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ABSTRACT: Strong interfacial interaction and nanodispersion are necessary for
polymer nanocomposites with expectations on mechanical performance. In this
work, montmorillonite (MMT) was first structurally modified by acid treatment
to produce more silanol groups on the layer surface. This was followed by
chemical modification of y-methacryloxy propyl trimethoxysilane molecule
(KHS70) through covalent grafting with the silanol groups. *’Si and *’Al magic
angle spinning (MAS) NMR results revealed the microstructural changes of
MMT after acid treatment and confirmed the increase of silanol groups on acid-
treated MMT surfaces. Thermogravimetric analysis indicated an increase in the
grafted amount of organosilane on the MMT surface. X-ray diffraction (XRD)
showed that the functionalization process changed the highly ordered stacking
structure of the MMT mineral into a highly disordered structure, indicating
successful grafting of organosilane to the interlayer surface of the crystalline
sheets. The styrene—butadiene rubber (SBR)/MMT nanocomposites were

further prepared by co-coagulating with SBR latex and grafted-MMT aqueous suspension. During vulcanization, a covalent
interface between modified MMT and rubber was established through peroxide-radical-initiated reactions, and layer aggregation
was effectively prevented. The SBR/MMT nanocomposites had highly and uniformly dispersed MMT layers, and the covalent

interfacial interaction was finally achieved and exhibited high performance.
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1. INTRODUCTION

Since the Toyota research group' reported a nylon-6/
montmorillonite nanocomposite over two decades ago,
polymer/clay nanocomposites have attracted much attention
from both academic and industrial fields.> When dispersed into
a rubber matrix, clay minerals can remarkably improve the
mechanical properties and provide the composites with some
novel performance, such as impressive gas barrier properties.3_5
It was reported that the properties of the nanocomposites were
strongly dependent on both the dispersion of clay layers and
the interfacial interaction between the clay and rubber matrix.%”
Only when clay platelets are completely exfoliated within the
rubber matrix and the interfacial interaction is optimized, will
the potential of performance of the nanocomposite be fully
realized.” ™

In order to achieve high dispersion of clay in rubber matrix,
various methods have been developed, such as melt method,
solution method, in situ polymerization method, latex method,
and so on. Among these methods, latex compounding
method'*™"* using water as a medium is an eco-friendly and
promising means to prepare rubber/clay nanocomposites.
Some clay minerals, like montmorillonite, have excellent
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swelling properties in water and could be delaminated into
single nanolayers to form a stable aqueous suspension;' "' also,
the medium of rubber latex is water in which the rubber latex
particles are uniformly dispersed. So, a stable aqueous mixture
of clay and rubber latex particles could be easily obtained in
which the clay nanolayers and rubber particles are stably and
uniformly dispersed. Rubber/clay nanocomposites could be
prepared by co-coagulating the mixture of clay and rubber latex,
and there is no need for further mechanical mixing because the
good dispersion of clay in water could be kept in the rubber
matrix after the flocculation. An advantage for latex
compounding method is in situ organic modification for clay
in water medium can be conducted before co-coagulating
rubber latex and clay aqueous suspension.”'* Such an organic
modification is very important for nanocompounding to
achieve a good co-coagulating effect and to construct a better
interfacial interaction.
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Montmorillonite (MMT) is the most commonly used clay
mineral for preparing rubber/clay nanocomposites. It is a
member of the family of 2:1 layered silicates and consists of
two-dimensional layers where an edge-shared alumina octahe-
dral sheet is sandwiched between two silica tetrahedral sheets.”
The thickness of MMT layers is about 1 nm. Isomorphic
substitution within the layers generates negative charges that
are counterbalanced by metal ions situated inside the
galleries.>* Obviously, in this pristine state, the inorganic
MMT is immiscible with hydrophobic rubber, such as styrene—
butadiene rubber (SBR), and the poor physical interaction
leads to poor mechanical properties of the composites. In order
to make clay layers more miscible with the polymer, one must
convert the hydrophilic clay surface to an organophilic one. The
traditional methodologies generally utilized organic quaternary
ammonium salt to directly modify inorganic clay by exchanging
with the metal ions present inside the galleries.”'* This
modification of clay by organic alkylammonium salts can
increase the interlayer distance of the clay mineral and greatly
improve the compatibility between rubber and clay layers. But
the interaction between organic clay and rubber is still weak
due to the nature of the van der Walls force and the
improvement of performance of nanocomposite with a
noncovalent interface is limited.%'®

Silane coupling agent, as an effective interfacial modifier in
rubber industry, can greatly enhance the interface through the
formation of covalent bonds between the rubber and inorganic
filler. Recently, the grafting reaction between silane molecules
and clay layers was widely reported.'*™"® The covalent bonding
between clay and organosilane is formed through condensation
reactions between silane and the surface silanol groups.”®*!
However, plate-like clay surfaces such as montmorillonite have
reactive hydroxyl groups only at the edges of individual layers
and at relatively low contents.'”*>**** As a result, only limited
organosilane can be linked at the edges,zz_24 and the external
functionalized edge area of grafted-MMT is small as compared
to the interlayer surface, which will lead to limited improve-
ment in interfacial interaction between MMT and polymer
matrix.>> Therefore, grafting more organic functions in the
interlayer region of MMT is critical. It has been reported that
acid treatment could result in the formation of more hydroxyl
groups on the clay surface and increase the grafted amount of
organosilane on clay surface.”>***” Unfortunately, the mech-
anism of acid treatment is still undefined, and the silylated acid-
treated MMT has never been used to fill rubber to improve the
interfacial interaction.

