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ABSTRACT: The effect of short-chain amide (AM) mole-
cules on the intercalation of montmorillonite clay has been
investigated by the melt blending of polypropylene (PP)
with clay in the presence of AM molecules such as 13-cis-
docosenamide (erucamide). Polypropylene–clay nanocom-
posites (PPCNs) were prepared by the co-intercalation of
maleic anhydride grafted polypropylene (PP–MA) and an
AM compound. The resulting nanocomposite structures
were characterized with X-ray diffraction (XRD) and
transmission electron microscopy, whereas the thermal
characterization of the PPCNs was conducted by thermog-
ravimetric analysis. XRD results showed that the AM mole-
cules intercalated into clay galleries and increased the
interlayer spacing, a result confirmed by surface energy
(contact angle) and melt flow index measurements. This
additive allowed the formation of an intercalated nanocom-
posite structure, but an exfoliated PPCN structure was also

formed with the use of AM with a PP–MA-based compati-
bilizer. A new preparation method for PPCNs was, there-
fore, developed by the co-intercalation of AM and PP–MA;
this resulted in a significantly improved degree of interca-
lation and dispersion. The enhanced thermal stability of
PPCN, relative to pure PP, further demonstrated the
improved clay dispersion in the nanocomposite structures
prepared by this method. A possible mechanism for the co-
intercalation of AM and PP–MA into the clay galleries is
proposed, based on hydrogen bonding between these addi-
tives and the silicate layers. Consideration is also given to
possible chemical reactions and physical interactions in
this rather complex system. VVC 2008 Wiley Periodicals, Inc. J
Appl Polym Sci 112: 320–334, 2009
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INTRODUCTION

Polymer–inorganic nanocomposites are two-phase
materials in which inorganic particles are dispersed
at the nanometer range in the polymer matrix. Poly-
mer nanocomposites based on montmorillonite
(MMT) clay, which belongs to the general family of
2 : 1 layered silicates, have received increased atten-
tion1–4 because they frequently show enhanced prop-
erties relative to the unfilled polymer and equivalent
conventional composites at a lower concentration of
clay. Generally, hydrophilic MMT is not compatible
with most polymers, and, hence, it needs to be
organically treated to make it more organophilic. A
common method of organic treatment is the ion
exchange of the cations within the clay with organic
ammonium cations.5,6 The Toyota Research Group
first investigated polyamide 6/clay nanocomposites
and found that the mechanical and thermal proper-

ties improved in comparison to both conventional
microscale composites and the unmodified polymer
at very low loading levels of clay.7,8 Since then, a
number of other polymer–clay nanocomposites, such
as those based on polystyrene,9 acrylic polymers,10

epoxy resins,11,12 and polypropylene (PP),13–15 have
been reported in the scientific literature.
PP is one of the most widely used thermoplastic

materials for numerous applications, such as auto-
motive and packaging applications, because of its
versatility, overall balanced properties, ease of proc-
essing, and attractive property–cost ratios. However,
it is difficult to disperse clay particles in a PP matrix,
because the nonpolar PP is incompatible even with
organically modified clays.14,15 However, polypro-
pylene–clay nanocomposites (PPCNs) have been pre-
pared with functional oligomers that are compatible
with both PP and organically modified clays.1,13 The
most commonly used compatibilizer for the prepara-
tion of PPCN is maleic anhydride grafted polypro-
pylene (PP–MA).13–15 Previous studies have
examined the effect of PP–MA on the intercalation
and exfoliation behavior of clay in a PP matrix, and
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it has been revealed that, whereas the intercalation
of clay is improved, fully exfoliated nanocomposite
structures have not been achieved.16–18 However, a
high maleic anhydride concentration leads to phase
separation, which therefore affects the achievable
mechanical properties of the PPCN.15,19 To improve
the clay dispersability and to reduce the MA concen-
tration, some studies have reported new ways of
preparing PPCNs with secondary intercalant mole-
cules.20–22

The objective of this study was to determine the
effect of amide (AM) compounds on the intercala-
tion and exfoliation of clay. On the basis of the diffu-
sion behavior of the AM into the clay galleries, a
new preparation method for PPCNs is proposed and
was investigated by the co-intercalation of clay by
PP–MA and AM. The diffusion of AM into the clay
galleries and its interaction with clay was examined
through shear flow properties [melt flow index
(MFI)] and surface energy (contact angle) measure-
ments. Possible reactions and interactions of these
components in PPCNs and the thermal stability of
PPCNs prepared by this co-intercalation method are
also discussed.

EXPERIMENTAL

Materials

PP homopolymer grade HB671 supplied by Borealis
(Beringen, Belgium) was used in this study; the MFI

of this grade was 2 g/10 min when it was tested at
230�C with a 2.16-kg load. PP–MA (Polybond 3200,
Crompton Corp., Middlebury, CT), containing 1 wt
% maleic anhydride, was used as the functionalized
polymer-based compatibilizer. MMT clay, modified
with dimethyl dihydrogenated tallow quaternary
ammonium chloride, was used to prepare the
PPCNs and was supplied by Southern Clay Products
(Gonzales, TX). Erucamide (13-cis-docosenamide) at
99.0% purity, supplied by Akzo Nobel Polymer
Chemicals (Amersfoort, the Netherlands), was used
as the short-chain AM component.

Melt mixing of AM with organically modified
montmorillonite (OMMT)

OMMT was ground with AM powder in a specific
ratio (i.e., 1 g of clay:0.25 g of AM) and heated in an
oven at 100�C for about 30 min to allow the AM to
diffuse into the clay galleries. The resultant organi-
cally modified montmorillonite treated with the am-
ide (AM–OMMT) was analyzed by X-ray diffraction
(XRD) to investigate the intercalation ability of this
molecule into the clay galleries.

