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Polymer/clay nanocomposites have attracted consid-
erable attention in recent decades1-28 because of their
unique properties compared with those of the conven-
tional composites. Among those properties are higher
strength and modulus,1,3 better dimensional and ther-
mal stabilities,7,8 as well as improved barrier properties
and chemical stability. 8,9 Polymer/clay nanocomposites
can be generally classified into two groups. The inter-
calated polymer/clay nanocomposites have layered clay
dispersed in a polymer matrix with polymer chains

inserted into clay layers that retain their lateral order.
The exfoliated ones consist of fully delaminated clay
platelets dispersed individually in the matrix. Thus,
each platelet interacts with the matrix and improves
the properties of the nanocomposites more effectively.
However, complete clay exfoliation in polymer matrixes
is highly challenging. For instance, in the preparation
of epoxy/clay nanocomposites, clay exfoliation is influ-
enced by many factors, including curing agents16,18 and
conditions,4,14,16 the cation-exchange capacity (CEC) of
the clay,15 and the property of clay modifier.4,10,18 In
particular, the authors of ref 4 pointed out that clay
surface modifier has a significant effect on the clay
exfoliation. They further proposed that use of a surfac-
tant with catalytic function for epoxy curing as clay
surface modifier could promote the curing reaction of
the epoxy inside the clay gallery, leading to a high
degree of clay exfoliation. On the other hand, it is also
noted that many publications declared the achievement
of exfoliated epoxy/clay nanocomposites. In most cases,
the evidences given to support such declarations were
either absence of d001 diffraction peak on XRD pattern
and/or TEM images of a composite with clay layers
parallel arranged in good order but with expanded
gallery spacing. Recently, Mai et al.29 reported a method
for preparation of exfoliated epoxy/clay nanocomposites.
The authors blended the water suspension of an epoxy-
hardener-modified clay directly with epoxy. The water
in the system was later removed by vaporization. Since
water is difficult to remove completely from epoxy, the
properties of the resultant composites may be poor.

A new method for nanocomposite preparation has
been developed and is reported here. The new method
has two characteristics. (1) An accelerator for epoxy
curing, 2,4,6-tris-(dimethylaminomethyl) phenol (DMP-
30), is employed for clay modification. The DMP-30
modified clay is expected to promote epoxy curing when
it is mixed with epoxy resin and curing agent. (2)
Acetone-clay slurry is used in sample preparation.
After the modification of the pristine clay with DMP-
30, the organoclay is precipitated from water. Instead
of drying the organoclay, it is washed with hot acetone
to replace the water. The acetone is kept in the clay and
the acetone-clay slurry is added into epoxy resin
followed by mixing and curing. Using this method, a
highly exfoliated and disordered epoxy/clay nanocom-
posite was successfully prepared.

Pristine clay (10 g, CEC 92.6 meq/100 g, Southern
Clay) was dispersed into 1500 mL of distilled water at
80 °C. DMP-30 was first protonated by dropping 70
mLof 0.2 N HCl solution (14 mmol) into 4.2 g (15 mmol)
of DMP-30 in 100 mL of distilled water under stirring.
The amount of DMP-30 was controlled to ensure that
only one of the reactive groups on DMP-30 would be
converted into a cation. The solution was then poured
into the hot clay/water suspension and stirred vigor-
ously for 2 h at 80 °C. A pale yellow precipitate formed
and was isolated by filtration and washed several times
with hot distilled water until no chloride was detected
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in the filtration by one drop of 0.1 N AgNO3 solution.
The modified clay (DMP-clay) was filtered to remove
water and washed with hot acetone 3× to replace the
residual water in the DMP-clay. The acetone-DMP-clay
slurry was added into epoxy resin (EPON 828, Shell
Co.), with stirring at 75 °C for 2 h. Most of the acetone
was evaporated during the mixing. A stoichiometric
amount of curing agent, methyltetrahydrophthalic an-
hydride (MeTHPA) from Puyang Huicheng Chemicals
Co., China, was added. The mixture of epoxy/DMP-clay/
MeTHPA was outgassed in a vacuum oven at 60 °C,;
cured at 100 °C for 2 h, and post-cured at 160 °C for 3
h.

