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outcome based on gas type was found for the samples prepared with water cosolvent,
Figures 6.5c and d. However, for samples prepared with ethanol cosolvent, Figures 6.5¢
and f, the opposite was noted with more uniform dispersion corresponding to the N»-case.
With use of a cosolvent, the samples showed a higher frequency of smaller particles in the
TEM images, pointing to a higher extent of exfoliation. In order to quantify the extent of
exfoliation in these composite samples, particles in each image were analyzed using an
image analysis software (SigmaScan Pro 5, SYSTAT Software Inc.). The normalized
size distribution of tactoid thickness within each nanocomposite is summarized in Figure
6.6, again distinguished based on the gas used during annealing. Number average particle
thickness, tqavg, and weight average particle thickness, t, avg, Were calculated in Table 6.3.
Since a fixed magnification was used in these TEM observations, total particle number in
each image (fixed unit area) reflects the extent of exfoliation if one assumes the bulk state
and area under view are statistically correlated. The total particle number for each image

was also included in Table 6.3.

In regards to the two annealing gases, neglecting the cosolvents for the moment,
both number and weight average thickness values for the scCO;-based composite were
significantly smaller than those for the N-case, showing more highly delaminated
tactoids, consistent with XRD data and our previous studies [12, 15]. For the water
cosolvent, weight average thickness values for the two gas cases are identical, but the
number average thickness for NCS2W2 was lower than NCS1W2. A larger number of

particles with thickness less than 6 nm for NCS2W?2 were the reason to its lower number
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Figure 6.6 Histograms of normalized frequency of tactoid thickness present in TEM

images in Figure B5 based on the gas used during annealing: (a) N; and (b) scCO,
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Table 6.3 Total number and average thickness of the particles in the TEM images *

Cosolvent Tactoid number per Number average Weight average
unit area thickness, t; avg (nm)  thickness, ty, avg (nm)
SCC02 N2 SCC02 Nz SCCOz N2
— 353 263 6.8 7.7 14.6 18.7
Water 675 432 5.0 5.5 144 14.5
Ethanol 789 1472 5.0 4.6 134 10.6

* Standard error in the values was 7.4%.

average thickness. Water was more effective when used as a cosolvent to scCO; than
when it was added directly as a solvent but comparatively, in both gas cases water was a
more effective exfoliating aid than scCO, (using the N», non-solvent cases as the baseline,
representing conventional compounding practices). The ethanol cases were different from
the above two. In Table 6.3, we can see that number average thickness values for the two
gas cases are similar; however, the weight average number for NCS1E2 is much smaller
than that of NCS2E2, showing that much fewer large particles existed in the N>-based
nanocomposite. Correspondingly, twice the numbers of particles were found with the
nitrogen case for ethanol than for any other sample analyzed. The number indicated a
higher extent of delamination and dispersion occurred for the nanofiller in TPO matrix for

that condition.

Rheological analysis
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Our previous studies have demonstrated that rheological properties of the TPO
nanocomposite melt reflect morphology of the composite samples better than
observations by XRD and even TEM [17-18, 21]. Efficiency of the measurement comes
from the sensitivity of rheological properties to bulk nanoscale features of a
nanocomposite. The interference of large-scale segmental motion for polymer chains by
short-range filler-filler interactions can be readily observed especially at the lower
oscillation frequencies. Therefore, it was expected that rheological properties of the TPO
nanocomposites in this study could clarify the above observations by XRD and TEM.
Figure 6.7 shows storage moduli of the ten composite melts over a frequency range of 0.1
— 100 rad/s, which was again classified by CO, and N, used for the annealing step. It can
be seen from the figure that without the presence of scCO, (Figure 6.7a), addition of
water or ethanol to the annealing process significantly increased the storage modulus of
the TPO nanocomposite and that the higher amount of the solvent added the more
increase in this property. At each concentration ethanol had better performance than water.
These results showed that using water or ethanol as solvent during the annealing
significantly encouraged formation of a percolating network by the silicate nanofiller

within the polymer matrix, especially ethanol.

The storage modulus of the nanocomposite melt also increased significantly for
the conditions when water or ethanol was used with scCO, (Figure 6.7b). However,
extent of the improvement was not as large as when scCO, was absent and there was little
difference between the two concentrations of these cosolvents. At low concentration,

curves for the two cosolvent cases (with scCO;,) were overlapped whereas at the high
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solvent. (a) N, cases and (b) scCO; cases

153



PhD Thesis —J. Liu ~ McMaster — Chemical Engineering  January 2011

concentration, the storage modulus for ethanol was higher than that of the water case. The
highest storage modulus occurred to the sample when only ethanol was present in the
annealing process, indicating that the best percolating network of silicate sheets was
generated within TPO. In terms of the rheological property for the two non-cosolvent
cases and four high-concentrated cosolvent samples, these rheological measurement

results perfectly consisted with the TEM observations.

6.4 GENERAL DISCUSSION

Any circumstance which decreases the intercalation barriers and/or increases the
driving forces to intercalation will positively affect the extent of the intercalation.
Addition of water into the PB3200/C20A mixture during annealing increased not only
chemical affinity of the two components through enhanced carboxylation but also the
physical affinity through strengthened hydrogen bonding association between silicate
surface and succinic groups. The presence of water led to a higher degree of succinic ring
opening as well as hydrated the oxygen plane of silicate surface (Figure 6.2). Increasing
the hydration radius of the residual metallic cations will reduce the van der Waals
attractive forces between adjacent silicate sheets in the clay stacks [24]. The increased
intercalation driving forces and reduced intercalation barrier could explain the apparently
higher extent of intercalation noted by XRD (Figure 6.3) and NMR (Appendix 2)
analyses for the compatibilizer chains. The smaller tactoids size dispersed in the final
matrix and the larger storage modulus of the samples prepared by water can be attributed

to the improved intercalation.
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Ethanol showed similar influence on the clay as water because of its available
hydroxyl groups. However, its capacity to terminate a free carboxylic acid from the
opened anhydride group through esterification, seen by FTIR, was thought to be the
reason for samples prepared with it having improved clay dispersion. The ethyl ester
would mitigate any hydrogen bonding interactions with other platelets, reducing platelet-
platelet coordination through the anhydride species of the compatibilizer so that the clay
can swell more freely. Better swelled intercalated clay particles would explain the higher

extent of delamination observed by TEM.

When water or ethanol is added to the bulk solvent, scCO,, a dipole movement is
introduced. The polar component of the environment reduces its solvation of alkyl chains
of the surfactant and the MA-PP matrix (plasticization), but increases affinity between the
MA groups and silicate surface, as well as interferes with the balanced associative forces
between adjacent silicate planes. Reduction in the solvation and plasticization will
negatively affect the MA-PP/C20A intercalation; however, the increased affinity will
definitely improve the enthalpic interactions. On the other hand, presence of scCO; led to
organic coverage on the silicate sheets increased [17, 22-23]. Thus, exposed silicate
surface becomes limited, which reduced sites for its esterification and hydrogen bonding
with succinic groups. Therefore, we saw that higher concentration of the cosolvent lost its

effect (Figure 6.7b).
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6.5 CONCLUSIONS

Ethanol and water were found to be effective additives to aid the preparation of a
more highly exfoliated and well dispersed TPO nanocomposite. Ethanol showed
improvements over water or scCO; alone, which was attributed to its ability to form ethyl
esters during association of the maleated compatibilizer with the silicate sheets of our
organoclay. Due to surfactant rearrangement occurring in the presence of scCO, which
result in increased organic coverage over the silicate surface, the aiding effect of water or
ethanol used as a cosolvent was offset partially. When used alone as solvents in the
annealing, either water or ethanol achieved equivalent or even better results over scCO,

or conventional practice in terms of exfoliation and dispersion of the TPO nanocomposite.
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Chapter 7

Mechanics of Supercritical CO, Aiding Dispersion of

Organoclay in TPO Nanocomposites

In this chapter, the mechanism which scCO, aids the extent of exfoliation found in a TPO
nanocomposite is proposed based on summarizing the results of this research. In order to
build an understanding starting with the organoclay itself, some results from the previous

Master's study of the author were included.
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7.1 INTRODUCTION

