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ace charge density, anionically
modified montmorillonite for polymer
nanocomposites†

Deqi Yi,*a Huixin Yang,a Min Zhao,a Le Huang,a Giovanni Camino,b Alberto Fracheb

and Rongjie Yanga

A new, low surface charge density, anionically modified montmorillonite (MMT) has been prepared and its

polyurethane nanocomposites are prepared. Their morphologies were studied using XRD, FTIR, SEM and

EDS analysis, thermal stability by thermo-gravimetric analysis (TGA) and fire retardancy by cone

calorimetry (CONE). Low surface charge density MMT forms due to conversion of [MgO6]
� to [MgO5OH]

and [AlO4]
� to [AlO3OH] during the acidic treatment of MMT layers. Its anionic modification is related

with pKa of modifier and pH of water solution by using Henderson–Hasselbalch equation. The low

surface charge density MMT gives exfoliated nano-dispersion in PU, indicating that the dispersion of the

MMT layers is not only decided by the organophilic surface, but also enhanced with a low surface charge

density and electrostatic interaction between layers and counter ions. Low surface charge density MMT

can enhance thermal stability and flame retardancy of PU with a small amount of anionic modifier, due

to exfoliated nano-dispersion, and catalytic dehydrogenation and char formation. The large reduction in

the THR for the sodium stearate modified low surface charge density MMT, SST-t-MMT, means that this

material could be a solution for both fire risk and fire hazard.
1. Introduction

The utilization of various nano-dimensional materials to
produce polymer nanocomposites is by now a well-known
practice.1 The materials that are most commonly used to form
these nanocomposites are the various layered smectites;
montmorillonite (MMT) has been especially widely used and
investigated.2–6 These polymer/clay nanocomposites (PCNs)
offer enhanced mechanical, ame retardant, gas barrier and
polymer recycling properties,7 which are all quite dependent on
the dispersion. If the clay is not dispersed at the nanometer
level, the enhanced properties are not displayed.8,9 The impor-
tance of dispersion has also been shown for a large number of
other nano-dimensional materials, including layered double
hydroxides (LDH),10,11 carbon nanotubes,12,13 and various metal
oxides,14,15 phosphates,6 suldes,16 etc. Simply stated, the
attainment of enhanced polymer properties through the
formation of a PCN requires good dispersion at the nanometer
Flame Retardant Materials, School of

g Institute of Technology, No. 5 South

ijing, 10081, China. E-mail: yidq@bit.

0-68913066

dR INSTM of Turin, V.le Teresa Michel 5,

SI) available: Original SEM images and
level. It can be rather difficult to disperse the quite polar
(organophobic) clay in an organophilic polymer. Only a few
polymers can be used with natural clay to prepare nano-
composites, such as poly(vinyl alcohol).17 For most polymers,
the usual strategy is to organically modify the clay with an
organic “onium” salt using cation exchange or organic mole-
cules, using absorption to make it more organophilic.18,19 A few
studies suggested that MMT can be modied by anions in the
presence of some kinds of metal ions (Ca2+, La3+, etc.)20,21 or
cationic modiers due to electrostatic ion pairs attraction.22 But
NaMMT cannot be intercalated by anions alone.23 Even then,
industrial applications are difficult due to the limited disper-
sion that one may obtain by melt blending.24

Research on this topic has followed several paths, which can
be simplied into two: nding new approaches and developing
new methods to increase the dispersion of clay in the polymer.
For new approaches, one which has developed in recent years is
to coat the clay layers on the surface of the polymers using the
layer-by-layer (LbL) self-assembly method, which has also been
shown to improve re retardancy;25 the other process is to
incorporate the clay into the re retardants. In previous work,
ammonium polyphosphate/montmorillonite (APP/MMT)
nanocompounds have been prepared where the MMT layers
are exfoliated in ammonium polyphosphate, an important
inorganic ame retardant. The APP/MMT nanocompounds
combined with a char precursor and a gas source exhibit
signicantly enhanced re retardancy in polypropylene
This journal is © The Royal Society of Chemistry 2017
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Table 1 Formulations of PU composites

Samples
U54
(solid content, %)

APP
(%)

SDS-t-MMT
(%)

SST-t-MMT
(%)

PU 100 — — —
PU/SDS-t-MMT 95 — 5 —
PU/SST-t-MMT 95 — — 5
PU/APP 90 10 — —
PU/SDS-t-MMT/APP 85 10 5 —
PU/SST-t-MMT/APP 85 10 — 5

Fig. 1 XRD traces of NaMMT, SDS-t-MMT and SST-t-MMT.
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(intumescent ame retardancy).26 But the mechanical proper-
ties enhancement vanished. Thus, the challenge to solve the
dispersion of clay in the polymers still remains.