Preparation of the PPCNs

Polypropylene–clay composites (PPCCs) were pre-
pared (without PP–MA) by the melt mixing of PP,
OMMT, and different concentrations of AM to study
the influence of AM on the intercalation and exfolia-
tion behavior with a torque rheometer (Haake Rheo-
mix 600, Waltham, MA) operating at 185�C (set
temperature) and with a rotor speed of 100 rpm. The
mixing time was 6 min for all composites. This condi-
tion was predetermined as the most appropriate mix-
ing time. Table I presents the exact compositions of
these composites.
PPCNs were prepared by the melt blending of PP

with OMMT in the presence of both PP–MA and
AM. The mixing conditions were the same as with
the PPCCs, and the exact compositions of these com-
posites are shown in Table II.
In all composites, the last digit of the sample code

refers to the clay concentration. For example, PP–

TABLE I
Compositions of the PPCC Materials with Different
Concentrations of the Short-Chain AM Compound

PPCC sample
code

PP
(wt %)

AM
(wt %)

OMMT
(wt %)

PP 100 — —
PP-2 98 — 2
PP–AM0.3-2 97.7 0.3 2
PP–AM0.5-2 97.5 0.5 2
PP–AM0.7-2 97.3 0.7 2
PP–AM1-2 97 1 2
PP–AM1.5-2 96.5 1.5 2
PP–AM2-2 96 2 2

TABLE II
Compositions of the PPCN Materials Prepared with PB Only and also with

the AM Compound

PPCN sample code PP (wt %) PB (wt %) AM (wt %) OMMT (wt %)

PP–PB2-2 96 2 — 2
PP–PB6-2 92 6 — 2
PP–AM0.5–PB2-2 (PPCN2) 95.5 2 0.5 2
PP–AM1–PB4-4 (PPCN4) 91.0 4 1 4
PP–AM1.5–PB6-6 (PPCN6) 86.5 6 1.5 6
PP–AM0.5–PB4-2 93.5 4 0.5 2
PP–AM0.5–PB6-2 91.5 6 0.5 2
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PB6-2 and PP–AM0.5–PB2-2 refer to the PPCN pre-
pared with 6 wt % PP–MA polymeric compatibilizer
(PB) and 2 wt % clay and the PPCN prepared with
0.5 wt % AM, 2 wt % PB, and 2 wt % clay,
respectively.

Characterization of the PPCN materials

XRD analysis was performed with a Bruker D8 dif-
fractometer (Madison, WI) with Cu Ka radiation to
determine the formation of nanocomposite structures
and to determine the interlayer spacing of the clay
in the PP matrix from the measured Bragg angles
(2y’s). XRD patterns of thin compression-molded
sheets of the PPCNs were obtained by scanning over
a 2y range from 1 to 10� at a rate of 0.01�/s. The
conventional Bragg equation (nk ¼ 2d sin y) was
used to calculate the interlayer spacing of the clay in
the composite materials. k is the wavelength of the
X-rays, d is the crystal lattice spacing, y is the angle
between the incident radiation and the scattering
planes, and n is the order of reflection.

The degree of exfoliation of the clay and its disper-
sion into the PP matrix was also evaluated by trans-
mission electron microscopy (TEM) with a Jeol model
JEM 200FX electron microscope (Welwyn Garden
City, UK) with an electron acceleration voltage of 200
kV. The degree of exfoliation was further studied for
the PPCN materials prepared with PP–MA and AM
with Image-Pro Plus analysis software (Bethesda,
MD). TEM micrographs at 50,000� magnification
were used for the image analysis. However, discrimi-
nation between gray polymeric regions and dark
lines corresponding to clay platelets/stacks was not
possible with this image analysis tool. Therefore,
TEM images were converted into corresponding

black-and-white images with enhanced contrast. The
TEM images were first printed on A4 sheets; a piece
of tracing paper was then placed on each printed
image, and the dispersed clay platelets and/or stacks
were traced over with a black permanent pen. Figure
1 shows the conversion of a TEM image into a result-
ant black-and-white image, which was electronically
scanned and imported into the image analysis soft-
ware. Clay particle (stack) thicknesses and their dis-
tribution in the PPCNs were obtained from the image
analysis program. Clay stack thickness is inversely
related to the degree of exfoliation.

Investigation of the interaction between the clay
and the AM compound

MFI, in a pressure-imposed capillary shear flow
experiment, was used to study the interaction of the
AM with the clay in the melt state. MFI measure-
ments of the PPCCs containing AM and the corre-
sponding matrix (PP and AM only) were compared
to examine any possible interaction between the AM
and the clay in the melt state. The test temperature
was set to 190�C, and a dead weight load of 2.16 kg
was applied. Such short-chain AM molecules gener-
ally migrate to the surface when PP artifacts cool
down because of incompatibility with the bulk PP.
The surface composition of the PPCCs prepared

with the addition of AM was also examined qualita-
tively with contact angle measurements to character-
ize the surface of compression-molded thin films of
these composite materials. The contact angle, the
angle that a liquid (of known surface tension) makes
while resting at thermodynamic equilibrium on a
solid, is a measure of the wettability, or spreadabil-
ity, of that solid surface, and this characteristic

Figure 1 Conversion of a typical (a) TEM image into (b) a black-and-white image for subsequent image analysis.
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varies greatly with the chemical nature of the solid
surface in question. The advancing contact angle
measurements of pure distilled water on the com-
pression-molded thin films were measured with a
Dataphysics OCA20 (an optical contact angle instru-
ment) (Filderstadt, Germany) at room temperature
(20�C). The molded films were analyzed for contact
angles 10 days after the preparation of the samples
as the surfaces were probably saturated with AM af-
ter that period of time. A small syringe was filled
with pure distilled water, and the water was dis-
pensed from the syringe at a rate of 2 lL/s to form
drops on the film surface. For each sample, 12–15
contact angle measurements were taken from optical
images of water drops on the surface, and for each
image, the contact angle values were calculated on
both edges with the software supplied with the
instrument.