In this work, acid treatment was employed to destruct the
MMT structure to introduce more active sites on the surface of
nanolayers and improve the reactivity of the MMT surface with
coupling agents. The y-methacryloxy propyl trimethoxysilane
(KHS70) was then utilized as an effective interfacial modifier
for MMT and its SBR nanocomposites. The microstructure and
surface property of the acid-treated MMT and functionalized
MMT were studied using various techniques. Further, the latex
compounding was employed to prepare functionalized SBR/
MMT nanocomposites, that is, a mixture of functionalized-
MMT aqueous suspension and SBR latex was co-coagulated by
adding flocculation agent. The interfacial covalent interaction
was finally and completely realized via peroxide vulcanization,
in which the peroxide radicals chemically linked double bonds
of KH570 and SBR macromolecules. The resultant nano-
composites demonstrated much higher modulus and tensile

strength. To the best of our knowledge, similar research has not
been reported.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium montmorillonite powder was purchased
from Siping Liufangzi Aska Bentonite Co., Ltd., China, with a cationic
exchange capacity (CEC) of 78 mequiv/100 g. SBR latex with a
styrene content of 23 wt % was purchased from Jilin petrochemical
Co.,, Ltd, China. The organosilane used in this work was y-
methacryloxy propyl trimethoxysilane (KHS70), which was purchased
from Nanjing Shuguang Chemical Co., China. The peroxide curing
agent dicumyl peroxide (DCP) was industrial-grade and used as
received.

2.2. Preparation of Acid-Treated MMT. MMT aqueous
suspension with a solid content of 2.0 wt % was prepared according
to procedure in our previous work.”® A certain amount of concentrated
HCI was added to make up different concentrations. The suspension
was magnetically stirred at 60 °C for 3 h. After acid treatment, the
solid phase was separated from supernatant liquid by centrifugation at
5000 rpm for 1 h. The MMT was washed intensively with deionized
water. The pH of the supernatant after it was washed was in the range
of 6—7. Then, the sample was dried in a vacuum oven at 60 °C for 24
h. The as-prepared MMT sample was crushed to smaller units by using
a mortar. In the following discussion, the acid-treated MMT powders
are coded as nHMMT, and n indicates the concentration of
hydrochloric acid (n mol/L).

2.3. Preparation of y-Methacryloxy Propyl Trimethoxysi-
lane-Modified HMMT. The preparation of acid-treated MMT
aqueous suspension with a solid content of 2.0 wt % was the same
as that of the pristine MMT aqueous suspension. The required
amount of KHS70, corresponding to 3 mequiv of coupling agent per
gram of MMT, was added into the MMT aqueous suspension and
stirred for S h at 80 °C. The suspension was centrifuged at 5000 rpm
for 1 h to separate solid phase of KH570/MMT hybrids. To remove
the excess silane, we washed the solid phase by being dispersing it in
ethanol under vigorous stirring at 65 °C for 1 h, which was followed by
centrifugation. The procedure was repeated three times. The resultant
product was dried at 60 °C under vacuum for 24 h and then ground to
powder for characterization. To confirm that the unreacted coupling
agents were completely removed, we washed the final powders with
toluene by Soxhlet extraction for 24 h because the Soxhlet extraction is
considered to be an effective means to remove unreacted and adsorbed
coupling agents.”® The TGA analysis of modified MMT before and
after Soxhlet extraction could be found in Figure S1 (Supporting
Information). The silane-grafted HMMT samples were coded as
nHMMT-g-KHS70.

The functionalized HMMT before drying procedure was dispersed
in the deionized water to form aqueous suspension with a solid
content of 2.0 wt %.

2.4. Preparation of SBR/MMT Nanocomposites. The ratio of
MMT to SBR in composite was kept at 10 g/100 g. The SBR/MMT
nanocomposites were prepared by latex compounding method, and
the procedure cab be found in our previous work.® The SBR/MMT
coagulated compounds were obtained by co-coagulating the mixture of
modified MMT and SBR latex in 1% hydrochloric acid solution. The
coagulated compounds and 0.5 phr DCP were mixed on a two-roll mill
for 10 min. Then, the compounds were vulcanizated at 160 °C for the
optimum cure time (T90).