The clay organic modication has solved the interfacial
compatibility between clay and polymer. But the electrostatic
interaction between charged clay layers in presence of counter
ions in the gallery may be a factor that affects the dispersibility
of clay. Thus it is necessary to investigate the relationship
between dispersion and the surface charge density of clay.

In this work, a novel, low surface charge density, anionically
modied MMT is prepared, which gives exfoliated nano-
dispersion and enhanced re retardancy in polyurethane. The
dispersion of the MMT layers is not only determined by the
organophilic surface, but also enhanced by a low surface charge
density and electrostatic interaction between layers and counter
ions.

2. Experimental section
2.1 Materials

NaMMT (CEC z 100 � 10 mmol/100 g) was purchased from
Nanocor Inc. Sodium stearate (analytical reagent) and sodium
dodecyl sulfonate (analytical reagent) were purchased from Tianjin
Fuchen Chemical Reagents Factory. Hydrochloric acid (1 mol L�1)
was purchased fromSinopharmChemical Reagent Beijing Co., Ltd.
Ammonium polyphosphate, form II, was from BIT ame retard-
ance Co., Ltd. Polyurethane (PU) water emulsion (DISPERCOLL
U54, solid content 50 � 1%) was purchased from Bayer Inc.

2.2 Preparation of low surface charge density, anionically
modied MMT

NaMMT (2 g) and 150 mL DI-water were placed in a round
bottom three neck ask (250 mL) with vigorous magnetic stirring
for 10 min, and the pH of the suspension was adjusted to 1 using
hydrochloric acid. When the pH had stabilized, the suspension
was heated to 80 �C for 3 h with vigorous magnetic stirring under
reux to prepare treated MMT (t-MMT). Then, sodium stearate or
sodium dodecyl sulfonate (1.2 CEC of NaMMT) was added and
stirred for 1 h to prepare sodium stearate-MMT (SST-t-MMT) and
sodium dodecyl sulfonate-MMT (SDS-t-MMT). The nal products
were centrifuged and washed using DI-water until the pH of the
supernatant solution was about 7. The materials were then dried
in a vacuum oven at 100 �C for 24 h.

2.3 Preparation of PU composites

PU water emulsion and SST-t-MMT or SDS-t-MMT was blended
with a ball mill at room temperature for 2 h to prepare PU/SST-t-
MMT and PU/SDS-t-MMT composites. Then APP was added to
the mill and blended for another 1 h to prepare PU/clay/APP
samples. PU water emulsion and APP were blended with
a ball mill at room temperature for 1 h to prepare PU/APP. The
detailed compositions are listed in Table 1.

2.4 Characterization

Powder X-ray diffraction data were collected on an X'Pert PRO
MPD diffractometer with Cu (Ka) source, l ¼ 1.54078 Å with
This journal is © The Royal Society of Chemistry 2017
a step size of 0.033� and scanning rate of 20 s per step. The
morphologies and EDS were examined with Hitachi ultra-high
resolution S4800 eld emission scanning electron microscope
(FE-SEM). Transmission electron microscope (TEM) image was
obtained using JEM-2100, aer cryogenic microtoming using
a Leica EM FC7. Fourier transform infrared (FTIR) spectra were
obtained on a Nicolet 6700 spectrometer using the attenuated
total reectance method. Thermogravimetric analysis (TGA)
was performed on a Netzsch F209 instrument under a nitrogen
ow 20 cm3 min�1 at a heating rate of 10 �C min�1 from 40 to
900 �C. Cone calorimeter experiments were performed on
a Stanton Redcro (FTT) instrument according to ASTM E 1354-
10, on 3 mm thick 100 � 100 mm2 plaques at a heat ux of 50
kW m�2.
3. Results and discussion
3.1 Morphologies