Fourier transform infrared (FTIR) spectroscopy
was used to investigate the co-intercalationmechanism.
A Mattson 3000 FTIR spectrometer (Hemel Hemp-
stead, UK) was used for the analysis. The AM–
OMMT was mixed with potassium bromide to
make a pellet. AM powder (alone) was also used
as a reference compound.

Thermal stability of the PPCNs

The thermal stabilities of the PPCN materials were
investigated by thermogravimetric analysis (TGA),
with a TA Instruments TGA 2950 instrument (New
Castle, DE) at a heating rate of 15�C/min in an air
environment. TGA and derivative thermogravimetry
curves were obtained across a temperature range
from 20 to 800�C.

RESULTS AND DISCUSSION

Intercalation of the AM additive

OMMT and AM–OMMT were characterized with
XRD to examine the intercalation behavior of the
AM into the clay galleries. Figure 2 shows the XRD
spectra of the unmodified clay (MMT) and the modi-
fied clays (i.e., OMMT and AM–OMMT). When the
unmodified clay (MMT) was organically modified
(OMMT) with dimethyl dihydrogenated tallow am-
monium ions, the characteristic diffraction peak
(001) shifted from 7.22 to 2.96� because of an
increase in the interlayer spacing from 12.2 to 30.2
Å. However, when OMMT was treated with the
short-chain AM compound, the 001 diffraction peak
shifted further to a lower 2y (2.58�). As a result, the
basal spacing increased from 30.2 to 34.2 Å. We sug-
gest that when the OMMT powder was mixed with
AM molecules and was heated to 100�C, the AM
molecules intercalated into the clay galleries, and as
a result, a higher interlayer spacing was achieved.
PPCCs (without compatibilizer) were prepared by

the melt blending of PP and clay in the presence of
the AM to examine the intercalation behavior of
these molecules into the clay galleries during the
melt-compounding process. The composites were
again analyzed with the XRD technique. Figure 3
presents the comparison of the XRD patterns of a
PPCC (PP–AM0.5-2) prepared by melt compounding
of the PP with AM and OMMT and a PPCC (PP-2)
prepared without the AM; the exact compositions of
these composites are shown in Table I.
The characteristic diffraction peak (001) of OMMT

is at 2.96� 2y. The diffraction peak (001) for the
PPCC (PP-2) prepared without the AM remained at

Figure 2 XRD patterns of the modified and unmodified clays.
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the same 2y position as for the OMMT, which indi-
cated no change in the interlayer spacing because
the nonpolar PP did not intercalate into the clay gal-
leries. In contrast, the XRD peak (001) of the PPCC
(PP–AM0.5-2) prepared with 0.5 wt % AM shifted
toward a lower 2y, from 2.96 to 2.36�. This could be
explained by the polar AM molecules intercalating
into the OMMT galleries, and as a result, some PP
chain segments were also more likely to diffuse into
these clay galleries. The interlayer spacing of OMMT
increased from 30.2 to 37.4 Å.

The driving force for the diffusion of AM into the
clay galleries was likely to have been the attraction
of the polar (CONH2) group in the AM molecules to
the polar sites of the silicate layers. These short-
chain AM molecules were likely to have been
bonded to the silicate layers by hydrogen bonding.

However, although the diffraction peaks of both
AM–OMMT and PP–AM0.5-2 were expected to be at
the same 2y (because both compounds had the same
clay-to-AM ratio of 4 : 1), the diffraction peak of PP–
AM0.5-2 was at a slightly lower angle (Fig. 3) of
2.36� than that of AM–OMMT (Fig. 2), which was at
2.58�. This was most probably because of the effec-
tive mixing involved in the Haake compounder
when the PP–AM0.5-2 sample was prepared in com-
parison to the manual grinding of OMMT with AM.
However, the 001 diffraction peak for the AM–
OMMT became broader toward lower 2y’s (Fig. 2),
which indicated the presence of clay stacks with a
higher interlayer spacing.
Further investigations were undertaken to exam-

ine the effect of the AM concentration on the interca-
lation of the clay and to determine the AM
concentration needed to achieve the maximum inter-
layer spacing. Figure 4 shows the XRD peaks of the
PPCCs prepared with different concentrations of
AM and 2 wt % clay (without PB) and demonstrates
that all of the diffraction peaks (001) shifted to lower
2y’s when AM was incorporated into the PPCCs.
The interlayer spacing of the clay increased with
increasing AM concentration. Table II presents the
2y positions and basal spacings. When 0.3 and 0.5
wt % AM were added to the PPCCs, the interlayer
spacing of the clay was increased to 33.5 and 37.5 Å,
respectively. However, increases in AM to 0.7 and 1
wt % were not effective (as shown in Table III) in
terms of modifying the interlayer spacing further,
probably because of the migration of the additional
AM molecules to the surfaces, which occurred in
pure PP.

Figure 4 XRD patterns of the PPCCs prepared with different concentrations of short-chain AM between 0.3 and 1.0%
(for 2% clay in PP).

Figure 3 XRD patterns of the PPCCs prepared with 2%
AM and also without the short-chain AM.
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We now consider the contact angle measurements
of these composites to confirm the migration of
additional AM onto the composite surfaces. The
highest interlayer spacing was achieved by the addi-
tion of 0.5 wt % AM. This type of AM is generally
incorporated into some PP formulations to reduce
the surface friction23 because it migrates onto the
surface after processing due to its incompatibility
with PP. To confirm the intercalation of AM and its
interaction with clay, PPCC samples were prepared
with different AM concentrations, and their corre-
sponding blends (PP and AM only) were analyzed
with contact angle and MFI techniques.