2.5. Characterizations. XRD analyses were carried out on a D/
Max 2500 VB2+/PC X-ray diffractometer (Rigaku, Japan) with Cu/
Kal radiation, and two patterns were employed: pattern I
(accelerating voltage, electric current, and scanning speed were 40
kV, 50 mA, and 0.5°/min, respectively) and pattern II (accelerating
voltage, electric current, and scanning speed were 40 kV, 2000 mA and
10°/min, respectively). FTIR spectra were recorded using a
TENSOR27 spectrometer (Bruker, Germany) and KBr pressed-disk
technique (1 mg of sample and 200 mg KBr) were used. The
morphologies of modified MMT samples were recorded by a Hitachi
S-4800 scanning electron microscope (SEM). The specific surface area
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of MMT powders was determined by combining the Nitrogen
adsorption measurements in Quantachrome Autosorb-1-MP auto-
mated gas adsorption system and the Brunauer—Emmett—Teller
(BET) method. Dynamic light scattering performed in Zetasizer Nano
ZS (Malvern, UK) was used to determine the particle size of MMT in
aqueous suspension.

The *Si and *’Al magic angle spinning (MAS) NMR spectra of
acid-treated MMT in powder form were recorded on a Bruker AV300
spectrometer at 59.63 and 78.62 MHz, respectively, using TMS and
the solution of AICI; as the external references. The sample spinning
frequency was 5 and 8 kHz, respectively. To avoid saturation, we
selected a 15 s recycle delay between successive accumulations for each
¥Si spectrum.

Thermogravimetric analysis was performed on a STARe system
TGA (Mettler-Toledo, Switzerland). The amount of grafted silane was
calculated by eq 1 according to the report."®

103\/\]7.00—600

Grafted amount (mequiv/g) = m W
— Y¥200-600

where M (g/mol) is the molecular weight of the grafted silane
molecules (M = 206 for KHS70) and W,p0_g is the weight loss
between 200 and 600 °C corresponding to degradation of silane.'®

Dynamical mechanical rheology analysis was performed with the
rheometer RPA 2000 (Alpha Technologies, Akron, Ohio) at 60 °C
with the frequency of 1 Hz. High-resolution transmission electron
microscopies (HR-TEM) were conducted on a JEM 3010 high-
resolution transmission electron microscope (JEOL, Japan) and the
ultrathin section samples were used.

The tensile properties tests were conducted on an Instron-type
tensile testing machine at 23 °C according to ASTM D412 (Method
A). Shore A hardness of the nanocomposite was measured according
to ASTM D2240, using an XY-1 type A durometer (No. 4 Chemical
Machinery Plant of Shanghai Chemical Equipment Co. Ltd., China).

3. RESULTS AND DISCUSSION

3.1. Acidification of Montmorillonite. Montmorillonite
is a naturally occurring 2:1 layered silicate. The crystal structure
is shown in Chartl. Isomorphic substitution within the layers,

Chart 1. llustration of Crystalline Structure of
Montmorillonite
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including some Al substitution by Fe and Mg in the octahedral
sheet and little Si substitution by Al in the tetrahedral sheet,
generates negative charges that are counterbalanced by the
interlayer cations.”*® The surface hydroxyl groups are very few
and mostly located at the edges of individual layers.
Montmorillonite also contains intralayer AI-OH groups, but
these groups are buried inside atomic planes of the layered
structure and believed to hardly react with organosilane
molecules.”**

It was widely reported that acid activation of montmorillonite
follows this process:>>>*** (1) protons penetrate into the layers
and interlamellar cations are replaced; (2) protons attack the
OH groups, starting with those close to the isomorphic
substitution and the layers partially dissolved by leaching out

Al¥, Fe¥, and Mg’ from the silicate; and (3) the Al-O
octahedral sheets dissolved entirely by leaching out AI*",
generating hydrous amorphous silica from the tetrahedral sheet.

The XRD patterns of the pristine and acid-treated MMT are
presented in Figure 1. The d at 20° was used as an internal

{001

Intensity (A.U.)
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Figure 1. X-ray diffraction patterns (pattern II) of (a) pristine MMT,
(b) 0.02HMMT, (c) 0.1HMMT, and (d) 0.SHMMT.

standard to standardize diﬁfractograms in relation to the
percentage of MMT crysatlline.”® The intensity of the
characteristic 001 peak for each acid-treated MMT powder
increased distinctly, which may be due to the dissolution of
most amorphous mineral particles and reflects an increase in
the regularity of the crystallite. A broaden peak at a 20 value of
28° corresponding to silica is observed in the acid-treated
MMT, indicating the generation of amorphous silica.®® The
increase in the intensity at (001) diffraction peak of acid-treated
MMT has never been reported because the acid concentration
we applied was much lower than that reported previously.>’
With the concentration of hydrochloric acid increasing, the acid
treatment leads to some alteration of the crystal structure of the
minerals which is seen from lowering and broadening of the
(001) peaks on the patterns, indicating a decrease in the
regularity of the mineral structure and little dissolution of
structural ions. The XRD patterns show that the crystal
structure of MMT was mostly preserved and not affected
significantly, even by the activation with the maximum HCI
concentration of 0.5 mol/L. However, there was a slight
increase from 1.24 to 1.30 nm in the interlayer spacing of acid-
treated MMT compared to pristine MMT, indicating the
generation of interlayer hydroxyl groups.

