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Part 1 of this series showed that the purification level and surfactant loadings of organoclays significantly
affect their thermal stability; the higher rate of degradation of as-received commercial organoclay is
primarily a result of excess surfactant that is intentionally or unintentionally part of the commercial
organoclay. Polypropylene nanocomposites and nylon 6 nanocomposites were formed through melt
processing to assess the practical consequences, in terms of nanocomposite formation and performance,
of using a purified version of the organoclay with no excess surfactant and a lower rate of thermal
degradation versus using the as-received organoclay. The properties and morphology of polymer–clay
nanocomposites based on both as-received and purified organoclays were evaluated by TEM, WAXS, and
mechanical testing. The results from the different techniques were generally consistent with each other
suggesting that the differences in thermal stability of organoclays do not appear to have a significant
effect on the morphology and properties of the nanocomposites formed from them.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Part 1 of this series dealt with the rate of thermal degradation of
surfactants used to form commercial organoclays using thermo-
gravimetric analysis. Previous reports showed evidence that puri-
fication of organoclays improves their thermal stability [1–3]; to
a certain extent, the results of Part 1 support this conclusion [4].
This work showed that the higher rate of degradation of as-re-
ceived commercial organoclay is primarily a result of excess sur-
factant that is intentionally or unintentionally part of the
commercial organoclay. The purpose of this paper is to assess the
practical consequences, in terms of nanocomposite formation and
performance, of using a purified version of the organoclay with no
excess surfactant and a lower rate of thermal degradation versus
using the as-received organoclay. Purification of organoclays by
simple methanol washing was shown to be nearly as effective for
removing the excess surfactant as a more rigorous and time con-
suming Soxhlet extraction process [4]. Such purification procedures
significantly change the thermal stability of the as-received orga-
noclay. Whether this excess surfactant and the associated higher
degradation rate have significant impact on the morphology and
properties of nanocomposites formed from them is explored here.
Nanocomposites based on as-received organoclays and purified
: þ1 512 471 0542.
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organoclays are compared. Previous studies in our laboratory
showed that nylon 6-based nanocomposites have the best exfoli-
ation when formed from an organoclay based on a surfactant with
only one long alkyl tail [5,6]; on the other hand, polyolefin matrices
give better exfoliation with organoclays based on a surfactant with
two or more long alkyl tails [7–10]. A series of organoclays based on
a surfactant with two hydrogenated tallow tails in varying levels of
excess were selected to form polypropylene nanocomposites.
Likewise, a series of organoclays based on a single tail, either hy-
drogenated tallow or a 16-carbon alkyl, were similarly used to
form nylon 6 nanocomposites. The properties and morphology of
polymer–clay nanocomposites based on both as-received and
purified organoclays were evaluated by various techniques and
compared.
2. Experimental

2.1. Materials

A brief description of the polymers used in this study is given in
Table 1. In one series, a commercial injection molding grade of
polypropylene supplied by Basell served as the matrix, while a PP-
g-MA containing 1 wt% maleic anhydride groups supplied by
Crompton is used as the compatibilizer for promoting exfoliation of
the organoclay. In a second series, a commercial high molecular
weight grade of nylon 6 from Honeywell was selected to form
nanocomposites.
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Table 1
Polymers used in this study

Materials (designation
used here)

Commercial
designation

Supplier Properties

Polypropylene (PP) Pro-Fax PH020 Basell MI¼ 37
Density¼ 0.902 g/cm3

Maleic anhydride
grafted polypropylene
(PP-g-MA)

PB3200 Crompton MI¼ 105
Density¼ 0.91 g/cm3

MA content¼ 1.0 wt%
Mw ¼ 90;000
MWD z 2.7

Nylon 6 (PA-6) Capron B135WP Honeywell MI¼ 1.2
Mn ¼ 29;300
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Organically modified clays, formed by an ion exchange reaction
between sodium montmorillonite (Na-MMT) and ammonium sur-
factants, were generously donated by Southern Clay Products, Inc.
Descriptions of these organoclays are given in Part 1 [4]. A similar
nomenclature system as used in prior papers [5,9,11] is adopted to
describe the chemical structure of the ammonium cations in
a concise manner. The letter M represents methyl substituent. The
letter HT denotes the tallow-based product, which is pre-
dominantly composed of chains with 18 carbons (w65%) and the
majority of the double bounds have been hydrogenated; while C16
represents a 16-carbon alkyl chain. The level of surfactant con-
tained in the organoclays is designated by the milliequivalent ratio
(MER) defined as the milliequivalents of ammonium cations per
100 g of clay [4,5].