The XRD traces of NaMMT, t-MMT, SDS-t-MMT and SST-tMMT
are shown in Fig. 1. The basal space (d001) of t-MMT shis from
0.98 nm in pristine NaMMT to 1.03 nm. Surprisingly, the t-MMT
layers show homogeneously distributed holes (Fig. 2a, and S1†).
For the EDS, since a unit cell contains eight atoms of silicon,�3
atoms of Mg and �0.5 atoms of Al, the data have all been
RSC Adv., 2017, 7, 5980–5988 | 5981
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Fig. 2 Scheme of acidic treatment of MMT (a), SEM image of NaMMT (b) and t-MMT (c), and their FT-IR spectra (d).
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transformed based on this number. The EDS data, shown in
Table 2 (Fig. S2 and Table S1†), indicate that the t-MMT has low
surface charge density due to the low sodium content, which is
�1/10 of NaMMT. In the infrared spectra, compared with
NaMMT, the t-MMT has an increased peak at 3623 cm�1 for Al–
OH (octahedral sheet) and a new broad peak at 3388 cm�1 for
Al–OH, Mg–OH and Si–OH (tetrahedral sheet and edge)
(Fig. 2d), which correspond to the conversion of [MgO6]

� to
[MgO5OH] and [AlO4]

� to [AlO3OH] during the acidic treatment
of MMT layers (Fig. 2a). The results indicate that there are
defects of [SiO4] / [AlO4]

� in the tetrahedral sheet and [AlO6]
/ [MgO6]

� in the octahedral sheet,27,28 which produce negative
charges that are counterbalanced by sodium ions in the gallery
space. The defects can accumulate and lead to the formation of
holes on theMMT layers using acid with a specic pH, while the
surface charge density of MMT is reduced.

The d-space of SST-t-MMT and SDS-t-MMT are 1.41 nm and
1.30 nm, respectively, indicating that the modiers are inter-
calated into the MMT gallery. Compared with SST-t-MMT, the
Table 2 Elemental composition of Na-MMT, t-MMT, SSS-t-MMT and
SDS-t-MMT in a cell unit, from EDS analysis

Elements Na-MMT t-MMT SDS-t-MMT SST-t-MMT

Na 0.672 0.046 1.104 0.184
S — — 1.094 —
Mg 0.446 0.427 0.504 0.528
Al 2.974 3.002 3.192 2.896
Si 8 8 8 8

5982 | RSC Adv., 2017, 7, 5980–5988
001 reection of the SDS-t-MMT is signicantly broadened (full
width at half maximum (FWHM)) indicating efficient splitting
of platelets into thinner tactoids, and that the SDS is not
homogenously distributed in the galleries.

The sodium content is 0.181 for SST-t-MMT and 1.104 for
SDS-t-MMT (Table 2). One can use simple equilibrium notions
(Henderson–Hasselbalch equation) to show that at pH ¼ 1,
stearic acid is the dominate form while for dodecyl sulfate,
the anion is dominant. Thus there are very few anions with
strearate and hence a low sodium content while the sodium
dodecylsulfate is prevalent in SDS. The sulfur content of the
SDS-t-MMT is 1.094, which is relatively proximate to that of
sodium, indicating one sodium per anion. At a specic pH, the
molar ratio of the undissociated week acid [HA] and its conju-
gate base [A�] can be calculated according to the Henderson–
Hasselbalch equation (eqn (1)).29 The pKa of stearic acid (STA)
and dodecyl sulphonic acid (DSA) are 4.95 and �0.59, respec-
tively. When the pH ¼ 1, the molar ratio of [stearic acid] and
[stearic anion] is about 9000, and the molar ratio of [dodecyl
sulfuric acid] and [dodecyl sulfuric anion] is about 1/40, which
t with the EDS results.

pKa ¼ pH + lg([HA]/[A�]) (1)

Fig. 3 gives the thermogravimetric analysis (TGA) curves of
the MMT samples. NaMMT shows a thermal degradation stage
at �600 �C due to the dehydration of the –OH group bridged on
Al–O–Al bonds in the [AlO6] octahedral sheet, which can be
found in all of the MMT samples. The t-MMT has a mass loss of
1.5% before 500 �C, which corresponds to the –OH group at the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 TGA curves of NaMMT, t-MMT, SDS-t-MMT and SST-t-MMT.
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MMT surface. Due to the organic modication, there is a larger
mass loss in both SDS-t-MMT and SST-t-MMT. The residues of
NaMMT, t-MMT, SDS-t-MMT and SST-t-MMT are 94.4%, 93.0%,
91.3% and 88.8%, respectively. The organic modier content
can be calculated using the differences between organically
modied MMT and t-MMT, 1.7% for SDS-t-MMT and 4.2% for
SST-t-MMT, which supports the difference in the basal spacing.