Infrared spectroscopy was used to study the microstructure
of pristine MMT and acid-treated MMT. Figure 2 illustrates
infrared spectra of the samples. In the spectrum of pristine
MMT, a band appeared near 3630 cm™’, corresponding to the
stretching vibrations of structural Al-OH and Mg—OH which
are intralayer hydroxyl groups and can not be reactive with
silane.>* Meanwhile, IR spectra of these samples show a broad
band centered near 3440 cm™' and a clear band at 1640 cm ™},
which are attributed to the interlayer water in the MMT. The
spectra of acid-treated MMT show a gradual shift of the Si—O
band from 1042 to 1050 cm™', indicating the generation of
amorphous silica.”” The slight shift strongly supports that the
chemical structure of MMT after acid treatment was remained
unchanged.

»Si and ?’Al NMR spectroscopies further illustrate the effect
of acid on the microstructure of MMT. The *’Si and *’Al MAS
NMR spectra of pristine and acid-treated MMT are shown in

dx.doi.org/10.1021/am504426j | ACS Appl. Mater. Interfaces 2014, 6, 18769—18779



ACS Applied Materials & Interfaces

Research Article

ya

Absorbance (A.U.)

36003200 1500 1000 500
Wavenumbers / cm”

Figure 2. Infrared spectra of (a) pristine MMT, (b) 0.02HMMT, (c)
0.1HMMT, and (d) 0.SHMMT.

Figure 3. The Q*(0AI) at —92.2 ppm attributed to SiO, groups
in the tetrahedral sheet was used as an internal standard to
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Figure 3. (Left) **Si MAS NMR spectra and (right) Al MAS NMR
spectra of the pristine and acid-treated MMT powders.

standardize strength in relation to the percentage of clay in *°Si
MAS NMR spectra. So, the strength of other signals was a
relative one. Q3(1Al) at —87.5 ppm is attributed to one
tetrahedron in which Al for Si substitution occurs in the
tetrahedral sheet. The signal of Q* at —107 ppm demonstrates
the presence of quartz, which is an impurity in pristine MMT.
There is no signal of Q” in the Si MAS NMR spectrum of
pristine MMT, attributed to isolated silanol groups present at
the silicate sheet edges.17 After acidification, an additional signal
at —101 ppm for Si—OH was recorded in the *’Si MAS NMR
spectra of acid-treated MMT, which was not found in pristine
MMT. This demonstrates the successful enrichment of
hydroxyl groups at the edges and faces of layered silicate
after acid treatment at an appropriate acid concentration. With
the concentration of hydrochloric acid increasing, the signal at
—107 ppm corresponding to amorphous silica became stronger,
as a result of the dissolution of Al ions in the octahedral sites
and formation of amorphous silica.*

Tkac et al.*® suggested that the rates of dissolution of
tetrahedral and octahedral Al (Al and Al,) within layers in

acid solution are comparable and Si atoms bearing OH groups

are formed in the first stage of dissolution of the clay. In our
experiment, the leaching out of Al was confirmed by the
weakening of the signal corresponding to Q*(1Al) at —87.5
ppm and the chemical shift changing of Q*(0Al) from —92.2 to
—93.1 ppm after acid treatment. Figure 3 (right) shows that the
proportions of Al and Al in MMT remain unchanged after
acid treatment, which confirms that the dissolution of
tetrahedral and octahedral Al occurs at the same rate. As
discussed above, the acid treatment procedure can be
summarized in Chart2. This model has the similar concept of

Chart 2. Schematic Process of the Acid Treatment

“patched detetrahedration” for montmorillonite in dissolution
alkaline media proposed by Takahashi et al.>® Dissolution of
one tetrahedral Al (Al,,) generates three Si—OH groups and
one Al-OH group. These Si—OH groups are believed to be
exposed on the surface of layered structure, which can react
with coupling agent molecules, while the hydroxyl groups
generated by dissolution of octahedral Al are still buried inside
atomic planes of the layered structure and hardly react with the
coupling agent molecules. We are not sure about how many
Si—OH groups among the hydroxyls generated by acid
treatment are exposed on the surface of layered structure, so
the quantitative analysis of reactive Si—OH groups is hard to
carry out by NMR analysis.

The result that enrichment of Si—OH by acidification
confirmed by *’Si MAS NMR is consistent with that reported
in the literature,® whereas the result that higher concentration
of acid led to fewer hydroxyl groups is reported for the first
time. In a higher concentration of acid solution, amorphous
silica formed through the condensation reactions of Si—OH
groups,” which may be responsible for fewer hydroxyl groups.
Therefore, controlling the dissolution degree of MMT is crucial
to maximize the hydroxyl number.

Nitrogen BET surface areas were measured for the pristine
and acid-treated samples. A slight increase in surface area was
observed with the increase of the concentration of hydrochloric
acid (Table 1), which suggests that the surface cracks and voids
formed due to the removal of amorphous components that may
plug some pores on the surface and between layers.**
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ACS Applied Materials & Interfaces

Research Article

Table 1. Interlayer Spacing and Specific Surface Area of
Pristine and Acid-Treated MMT

samples dgo; (nm)® Shigee (mz/ g)b
pristine MMT 1.24 21.3
0.02HMMT 1.30 22.8
0.1IHMMT 1.30 284
0.SHMMT 1.30 339

“Determined by XRD. “External surface area.