Microstructures of the epoxy/DMP-clay composite
were characterized by XRD and TEM. XRD results in

Figure 1 show that the pristine clay (curve a) has a peak
at about 2θ ) 8 while the water-washed DMP-clay
(curve b) presents a weak, broad peak at about 2θ )
5.8, indicating that the clay galleries were expanded
after DMP-30 modification. The acetone-treated DMP-
clay shows a slightly broader peak on curve c at the
same location as on curve b. After mixing with epoxy
resin, the peak of the epoxy/acetone/DMP-clay mixture
became much broader and weaker (curve d), suggesting
that the clay galleries were further expanded by epoxy
penetration and the order of the clay platelets was
partially violated. After adding curing agent and finish-
ing the curing reaction, the peak disappeared completely
(curve e), meaning that the clay in the epoxy/DMP-clay
nanocomposite was highly exfoliated.

TEM micrographs of the epoxy/DMP-clay nanocom-
posite are presented in Figure 2a-d. It is clear at lower
magnification (Figure 2a) that the exfoliated clay plate-
lets are distributed in the matrix homogeneously and
randomly. The size of the clay layers is ∼3 nm thick
and ∼300-500 nm long (Figure 2b). At higher magni-
fication (Figure 2c), it is revealed that some of the clay
domains actually consist of 3-5 layers, indicating that
the clay exfoliation did not reach the single-layer-
exfoliation condition. This is probably because the
charge of the pristine clay layer is not locally constant
but varies from layer to layer.30 Moreover, some of the
fully exfoliated clay platelets seem to be folded or curled
up, as can be seen in Figure 2d.

The exfoliation mechanisms are proposed as follows.
The water in the DMP-clay galleries is replaced by
acetone in the acetone washing process. Therefore, the
clay galleries are full of acetone when the acetone-clay

Figure 1. XRD patterns of (a) pristine clayl (b) DMP-clay
washed with distilled water; (c) DMP-clay washed with
acetone; (d) epoxy/DMP-Clay (5 wt %) without curing; (e)
epoxy/DMP-clay (5 wt %) nanocomposite cured by MeTHPA.

Figure 2. TEM micrographs of epoxy/DMP-clay (5 wt %) nanocomposite cured by MeTHPA at various magnifications.
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slurry is being mixed with epoxy. Since acetone is a good
solvent for epoxy, the epoxy monomers can easily
penetrate into the clay galleries, which had been
expanded by water and preoccupied by acetone mol-
ecules. When the acetone is removed by heating, epoxy
monomers remain inside the galleries. After curing
agent is added, epoxy curing will take place both inside
and outside the clay galleries. Since the clay is modified
by DMP-30 which can accelerate the curing reaction
(supporting evidences are given in the text below), the
curing rate inside the galleries would be higher than
that outside. As a result of the difference in reaction
kinetics inside and outside, the monomers outside will
be pulled into the galleries as the curing reaction is
taking place, resulting in a further expanded d-space.
The clay exfoliation mechanism discussed above is in
agreement with that proposed in ref 4.

The accelerating function of DMP-clay to epoxy curing
was supported by our DSC study. The DSC results in
Figure 3 suggest that without DMP-30, a curing reac-
tion between epoxy and MeTHPA did not take place.

No curing reaction peak, but only an endothermic peak
due to the MeTHPA evaporation, is found on curve a.
After adding 1 wt % DMP-30 into the epoxy-MeTHPA
system, curing reaction took place readily with the peak
curing temperature at about 171 °C (curve b). Similarly,
the curing reaction occurred in the presence of 5 wt %
DMP-clay and the peak curing temperature was at 160
°C (curve c). Obviously, the DMP-clay has the same
function to promote the epoxy-MeTHPA curing reaction
as DMP-30. Since the DMP-30 resides mostly inside the
clay galleries, the intra-gallery curing would be faster
than the extra-gallery one. The monomer concentration
gradient, caused by the reaction rate difference inside
and outside the clay gallery, pulls the monomer into the
clay galleries, leading to further exfoliation of the clay.

A new method for epoxy/clay nanocomposite prepara-
tion is developed. It has two characteristics, i.e., to
modify pristine clay with an epoxy curing accelerator
and to use acetone-treated organoclay, instead of dried
organoclay, in compounding. It is proposed that acetone
replaces the water in the clay galleries and facilitates
epoxy penetration into the gallery space. It is confirmed
that the clay modifier DMP-30 acts as a compatibilizer
as well as a catalyst for epoxy curing. Its catalytic
function accelerates epoxy curing inside the clay gal-
leries, and hence, encourages further exfoliation of the
clay. A highly exfoliated and disordered epoxy/clay
nanocomposite was successfully made via the new
method.
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Figure 3. DSC curves of various epoxy-MeTHPA mixtures:
(a) only epoxy and MeTHPA, (b) with 1 wt % DMP-30 added
,and (c) with 5 wt % DMP-clay added.
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