The selected as-received organoclays were purified by using
a single methanol wash to remove excess surfactant. The purifica-
tion method involved suspending the organoclay in methanol, with
magnetic stirring at room temperature for 1 h, then setting the
mixture aside until the suspension stratified followed by decanting
the top clear solution. Afterwards, the white precipitate was
washed with methanol and distilled water again while being fil-
tered. The final product was dried at room temperature and then
under vacuum at 80 �C overnight. The hard white cake formed was
ground into a fine powder prior to be used in melt processing.

2.2. Melt processing

Polypropylene and nylon 6 nanocomposites were both prepared
by melt compounding in a Haake, co-rotating, intermeshing twin
screw extruder (D¼ 30 mm, L/D¼ 10) at a screw speed of 280 rpm
and a feed rate of 1000 g/h, with all the components added at the
same time [12–17]. All the materials were dried in a vacuum oven
for a minimum of 24 h prior to the compounding.

Polypropylene nanocomposites were formed from the M2(HT)2

organoclays at a melt processing temperature of 190 �C, while ny-
lon 6 nanocomposites were formed from the M3(HT)1 or M3(C16)1

organoclays at 240 �C. The MER levels of the organoclays were
varied from a minimum value for the purified material upwards by
using various as-received commercial products. Tensile (ASTM
D638) and Izod (ASTM D256) specimens were formed using an
Arburg Allrounder 305-210-700 injection molding machine. After
molding, the specimens were immediately sealed in a polyethylene
bag and placed in a vacuum desiccator for a minimum of 24 h prior
to mechanical testing.

The data below are reported in terms of the weight percent
montmorillonite (MMT) in the composites rather than the amount
of organoclay, since the silicate is the reinforcing component.

2.3. Characterization

WAXS scans were obtained using a Scintag XDS 2000 diffrac-
tometer in reflection mode with an incident X-ray wavelength of
1.542 Å at a scan rate of 1.0�/min. X-ray analyses were performed on
the skin of the major faces of the injection molded Izod bars while
the organoclays were analyzed in powder form.

Tensile tests were performed on an Instron model 1137 machine
upgraded for computerized data acquisition. Modulus values were
determined using an extensometer at a crosshead speed of 0.51 cm/
min. Elongation at break was measured at crosshead speeds of both
5.1 cm/min and 0.51 cm/min. Notched Izod impact tests were per-
formed at room temperature with a TMI Izod tester (6.8-J hammer
and 3.5 m/s impact velocity) according to ASTM D 256. As common
practice, Izod bars were cut in half to generate more samples.
Depending on whether a significant difference is shown between
the far end and gate end of the bars, data are either shown as
averages of all values or reported as separately averaged values for
far-end and gate-end specimens. Data reported here represent an
average from measurements on at least five specimens.

TEM images were obtained using a JEOL 2010F transmission
electron microscope operating at an accelerating voltage of 120 kV.
Ultra-thin sections (w50 nm) were cut from the central part of the
Izod bars in the plane parallel to the flow direction under cryogenic
conditions using an RMC PowerTome XL microtome.

3. Results and discussion

The thermal degradation studies from Part 1 [4] show that the
organoclay stability is dramatically improved by purification; the
main effect appears to be the removal of excess surfactant that is
not ionically bound to the montmorillonite. The question here is
whether these differences in stability or the presence of excess
surfactant affects the properties and morphology of the nano-
composites formed from as-received versus purified organoclays.
The following results and discussion are focused on answering this
question.

3.1. Polypropylene nanocomposites

Three commercially available organoclays are included to ex-
plore the effect of purification on the morphology and properties of
polypropylene nanocomposites. The three commercial organoclays,
formed through the modification of sodium montmorillonite with
various amounts of M2(HT)2

þCl� surfactant, are designated as Cloi-
site 20A, 15A and 6A, which have MER values of 95 mequiv/100 g,
125 mequiv/100 g, and 140 mequiv/100 g of clay, respectively.
Cloisite 20A was purified using the procedures described earlier,
and the MER after purification was determined by ash analysis to be
88 mequiv/100 g of clay. Besides these commercial organoclays, an
experimental organoclay modified by M2(HT)2

þMeSO4
� surfactant

with an MER of 140 mequiv/100 g of clay is also included in some of
the discussions below. Although this experimental organoclay has
a high loading of surfactant, due to the methyl sulfate anions in the
free surfactant of the organoclay this organoclay is considerably
more thermally stable [4] than the commercial organoclay Cloisite
6A, which has the same surfactant loading but is modified by the
M2(HT)2

þCl� surfactant.
All the PP nanocomposites were prepared at several MMT

loadings to obtain a more complete picture of the relative benefit of
each organoclay. The ratio of PP-g-MA to clay was set at 1; this ratio
has been shown by several studies in our laboratory [7,8,18,19] to be
an optimum level of PP-g-MA for compatibilization of PP/organo-
clay mixtures.