3.2. Functionalization of MMT. The FTIR spectra of
pristine MMT and silane grafted MMT are shown in Figure 4.

Absorbance (A.U.)

4000 35|00 3OIOO 25I00 ZOIOO 15IOO 10I00 5(I)O
Wavenumber (cm')

Figure 4. Infrared spectra of (a) pristine MMT, (b) MMT-g-KHS70,
and (c) 0.02HMMT-g-KHS70.

Figure 4c shows the characteristic vibrations of the C=0O
group (Ve—o, 1729 cm™) and the CH, and CH; groups (vcy,
2870, 2920, and 2980 cm™; and &y, 1380 cm™!) of the
KH570 molecule. The stretching vibration of the C=C bond
at 1637 cm™! overlaps with the 5oy deformation band at 1636
cm™" of physically absorbed H,O. These results indicate that
acid reaction favors the enrichment of active hydroxyl groups
on the surface of MMT platelets, which is favorable to
organosilane grafting process.

Before the quantitative analysis of the amount of grafted
silane, the grafted MMT samples were extensively washed to
remove the unreacted organosilane. Figure 5 shows the TGA
curves of pristine MMT and KHS570-grafted MMT. Table 2
shows the weight loss between 200 and 600 °C and the grafted
amount of these samples, and Table S1 in Supporting
Information shows the detailed information on TGA data.
Acid-treated MMT with more reactive Si—OH have more
organosilane coverage. The grafted amount of 0.02HMMT

100+ \
954
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3 904 I —
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@ 854 ~—"
=
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Figure 5. TGA degradation profiles of (a) pristine MMT, (b) MMT-g-
KH570, (c) 0.02HMMT-g-KH570, (d) 0.]IHMMT-g-KH570, and (e)
0.SHMMT-g-KHS70.

18773

Table 2. Interlayer Spacing, Specific Surface Area, and
Grafted Amount of Pristine and Functionalized MMT

grafted amount

Waoo-600 dooy Scpec

samples (%) (mmol/g)® (nm)*© (mi/ g)?
pristine MMT 0.8 1.24 21.3
MMT-g-KHS70 1.6 0.1 1.24 35.6
0.02HMMT-g-KHS570 18.8 1.1 182.3
0.lHMMT-g-KHS70 114 0.6 1.30 100.2
0.SHMMT-g-KHS70 3.6 0.2 1.30 52.7

“Weight loss between 200 and 600 °C. “Determined using eq 1.
“Determined by XRD. “External surface area.

sample reached 1.1 mmol/g, while pristine MMT only had 0.1
mmol/g. The grafted amount decreased with the increase of the
HCI concentration, which is in agreement with the relative
amount of Si—OH group determined by NMR spectroscopies.
However, some of the Si—OH groups determined by NMR
spectroscopy are still buried inside atomic planes of the layered
structure and hardly react with the organosilane molecules,
which means the grafted amount is not quantitatively consistent
with the result of NMR. And we cannot ignore the fact that the
oligomerization of KHS70 occurred in a water medium and that
the oligomer could covalently attach to the MMT surface in the
grafting reaction,*® which may lead to the grafted amount being
much higher than the content of active hydroxyl groups on
MMT surface (Chart3a).

Chart 3. Schematic Representation of the Functionalized
HMMT“

\
’ ]

! a ;
! [

clay

<

“Structure a shows the silane oligomer covalently attaching to MMT
surface. Structure b shows KHS70 molecule linking two individual
MMT platelets to form an attached clay stack.

The XRD patterns of the functionalized MMT powders are
shown in Figure 6. The (001) peak broadening and weakening
of the hybrids compared to both pristine and acid-treated
MMT suggests that grafting modification induces a stacking
disorder in the clay particles. The (001) diffraction of the
hybrids with high organic content was weaker, which cannot be
found even in the 0.02HMMT-g-KHS70 sample, indicating that
the highly ordered stacking structure of the MMT mineral
became a highly disordered structure. These results imply that
the KHS70 molecule successfully graft to the interlayer surface
of the MMT crystalline sheets, which was realized before only

dx.doi.org/10.1021/am504426j | ACS Appl. Mater. Interfaces 2014, 6, 18769—18779
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Figure 6. X-ray diffraction patterns (pattern II) of (a) pristine MMT,

(b) MMT-g-KH570, (c) 0.02HMMT-g-KHS70, (d) 0.1HMMT-g-
KHS70, and (e) 0.SHMMT-g-KHS70.

by conventional ion exchange method using aminosilane."” An
increase in interlayer spacing of the interlamellar grafted MMT
was not found. It may be due to the nature of KHS70, which
could not self-assemble to orderly arrange between two clay
layers to form ordered intercalation structure.