Figure 5 shows the MFI values of the PP–AM-2
composites prepared with increasing concentrations
of AM (the exact compositions are shown in Table I)
and the corresponding PP–AM blends. The MFI val-
ues of the PP–AM blends increased significantly
with increasing AM concentration, in comparison to
those of pure PP, and then started to level off when
the AM concentration increased to more than 1 wt %.
This was attributed to the AM, which acted as a
flow-promoting species by increasing interchain
motion in PP and by creating wall slip at the flow
boundary under the constant applied shear stress
(2.16-kg load) at 190�C. As a result, the melt viscosity
of the PP–AM blends decreased markedly, which
resulted in higher MFI values in the PP–AM blends.

However, with the addition of clay into the PP–
AM blends, the MFI values were reduced dramati-
cally compared to those of their corresponding PP–
AM blends. When 2 wt % clay was added to the
unmodified PP (Fig. 5), the MFI for the PP-2 com-
posite decreased from 1.45 to 0.92 g/10 min. (i.e., a
reduction of 37%) because of the increase in melt
viscosity with the addition of clay. However, when
the same clay weight percentage was added to the
PP–AM blends (for AM concentrations up to 0.7 wt
%), the MFI values for PP–AM-2 did not change sig-
nificantly and remained similar to the MFI value of
the control PP–clay-2 composite prepared without
AM.

This implies that the AM molecules were not
always present as free molecules in the PP–AM-2
composite melts to provide the flow modification

effects on the PP compound, as discussed previ-
ously. This result supports the suggestion that most
of the AM molecules diffused into the clay galleries,
especially at low AM concentrations, when PP was
under stress in its melt state. However, when the
AM concentration was increased to more than 0.7 wt
%, the MFI values increased because some of the
AM molecules remained in the PP phase, which
decreased the melt viscosity of these PP–AM-2 com-
posites and resulted in comparatively higher MFI
values. The XRD and MFI results suggest that the
optimum AM concentration was around 0.5% when
used with 2% clay in PP compounds.
Generally, when a short-chain AM is incorporated

into pure PP, some molecules migrate to the surface,
and a thin AM-rich layer is formed on cooling
because of incompatibility with the PP matrix. As a
result, the surface composition is changed. The con-
tact angle is sensitive to the chemical nature of poly-
mer surfaces. The water contact angles of the PPCC
films prepared with the addition of different concen-
trations of the AM component were measured to
characterize the accumulation of these molecules on
the composite surface. Figure 6 shows the water con-
tact angles for the PPCCs prepared with different
concentrations of AM and their respective PP–AM
blends.
The water contact angle of the pure PP film was

106�. However, when the AM was incorporated, the
water contact angles of the PP–AM blends decreased
significantly with increased AM concentration, in
comparison to pure PP, and reached a steady value
(at about 93�) with further increases in the additive
concentration above 0.7 wt %. This implied an
increased wettability and surface energy in the PP–
AM blends due to the surface migration of AM.
Constant values were obtained at higher concentra-
tions of AM because the surface became saturated
with AM molecules. There was no significant

Figure 5 Effect of AM concentration on the MFI values
of the PP–AM–clay composites (2% clay) and correspond-
ing PP–AM blends.

TABLE III
Interlayer Distances of Clay in the PPCCs Prepared with

Different AM Concentrations (from the XRD Data
Shown in Fig. 4)

PPCN code 2y (�) Interlayer spacing (Å)

OMMT 2.92 30.2
PP–AM0.3-2 2.64 33.5
PP–AM0.5-2 2.36 37.5
PP–AM0.7-2 2.42 36.5
PP–AM1-2 2.36 37.4
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difference in contact angles between PP and PP–
clay-2 without AM (Fig. 6), which indicated that the
addition of clay into pure PP did not change its sur-
face properties. However, with the addition of clay
(2 wt %) to the PP–AM blends, the water contact
angles increased significantly compared to those of
the respective PP–AM blends. When clay was added
to the PP–AM0.3 blend, the water contact angle of
the composite (PP–AM0.3–clay2) increased from 97.4
to 105.5�. Similarly, the water contact angle of the
PP–AM0.5–clay2 composite increased by 10.7� com-
pared to the corresponding blend (PP–AM0.5). This
indicated that PP–AM–clay2 composites had compa-
ratively lower wettability values than their corre-
sponding blends because most of the AM molecules
interacted with clay particles and did not migrate to
the surface. At low concentrations especially (<0.7
wt % AM), most of the AM molecules intercalated
and could not migrate to the surface. As a result, the
water contact angles of PP–AM–clay2 became simi-
lar to the PP–clay2 composite. When AM was
increased to more than 0.5 wt %, the water contact
angles of the PPCNs were reduced toward the val-
ues of the PP–AM blends (without clay); because
there was an excess of AM in the system, free AM
molecules migrated to the composite surfaces, as
occurred in the unfilled PP–AM blends.

Effect of the AM molecules on the clay
dispersability

The XRD results, shear flow data, and contact angle
measurements all confirmed the intercalation of AM
into the clay galleries; so, the TEM micrographs of
the PP–AM–clay composites were analyzed to evalu-
ate the effect of AM on the clay dispersability in the
PP matrix. Figure 7 shows the TEM micrograph of
PP–AM–0.5-2, whereas Figure 8 shows the TEM
micrograph of PP–clay (PP-2), which contained the
same clay percentage as PP–AM0.5-2 but without

AM. The clay particles in both materials were not
delaminated into smaller clay stacks, and they were
not dispersed homogeneously throughout the PP
matrix. PP–AM0.5-2 contained slightly bigger clay
stacks than PP-2 because AM intercalated into the
clay galleries and increased the interlayer spacing;
this was in agreement with the XRD results shown
earlier in Figure 3. However, the clay particles were
not exfoliated, and as a result, the organized clay
structure remained unchanged, which resulted in
comparatively bigger clay particles for PP–AM0.5-2.