Fig. 1 compares the WAXS scans for nanocomposites formed
from PP/PP-g-MA/M2(HT)2 organoclay containing nominally 5 wt%
montmorillonite, and the scans of the corresponding organoclays
are also included for comparison. With the increased surfactant
loading, the characteristic peak position for the pure organoclay
largely shifts to lower angles, indicative of expanded galleries
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caused by this higher content of organic modifier. All the nano-
composites based on the various organoclays show similar, but not
identical, X-ray peaks as the organoclay, indicating the presence of
unexfoliated clay tactoids in these nanocomposites [8,16]. The rel-
ative peak positions follow a similar trend as the neat organoclays
with various surfactant loadings. The peaks of the nanocomposites
shift slightly to higher angles compared to that shown by the cor-
responding organoclay, which indicates a slight collapse of the clay
gallery [16,20]; this phenomenon becomes more obvious as the
surfactant loading of the organoclay increases. For M2(HT)2

þMeSO4
�

organoclay with an MER of 140 mequiv/100 g of clay, similar
shifting of the peak shown by the nanocomposite as compared to
the organoclay can also be observed, although this organoclay has
been shown to be significantly more thermally stable.

Nanocomposites based on PP/PP-g-MA/M2(HT)2 organoclay
were prepared at several MMT loadings to obtain a more complete
picture of the relative benefit of each organoclay with various
organic loadings (MER) or purification levels. The addition of
organoclay to the polymer matrix produces significant increases in
the modulus in all cases (see Fig. 2); however, neither the
purification nor the surfactant loading makes a significant differ-
ence in the observed tensile modulus of the nanocomposites
formed from them. The nanocomposites based on organoclays
PP/PP-g-MA/M2(HT)2 organoclay
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(MER¼ 140 mequiv/100 g of clay) made from M2(HT)2
þCl� and

M2(HT)2
þMeSO4

� show very similar improvement in their tensile
moduli, although there is a significant difference in the thermal
stability of these two organoclays.

Fig. 3 compares the elongation at break for the PP nano-
composites. Two crosshead speeds, 0.51 cm/min and 5.1 cm/min,
were used for the measurements. Generally, as the clay content is
increased, ductility decreases dramatically for all the nano-
composites. The lower crosshead speed gave larger elongations at
break as expected [21]; there are no obvious differences among the
nanocomposites based on the various organoclays.

Fracture toughness as judged by the Izod impact strength is an
important property to be considered for many applications. Poly-
mer nanocomposites based on polyolefins have been reported to
have different impact values for the gate end and far end of in-
jection molded Izod bars [21]. Therefore, the impact strengths are
averaged separately for the gate and far ends. Like the trends shown
in elongation at break, there is a steady decrease in impact strength
with increased clay content. The gate ends show slightly higher
impact strength than the far ends, but these differences in this case
are barely outside the error range (see Fig. 4).

Morgan and Harris reported similar work [1] using both
unpurified and purified versions of organically modified fluorinated
PP/PP-g-MA/M2(HT)2 organoclay

MMT (wt%)

0 2 4 6 8

I
m

p
a
c
t
 
s
t
r
e
n

g
t
h

 
(
J
/
m

)

10

20

30

40

Purified Cloisite 20A    (MER = 88)
Cloisite 20A                 (MER = 95)
Cloisite 15A                 (MER = 125)
Cloisite 6A                   (MER = 140)

Filled Symbols: far end
Open Symbols: gate end

gate end

far end

Fig. 4. Izod impact strength of gate-end and far-end samples of PP/PP-g-MA/M2(HT)2

organoclay (ratio of PP-g-MA to organoclay¼ 1) nanocomposites.