The focus of this work for the past few years has been to understand how
dissolved CO; within a gas-laden molten nanocomposite interacts with the nanofiller in a
manner that may lead to increased interlayer spacing of the clay platelets during the
processing, and if that interaction can be exploited as a mechanism for creating a fully
exfoliated structure. The first objective was to evaluate how the supercritical fluid
interacted with the nanofiller, namely an organically modified montmorillonite. It was
found that morphology of an organoclay can be altered when exposed to an environment
of supercritical CO; (scCO;). When scCO, was present the surfactant, an alkyl
ammonium surfactant, was rearranged leading to the organic layers either swelling or
collapse, dependent on its chemical structure and packing arrangement. The second task
for the project was to evaluate complex interactions between the organoclay and a
suitable compatibilizer such as maleic anhydride grafted polypropylene (MA-PP). It was
found that scCO; was able to aid the polymer chains to diffuse into the interlayer space
through plasticization. However, the aiding effect was dependent on grafted maleic
anhydride (MA) content and molecular weight of MA-PP (which are correlated factors
due to the manner which the polymer is maleated), as well as the basal spacing and
organic loading of the original organoclay. The third step was to study the effect of
supercritical fluid on dispersion of the clay particles in the TPO nanocomposite. Melt
annealing the three components, matrix, compatibilizer and filler, before mixing under an

environment of scCO; can improve exfoliation of the nanocomposite and concentrating
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the supercritical gas at the compatibilizer/organoclay interface can generate a better
aiding effect. The last work for the project was to examine if water or ethanol could be
used as a cosolvent to scCO; to improve the aiding efficiency of the supercritical gas.
Experiments showed that each cosolvent significantly improved exfoliation and

dispersion of the TPO nanocomposite.

This chapter will be a summary for these researches and the focus will be on
answering the central question for the project, ‘how scCO, aids dispersion of organoclay
particles in TPO nanocomposites?’ Issues needing addressing included: How does the
microstructure of an organoclay change?; How does an organoclay interact with selected
compatibilizer?; and How is dispersion of the filler in the polymer matrix improved?
Based on answers to these questions, an intercalation/exfoliation mechanism for TPO
nanocomposite processing aided by scCO, will be put forward. In the end of the chapter,
recommendations on strategy for industrial use of scCO; in the processing of TPO

nanocomposites are given.

7.2 INTERACTIONS OF scCO; WITH INDIVIDUAL COMPONENTS

7.2.1 Organoclay

The discussion in this section pertains to the work of Jinling Liu during her
Masters degree. It is included to help the reader understand the overall influence that

scCQO; has on the system.

Several morphologies of organically modified clays are shown in Figure 7.1.

Organization of surfactants in the gallery areas of MMT can display lateral monolayer,
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Figure 7.1 Alkyl chain conformations in layered silicates: (a) lateral monolayer, (b)

lateral bilayer, (c) pseudo-trimolecular layer, (d) paraffin-type monolayer [1]

() (b)

Figure 7.2  Schematic morphologies of pristine C20A (a) and after annealing in

environment of scCO,

162



PhD Thesis —J. Liu ~ McMaster — Chemical Engineering  January 2011

lateral bilayer, pseudo-trimolecular layer or paraffin-type monolayer arrangements [1].
These are idealized spatial models based on observed basal spacing of modified MMT
and calculations of the van der Waals radii of the surfactant structures. Actual prepared
clays are thought to possess larger amounts of surfactant packed near the periphery of the
gallery defined by two MMT platelets [2] (as shown in Figure 7.2a using a paraffin-type
monolayer arrangement as an example) to explain observations by differential
thermogravimetric analysis (DTGA) and the presence of residual inorganic cations.
Chain entanglements and van der Waals associations of the alkyl groups on the surfactant
hinder deep penetration into the galleries of a clay (this assumes of course that the
exfoliated platelets of MMT dispersed in water during preparation of an organoclay
rapidly reform into stacked structures at a point considerably before full replacement of

all exchangeable cations at the oxygen plane).

Cloisite 20A (C20A), a commercial organoclay which was mainly used in this
research due to its popularity in industry with polyolefinic materials, is believed to
possess this morphology according to its mixed layered structure suggested by its X-ray
diffraction (XRD) pattern. The majority of intercalated surfactant alkyl chains in the clay
are considered to be tail-to-tail bound or end-tethered association [3, 4] and only a small
amount is physically adsorbed to the exterior particle surface (<20%); this determination
was made based on DTGA with recognition that surfactant in these different states
exhibits different thermal stability. Inside the gallery space, surfactant molecules were
assumed tilted with a certain angle off of the oxygen silicate plane to account for the

recorded basal spacing by XRD and coverage area possible for the organic materials
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based on its van der Waals radii. Negative charges on the uncovered silicate surface
remained balanced by the un-exchanged metallic cations (primarily sodium). Atomic
absorption spectrometric (AAS) analysis confirmed existence of the residual sodium
cations, while the amount of moisture content in the organoclay and its hydration ability
provided further evidence for the uncovered silicate surface and residual metallic cations.
Four other organoclay materials, prepared by Southern Clay Products for this study, were
analyzed in the same manner and each showed evidence of incomplete cation exchange
with the surfactant. The chemical structure of surfactant and properties of C20A along
with the other four organoclays used in this study are listed in Table 7.1. An unmodified

MMT, Cloisite Na* (CNa®) is included in the table for reference.

After annealing under scCO, above the melting point of the surfactant (i.e. greater
than 45°C for C20A), the basal spacing of C20A increased from 25.8 A to 27.8 A. The
swelling was attributed to rearrangement of the surfactant molecules. Significant amounts
of the tail-to-tail bounded alkyl chains were turned into the more thermal stable end-
tethered connection with the silicate surface, according to DTGA analysis. Being a
hydrocarbon solvent, CO; can increase the mobility of long alkyl chains via plasticization,
which provided more opportunities for surfactant species to migrate from the edges to
being closer to the centre of the interlayer (if conceptually viewing the silicate platelets as
circular disks). Denser packing of the alkyl chains would increase their tilt angle to
explain their increased basal spacing as well as the noted drop in hydratable sites based
on moisture analysis. Figure 7.2 schematically shows the considered changes to the

morphology of the organoclay. The greater coverage by the organic material produced

164



Table 7.1 Properties of the quaternary ammonium modified montmorillonite

C20A ODTA THMA DDDA C30B CNa"*
Surfactant (CH3),(HT),  (CH3)3(CisH37) (CH3)(CieHiz)s  (CH3)(CC);  (CH3)(C,H4OH), N/A
structure* N*CI N*CI N*CI N*'CI HT)N*CI
CEC content 100 95 100 95 90 N/A
(meq/100g)
Surfactant content 38.5+0.2 26.8 £0.2 442 0.3 30.6 £0.3 2905 +0.1 N/A
(wt %)
Surfactant melting 25-60 55-135 25-55 — 20-110 N/A
range (°C)
Na* content (wt%) 0.25 0.27 0.23 0.46 — 2.84
Moisture content 1.90 2.83 1.04 2.16 — 5.77
(wt%)
Surface energy 38.1 39.9 37.9 39.3 424 —
(mN/m)
d-spacing (A) 25.8 17.3 33.5 20.6 18.6 12.1

*HT= hydrogenated tallow (C;3 ~65%; Ci6 ~30%; C14 ~5%); CC = coco (Cj2 ~56%; Ci4 ~18%; Ci3 ~7%; Ci6 ~7%; Ci10 ~7%:;
Cg ~5%)
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appeared to negatively impact the capacity to disperse the separated fragments of the clay
once in a polymer, as discussed in a following section. Comparatively, the crystalline
structure of HTMA was changed very little by the supercritical fluid and the other three
organoclays exhibited a collapse in gallery spacing. HTMA being paraffin-type with
intense packing and tilt angle of ~90° in its interlayer areas offered little opportunities for
surfactant arrangement by the supercritical fluid. The surfactants in the other three
organoclays are primarily packed in the lateral bilayer manner (Figure 7.1b), where the
surfactant chain lays flat along the silicate surface. Collapse of their ordered layers was
believed to be a result of transformation from their bilayer structure to the later monolayer
arrangement (Figure 7.1a) through reorganization while highly mobile due to heat and the

presence of scCO,.