As shown in Fig. 4, the modication procedure can be
described as follows:

(1) The MMT layers are made of two silica tetrahedrons fused
to an edge-shared octahedral sheet of alumina. There are
defects of [SiO4]–[AlO4]

� in the tetrahedral sheet and [AlO6]–
[MgO6]

� in the octahedral sheet,27,28 which produce negative
charges that are counterbalanced by sodium ions in the gallery.
Fig. 4 Scheme of low charge density, anionically modified MMT proces

This journal is © The Royal Society of Chemistry 2017
The defects can combine and produce holes on the MMT layers
because of the conversion of [MgO6]

� to [MgO5OH] and [AlO4]
�

to [AlO3OH] on acid treatment which leads to a reduced surface
charge density.

(2) According to the pKa of stearic acid (STA, 4.95) and
dodecyl sulphonic acid (DSA, �0.59) by using Henderson–
Hasselbalch equation, when pH of water solution is 1, the
organic acid salts dissolve in the acidic water and stearic acid,
a weak acid, is primarily in the molecular form, while the
dodecylsulfate is mostly in the form of the anion.

(3) In the water solution, the MMT swells.30 Thus the gallery
space is signicantly increased and oppositely charged pairs
diffuse into the gallery.

(4) Aer ltration, the most molecules and oppositely
charged pairs are washed out. A small amount of stearic acid or
sodium dodecyl sulfonate ion pairs remain in the gallery due to
the hydrogen bonds and low sodium content. The content of
dodecylsulfate ion is lower because the sodium ion used to
balance the charge of dodecyl sulfuric ion occupies a portion of
the volume. Based on energy minimization, the chain of organic
molecules should prefer a horizontal orientation relative to the
MMT surface.31,32

3.2 Morphologies of PU samples

TEM images show the MMT is exfoliated in PU/SST-t-MMT
(Fig. 5a), while in SDS-t-MMT crystallites of MMT with thick-
ness of �200 nm are observed due to the poor organophilic
surface modication (Fig. 5b). The dispersion of the layered
clays is not only determined by the organophilic surface, but the
surface charge density and electrostatic interaction between
layers and counter ions are also involved. The novel, low surface
charge density, anion modied MMT, SST-t-MMT, has good
dispersibility in PU.
s at pH ¼ 1.

RSC Adv., 2017, 7, 5980–5988 | 5983
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Fig. 5 TEM images of PU/SST-t-MMT (a) and PU/SDS-t-MMT (b).

Table 3 TGA data of PU composites

Samples Tonset/�C Tmax/�C Residue/%

PU 321.0 404.1 1.6
PU/SDS-t-MMT 296.0 386.9 4.5
PU/SST-t-MMT 316.3 409.1 5.8
PU/APP 278.2 323.0 11.6
PU/SDS-t-MMT/APP 285.2 374.9 7.8
PU/SST-t-MMT/APP 285.3 346.7 16.7
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3.3 Thermal stability

Fig. 6 gives the thermogravimetric analysis (TGA) curves of the
PU samples. The mass loss at 1 wt% degradation, taken as the
onset of the degradation (Tonset), maximum mass loss rate
temperature (Tmax) obtained from the DTG curves and the
fraction of the residue remaining at 600 �C, char are listed in
Table 3.

Compared with PU, the onset of the PU/SDS-t-MMT
composite is decreased by 15 �C while the Tmax is decreased
about 17 �C. For the PU/SST-t-MMT nanocomposite, the onset is
decreased about 5 �C while the Tmax is increased about 5 �C.
Compared with the PU/SDS-t-MMT, the PU/SST-t-MMT has
higher residue at 5.8%. The results indicate that the thermal
stability of nanocomposites is related to the dispersion level of
clay.