The BET surface areas of the grafted HMMT samples are
also shown in Table 2. There is a significant increase in surface
area for grafted MMT compared to that of the pristine and
acid-treated MMT. The higher grafted amount leads to higher
surface area which was also observed by Shanmugharaj et al.*!
It is noted that the BET surface area determined for
montmorillonite represents interactions with only the outer
particle surfaces because the interlayer of clay is inaccessible to
nitrogen molecules.”® The significantly increase from 21.3 to
182.3 m*/g indicates the internal surfaces were partly exposed
caused by silane grafting at the interlayer surface of MMT and
the disordered layer structure. It was reported that the specific
surface areas substantially decreased with the grafting agent
occupying the micropores,* which is because the organosilane
was covalently linked only at the edge —OH groups of MMT
platelets. Only when the clay layers with reactive hydroxyl
groups in the interlayer region are exfoliated in the reaction
medium, could interlamellar grafting be realized. Therefore,
using water as the dispersing medium is critical to realize
interlamellar grafting.

Figure 7 shows the surface morphology of silane-grafted
MMT. The 0.02HMMT-g-KHS70 with the highest grafted

RJ

Figure 7. SEM morphology of (a) pristine MMT, (b) MMT-g-KHS70,
(c) 0.02HMMT, and (d) 0.02HMMT-g-KHS70.

amount has a rough surface (Figure 7d). However, the pristine
MMT and the MMT-g-KHS70 with lower grafted amount
show smooth surfaces. This result also demonstrated that the
grafting reaction took place to form silane oligomer coverage
on the layers.

3.3. Aqueous Suspensions of Modified MMT. The
dispersion of MMT in polymer nanocomposite prepared by
latex compounding method strongly depends on the state of
MMT aqueous suspension. Therefore, in this work, the stability
of the modified MMT aqueous suspension and the particle size
of modified MMT in water were characterized. The
0.02HMMT-g-KHS570 with the highest organic content was
chosen because the centration of acid caused the least effect on
the crystal structure of MMT.

Figure 8 shows the digital photos of MMT aqueous
suspension both before and after the same centrifugation
process. Because MMT has good swelling property in water
and the surface is normally hydrophilic, a stable aqueous
suspension was obtained. After centrifugation, only a part of
inorganic MMT happened to subside (Figure 8b,d). The
KH570-grafted MMT suspension (Figure 8c) exhibit the same
result as the inorganic MMT suspension, indicating that the
hydrophilic surface is not significantly changed due to the fact
that the organic grafting only occurred at the edges of clay
platelets. The grafted HMMT with the highest organic content
(Figure 8e) was precipitated completely after centrifugation.
The success of interlamellar grafting (Chart S1, Supporting
Information) and the high silane content increase the
hydrophobicity of the modified clay, which is detrimental to
the dispersion of the modified MMT in water.

The average diameter of the modified sample in suspension
was determined by dynamic light scattering (DLS; Table 3).
Comparing the particle size of grafted MMT with that of
inorganic MMT, a slight increase is found. The KHS70
modifier with three Si—OH groups can react with more than
one hydroxyl group on the MMT surface, which offers the
possibility to form covalent bridges between MMT layers and
generate irreversibly attached clay stacks (Chart3b). However,
this slight increase of particle size indicates that the grafted
MMT still could be satisfactorily dispersed in water.

3.4. MMT/SBR Nanocomposites. 3.4.1. MMT Dispersion
in Nanocomposites. The 0.02HMMT-g-KHS70 with the
highest organic content was chosen to fill in the SBR matrix.
In the following, XRD and HR-TEM experiments were carried
out in order to investigate the dispersion of MMT in
nanocomposites.

The XRD spectra of SBR/MMT vulcanizates recorded by
pattern I are shown in Figure 9. The SBR/MMT vulcanizate
and MMT-g-KHS570/SBR vulcanizate show distinct diffraction
peaks at about 20 = 6.4° corresponding to the stacked
structures. However, the 0.02HMMT-g-KHS70/SBR vulcan-
izate is nearly amorphous to X-rays, demonstrating a highly
dispersed state of MMT in the SBR matrix. A tiny peak
corresponding to interlayer spacing of about 4.70 nm emerges
in the pattern of 0.02HMMT-g-KHS570/SBR vulcanizate,
indicating the intercalation of rubber molecules.®

Basically, the MMT dispersion in coagulated compounds
depends on the state in the aqueous suspension. The DLS
result has proved the three clay samples have similar dispersion
state in aqueous suspension. Therefore, it is reasonable to
conclude that the dispersion of clay in the three coagulated
compounds is similar and that the big difference in the clay
dispersion within the three vulcanizates results from the
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Figure 8. Stability of 2 wt % MMT aqueous suspension. Pristine MMT aqueous suspension (a) before and (b) after centrifugation. (c) MMT-g-
KHS70 aqueous suspension after centrifugation. (d) 0.02HMMT aqueous suspension after centrifugation. (e) 0.02HMMT-g-KHS70 aqueous
suspension after centrifugation. Centrifugation was conducted at 5000 rpm for 20 min.

Table 3. Particle Size of the Acid-Treated MMT and
Functionalized MMT

samples Z-average (nm)
pristine MMT 507
MMT-g-KHS70 S16
0.02HMMT 489
0.02HMMT-g-KHS570 564

Intensity (A.U.)