7.2.2 MA-PP

It is well recognized that scCO; has substantial solubility with many polymers,
especially those with functional groups. For instance, solubility of this fluid in
polypropylene and polyethylene can reach up to 1.5 wt% and 1.3 wt%, respectively [5].
Weak interactions between the gas and the functional groups are responsible for the
solubility and these interactions are believed due to Lewis acidity of CO,. Evidence for
the weak interaction between carbonyl groups on polymer chains and CO, was identified
by other researchers using Fourier transform infrared spectroscopy (FTIR), which
included shifts of carbonyl stretching vibrations for cellulose acetate and poly(methyl
methacrylate) [6] and splitting of the bending mode for CO; [7, 8]. Interactions of maleic
anhydride with scCO; can be found in a few studies looking at Diels-Alder reactions
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conducted under supercritical conditions. An example is ref [9] where evidence of the
weak interaction was limited to observations of an increase in the rate of reaction between
maleic anhydride and isoprene when CO, was at supercritical conditions. The authors of
that paper had no hypothesis for how the increase in reaction rate occurred. Interaction
between MA-PP and scCO, was reported by Clark and Lee [10] and they found that
maleic anhydride was extracted from prepared MA-PP under scCO,. Again, the authors
provided little analysis on the mechanism. In the work of Liu et al. [11], the authors
attempted to prepare MA-PP by a solid-state free radical reaction aided by scCO,. They
found a maximum in the grafted maleic anhydride content in relation to CO, pressure,
which was attributed to the partitioning of MA between different phases within the

mixture.

Our examination on the scCO,/MA-PP interaction (not its relative interactions in
the presence of the organoclay as well) was performed through melt annealing an MA-PP
at the environment of scCO,. A nitrogen blanket was used as the reference gas to prepare
a control sample for comparison. FTIR spectra of the two melt annealed samples, after
normalized using a band of 841 cm’ (wagging vibration of CHyCH, in the
polypropylene), were completely overlapped over a frequency range of 4000 — 400 cm™,
indicating that scCO, did not persistently alter the chemical structure of maleated
polypropylene. Same absorbance for the grafted anhydride groups at 1900 — 1700 cm™ for
the two gas cases can be looked as an indication that no anhydride groups were lost due to
presence of the supercritical fluid at least under the conditions used for material

preparation, i.e. 200°C and 9.6 MPa for 1 hour.
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From rheological analysis it was found that a decrease in the viscosity of MA-PP
occurred when annealing time extended to 3 hours. FTIR analysis for the 3-hour annealed
PB3200 shows that absorbance for grafted anhydride groups at 1900 — 1760 cm’!
increased, which was attributed to dehydration of carboxylic acid, i.e. open anhydride

groups turned into close rings (absorbance for the acid at about 1715 cm’ decreased

significantly). On the other hand, absorbance at about 1465 cm™ for 8%, and that at about

1380 cm™ for 0.y increased in comparison with the shorter annealing time, indicating

that methyl groups increased. Based on the FTIR information, we infer that the viscosity
decrease simply resulted from thermal degradation of C-C chains and that the grafted
anhydride groups remained stable at the annealing conditions. In the absence of
instrumentation for conducting in-situ FTIR analysis, our theories related to the effect of
CO, on the compatibilizer material (MA-PP) were derived from indirect observation once

mixed with the organoclay.

7.2.3 TPO

Since there are no functional groups on the polymer chains of TPO’s components,
homopolymer PP and a polypropylene-polyethylene copolymer elastomer, much weaker
interaction between the matrix material and the solvent was expected. The
polymer/solvent interactions are left only based on van der Waals attractions. Solubility
of scCO; in the apolar materials is less than that in MA-PP, but still can reach ~2 wt%
[12]. Comparatively, NaMMT will absorb ~2 wt% CO; at our test conditions [13] and

solubility of CO;, in MA-PP is assumed to reach up to 10% [5S]. There is no information
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on the solubility of CO, in organically modified MMT in the literature. Since TPO forms
90% of the final nanocomposite material based on typical formulations, these values
presented mean that we can estimate up to 75% of the CO, will be segregated to the TPO
phase and will not be readily available to aid the interactions at the clay/compatibilizer
interface (assuming no CO; is being consumed at the interface to create a mass transfer

gradient).

7.3 INTERACTION OF MALEATED PP WITH ORGANOCLAY

In order to understand the role of scCO; in polymer chain intercalation or clay
dispersion in the compatibilizer/organoclay system, first the interactions between these
components without the presence of scCO, had to be understood. Therefore, a large part
of this section will talk about intercalation mechanism when scCO; is not present. Then, it

will be easier to understand how scCO; aided the intercalation or dispersion mechanisms.

7.3.1 Barrier and driving force for intercalation

As shown in Figure 7.3, for a polymer chain diffusing into the interlayer of an
organoclay, there are two major barriers: one is cohesion between two adjacent platelets
due to their electrostatic repulsion and van der Waals attraction, and the other is the large
entropic penalty for intercalation due to the interlayer confinement. When shear stress is
not present, in order to enter the gallery space of stacked layers a polymer chain has to be
active enough to overcome these thermomdynamic barriers. The driving energy comes
from the affinity between filler and polymer which can be both chemical and physical.

For the MA-PP/organoclay system examined, chemical affinity was found by FTIR
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analysis through covalent bonding via esterification between the grafted anhydride groups
and hydroxyl groups of the broken plane for stacked silicate sheets, and carboxylation of
the carboxylic acid with residual metallic cations existing in the clay interlayer. The two
chemical reactions are expressed in Figure 7.4. Chemical affinity can also be reaction
between the grafted MA groups with surfactant if the surfactant contains proper
functional groups. Physical affinity can occur by interaction of the surfactant alkyl tails
with chain segments of the polymer via van der Waals forces and non-chemical bond

associations of the polar groups on MA-PP with the silicate surface via hydrogen bonding.

Organoclay MA-PP intercalation

Figure 7.3 Schematic illustration of MA-PP intercalation. The small circles on the

curves represent the grafted anhydride groups.

7.3.2 Factors affecting intercalation (WITHOUT scCQO,)

MA-PP

Any circumstance which increases the entropic barrier and/or decreases the

driving forces will negatively affect the extent of intercalation. In our studies, three MA-
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PPs with different molecular weight and MA content, and five organoclays with different
types of surfactants were examined. For the polymer intercalants, the greater the
molecular weight, the larger radius of gyration for a polymer chain, and therefore the
higher its entropic penalty for confinement in the clay galleries. On the other hand, the
higher MA content, the more favorable enthalpic interactions for the intercalant with an
organoclay, and therefore the more powerful the intercalation driving force. Almost

complete intercalation or full exfoliation was found for Licocene 6252 (Li6252), a
commercial MA-PP supplied by Clariant with M, = 5,490 g/mol and MA content of 4.7

wt %. At the other extreme, Polybond 3002 (PB3002) supplied by Chemtura with

M, =254350 g/mol and MA content of 0.4 wt %, hardly diffused into gallery space of
the organoclay examined (specifically C20A). Polybond 3200 (PB3200) also supplied by
Chemtura had a moderate molecular weight (M, = 87,670 g/mol) and MA content (1.0

wt %) was found to readily diffuse but still left quite amount of layer-stacked organoclay
particles (tactoids). Apparently, the lowest entropic barrier and highest driving force were
responsible for high level of exfoliation of Li6252 while the reverse situation produced
the worst intercalation using PB3002. PB3200 was balanced between these two extremes.
Recall that these results do not include the presence of scCO; as a factor. This matter will
be discussed later in Section 7.3.3. Since molecular weight and MA content were always
correlates together being commercial MA-PPs produced by free-radical methods, we

were not able to differentiate their roles individually.

Organoclays
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Five selected organoclays varied in their organic modifiers, quaternary alkyl
ammonium salts were studied, as mentioned earlier. These surfactants differed in their
number of long alkyl chains, length of the alkyl chain and whether or not a polar group
was present. However, these organoclays, based on their basal spacings, can basically be
categorized into two groups, lateral bilayer and paraffin-type structures, as mentioned
earlier in Section 7.2.1. From the point of view of entropic barrier, the way of surfactant
arrangement may be the primary factor that affects the interaction occurred in the melt-

annealed MA-PP/C20A composite.