Figure 7 TEM micrographs of the PPCC (PP–AM-2, mag-
nification ¼ 25,000� on the left) prepared with the addi-
tion of AM. Scale bars indicate 200 nm (left) and 50 nm
(right).

Figure 8 TEM micrographs of the PPCC (PP-2, magnifi-
cation ¼ 25,000 on the left) without AM. Scale bars indi-
cate 200 nm (left) and 50 nm (right).

Figure 6 Water contact angles for the PP–AM blends and
PPCCs (2% clay) prepared with different concentrations of
AM.
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As shown by the TEM micrograph of PP–AM0.5-2
(Fig. 7) at higher magnification, clearly, the clay par-
ticles consisted of regions of alternating dark and
light bands, which suggests that the AM compound
was likely to promote the intercalation of PP chain
segments into the clay galleries. However, the TEM
micrograph of PP-2 (Fig. 8), at the same magnifica-
tion, did not show a similar structure; no intercala-
tion took place because of the absence of AM.

This confirmed that an intercalated clay structure
was formed, as already suggested from the XRD
results, when AM was incorporated into the PPCCs.
Although the clay particles were intercalated, they
were not exfoliated nor dispersed homogeneously
throughout the PP matrix in the presence of AM
only (i.e., during the compounding process) because
the compatibility between the clay and the bulk PP
was not improved significantly. Therefore, the addi-
tion of AM into the PPCCs created an intercalated
and nonhomogeneously dispersed clay structure.

Co-intercalation of AM and PP–MA (PB)

The clay particles did not exfoliate toward the nano-
meter scale in the presence of AM alone, so PP was
then melt-blended with clay in the presence of both
AM and PP–MA to prepare PPCN structures with a
Haake rheometer. The exact compositions of the
PPCN materials were shown in Table II. Figure 9
presents the XRD spectra for the new PPCN materials
(containing both AM and PP–MA) and conventional
PPCNs prepared by the melt blending of PP with
OMMT in the presence of PP–MA only. Table IV
shows the (001) diffraction peak positions and
interlayer spacing for each nanocomposite material.
The diffraction peaks of all of the PPCNs prepared
with both AM and PP–MA shifted to lower 2y’s
compared to the conventional PPCN prepared with
PB alone (i.e., PP–PB2-2). For example, the diffrac-

tion peak position of PP–AM0.5–PB2-2 shifted from
2.76� (i.e., the original peak position of PP–PB2-2)
to 2.36� when 0.5 wt % AM was incorporated into
the PP–PB2-2 material; as a result, the interlayer
spacing increased from 31.3 Å (the interlayer spac-
ing of PP–PB2-2) to 37.4 Å, which suggests that
both AM and PP–MA co-intercalated into the clay
galleries because each of these was compatible with
OMMT.
The (001) diffraction peak did not shift to a lower

2y when the PP–MA (PB) concentration was
increased further (to 4 or 6%); it remained at 2.36�

for all of the co-intercalated PPCN samples. The
highest interlayer spacing was, therefore, achieved
with 0.5 wt % AM and a relatively low concentration
of PP–MA (2 wt %); further increases in the compati-
bilizer content were not effective in terms of increas-
ing the interlayer spacing. However, the intensities
of the diffraction peaks of the PPCNs prepared with
higher concentrations of PP–MA (PP–AM0.5–PB4-2
and PP–AM0.5–PB6-2) were lower than those of the
PPCN prepared with 2% PP–MA (PP–AM0.5–PB2-2).
This might have been due to a comparatively higher
degree of exfoliation achieved with higher concen-
tration of PP–MA. However, the interpretation of
peak intensity and its dependence on the degree of
exfoliation is complex and subject to inaccuracy
because the overall number of clay particles present
in the sample can affect the peak intensity data.
Therefore, TEM analysis was arguably a more

appropriate method for studying the clay dispersion
in these PPCN materials, so TEM was performed on
the conventional PPCN materials (prepared with
PP–MA only) and also on PPCNs prepared by the
co-intercalation of AM and PP–MA to evaluate the
effect of both these additive systems on the clay dis-
persability in the PP matrix. Figure 10(a,b) shows
the TEM micrographs of PP–PB2-2 and PP–AM0.5–
PB2-2, respectively, showing the striking differences
in the clay dispersion in the PP matrix between the
conventional PPCN (PP–PB2-2) and the PPCN mate-
rial (PP–AM0.5–PB2-2) prepared by the new co-
intercalation method. As shown in Figure 10(a),
most of the clay particles were not exfoliated into
smaller stacks and were not dispersed uniformly

Figure 9 XRD patterns of PPCNs prepared with AM and
different concentrations of PP–MA.