For all APP samples, both Tonset and Tmax are decreased due
to char formation between APP and PU. The residue of PU/SDS-
t-MMT is decreased from 11.6% in PU/APP to 7.8%. The residue
of SST-t-MMT is increased at 16.7%. The results indicated that
the char formation can be signicantly different with the
dispersion of clay and the chemical nature of organic modiers.
3.4 Cone calorimetric studies

Cone calorimetry is one of the most effective bench-scale
methods to study the ammability properties of materials.
The main parameters obtained are: time to ignition (TTI); heat
release rate (HRR), and especially its peak value (PHRR); total
Fig. 6 TGA curves of PU composites.

5984 | RSC Adv., 2017, 7, 5980–5988
heat released (THR); total smoke release (TSR); mass loss rate
(MLR) and char yield.

All of cone calorimetric data for PU, PU/SDS-t-MMT, PU/SST-
t-MMT, PU/APP, PU/SDS-t-MMT/APP and PU/SST-t-MMT/APP
are collected in Table 4 and the heat release rate (HRR) and
mass loss rate (MLR) curves are shown in Fig. 7a and b,
respectively. The addition of MMT only to PU has signicant
PHRR reduction (RPHRR) by 23% for PU/SDS-t-MMT composite
and 38% for PU/SST-t-MMT nanocomposite.

All APP samples show an even higher PHRR reduction due to
char formation between APP and PU. The PU/SST-t-MMT/APP
has the highest PHRR reduction of 79%. A signicant THR
reduction of 45% and a large char yield of 28% are observed in
the PU/SST-t-MMT/APP owing to extensive PU charring.

The char photographs of PU samples aer cone calorimetry
are shown in Fig. 8. Pure PU is completely burned and shows no
char. PU/SDS-t-MMT composite shows little char. On the other
This journal is © The Royal Society of Chemistry 2017
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Table 4 Cone calorimetric data of PU composites

Samples
TTI
(s)

PHRR
(kW m�2)

RPHRR

(%)
THR
(MJ m�2)

Residue
(%)

Pure PU 38 1033 0 89 0
PU/SDS-t-MMT 25 798 23% 84 4
PU/SST-t-MMT 30 642 38% 82 13
PU/APP 21 336 68% 77 15
PU/SDS-t-MMT/APP 14 402 61% 69 10
PU/SST-t-MMT/APP 13 218 79% 49 28
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hand, the PU/SST-t-MMT nanocomposite shows an intumescent
char with remarkable char yield of 13% (5% is MMT) because
dehydrogenation of PU catalyzed by the acidic sites in t-MMT
into unsaturated structures with aromatic rings, and the
subsequent reactions increase char formation in the condensed
phase.33 PU/APP shows an intumescent char with many cracks
because PU partially plays the role of charring agent and reacts
with APP to form the char.34 In contrast with PU/APP, PU/SDS-t-
MMT/APP and PU/SST-t-MMT/APP produce an intumescent
char without cracks, indicating that the char formation proce-
dure is modied with the addition of MMT.
Fig. 7 HRR and mass loss rate curves of PU composites.

Fig. 8 Char residue images of PU (a), PU/SDS-t-MMT (b), PU/SST-t-MM

This journal is © The Royal Society of Chemistry 2017
Further char structure information of PU/APP and PU/SST-t-
MMT/APP were observed using SEM as shown in Fig. 9. The char
of PU/APP can be clearly separated into surface and interior: the
surface char contains many holes (Fig. 9a), which provide
tunnels for ammable gas escape. While the interior char is
a classic blown cellular intumescent char (Fig. 9b). PU/SST-t-
MMT/APP shows a kind of well-covered intumescent char,
which can offer barrier properties and decrease ammability of
PU (Fig. 9c and d). The char residue of PU/SST-t-MMT/APP is in
good agreement with the sum of char yield of PU/SST-t-MMT
and PU/APP.