20 (degree)

Figure 9. XRD patterns (pattern I) of SBR/MMT(10) vulcanizates.
(a) SBR/MMT nanocomposite, (b) SBR/MMT-g-KHS70 nano-
composite, and (c) SBR/0.02HMMT-g-KHS70 nanocomposite.

different degrees of clay aggregation. In our previous works, we
proved that intensive shearing during processing and high
temperature and pressure during vulcanization would cause the
distinct aggregation of clay platelets in rubber matrix.*> The
high-resolution TEM images are shown in Figure 10. Without
KHS70 grafting, most MMT layers aggregated into big
agglomerates with diameter of about 50—300 nm. For the
SBR/MMT-g-KHS70 nanocomposite, the dispersion of MMT
is slightly improved and the agglomerate size becomes much
smaller, indicating that a small amount of KH570 grafting on
the edge could improve the dispersion of MMT effectively.
When the grafted amount reaches 1.1 mmol/g, the grafting
reaction significantly improves the clay dispersion, and most of
the layers are highly and uniformly dispersed in vulcanizates as
thin layers with thickness down to 5—15 nm. In Figure 10c,c’,
the dispersion of grafted MMT in the SBR/0.02HMMT-g-
KHS70 vulcanizate is better than that in coagulated compound.
That is because the intensive shearing during processing makes
highly silylated MMT aggregates break into smaller units, while
for the unmodified SBR/MMT nanocomposites, the intensive
shearing is detrimental to the dispersion of the inorganic MMT

in rubber matrix, as proven in our previous work.*> After curing,
the covalent interface between clay and rubber is established,
and the excellent dispersion of grafted clay in the unvulcanized
compound is kept in the vulcanizate.

Digital photos of SBR/MMT nanocomposite sheets are
shown in Figure 11. The three coagulated compound sheets
had high and similar transparency, which indicates that the
dispersion of MMT in the nanocomposites is excellent. The
transparency of the three vulcanizate sheets was much different.
The SBR/0.02HMMT-g-KHS70 vulcanizate had the highest
transparency, indicating the best dispersion of clay. The result is
consistent with those observed by the above XRD and HR-
TEM results. On the one hand, the high content of KHS570
grafted on clay surface improves compatibility between MMT
and rubber macromolecules, which benefits the dispersion of
MMT further. On the other hand, KHS570 molecules undergo
grafting onto macromolecular chains during vulcanization,
which effectively prevented the aggregation of clay caused by
high temperature and pressure. These effects directly improve
the dispersion of MMT in the SBR matrix. Chart4 schemati-
cally illustrates the interlamellar silylation of acid-treated MMT
and the process of construction of covalent interface between
acid-treated MMT and rubber.

3.4.2. Curing Behavior and Dynamic Properties of
Nanocomposites. Table 4 shows the curing behavior of
SBR/MMT nanocomposites. Compared to the SBR/MMT
nanocomposite, the curing time of the grafted SBR/MMT
nanocomposites was obviously shortened, indicating that
organosilane could accelerate the curing process. With the
grafted amount increasing, the maximum torque obviously
increased, and the minimum torque was basically unchanged.
The basically same minimum torque reflects the same
dispersion of clay in three unvulcanized compounds. The
increase in maximum torque is attributed to improved
dispersion of clay and excellent interaction between clay and
rubber in organically modified SBR/MMT vulcanizates, which
is consistent with the results observed in the above XRD and
HR-TEM results.

The dynamic properties of the SBR/MMT vulcanizates were
characterized by dynamic strain sweeps. Figure 12-1 shows the
strain amplitude dependence of storage modulus (G’) of the
SBR/MMT nanocomposites. The SBR/0.02HMMT-g-KHS70
nanocomposite (Figure 12c) exhibited the highest modulus at
the strain amplitude, indicating the formation of the strongest
filler network. There are two factors determining the increase of
storage modulus: (1) the good dispersion of MMT in the
grafted SBR/MMT nanocomposite increases the interfacial area
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Figure 10. HR-TEM images of SBR/MMT(10) nanocomposites. SBR/MMT (a) coagulated compound and (a’) vulcanizate. SBR/MMT-g-KHS70
(b) coagulated compound and (b’) vulcanizate. SBR/0.02HMMT-g-KHS70 (c) coagulated compound and (c’) vulcanizate.
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Figure 11. Digital photos of SBR/MMT(10) nanocomposite sheets (1
mm). SBR/MMT (a) coagulated compound and (a’) vulcanizate.
SBR/MMT-g-KHS570 (b) coagulated compound and (b’) vulcanizate.
SBR/0.02HMMT-g-KH570 (c) coagulated compound and (c’)
vulcanizate.

between MMT and rubber, and (2) a covalent interface
between clay and rubber matrix was established through
KHS570 molecules and the MMT-rubber interaction was
remarkably improved. Figure 12-2 shows the strain amplitude
dependence of loss factor for nanocomposites. It is revealed
that the loss factor of nanocomposites is decreased with
increasing the grafted amount of silane, indicating the reduction
in mobility of rubber chains.” The distinct decrease in loss
factor of SBR/0.02HMMT-g-KHS570 nanocomposite strongly
confirmed the significantly enhanced interfacial interaction.
3.4.3. Static Mechanical Properties of SBR/MMT Nano-
composites. Table 5 shows the static mechanical properties of
SBR/MMT nanocomposites. All the mechanical properties are
significantly enhanced by introducing the silane coupling agent.
The stress at certain strain and hardness are increased
significantly. The tensile strength and stress at 300% strain of
SBR/MMT nanocomposite are 7.9 and 2.4 MPa, respectively.