TABLE IV
Interlayer Spacing of the PPCN Materials Prepared with

Different Concentrations of PB (from the XRD Data
Shown in Fig. 9)

PPCN code 2y (�) Interlayer spacing (Å)

OMMT 2.92 30.3
PP–PB2-2 2.76 31.3
PP–AM0.5–PB2-2 2.36 37.4
PP–AM0.5–PB4-2 2.36 37.4
PP–AM0.5–PB6-2 2.36 37.4
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throughout the PP matrix. The large dark areas in
Figure 10(a) were attributed to low exfoliation levels
of clay particles when PPCN was prepared with a
low concentration of PP–MA (i.e., a clay-to-PP–MA
ratio of 1 : 1) because the compatibility between the
clay and PP was not enhanced with a low concentra-
tion of PP–MA.24 As a result, the deformational
energy transferred from the PP matrix to the clay
particles was not sufficient to create significant exfo-
liation during the compounding process. It has been
reported that a high concentration of PP–MA (i.e., a
clay-to-PP–MA ratio of 1 : 3) improves the clay dis-
persion because of its compatibility with PP.24,25

However, when the PPCN was prepared by the
co-intercalation method [Fig. 10(b), PP–AM0.5–PB2-
2] the clay particles were broken down into thinner
stacks containing fewer individual clay layers and
were dispersed more homogeneously throughout the
PP matrix. Therefore, these TEM micrographs [Fig.
10(a,b)] confirmed that the incorporation of AM
(along with PP–MA) into these PPCN structures sig-
nificantly enhanced the degree of clay exfoliation.
Improved clay dispersion was also achieved because
both AM and PP–MA intercalated into the clay gal-
leries, which resulted in a higher interlayer spacing,
as shown in the XRD results (Fig. 9). Therefore, the

Figure 10 TEM micrographs showing different clay dispersabilities in a conventional PPCN and a co-intercalated PPCN,
respectively: (a) PP–PB2-2 and (b) PP–AM0.5–PB2-2 (magnification ¼ 25,000�, scale bar ¼ 200 nm).

Figure 11 Clay dispersion as function of increasing PP–MA concentration in conventional PPCNs: (a) PP-2 (magnifica-
tion ¼ 25,000�), (b) PP–PB2-2, and (c) PP–PB6-2 (each at a magnification of 10,000�).
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attractive forces between the clay layers became
weaker, so the clay particles were dispersed more
homogeneously throughout the PP matrix during
the compounding process, even with lower concen-
trations of PP–MA.

TEM images of PPCNs at lower magnification
were prepared to compare the clay dispersion in the
conventional PPCN (i.e., with only PP–MA as the
PB) and in PPCNs prepared by the co-intercalation
method (i.e., with both PP–MA and AM). Figure
11(a–c) shows how the clay dispersion was
enhanced with an increase in the PP–MA concentra-

tion relative to the clay concentration in the PP
nanocomposite. When a relatively low concentration
of PP–MA (clay-to-PP–MA ratio ¼ 1 : 1) was incor-
porated, the clay dispersion improved significantly
[Fig. 11(b)] in comparison to the PP–clay microcom-
posite in which no compatibilizer was used [Fig.
11(a)]. However, a further increase in the PP–MA
concentration [Fig. 11(c), clay to PP–MA ratio of
1 : 3] showed the greatest improvement in clay dis-
persion because a high PP–MA-to-clay concentration
further improved the compatibility between the
MMT clay and the PP matrix.

Figure 12 Clay dispersion as a function of increasing PP–MA concentration in PPCNs prepared by the co-intercalation
method: (a) PP–AM0.5-2, (b) PP–AM0.5–PB2-2, and (c) PP–AM0.5–PB4-2 (magnification ¼ 10,000�, scale bar ¼ 500 nm).

Figure 13 TEM micrographs at a higher magnification (50,000�, scale bar ¼ 100 nm) of PPCNs prepared by the co-inter-
calation of PP–MA and AM: (a) PP–AM0.5–PB2-2 and (b) PP–AM0.5–PB4-2.
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In comparison to the conventional PPCN morphol-
ogies (Fig. 11), the PPCN structures [Figs. 12(b,c)]
prepared by the new co-intercalation method
showed improved dispersion of the clay. Figure
12(a) (PP–AM0.5-2) shows an intercalated but nonho-
mogeneously dispersed clay structure because of the
absence of PP–MA. However, in contrast to the con-
ventional method, PPCNs prepared with lower con-
centrations of PP–MA in combination with AM [clay-
to-PP–MA ratios ¼ 1 : 1 and 1 : 2 in Fig. 12(b,c)]
showed a significant improvement in clay dispersion.
There was no significant difference in clay dispersion
between PP–AM0.5–PB2-2 and PP–AM0.5–PB4-2; op-
timum dispersion was achieved with around 2% PP–
MA in combination with 0.5 wt % AM.

TEM of the PPCN structures: Image analysis

Examination of the nanocomposite structures (PP–
AM0.5–PB2-2 and PP–AM0.5–PB4-2) at higher mag-
nification [see Fig. 13(a,b)] further verified the XRD
results (Fig. 9) in that they were mainly intercalated
nanocomposite structures containing significantly
smaller clay stacks (fewer clay layers per stack).
However, the intercalated clay stacks were of differ-
ent sizes, and, hence, the size distribution was deter-
mined with the image analysis software to quantify
the degree of exfoliation achieved by the co-interca-
lation method.
The quantification of clay stack thickness (Figs. 14

and 15) clearly showed that the PPCN materials

Figure 14 Image analysis of PP–AM0.5–PB2-2: (left) TEM image and (right) size distribution data for clay stack
thickness.

Figure 15 Image analysis of PP1–AM0.5–PB4-2: (left) TEM image and (right) size distribution data for clay stack
thickness.
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prepared with both PP–MA and AM contained very
thin clay stacks. Both nanocomposite structures
showed a similar distribution of clay stack thickness;
about 60–70% of the clay particles were exfoliated to
stacks less than 20 nm thick, and around 90% of the
clay stacks were less than 52 nm thick. Although
these observations were true for each PPCN mate-
rial, there was a relatively small improvement in
size distribution for the compound prepared with
4% PP–MA (Fig. 15). Overall, these results suggest

that PPCN structures can be prepared with a high
degree of exfoliation by the new co-intercalation
method, although these PPCNs are essentially still
intercalated structures. Figure 16 shows a schematic
illustration to describe the co-intercalation of AM
and PP–MA into the clay galleries.