Three organoclays, ODTA, DDDA and C30B, were defined as lateral bilayer
structure and two, C20A and THMA, as paraffin-type. Properties of these organoclays
have been listed in Table 7.1. For the lateral bilayer arranged species, after annealing with
PB3200 basal spacing of all the three organoclays decreased, indicating that their layered
structures collapsed and that no polymer chain intercalated into their interlayer areas. The
collapse was attributed to transformation from the bilayer to monolayer arrangement
occurred during the melt annealing. The transformation led to increased confinement
exerted on the polymer chains and increased organic coverage on the silicate surface
(more surfactant coverage on the silicate surface for monolayer arrangement is expected
than bilayer). Facing the increased entropic barrier and decreased driving force, the
polymer chains were considered to be restricted from diffusing into gallery areas of these
organoclays. C30B included two hydroxyl groups per surfactant molecule which were
chosen in the hopes to increase the intercalation driving force. However, the possible

esterification of the hydroxyl groups with MA-PP was not able to compensate the driving
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force loss due to the increased organic coverage and the entropic penalty due to the
decreased interlayer distance. Therefore, for the lateral bilayer structure, properties of

surfactant appeared little effect on the intercalation.

For paraffin-type arrangements which exhibit larger basal spacing than the lateral
bilayer, the intercalation barrier was less. On the other hand, for similar CEC values the
organic coverage over a silicate surface for lateral arrangement is larger than that for the
paraffinic, i.e. paraffin-type organoclay can provide larger silicate surface to interact with
the MA-PP intercalant. Therefore, the intercalation was expected more readily to occur
with organoclays having paraffinic structure. The aforementioned C20A is a paraffin-type
organoclay that proves to be able to be intercalated by Li6252 and PB3200. THMA is
also of paraffin-type structure and has larger basal spacing than C20A. However, large
interlayer distance of the clay did not result in better intercalation, as the basal spacing of
the clay changed little after the annealing with PB3200 melt based on XRD analysis. The
situation was ascribed to its bulky surfactant molecule (three alkyl chains in one
molecule). CEC values of THMA and C20A were identical; thus, the bulky surfactant
molecule meant more organic loading (Table 7.1) and more dense packing resulting in
higher organic coverage of the silicate surface decreased favorable enthalpic interactions

with the compatibilizer, the major intercalation driving force.

XRD analysis on the five organoclay masterbatches seems to point to a fact that
organic coverage of the silicate surface is the major factor that influences the intercalation.
It is true that in comparison with the paraffin-type arrangement, lateral structures (mono-

or bi-layer) are of smaller basal spacing, offering more entropic penalty for the
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intercalation. However, the lateral arrangement also means more organic coverage over
the silicate surface than the paraffin-type when their CEC values are identical. Common
feature of the four organoclays which did not exhibit intercalation by PB3200 based on
XRD analysis was that they had higher surfactant coverage on the silicate surface. In
order to add more evidence to the fact, a commercial unmodified MMT, Cloisite Na*
(CNa"), a sodium MMT (see Table 7.1), was annealed with PB3200 at the same
conditions as those organoclays. Though its basal spacing was only 12.1 A, much smaller
than those organoclays, XRD analysis of the masterbatch shows that (001) plane
diffraction peak disappeared, indicating that the clay in the masterbatch lost its ordered
structure. Therefore, we may make a conclusion that exposed silicate surface plays a key
role in the compatibilizer/clay intercalation. The more silicate surface exposed, the more
powerful the intercalation driving force, and therefore the more possible for the

intercalation.

7.3.3 Role of scCO; in the intercalation process

As discussed in Section 7.2, scCO; can cause surfactant in an organoclay
rearranged and dissolve in MA-PP and TPO melts. Therefore, it is expected that the
nanofiller/compatibilizer intercalation or dispersion of the nanofiller in the compatibilized
TPO matrix would be influenced when the nanocomposite processing is performed under
an environment of scCO,. Positive effect has been observed by our group and other
researchers [16-20]. However, details of the scCOj-aid mechanism have not been
revealed previously. After a series of studies, we basically understand how the
supercritical fluid works in aiding dispersion of organoclay in a polymer matrix. We also
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know from a series of studies that pre-treatment of clays with scCO, can have a negative
outcome on final material properties, which may further aid us in understanding the
mechanism. Qur discussions on role of scCO;, here in this section are limited to the

compatibilizer/organoclay interactions.

When a mixture of compatibilizer and organoclay is exposed to an environment of
scCO,, the supercritical fluid interacts with surfactant, silicate surface and compatibilizer
simultaneously. The surfactant of the organoclay starts to rearrange while the polymer
compatibilizer is plasticized and starts to access the silicate galleries. A competition arises
since surfactant rearrangement will result in more of the silicate surface being organically
covered which shields it from other chemical interactions such as with the MA-PP (i.e.
reduced enthalpic driving force for intercalation), while the surfactant rearrangement also
impacts basal spacing. For instance, FTIR analysis showed that ester absorbance at ~
1740 cm™ for THMA did not change, but the absorption intensities for C20A, ODTA and
DDDA decreased due to presence of scCO, during the melt annealing. The dissolved gas
will also increase the free volume of the polymer melt, increasing chain mobility and
decreasing the entropic penalty of intercalation as an extended chain state becomes more
permissible [21]. In the case of C20A, the rearrangement leads to an increase in basal
spacing which is beneficial to reducing the entropic barrier against intercalation. In terms
of the broken plane at the edge of the silicate stacks where esterification with MA-PP
predominantly occurs, with migrating of the surfactant from the periphery area into the
galleries there is less surfactant to impede access of the polymer chains onto the silicate

surface. We know this competition for C20A still favours intercalation when occurring
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simultaneously, as the reduced enthalpic driving force on silicate layer surface is
adequately compensated by the reduced entropy penalty against chain confinement and
the increased chemical interaction occurred on edge area. Four points of evidence direct
us to make this statement, 1) larger basal spacing or more disordered of the clay in the
PB3200 masterbatch prepared under scCO, (XRD results), 2) smaller average tactoid
thickness of the clay in the scCO;-based masterbatch (TEM results), 3) the MA-PP to
disorganize the surfactant structure from its all-trans state in C20A only when the scCO;
was present meaning its chains deeply penetrated the silicate galleries only for this case
(’3C NMR results), and 4) performance of s-C20A, C20A pretreated with scCO,, that the
compatibilizer did not adequately associate with the silicate surface, as noted by
significant drop in mechanical and rheological properties of TPO nanocomposites
prepared using the pretreated C20A (s-C20A). Therefore, a net aiding effect of scCO; to
intercalation is exhibited. Figure 7.5 schematically shows the complicated intercalation
process. We should stipulate here though, that this benefit only occurs for intercalation
and not necessarily for exfoliation which will be discussed later. Essentially, we state that

scCO; is an intercalation aid and not an exfoliation aid as originally thought.

In regard to the compatibilizer/organoclay masterbatch, the scCO, aiding effect
described above only occurred to C20A. For the three lateral-arranged organoclays
(ODTA, DDDA and C30B), surfactant mobility under scCO, allowed the surfactant to
coordinate with the silicate plane, laying flat such that a transition from bilayer to
monolayer arrangement occurred. That is, the presence of scCO, caused not only an

increase in organic coverage of silicate surface but also decrease in the basal spacing of
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the silicate stack for these clays. Apparently, mobility gains and possible solvation of
MA-PP chains under scCO; were not able to overcome the entropic barrier imposed by
shrinking of the layer stacks as well as the driving force loss due to increased organic
coverage over the silicate surface. The supercritical fluid in these cases was ineffective to
improve intercalation. For the other paraffin-type organoclay, THMA, due to its highly
packed surfactant the tilt angle of the alkyl tails was close to 90°. In spite of being under
an environment of scCO,, the clay structure changed little. The highly packed surfactant
molecules were felt to sterically prevent polymer chains from accessing the silicate
surface. With no occurrence of surfactant rearrangement due to its dense surfactant
packing already and no change in basal spacing, the clay remained unaffected by the
scCO; in this case and so intercalation remained limited to the broken plane where chain
access was permitted. Intercalation and exfoliation of this clay proceeded as normal,

unaffected by the use of the supercritical fluid but not deterred by it either.