Chart 4. Silylation of Acid-Treated MMT and Preparation of Rubber/MMT Nanocomposite by Latex Compounding Method
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Silane-grafted HMMT
suspension/rubber
latex mixture
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Table 4. Curing Characteristic of SBR/MMT Nanocomposites

samples scorch time (min) cure time (min) minimum torque, ML (Nm) maximum torque, MH (Nm) MH-ML (Nm)
SBR/MMT 0.88 10.00 8.11 17.03 8.92
SBR/MMT-g—KH570 0.83 6.53 7.72 1841 10.69
SBR/MMT—g-KH570 0.75 5.58 7.35 23.14 15.79
1200
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Figure 12. Strain amplitude dependence of (1) storage modulus (G’) and (2) loss factor of (a) SBR/MMT vulcanizate, (b) SBR/MMT-g-KHS70

vulcanizate, and (c) SBR/0.02HMMT-g-KHS70 vulcanizate.

Table S. Mechanical Properties of the MMT(10)/SBR Nanocomposites

tensile strength elongation at break stress at 100% strain stress at 300% strain Shore A permanent set
nanocomposite (MPa) (%) (MPa) (MPa) hardness (%)
SBR/MMT 79 83S 1.1 2.4 49 28
SBR/MMT-g-KHS70 7.6 737 1.1 2.9 52 28
SBR/MMT-g-KHS70 11.5 451 2.0 7.6 59 16

For SBR/0.02HMMT-g-KHS70 nanocomposite, the two

properties are improved to 11.5 and 7.6 MPa, respectively.
Figure 13 represents the stress—strain curves of nano-

composites and different stress—strain behaviors were found.
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Figure 13. Stress—strain curves of (a) SBR/MMT vulcanizate, (b)
SBR/MMT-g-KHS570 vulcanizate, and (c) SBR/ 0.02HMMT-g-KHS70
vulcanizate.

For SBR/MMT nanocomposite, the stress increases slowly at
the initial range of strain from 0 to 650%, and after that, the
stress has a rapid increase when the strain is more than 650%.
In this situation, van der Waals is the main interaction between
clay and macromolecules so that polymer chains on the surface
of clay could slip under the external force. During large
deformation, the rubber chains physically absorbing onto clay
surface are forced to slide along the MMT surface giving rise to
tensile orientation of rubber chains leading to a dramatic
increase of stress. All of these are advantageous to improve the
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tensile strength, but not to achieve a high modulus and high
rigidity. For the SBR/MMT-g-KH570 nanocomposite, two
kinds of interaction exist between clay and rubber: (1) van der
Waals bonding as the main interaction between clay and
macromolecules; (2) covalent bonding between clay edges and
rubber. So, the mechanical properties of SBR/MMT-g-KH570
nanocomposite are better than those of SBR/MMT nano-
composites. But the interaction between MMT-g-KHS570 and
macromolecular chains is not strong enough because of the low
grafted amount of silane, so the improvement on the
mechanical properties is limited. The higher content of
KHS70 grafting on both the edge and interlayer region of
acid-treated clay built a much stronger covalent boding between
rubber and clay and the interfacial interaction is significantly
enhanced. That is why the SBR/0.02HMMT-g-KHS70 nano-
composite possesses excellent tensile strength and the highest
stress at 300% strain.

The different clay—rubber interaction result in the different
stress—strain behaviors of nanocomposites. The grafting
reactions establish the strong covalent interface between rubber
and acid-treated MMT through KHS570 linkages, which are
responsible for the remarkably enhanced properties. Addition-
ally, the significantly improved dispersion of MMT also benefits
the improvement of mechanical properties.

4. CONCLUSIONS

In this work, surface modification of MMT by acid treatment
and silane grafting were successfully demonstrated. The active
hydroxyl groups on the surface of MMT have been increased by
acid-treatment at an appropriate acid concentration. By using
the acid-treated MMT, the organosilane was covalently linked
at the edges and on the interlamellar surface of MMT, and the
grafted amount of organosilane was significantly increased. The
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realization of interlamellar grafting changed the highly ordered
stacking structure of the pristine clay mineral into a highly
disordered structure, and the formation of silane oligomer
coverage on the layers make the hydrophilic silicate surface
become an organophilic one.

Latex compounding method was used to prepare the SBR/
MMT nanocomposites. With the formation of a chemical
bridge between MMT and rubber during the curing, the
dispersion of MMT in rubber matrix was evidently improved,
and the interfacial interaction was remarkably enhanced.
Finally, the SBR/MMT nanocomposites had highly and
uniformly dispersed MMT layers, and covalent interfacial
interaction was finally achieved and exhibited high perform-
ance.
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