m?) 523 7 493 + 5 485 + 4 383 = 3 253 + 3

AHRR (kW/m?) 324 =1 243 = 2 228 = 2 152 = 1 140 = 1

THR (M]/m?) 105 £ 1 103 = 0.9 83 =05 76 £ 0.3 80 = 0.5
ASEA (m2/kg) 407 = 18 405 £ 15 718 + 18 722 + 18 599 * 14
AMLR (g/sec) 0.079 = 0.003 0.057 = 0.002 0.064 = 0.002 0.045 = 0.001 0.040 = 0.001

tign, time of ignition; PHRR, peak release rate; AHRR, average heat release rate; THR, total heat release; ASEA, average

specific extinction area; AMLR, average mass loss rate.

LDPE/PSPD blends, the PHRR, AHRR, and AMLR
were reduced significantly with the addition of
PSPD. The PHRR was reduced by 7.3% and 26.8%
for LDPE/PSPD10 and LDPE/PSPD20 relative to
pure LDPE. The THR is reduced by 20.9% and
27.6% for LDPE/PSPD10 and LDPE/PSPD20; the
tign of LDPE/PSPD blends were longer than that of

For LDPE/PSPD/OMMT, ti;, was longer than those
of LDPE/OMMT and LDPE/PSPD20. Meanwhile,
the values of PHRR, AHRR, THR, and AMLR of
LDPE/PSPD/OMMT were lower than those of
LDPE/OMMT and LDPE/PSPD20, which indicates
that the combination effect of PSPD and OMMT
improves the flammability properties of LDPE.

pure LDPE. However, The ASEA of LDPE/PSPD
blends were higher than that of pure LDPE. The rea-
son may be because much smoke are produced from
the decomposition of PSPD-containing phenyl
group. Compared with pure LDPE, the PHRR of
LDPE/PSPD/OMMT was reduced by about 51%.

Analysis of the residues’ char

Figure 6 shows the digital photos for the residues of
LDPE, LDPE/OMMT, LDPE/PSPD20, and LDPE/
PSPD/OMMT samples after cone calorimeter tests.

Ed
£
'3
f =

4
A

‘ "‘-\\Mt

Figure 6 Digital photos of the residues after cone calorimeter testing: (a) LDPE, (b) LDPE/OMMT, (c) LDPE/PSPD20,
and (d) LDPE/PSPD/OMMT.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 SEM morphology of the char samples obtained from LDPE/PSPD20 outer surface (a) and inner surface (b) and

LDPE/PSPD/OMMT outer surface (c) and inner surface (d).

The digital photos demonstrated that the pure LDPE
was almost burnt out. For LDPE/OMMT sample,
char is thin and discrete. LDPE/PSPD20 sample has
swollen chars with some small holes. For LDPE/
PSPD/OMMT sample, more rigid, compact, and uni-
form char is observed.

The morphologies of the charred layers obtained
after cone calorimeter test were examined by SEM as
shown in Figure 7. Loosely distributed spherical car-
bonaceous structures were observed in the outer sur-
face of LDPE/PSPD20 char [Fig. 7(a)]. Figure 7(b)
shows the image of inner surface of LDPE/PSPD20
char, which has swollen chars with a lot of small
bladders of about 1-5 pm diameter. The outer sur-
face of LDPE/PSPD/OMMT char [Fig. 7(c)] showed
a more compact and dense char layer compared
with LDPE/PSPD20 blend, which can cut off oxygen
from the degraded volatiles more efficiently. Figure
7(d) shows that many clay mineral layers were dis-
persed uniformly on the swollen inner surface of
LDPE/PSPD/OMMT char, which can form protec-
tive shields and inhibit the transmission of heat and
heat diffusion when exposed to flame or heat source.
These are other evidences to prove the combination
effect of IFR PSPD and montmorillonite during
swollen char formation.

Figure 8 presents the XPS spectra of LDPE/
PSPD20 and LDPE/PSPD/OMMT after cone calo-
rimeter testing. The elemental compositions of all
the studied spectra are summarized in Table IV. As
shown in Figure 8 and Table 1V, the IFR PSPD took
part in the dehydration of the carbonific compounds,
which results in that phosphorus still remains in the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 XPS spectra of (a) LDPE/PSPD20 and (b)
LDPE/PSPD/OMMT after cone calorimeter testing.
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XPS Data for LDPE/PSPD20 and LDPE/PSPD/OMMT after Cone Calorimeter Testing

Mass content (%)

Sample C ©)

P N Si

LDPE/PSPD20

28.80 = 0.34 58.80 = 0.49

LDPE/PSPD/OMMT 4342 = 042 39.28 * 0.36

1691 = 0.19 0.50 = 0.03 -
11.34 = 014 047 = 0.03 549 * 0.09

chars. The blowing agent decomposes to yield gase-
ous products, which causes the char to swell and the
element of nitrogen to greatly decrease. The carbon
content of the char for LDPE/PSPD/OMMT was
higher than that of LDPE/PSPD20, indicating that
the combination effect of PSPD and montmorillonite
improve flame retardancy of the nanocomposites.

CONCLUSIONS

LDPE/PSPD/OMMT nanocomposites were pre-
pared by melt blending of LDPE with IFR PSPD and
OMMT. The results from XRD and TEM showed
that montmorillonite can achieve better dispersion in
LDPE/PSPD blend matrix and exfoliated LDPE/
PSPD/OMMT nanocomposites are formed, which is
attributed to the plasticization of PSPD. A combina-
tion effect was found between PSPD and montmoril-
lonite, which improved thermal stability and flame
retardancy. Compared with pure LDPE, the PHRR
of LDPE/PSPD/OMMT is reduced by about 51%.
The SEM images confirmed that the compact and
dense intumescent char is formed for LDPE/PSPD/
OMMT nanocomposite after combustion. From the
analysis of XPS, a conclusion could be deduced that
the carbon content of the char for LDPE/PSPD/
OMMT increases obviously by the combination
effect of IFR PSPD and montmorillonite.
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