The char structure has been characterized by ATR FTIR, as
shown in Fig. 10. The char of PU/APP has spectra which is
similar to graphite, meaning that a conjugated structure has
been produced owing to char formation between PU and APP.35

The char of PU/SDS-t-MMT/APP shows a strong peak at about
1050 cm�1, which is attributed to Si–O stretching in MMT.36 The
char of PU/SST-t-MMT shows a broad peak between 1200 and
940 cm�1, indicating that the layered structure of MMT is partly
destroyed and a ceramic char is formed.35,36 It is also reported
that the clay layers in polymer/clay nanocomposites migrate to
surface and form ceramic char during combustion.33
T (c), PU/APP (d), PU/SDS-t-MMT/APP (e) and PU/SST-t-MMT (f).
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Fig. 9 SEM images of char residue of PU/APP (external (a) and internal (b)) and PU/SST-t-MMT/APP (external (c) and internal (d)).

Fig. 10 FTIR spectra of the char of PU/APP, PU/SST-t-MMT/APP and
PU/SDS-t-MMT/APP.

Table 5 The correlation coefficients between TGA and cone data of
PU composites

TGA Cone

Tonset Tmax Re-TGA TTI PHRR THR Re-cone

Tonset 1.000
Tmax 0.889 1.000
Re-TGA �0.747 �0.809 1.000
TTI 0.883 0.675 �0.810 1.000
PHRR �0.830 �0.787 0.930 �0.900 �1.000
THR 0.623 0.571 �0.906 0.846 0.839 1.000
Re-cone �0.554 �0.621 0.956 �0.716 �0.880 �0.895 1.000
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3.5 Correlation studies

Table 5 summarizes the correlation coefficients, R, for the TGA
and cone parameters of PU composites, calculated by Microso
Office Excel 2003.

For cone results, the parameters have high correlation by
each other, except TTI with Re-cone, because the ignition occurs
before the char formation. Tonset has high correlation with TTI
and PHRR owing to combustible gases arising from the thermal
degradation of the sample. Then the ignition occurs when an
ignitable blend of air and combustible gases. Re-TGA has high
correlations with TTI, PHRR, THR and Re-cone, suggests that
the re retardant mechanism is mainly condensed phase.

3.6 Char formation mechanism

According to TGA, cone results and char structure, a possible
char formationmechanism is draw in Fig. 11, in PU/SST-t-MMT/
5986 | RSC Adv., 2017, 7, 5980–5988
APP, APP is dispersed in PU with micro-size and MMT layers are
nano-dispersed in PU, meaning that APP is covered with PU
chains and only a few MMT layers are at the interface between
APP and PU (step 1). There are two fast reactions occurring on
heating: char formation between APP and PU to produce char
layer; the nano-dispersed t-MMT layers containing acidic sites
show catalytic dehydrogenation and char formation between
MMT and PU to form ceramic char andmove the surface.33 Thus
the collision possibility betweenMMT and APP is very limited in
the PU/SST-t-MMT/APP according to the collision theory (step
2).37 During the combustion, the ceramic char, carbonaceous
silicate, modify the viscosity of the char layers to form intu-
mescent char with controlled cell size. While the carbonaceous
silicates mandate a tortuous pathway and pack the gas to hinder
ammable gas diffusion (step 3). Finally, an intumescent char
with ceramic char covered closed cell form as shown in Fig. 9c
and d, and the char yield of PU/SST-t-MMT/APP is equal to the
sum of intumescent char from PU/APP and carbonaceous-
silicate char from PU/SST-t-MMT (step 4), which slows down
the rate of heat and mass transfer, and leads to the lower THR.
This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Scheme of char formationmechanism of PU/SST-t-MMT/APP.
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4. Conclusions

A novel, low surface charge density, anionically modied MMT
has been prepared. The defects of MMT layers can combine and
produce holes on theMMT layers on acid treatment which leads
to a reduced surface charge density. Its anionic modication is
related with pKa of modier and pH of water solution by using
Henderson–Hasselbalch equation. The low surface charge
density MMT gives exfoliated nano-dispersion in PU, indicating
that the dispersion of the MMT layers is not only decided by the
organophilic surface, but also enhanced with a low surface
charge density and electrostatic interaction between layers and
counter ions. Nano-dispersed low surface charge density MMT,
t-MMT, contains more acidic sites and shows catalytic dehy-
drogenation and char formation in PU. When SST-t-MMT
combined with APP in PU, a large reduction of PHRR and
THR are observed, showing that this material could be a solu-
tion for both re risk and re hazard.
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