Since one way of the scCO, intercalation-aiding effect is through plasticization or
solvation of the MA-PP chains, intercalation for the MA-PP with high molecular weight
and low MA content (PB3002) which was difficult when the supercritical gas was not
present may become permissible. XRD analysis on the PB3002/C20A masterbatch
showed that diffraction peak position of the clay in the N,-based sample had no change
(compared to its pristine state); however basal spacing of the clay in the scCO,-based
sample increased. Among the three MA-PPs studied, the most sensitive to the effects of
scCO, was PB3200 for which a larger increase in basal spacing was found due to

presence of the supercritical gas. Actually, for the scCO,-based PB3200/C20A
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masterbatch, the clay was not only intercalated but also partially exfoliated, i.e. part of the
clay lost its ordered structure, as determined by XRD and TEM analyses. As for Li6252,
since low molecular weight and high MA content already makes its chains active enough
and the Li6252/C20A masterbatch exfoliated, apparently there would not be a difference

between scCO; and N,.

7.4 TPO NANOCOMPOSITES MADE FROM

7.4.1 Original materials

The interpretations of the mechanism in this section pertain to work done jointly
with Mr. Zijin Zhuang. A paper based on this work is appended (ref to Appendix A). All

analysis of the mechanism was specifically done by myself.

Effect of scCO, when preparing the complete formulation for a TPO
nanocomposites was first examined by directly injecting the supercritical fluid into a
mixing device (single screw extruder and/or twin a twin screw extruder) where the three
components, matrix, compatibilizer and nanofiller, were melt compounded. There are
reports stating that the injected supercritical fluid improved intercalation and exfoliation
of the prepared nanocomposites [18, 22-23]. Unfortunately, our results could not confirm
their conclusions. Our studies, compared to a reference environment of N,, showed that
injection of scCO; into the melt flow did not increase the storage modulus of the TPO
nanocomposite melt; the storage modulus usually correlates well with the flexural
modulus of a material. Rather this property in the low frequency range appeared to

deteriorate. It is believed that viscosity of the polymer melt decreased due to addition of
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the supercritical fluid. Shear stresses play a key role in the delamination of layer-stacked
clay particles during melt compounding and generally speaking, a higher extent of
exfoliation will be reflected by an increase in the storage modulus especially at low
oscillatory shear frequencies. The introduction of scCO; to the TPO and MA-PP polymer
phases would be expected to increase inter-chain distance and free volume, and reduce
inter-chain interactions thus limiting shear transmission during the particle delamination.
Supercritical CO; can also negatively impact the modulus of the final nanocomposite
when initially given unfettered access to the clay before all other components are added
(referred to as pre-treated clay) but that will be discussed in detail in the follow section.
This issue was not in play for the present results since all components were added

simultaneously.

7.4.2 Supercritical CO; pretreated orgnaoclay

Pre-treating the organoclay involves exposing it to a supercritical fluid
environment without other polymer components, with the expectation of fracturing
structure into individual platelets or at least swelling it by rapidly releasing the gas after a
prolonged equilibrium time. The expanded clay species is then melt compounded into the
matrix polymer of a nanocomposite. Reports show that exfoliation of nanocomposites
prepared using this technique was improved [19-20]. The prepared clay maintained a
structured, but swollen structure as indicated by XRD but its ordered crystalline pattern
was lost upon compounding into our polyolefin matrix — lost more readily than pristine
organoclay since it no longer required a compatibilizer to fracture under the shear stresses
of the extrusion. However, the pre-treated organoclay did not result in better silicate
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platelet dispersion within the final TPO nanocomposite than the organoclay used in its
pristine state. XRD may have observed no (001) diffraction peak which indicates an
absence of ordered structure; however, TEM studies found that the separated silicate
platelets were agglomerated; and rheological analysis confirmed that the storage modulus
of the nanocomposite significantly dropped in the low shear rate region — being closer in
stiffness to a unreinforced TPO. The increased organic coverage of silicate surface arising
from surfactant rearrangement under environment of scCO, is believed to be responsible
for the decreased level of desired exfoliation (i.e. disordered exfoliation where individual
platelets are well separated from one another). Reduced exposure to the oxygen plane
meant fewer sites for interaction with compatibilizer. The importance of surfactant
coverage is a new concept in the nanocomposite field and points to why only some
organoclays are successful in commercialization of nanocomposites despite seemingly
favourable oleophilic surfactants being used. The result of the reduced interactions with
MA-PP was lost in compatibility at least partially, leading to phase separation of the
silicate particles in the TPO nanocomposite. Additionally, in the phase separated
composite, MA-PP would act as plasticizer when shear stress was applied to the
composite. Therefore, pre-treatment of organoclay alone using scCO, has proven

inefficient.

7.4.3 MA-PP/Organoclay Masterbatch

The idea of batch processing the mixture of MA-PP and organoclay in the
presence of scCO; before melt compounding with TPO matrix was favoured by our group
based on the evidence above. It was expected that batch processing would allow for
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compatibilizer chains to diffuse into gallery areas of the stacked layers resulting in an
intercalated or exfoliated morphology in a masterbatch material. Then in a shear stress
flow field undiluted by the plasticizing effects of scCO,, the intercalated silicate particles
would delaminate readily into the TPO melt. Due to good compatibility of the
compatibilizer with both organoclay and the matrix polymer, a thermodynamically stable
TPO nanocomposite can be acquired. Our experimental results support this approach as
being better than mixing all components together under scCO; or pre-treating the clay.
Compared to the N, control environment, the level of exfoliation in nanocomposite
prepared from scCO;-based masterbatch was significantly improved. For instance, in
comparison with the Nj-based nanocomposite the storage modulus of the scCO,-based
TPO nanocomposite at shear rate of 0.3 rad/s increased more than 75%. Of course,
preparing a compatibilizer-clay masterbatch in the absence of shear presents problems in
itself since the long time to melt and anneal the polymer can lead to thermo-degradation.
The complicated issue in that regards is whether a more intercalated, thermodynamically
stable masterbatch arises from the clay and compatibilizer first melting under the scCO;
and then being mixed in the same environment, or first being melt mixed together and

then further mixed under scCQO..

7.4.4 MA-PP/organoclay masterbatch prepared using cosolvent

Water or ethanol has good affinity with the silicate surface of MMT as well as
MA-PP and CO,. Therefore, their addition to the scCO, aided mixing system is thought to
increase the masterbatch intercalation and thereafter, bring about improved exfoliation
and dispersion of TPO nanocomposite. Therefore, water and ethanol were tested as
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cosolvents to the supercritical gas expecting that exfoliation of organoclay in the TPO
nanocomposite could be improved. These two solvents were chosen as both are
environmental benign and would be more acceptable to an industrial operation.
Enhancement in chemical interactions between the organoclay and compatibilizer by the
two cosolvents was confirmed with regards to changes in the FTIR spectra. XRD and
solid state >C NMR analyses for the masterbatches prepared using the two cosolvents
proved significant improvement occurred from their intercalation. TPO nanocomposites
prepared from the highly intercalated masterbatches showed that both cosolvents were
able to improve exfoliation and dispersion of the silicate tactoids or individual sheets in
the TPO nanocomposite. Ethanol produced a higher extent of exfoliation compared to
water or plain scCO; due to its reaction ability with the grafted anhydride groups on MA-
PP. The ethyl esterification can swell the clay stacks further, reducing the intercalation
barriers. On the other hand, the ester-connected ethyl groups increased the favourable
enthalpy interaction between the compatibilizer and alkyl chains of the surfactant, which
increased not only the intercalation driving force but also compatibility with the nanofiller
in the TPO nanocomposite. Therefore, the ethanol-aided TPO nanocmposites exhibited

the best exfoliation and percolating network of the clay platelets.