Thermal stability of the PPCN materials

The thermal stabilities, for which nanocomposite
morphology plays an important role, of the pure PP
and PPCNs were analyzed with TGA in an air envi-
ronment. Figure 17 shows the TGA curves for the
pure PP and PPCNs with different clay concentra-
tions, and Table V presents the temperature corre-
sponding to 10% weight loss (T10; which is

Figure 16 Schematic illustration of PPCN preparation by the co-intercalation of AM and PP–MA.

Figure 17 TGA curves of PP and PPCNs with different
clay concentrations (0–6%).

TABLE V
TGA Data for the PP and PPCNs with Different Clay

Concentrations

Code T10 (
�C) T50 (

�C) Tmax (�C)

PP 273 336 368
PPCN2 318 402 424
PPCN4 330 416 448
PPCN6 324 421 450
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considered as the onset of degradation), the temper-
ature corresponding to 50% weight loss (T50), and
the temperature at which maximum rate of weight
loss (Tmax) values obtained from the TGA and
derivative thermogravimetry curves. The incorpora-
tion of clay into PP significantly enhanced the ther-
mooxidative stability, compared to unmodified PP.
The thermal stability increased only marginally
when the clay concentration was increased above 2
wt %. The onset of the thermal degradation of PP
(T10) was about 273�C in a static oxidative environ-
ment. However, the onset of thermal degradation for
the PPCN containing 2 and 4 wt % clay (PP–AM0.5–
PB2-2 and PP–AM1–PB4-4) increased by 45 and
57�C, respectively, compared to PP (see Table V).

Data for the values of T50 were parallel with the
degradation onset temperatures and shifted mark-
edly toward higher temperatures when the clay was
introduced into PP. T50 values for PP–AM0.5–PB2-2
(PPCN2) and PP–AM1–PB4-4 (PPCN4) increased
from 336�C (T50 for pure PP) to 402 and 416�C,
respectively; the addition of 6% clay (PP–AM1–PB4-
6) produced only a very marginal improvement in
stability. Similar trends were obtained for Tmax

(from the maximum in the derivative data), which
indicated reduced degradation rates and weight
losses in all PPCN materials relative to the unmodi-
fied PP.

A similar enhancement in thermal stability by the
introduction of an organically modified clay was
reported for PPCN.26–29 Zanetti et al.30 studied the
thermooxidative degradation of PPCNs with the
TGA method and observed that the nanocomposites
were more stable than the neat PP; the authors pro-
posed a mechanism whereby oxygen attacked the
PP chain by hydrogen abstraction at the methine car-
bons. Therefore, the enhanced thermal stability of
the PPCNs, in an oxidative environment, was
explained by the exfoliated and well-dispersed clay
particles acting as an enhanced barrier to reduce the
oxygen permeability rate into the nanocomposite
structure and, at the same time, to reduce the diffu-
sion of volatile degradation products from the com-
posite matrix to the gaseous phase. This improved
thermal stability of the PPCNs further confirmed the
desirability of the nanocomposite morphology
obtained by the co-intercalation of PP–MA and the
short-chain AM compound.

Mechanism of co-intercalation

XRD and contact angle measurements showed that
the short-chain AM diffused into the clay galleries
and interacted with them; the FTIR spectra of
the AM–OMMT were then analyzed to investigate
the co-intercalation mechanism. Figure 18 shows the
FTIR spectra of the AM–OMMT mixture and the

AM alone. The FTIR spectrum of AM–OMMT
showed a doublet (1646 and 1667 cm�1) for the peak
corresponding to C¼¼O stretching vibration com-
pared to the single peak (1646 cm�1) for pure AM.
Although we expected that the C¼¼O peak would
shift toward a lower wave number because of
hydrogen bonding between the C¼¼O groups in AM
and the OAH groups in the silicate layer surfaces,
the C¼¼O peak of OMMT–AM shifted to a higher
wave number (1667 cm�1). This was because AM
exhibited intermolecular hydrogen bonding, and as
a result, the C¼¼O peak appeared at a lower wave
number (1646 cm�1). However, when the AM was
intercalated into the clay (Fig. 18: AM–OMMT), the
AM molecules were largely dispersed at the molecu-
lar level within the clay galleries, and as a result, the
C¼¼O peak appeared as a doublet with a higher
wave-number peak. The peak at 1646 cm�1 in AM–
OMMT may have arisen from free dispersed AM
molecules that were not within the clay galleries.
These FTIR results, along with the XRD data (i.e.,

an increase in interlayer spacing due to intercalation
of AM), present strong evidence for the formation of
hydrogen bonding between the silicate layers and
AM. We suggest this as the thermodynamic driving
force for the intercalation of AM into the clay gal-
leries. This interaction prevented the diffusion of
these short-chain AM molecules toward the compos-
ite surface, as would be anticipated in an unfilled
grade of PP. However, when PPCN was prepared
by the co-intercalation method, not only AM but
also PP–MA was added. The addition of PP–MA
may have resulted in more complex chemical inter-
actions between these three components (i.e., the sili-
cate layers, AM, and the maleic anhydride
functional groups in PP–MA) in the melt state dur-
ing the compounding process.
It is clear that the systems reported here were

complex in that they may have contained up to five
components: the organically modified clay, which

Figure 18 FTIR spectra of the carbonyl regions (C¼¼O) for
the AM and AM–OMMT samples
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had both the quaternary ammonium salt and SiAOH
groups on the surfaces of the silicate layers; the AM,
H3CA(CH2)7ACH¼¼CHA(CH2)11ACOANH2, which
had a double bond; PP, which had a methine hydro-
gen in each repeat unit, which was extractable in
free-radical reactions; and, finally, maleated PP,
which had both the aforementioned extractable
methine hydrogen and the potentially reactive ma-
leic anhydride groups.