L. Cui et al. / Polymer 49 (2008) 3762–3769 3765
synthetic mica based clay, and they observed slight increases in
flex modulus and slight decreases in impact strength by using
ethanol Soxhlet extracted organoclays. However, the differences in
properties of PP nanocomposites formed from as-received and
purified (by methanol wash) organoclays in this study are
negligible.

Appropriately prepared TEM images offer the most direct visu-
alization of the dispersion of the clay particles in nanocomposites.
Fig. 5 compares the morphology of polypropylene nanocomposites
containing w5 wt% MMT based on as-received M2(HT)2 organoclays
with various surfactant loadings (MER values) and a purified version
of Cloisite 20A. Morphologies consisting of combinations of
Fig. 5. TEM images of PP/PP-g-MA/M2(HT)2 organoclay (ratio of PP-g-MA to organoclay¼ 1
viewed parallel to the transverse direction.
individual platelets and platelet stacks can be observed in all the
nanocomposites, indicating fair, but not complete exfoliation of the
organoclays. Simple visual inspection of these images does not
reveal any significant differences. A simple quantitative particle
analysis of these images using similar methods described previously
[12,16,22,23] was performed to explore more subtle differences. The
number of clay particles in a given area of w100 mm2 was
determined by analyzing 6–7 representative images like those in
Fig. 5. From this count, a particle density, i.e., the number of clay
particles per mm2, was computed with the results shown in Table 2.
The clay particle densities found for the nanocomposites
based on as-received Cloisite 20A (MER¼ 95 mequiv/100 g of clay)
) nanocomposites. The samples were taken from the core portion of an Izod bar and



Table 2
Particle density analysis of polypropylene nanocomposites

Sample (w5 wt% MMT) Total area
analyzed (mm2)

Total number
of particles

Particle density
(particles/mm2)

PP/PP-g-MA/Cloisite 20A 106 1330 12.5
PP/PP-g-MA/Cloisite 6A 105 1260 12.0
PP/PP-g-MA/purified

Cloisite 20A
121 1000 8.3
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and Cloisite 6A (MER¼ 140 mequiv/100 g of clay) were about the
same. However, for the nanocomposite formed from purified Cloi-
site 20A (MER¼ 88 mequiv/100 g of clay) the clay particle density
was found to be somewhat less. Higher clay particle densities mean
that the organoclay has been dispersed more effectively with a small
number, on average, of aluminosilicate platelets per particle. Based
on this analysis, it appears that polypropylene nanocomposites
formed from as-received Cloisite 20A and Cloisite 6A give slightly
better exfoliation of the organoclay than the ones formed form
purified Cloisite 20A. One possible explanation for this phenomenon
is that the removal of surfactant molecules from around the platelets
edges in the purified organoclay reduces the wetting of the clay by
the non-polar polypropylene, and, thus, somewhat poorer disper-
sion [1]. In the end, however, this difference in degree of dispersion
does not have a significant effect on mechanical properties as seen in
Figs. 2–4.
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3.2. PA-6 nanocomposites

Two single-tail organoclays, M3(HT)1 (MER¼ 95 mequiv/100 g
of clay) and M3(C16)1 (MER¼ 100 mequiv/100 g of clay), were used
to explore the effect of organoclay purification on the properties of
the nanocomposites formed. The purification of the organoclays
removes most of the excess surfactant; as a result, both organoclays
are left with a lower MER around 85 mequiv/100 g of clay.

The WAXS scans of nylon 6 nanocomposites prepared from
purified and as-received M3(HT)1 and M3(C16)1 organoclays are
shown in Figs. 6 and 7. After purification, both organoclays have
slightly smaller basal spacings due to the removal of excess sur-
factant from the clay galleries. In contrast to the results for nano-
composites based on polypropylene, nylon 6 nanocomposites do
not show any X-ray peaks characteristic of the corresponding neat
organoclays, indicative of the possibility of well-exfoliated struc-
tures [12,17,24] regardless of the purification of the organoclays.

Tensile moduli of nanocomposites formed from nylon 6 and
M3(HT)1 organoclays are compared in Figs. 8 and 9. The moduli data
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for nanocomposites formed from both M3(HT)1 and M3(C16)1

organoclays do not show any meaningful differences between the
as-received and purified versions.

Figs. 10 and 11 compare the elongation at break of these nano-
composites at various MMT contents for two rates of extension. As
expected, samples show higher ductility when strained at lower
speeds, and their ductility decreases as the MMT content is in-
creased. The elongation at break data have relatively large standard
deviations; however, it appears that the nanocomposites formed
from the purified organoclays, denoted by solid or open circles,
exhibit somewhat lower ductility. Currently there is no plausible
explanation for this reduction in elongation at break for the
nanocomposites formed from purified organoclays.