7.5 STRATEGY RECOMMENDED

Based on these understandings, now we are able to come up with suggestions for
industrial use. Supercritical CO, is an efficient aiding agent in the processing of
thermoplastic elastomer nanocomposites. However, the way of applying the solvent to
the processing route is the key to retaining value for the added processing costs.
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Concentrating the supercritical solvent at the compatibilizer/clay interface is an effective
technique. Adding small amount of water or ethanol to the bulk scCO, environment can
significantly improve dispersion of silicate sheets in the TPO nanocomposite.
Considering the difficulty in maintaining a high pressure in the available mixing device in
industry in order to keep CO; in supercritical state, water or ethanol, especially the latter,
may be used as an alternative solvent instead of the supercritical gas. Their aiding effect
as an independent solvent may be equivalent or even better than the plain scCO,,

especially ethanol.
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Chapter 8

Conclusions, Contributions and Recommendations

8.1 CONCLUSIONS

Major conclusions from this research are summarized as follows:

The plasticization hypothésis was proven valid for our TPO nanocomposites.
Firstly, supercritical CO, can increase intercalation ability of a maleated polypropylene,
though the aiding effect apparently depends on molecular sized and anhydride content. A
maleated polypropylene with moderate molecular weight and anhydride content appeared
most sensitive to the supercritical gas. Secondly, supercritical CO, demonstrates a
significant improvement on the level of exfoliation for Cloisite 20A in a TPO
nanocomposite, and concentrating CO, at the compatibilizer/clay interface can achieve
more effective than when the polymer components are annealed separately from the clay
before mixing or when all components of the nanocomposite formulation are heated

together.
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The fracturing hypothesis was shown only valid when the organoclay was
processed alone and not for the compatibilizer/organoclay intercalation or exfoliation into
the TPO nanocomposite. Rapid depressurization does lead to organoclay expansion;
however, pre-swelling or separating silicate platelets of the organoclay using the
supercritical gas does not readily improve dispersion of the clay in its TPO
nanocomposite. Increased organic coverage on the silicate surface due to the scCO, pre-
treatment notably increases agglomeration of the expanded or separated clay in the TPO
matrix. The pre-treatment appears to diminish the interfacial stability of the dispersed
filler when the compatibilizer has limited access by its functional group to interact with

silicate surface.

Paraffinic arrangements for an alkyl surfactant can offer more effective access of
the compatibilizer functionality to the silicate than lateral monolayer or bilayer
arrangements due to their relatively larger basal spacing. However, organic coverage on
silicate surface is a more important factor that influences intercalation. Higher organic

coverage on silicate surface for an organoclay decreases the driving force for intercalation.

Plasticization of organic surfactant by supercritical CO, without simultaneous
competition for sites by a compatibilizer results in increased organic coverage over the

silicate surface of a modified clay.

Adding water or ethanol to the scCO,-aided melt processing can significantly
improve the driving forces leading to intercalation through increased chemical

associations between the compatibilizer and organoclay. The result was a higher level of
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the compatibilizer/organoclay intercalation and thereby better exfoliation and dispersion
of the TPO nanocomposite. Water displayed an ability to enhance the carboxylation
occurring between the compatibilizer and organoclay. Ethanol directly reacted with the

compatibilizer generating ester bonding.

When used alone as solvents in the melt processing, either water or ethanol can
achieve equivalent and in some cases, better results over scCO, or conventional melt

intercalation practices in terms of exfoliation and dispersion within a TPO nanocomposite.

8.2 CONTRIBUTIONS TO KNOWLEDGE

The important contributions of this research are as follows:

» Systematically studied how supercritical CO, aids intercalation, exfoliation and
dispersion of organically modified montmorillonite in a thermoplastic olefinic
polymer matrix. The studies include how the supercritical fluid interacts with the
silicate nanofiller (for Jinling Liu’s Masters degree), how it influences interactions
between silicate layers and maleated polypropylene that is used as compatibilizer
in the TPO nanocomposite, and how it promotes exfoliation and dispersion of the

nanofiller in the nanocomposite during the processing.

» Basically understood mechanism of supercritical CO, aiding dispersion of

organoclays in TPO nanocomposites in the melt compounding process.
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» Clarified that supercritical CO, is an intercalation aid rather than an exfoliating aid.
The latter is a general view in literature about supercritical CO; in aiding

exfoliation and dispersion of polymer layered silicate nanocomposites.

» Advanced a new concept of the importance of organic coverage on silicate layers
in the field of polymer layered silicate nanocomposites. The new concept
reasonably explains why only some organoclays are successful in

commercialization of nanocomposites.

» Revealed that for analyzing microstructure of a polymer layered silicate
nanocomposite rheological measurement is more effective than XRD and TEM,
which are usually considered two traditional and complementary methods.

Actually, rheology is more strongly affected by the clay-polymer interaction.

8.3 RECOMMENDATIONS FOR FUTURE WORK

Small scale experiments have shown that for TPO/layered silicate nanocomposites
high level of exfoliation can be achieved using this two-step processing technique: melt
annealing the compatibilizer/orgnaoclay mixture under environment of scCO, to make a
masterbatch and then melt compounding the masterbatch with the TPO matrix without
scCO;. In order for industrial applications, larger scale experiments are recommended.
The melt annealing can be performed in batch or continuously. For continuous melt
annealing, a long residence time is necessary because it allows for sufficient time for the
compatibilizer/clay intercalation. In compounding the masterbatch with TPO melt, scCO,

is not necessary. More trials on adding water or ethanol as a cosolvent to scCO, in the
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annealing step may be needed to confirm their aiding effects obtained from the small

scale experiments performed by Jinling Liu.

Since in the small scale experiments water and ethanol, especially ethanol, when
used as sole solvent, appeared equivalent and even better aiding effect than scCO, it is
strongly recommended that further experiments on the two liquids. Use either of them as
a sole solvent in the nanocomposite processing may generate surprising results.
Importantly, substituting scCO, with water or ethanol in the nanocomposite processing is
meaningful to the industry because high pressure processing condition that is necessary to

maintain CO; at supercritical state can be avoided.
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Appendix A

Supercritical CO, as an Exfoliating Aid for Nanocomposite
Preparation: Comparison of Different Processing

Methodologies

This is a paper based on the work done in collaboration with Mr. Zijin Zhuang (a Masters
candidate in the group). Jinling Liu made about one third contribution to this work. The
paper is to be submitted to a technical journal and is used to discuss the mechanism of

scCO; in Chapter 7.
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ABSTRACT

This paper examines the potential for several new methods using supercritical
CO; as a processing aid to produce a more highly exfoliated polyolefin-layered silicate
nanocomposite than the conventional melt intercalation technique. The methods varied
the manner in which the plasticizing behavior of CO; influences the surfactant of an
organoclay, a compatibilizer and the matrix during preparation of a polyolefin
nanocomposite. The results have shown that targeting CQO, to the organoclay-
compatibilizer interface can benefit the extent of intercalation achievable but showed
lower performance when introduced predominantly to the matrix or neat organoclay.
Carbon dioxide exposure directly to the neat organoclay leads to a crystal structure more
easily susceptible to fracture in a shear field yet this same pre-treated clay did not display
the anticipated increase in modulus for being a highly exfoliated system. Conversely,
CO; exposure predominantly to the matrix reduces the extent of clay dispersion,
producing a material equivalent or worse (in terms of exfoliation) than if the gas was
never present. In general, the different techniques for CO, did bring about greater
structural changes to the organoclay, but the stiffness of the produced materials was lower

than simply following a conventional melt intercalation approach.

Al INTRODUCTION

The organic modification of natural (and synthetic) clay minerals has led to the

development of a new field of polymer-matrix composites, referred to as polymer-layered
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silicate (PLS) nanocomposites. Organic surfactant replaces the balancing inorganic
cations naturally present within the interlayer spaces between the sheet-like layers making
up aluminosilicate mineral like montmorilionite (MMT). As a result of the cation
exchange, the swollen organoclay is made more compatible with polymers and
experiences greater susceptibility to guest intercalation and exfoliation [1-4]. Dispersion
of the nanoscale exfoliated silicate layers (sheets) within a polyolefin matrix is anticipated
to generate a light-weight, strong material with lower thermal expansion and higher heat

distortion properties compared to conventional composite materials.