The clay (OMMT) and AM were treated at 100�C
for 30 min in an air oven. The compounding with
the polymer was done at 185�C for 6 min at 100
rpm. These were certainly not extreme conditions,
but it was unclear how conducive they were to ini-
tiating chemical reactions that affected the final mor-
phology. To elucidate what reactions were possible,
it will be necessary to conduct experiments on sim-
plified and, most likely, model systems to check if
potential reactions do in fact occur under the condi-
tions used in this study. This would be a very sub-
stantial program of work and is clearly outside the
scope of this initial report on the clear benefits of
using two compatibilizing agents.

Nevertheless, it is sensible to discuss here, in gen-
eral terms, the chemistry that might have occurred
during sample preparation. If only reactions between
pairs of the five components present are considered,
10 such possibilities must be assessed. Before we
consider these possibilities, the reactions with air
(oxygen) during processing should be considered. In
the case of the clay–AM melt-mixing process at
100�C, it is unlikely that the conditions were suffi-
ciently forcing to cause any reactions involving oxy-
gen and the methine hydrogen atoms in AM. As PP
and PP–MA were protected, as in standard practice,
with an antioxidant, and the processing temperature
was 185�C, common for PP, no significant degree of
reaction with oxygen would be expected.

We now present some brief comments on the
other possible pairwise reactions or interactions.
First, consider the cases involving the rather acidic
AOH groups on the silicate layer surfaces. Any reac-
tion with AM was thought unlikely, but polar inter-
actions with the AM group were likely. The silicate
hydroxyl groups may have also exhibited polar
interactions with the organic modifier in the clay,
but these were unlikely to be important because of
the extensive steric hindrance around the quaternary
nitrogen atoms. No reactions would have occurred
with the PP, but the maleic anhydride moieties in
the PP copolymer could have been ring-opened by
the acidic hydroxyl groups. The AM component was
not likely to react with the quaternary ammonium
salt (the organic modifier in the clay) or with the PP.
However, an imidization reaction was very likely
with the maleic anhydride groups in the modified
PP compatibilizer. This is discussed further in terms

of the available literature. The organic modifier
would not have reacted with the PP nor probably
with the maleated PP, but there could have been
physical interactions between these two components.
Finally, no reaction would have occurred between
the PP and the maleated PP.
In the literature, the most frequent explanation for

the intercalation of PP–MA into clay is a polar inter-
action between the maleic anhydride group of the
functionalized PP and the silicate layers.15,24 Okada
and coworkers15,25 pointed out the possibility of
reacting PP–MA with octadecylamine (used for the
organic modification of clay) and the possible forma-
tion of imide groups. However, Szazdi et al.31 car-
ried out a comprehensive study of the interactions
between the components in PPCNs. They showed31

that PP–MA could react with the organic modifier
used in the clay if it contained active hydrogen
atoms (hexadecylamine was used in their study),
and this led to the formation of AMs. The possibility
of the formation of cyclic imides was also recog-
nized, but their existence was not proven because
the characteristic vibration peak of the imide group
appeared in the same range as the other peaks in
the spectrum.
In our system, when PP–MA was melt-mixed with

AM, there was also the possibility of the formation
of imide groups by the reaction of the active H
atoms of AM and the highly reactive maleic anhy-
dride group of PP–MA. Such imide groups could
have also interacted with the silicate layers through
hydrogen bonding. However, the existence of imide
groups could not be detected from FTIR spectros-
copy because: (a) there was a very low percentage of
maleic anhydride in the PPCN material and (b) there
were overlapping peaks relating to the imide bond
(1723 and 1777 cm�1) and other peaks. Therefore, in
this new intercalation method, we suggest that inter-
calation can occur by either AM and PP–MA sepa-
rately or as a reacted product (imide) or both
together.

CONCLUSIONS

The intercalation of a short-chain aliphatic AM (eru-
camide) into MMT clay galleries was investigated.
XRD results reveal that the AM effectively interca-
lated into the galleries during the melt-mixing pro-
cess with PP, which resulted in higher interlayer
spacings than for the original, organically modified
clay. MFI and contact angle measurements verified
the XRD results, that these AM molecules interca-
lated the clay particles. Contact angle data confirmed
that, as a result of the intercalation process, the AM
did not migrate onto the composite surfaces, espe-
cially at low concentrations. However, the clay par-
ticles did not exfoliate or disperse homogeneously
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throughout the PP in the presence of the AM alone,
which resulted in a nonhomogeneously dispersed,
intercalated clay structure. The addition of both PP–
MA and the aliphatic AM significantly enhanced the
clay exfoliation and its dispersion in the PP matrix,
in comparison with conventional PPCNs prepared
with PP–MA only. The thermal stabilities of the
PPCNs prepared by the co-intercalation method
were improved by the addition of this organically
modified clay; the improvement in thermal stability
relative to that of the unmodified PP further con-
firmed the improved clay dispersion in the nano-
composite structure.

This study demonstrates a new method of prepar-
ing PPCNs by the co-intercalation of PP–MA and an
aliphatic AM, which allows a reduction in the maleic
anhydride content in the nanocomposite structures.
Such a system, containing potentially reactive com-
ponents processed at a high temperature, is very dif-
ficult to understand in full detail. Some discussions
of potential reactions have been included, but more
work is needed on, initially at least, model com-
pounds to confirm which, if any, of these reactions
actually occurs.
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