Figs. 12 and 13 show the notched Izod impact strength data for
the various nylon 6 nanocomposites at room temperature. Values
from the far and gate ends of injection molded samples were av-
eraged since the difference between the two is relatively small
[11,17]. The impact strength data have relatively large standard
deviations. Both nanocomposite systems show a decrease in impact
strength as the clay content is increased; while the mean values
from the Izod test appear slightly lower for some of the composi-
tions containing purified organoclay relative to the as-received
version, these differences are not judged to be statistically mean-
ingful in view of the standard deviations in the data.

The effects of organoclay purification on the exfoliation level in
PA-6/M3(HT)1 organoclay and PA-6/M3(C16)1 organoclay nano-
composites are corroborated by the pictorial evidence provided by
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the TEM images in Figs. 14 and 15. Very well-exfoliated morphol-
ogies can be observed in all the PA-6 nanocomposites. Similar
quantitative particle density analyses as described earlier were
conducted to explore the subtle differences in these PA-6 nano-
composites. The results are shown in Table 3. Some differences in
the clay particle densities were found when comparing the
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nanocomposites formed from the M3(HT)1 and M3(C16)1 organo-
clays; the ones formed from the M3(C16)1 organoclays, either as-
received or purified versions, have larger particle densities
compared to the ones formed from the M3(HT)1 organoclays.
However, in contrast to polypropylene nanocomposites, the clay
Fig. 14. TEM images of PA-6/M3(HT)1 organoclay nanocomposites. The samples were taken
particle densities for these PA-6 nanocomposites based on purified
and as-received versions of the same organoclay were about the
same. Since the polar polyamide interacts better with the hydro-
philic silicate platelets than the organic surfactant, removal of the
excess surfactant does not affect the morphologies of the PA-6
nanocomposites although the differences in the thermal stability of
the purified and as-received organoclays are significant.
4. Conclusions

Two series of organoclays, two-tail organoclays, i.e., M2(HT)2

organoclays, with various levels of excess surfactant, and as-re-
ceived or purified single-tail organoclays, M3(HT)1 and M3(C16)1

organoclays, were selected to form polypropylene and nylon 6
nanocomposites, respectively, and to explore the effect of organo-
clay degradation or the presence of excess surfactant on mor-
phology and properties of nanocomposites as evaluated by TEM,
WAXS and mechanical tests (tensile and Izod).

As reported in Part 1 of this series, the purification level and
surfactant loadings of organoclay significantly affect their ther-
mal stability; however, broadly speaking, the results from the
various characterization techniques are consistent with each
other suggesting that these differences in thermal stability do not
appear to have much effect on the morphology and properties of
the nanocomposites formed from them. For polypropylene
nanocomposites formed from the M2(HT)2 organoclays,
from the core portion of an Izod bar and viewed parallel to the transverse direction.



Fig. 15. TEM images of PA-6/M3(C16)1 organoclay nanocomposites. The samples were taken from the core portion of an Izod bar and viewed parallel to the transverse direction.

Table 3
Particle density analysis of PA-6 nanocomposites

Sample (w5 wt% MMT) Total area
analyzed
(mm2)

Total number
of particles

Particle density
(particles/mm2)

PA-6/M3(HT)1 organoclay 3.65 1130 310
PA-6/purified M3(HT)1 organoclay 3.35 1060 320
PA-6/M3(C16)1 organoclay 3.65 1330 360
PA-6/purified M3(C16)1 organoclay 3.66 1410 380

L. Cui et al. / Polymer 49 (2008) 3762–3769 3769
purification of Cloisite 20A organoclay appears to have some
adverse effects on the organoclay dispersion, but it does not
have a significant effect on mechanical properties. For PA-6
nanocomposites, purification of the as-received organoclays does
not significantly alter the morphology or the mechanical prop-
erties of these nanocomposites with the exception of some re-
duction in elongation at break, for which there is no plausible
explanation.

It could be argued that the degradation of the surfactant would
be detrimental to dispersion or exfoliation of the organoclay.
However, it should be remembered that both degradation and ex-
foliation in the extruder are rate processes; it is possible that, in
some cases, the exfoliation/dispersion process is completed on
a time scale before degradation has progressed to a detrimental
level.
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