There is great industrial potential for such a nanocomposite provided it can be
economically prepared and maintain a stable dispersion through subsequent processing.
However, compounding practices used for conventional composites based on addition of
interfacial modifying additives and tailoring the specific mechanical energy of the process
have not yet yielded satisfactory results for nanoscale organoclay dispersion in a
polyolefin matrix [5]. It is common to see reported results in the literature [6-8] of
dispersed nanoclay particles within polypropylene and thermoplastic polyolefins (TPO)
retaining their well-ordered layered structure, albeit smaller in dimension after
compounding. To reach the much coveted fully exfoliated morphology, researchers are
now looking to unconventional approaches to overcome the thermodynamic barrier.
Several new processes recently disclosed in the literature to aid disruption of the clay
structure have included applying an electrical field [9, 10], use of high-energy ultrasound
[11, 12], and injection of supercritical carbon dioxide (scCO;) [13-23]. The latter has

generated the most interest as it is readily adapted to the polymer industry.
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Among the technologies using scCO; as an exfoliating aid, there are four unique
approaches presently found in patent and published literature. In all cases, the focus of
these methods is upon the supercritical fluid improving organoclay dispersion and not
allowing the carbon dioxide to foam the extruded product. Each of the methods discussed
here prepare the nanocomposite in bulk via melt intercalation, though with the solvent
contributions of scCO; in the process it would seem more appropriate to refer to this as a
hybid intercalation approach. The different methods are: i) direct gas injection, where
scCO; is injected into the extruder at a downstream location after all components of the
composite material have been compounded together [14, 20, 23]; ii) pre-treated
organoclay, where the organoclay is batch processed offline as a suspension in the
supercritical fluid and subsequently removed by rapid depressurization before being
added to» the compounding process in the same manner as a standard organoclay (scCO;
gas may or may not be added to the extruder as well in the same manner as the direct gas
injection method) [13, 16, 17]; iii) continuously fed pretreated organoclay, where the
second method is performed continuously with the pre-treated clay experiencing rapid
depressurization at the addition zone of the extruder [18]; and finally iv) organoclay-
scCO; suspension, where organoclay enters the extrusion process in the supercritical fluid
and is incorporated into the polymer melt stream while still at an elevated temperature
and pressure corresponding to the critical state of the gas [19]. The first approach is most
familiar to the polymer foams industry but here the gas is affecting all components in the
composition equally without any control. The second approach targets the influence of

the gas specifically to the organoclay but being batch in nature may not be conducive for

196



PhD Thesis —J. Liu  McMaster — Chemical Engineering  January 2011

use in a compounding facility. The latter two approaches represent complex technologies
involving the bulk conveying of cohesive solids (Geldart Group C class materials) under
extremely high pressures (greater than 7.5 MPa) and elevated temperature (greater than
32°C) and could not be examined in our study. However, an alternative approach is
proposed in this paper whereby the organoclay and compatibilizer are pre-conditioned
together under supercritical conditions and injected continuously into the extruder as a
molten fluid while being maintained above the critical state. The new approach avoids
complications related to bulk solids conveying and is similar in its objectives to the
approaches of Ottaviani [19] and Garcia-Leiner [22] but experiences its own difficulties
related to thermo-degradation, as will be discussed. This final approach is referred to as

masterbatch-scCO; injection.

This paper explores the benefits to the different approaches of using scCO; as an
exfoliating aid in the preparation of polyolefin-layered silicate nanocomposites. The
approaches of the direct injection method, pre-treated organoclay method, and
masterbatch-scCO; injection method will be compared as each targets the gas influence to
different components in the composition, and the resulting mechanical and rheological
properties based on the developed clay dispersion in the final product will be measured.
The work evaluates the capacity of these different technologies to delaminate the
organoclay to a greater extent than the traditional route without use of CO,, and
determine whether more exfoliated materials necessarily translate to better properties in

all cases.
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A2 EXPERIMENTAL

Materials

A 13 MFR thermoplastic polyolefin (TPO) supplied by LyondellBasell (Lansing,
MI) was selected for this study as the matrix. Pellets of the TPO material were used
directly without any further treatment. A commercial maleated polypropylene (MA-PP)
compatibilizer, Polybond® 3200 (PB3200) from Chemtura Corporation (West Lafayette,
IN) was selected. This compatibilizer has sufficient molecular weight to minimize any
losses in mechanical properties by its addition to the polymer matrix and demonstrates
plasticization in the presence of supercritical CO, sufficient to aid intercalation [24]. For
the masterbatch-scCO, method, pellets of the MA-PP were ground cryogenically by
Ingenia Polymers (Brantford, ON) into powder to minimize segregation as it was mixed
with the organoclay. Other properties of the MA-PP have been reported in a previous
study [24]. Though some scCO, technologies propose that the addition of the
compatibilizer is not necessary to prepare exfoliated clay nanocomposites, this work
primarily compares materials with the same composition; the formulation of the prepared
PLS nanocomposite was 90:5:5 (wt%) for the matrix, compatibilizer, and organoclay,

respectively.

Cloisite 20A® (C20A) from Southern Clay Products (Gonzales, TX) was the
selected organoclay for this study based on its high CO,-philicity compared to other
species tested in earlier work [25, 26]; the properties of C20A are well documented in

those studies. The basal spacing of the as-supplied organoclay was 25.8 A afforded by a
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paraffin-type surface arrangement of its dialkyl ammonium surfactant. No further
purification of the organoclay was done prior to use in the study. Table Al provides a

summary of select properties for the organoclay.

Table A1 Properties of the Organic Modified Montmorillonite

Surfactant Surfactant content  Surfactant melting d-spacing
structure (wt %) range (°C) (A)
(CH3), (HT),N*CI 38.5+0.2 25-60 25.8

*HT= hydrogenated tallow (C,3 ~65%; C6 ~30%; Ci4 ~5%).

The carbon dioxide and nitrogen gases used in the experiments were supplied by

Air Liquide Canada Inc. (Burlington, ON) at 99.5% and 99.995% purity, respectively.
Preparation of the pre-treated organoclay

In accordance with the described method [16, 17], 15 g organoclay was placed in
a 300 ml high pressure batch vessel which had been heated to 80°C (above the melting
point of the surfactant). The sealed vessel was pressurized to 11.7 MPa with CO; (above
its critical state) using a Teledyne-ISCO 260D syringe pump and the clay was allowed to
equilibrate in that environment for 5 hours. The vessel was connected to a large 40 L
polyethylene drum through a 12mm dia. ball valve (Swagelok). Upon conclusion of the
experiment, the vessel was rapidly depressurized in less than 1 sec, and all material was

allow to cool before being collected. The preparation was repeated till 1 kg of pre-treated
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organoclay had been produced and then all material was stored in a dessicator till ready

for the compounding step. This organoclay is designated as s-C20A in this paper.

Machinery

The compounding trials were predominantly conducted on a 40 L/D 27-mm ZSE
HP co-rotating intermeshing twin screw extruder (TSE) from the American Leistritz
Extruder Corporation. A pair of gravimetric feeders, a K-Tron F-1 and Brabender
DDSR-2, were used for the addition of dry solids to the process. All samples extruded
were strand cut using a Conair pelletizer. The screw design used in the machine is shown
in Figure A1, comprised of both intensive shear kneading zones and more moderate shear

distributive mixing zones.

Some trials under the masterbatch-scCQO; injection method were done in a 28 L/D
50mm single screw extruder (SSE) from the Davis-Standard Corporation in place of the
TSE for compounding. For this machine, a DSB-I moderate work barrier screw with
spiral UCC mixer was used and a valved die adapter was attached to control
pressure/output rate. Side addition of components was done at the end of the barrier zone

of the screw (6 L/D before the breaker plate) under pressure.

The direct injection of gas into the twin screw extruder was done using an
injection stem with a 1.5mm diameter outlet hole. High pressure tubing from High
Pressure Equipment Co. connected the stem to a Teledyne-ISCO 260D syringe pump.
The injection of organoclay and molten MA-PP under scCO, conditions for the

masterbatch-scCO; method was done using a specially constructed ram extruder. This
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system was found suitable to meter the two components into the compounding process at
high temperature and high pressure without excessive CO; being needed; addition of high
gas content into an extruder diminishes output stability and leads to issues with polymer
sputtering from the die. The apparatus, shown in Figure A2, had a heater band that was
controlled by either the TSE or SSE drive panel and contains tapped holes to receive
pressurized gas from the syringe pump and measure pressure (by a Dynisco PT462 melt
pressure transducer). The ram assembly was mounted next to the designated extruder
(TSE or SSE) and attached to the chosen barrel zone using a heated adapter pipe.
Metering of the molten masterbatch under scCO; into the process was controlled by a

screw-driven ram calibrated to meet the desired output rate.
Direct Organoclay Addition Processes

Three different methods fall under this procedure with minor differences in the
steps of the synthesis. In all cases, a first pass through the TSE involved the TPO and an
organoclay (either C20A or s-C20A) being mixed together after addition at the feed throat.
The barrel temperature profile was 120-163-170-170-170-170-190-200-200°C and the die
was set to 200°C. The screw speed was 120 RPM and the vent zone was open to
atmosphere. In the absence of the compatibilizer the C20A was homogeneously
dispersed without exfoliation, which was confirmed by XRD and TEM analysis; s-C20A
demonstrated some exfoliation as will be discussed in the results. The first step was
necessary to adequately disperse the organoclay since the second passes required much
lower barrel temperatures to achieve pressures suitable to maintain CO; in its supercritical

state.
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The second pass differed to some degree based on the objective of the sample and
method being tested. In all cases, pellets of the TPO/organoclay mixture were tumble
blended with MA-PP pellets and added to the gravimetric feeder located at the feed
opening. To reach a pressure of 8.4 MPa in the melt at the injection zone (Zone 4) over
the mixing elements, the barrel profile was set to 120-130-105-105-105-145-190-200-
200°C (and 200°C for the die temperature). A screw speed of 50 RPM was the maximum
possible based on motor demand, as the barrel temperatures in the mixing region were
60°C below the DSC determined melting temperature of the matrix and compatibilizer.
Maintaining a molten state for mixing was solely dependent upon the mechanical energy
supplied by the motor (90% of full load amps under steady conditions). The samples
collected by this procedure are listed in Table A2 along with their conditions for
processing. The sample C20-C-TSE-0 is considered representative of conventional
processing by melt intercalation (i.e. no CO; processing aid) and will be used as a control

in our studies.

Table A2 Prepared materials by direct organoclay addition

Sample Pass/Pass C20A s-C20A CO, (w/}v%
(Wt%) (wt%) formulation)
C20-C-TSE-0 TSE/TSE 5 0
C20-DG-TSE-4CS8 TSE/TSE 5 4
sC20-C-TSE-0 TSE/TSE 5 0
sC20-DG-TSE-4C8 TSE/TSE 5 4
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Organoclay Addition by Ram Extruder Assembly

In unpublished work by this research group it has been found that the TPO matrix
should not be present to maximize the plasticizing benefit of the gas for intercalation of
the compatibilizer into the galleries of our organoclay. The presence of the TPO matrix
too early in the process would seem to reduce the concentration of the plasticizer at the
clay interface with the compatibilizer, and the full intercalation of MA-PP chains into
clay galleries found previously with scCO; [24] does not occur. It is expected that
readers are familiar with the theorized steps leading to an exfoliated structure based on

intercalation and delamination, which are well outlined by the research group of Paul [27].

For this processing method, a mixture of C20A and MA-PP powder was tumble
blended for 5 minutes and then added into the ram extruder assembly. The system was
pressurized with 8.4 MPa CO, while being heated for 80 minutes till the core temperature
reached 180°C; the syringe pump controller maintained the desired pressure level
throughout the heating procedure. The TSE injection site for the ram assembly was Zone
4 which was the same location as used for direct gas injection in the previous method.
The difficulty in this approach was that the barrel zone could not be lowered in
temperature as before to build up pressure else the injected molten MA-PP solidified. The
barrel profile in this case was 120-130-105-170-105-120-190-200-200°C (same die
temperature as earlier stated). Due to the high barrel temperature at Zone 4, the pressure
at the site of injection only reached 5.86 MPa (sub-critical), but the pressure increased
again for the melt in the later barrel zones 5-6 where mixing continued. The screw speed

held the same as the direct addition trials, using 50 RPM. Two samples from this
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procedure were collected, one under scCO, while the second was unaided by the CO,
plasticizer but maintained under a lower pressure (4 MPa) of nitrogen to reduce the
effects of thermal degradation during heating of the mass in the ram assembly. The

samples and their preparation conditions are listed in Table A3.

Table A3 Samples prepared by masterbatch-scCO, method in TSE

Gas Annealing Injecting
Sample Pass/Pass environment pressure (MPa) pressure (MPa)
C20-MSC-TSE-N4 TSE/ - N, 4.1 4.1
C20-MSC-TSE-C6 TSE/ - CO, 8.3 5.9

Due to difficulties in injecting the masterbatch-scCO, mixture into the molten
TPO while maintaining conditions at the site of addition above the critical state in the
TSE, a SSE was also tested in the study. The mixing in the SSE was considerably poorer
compared to the TSE but it offered better pressurization capabilities to see whether the
plasticizing effect of CO, needed to necessarily follow into the compounding machinery
along with the masterbatch. A flat barrel profile of 170°C and screw speed of 20 RPM
was used. As the material was injected the pressure in the ram assembly dropped to 6.9
MPa though the head pressure of the SSE was maintained at 8.4 MPa. Half of the samples
from the SSE received a second pass through the TSE at 50 RPM and barrel profile of
120-163-170-170-170-170-190-200-200°C (with no gas present). The pass through the

TSE offered the potential to address whether a higher extent of exfoliation could be
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achieved if more shear was subsequently applied to the compounded materials. A list of

the samples prepared is given in Table A4.

Table A4 Samples prepared by masterbatch-scCO; method in SSE/TSE

Gas Annealing Injecting

Sample Pass/Pass environment pressure (MPa) pressure MPa

C20-MSC-SSE-N4 SSE/ - N, 4.1 4.1

C20-MSC-SSE-N4-TSE  SSE/TSE

C20-MSC-SSE-C7 SSE/ - CO, 83 6.9

C20-MSC-SSE-C7-TSE  SSE/TSE

Characterizations

The clay content in each sample was determined by measuring the ash content
after burning off the organic material in muffle furnace at 600°C for 1 hour. These values
were corrected for the original organic content of the organoclay. Standard error in the
measurement was found to be 7% based on triplicate samples. The thermal characteristics
of the organoclay given in Table Al were evaluated by modulating differential scanning
calorimetry (TA Instruments Q200). Two consecutive heating/cooling cycles with a ramp
rate of 10°C/min were performed on a specimen over a temperature range from -20°C to
150°C under a nitrogen atmosphere. To improve peak resolution of the detected

transition a modulated heating condition of £1°C/60 s was selected.
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The crystal structure of the modified clay, organoclay/compatibilizer masterbatch
and prepared nanocomposite was characterized by powder X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD analyzes were performed using a Bruker
D8 diffractometer with Cu K, radiation (A = 1.5407 ;\). This analysis was carried out
using an accelerating voltage of 40kV and a current of 20mA. TEM micrographs were
collected from a JEOL 1200 EX TEMSCAN microscope operating at an accelerating
voltage of 80kV and magnifications of 60,000x and 200,000x. Samples were microtomed
with a diamond knife into thin sections approximately 70 nm thick and mounted on a

carbon grid.

The rheological properties of the nanocomposite samples were evaluated using an
ARES parallel plate theometer (TA Instruments). A constant strain of 1.5% was chosen
for the measurements based on the determined linear viscoelastic region from strain
sweep testing. The tests were conducted at 200°C over a frequency range of o = 0.1-100

rad/s.

A3 RESULTS AND DISCUSSIONS

Among the different methods of CO; injection tested in this work, the least
complicated was the pretreated organoclay approach since there were no concerns
regarding its addition to an on-going compounding process. The CO,-treated clay (s-
C20A) could be added just as a standard organoclay, by the gravimetric feeders.
However, the approach required considerable preparation time, needing more than one

month to generate sufficient filler for the small set of trials examined in this study. Direct

208



PhD Thesis —J. Liu ~ McMaster — Chemical Engineering  January 2011

gas injection was readily implemented in the study with well established understanding
already present in the polymer processing field from foaming technology. The issues
with the approach, as with foaming, are controlling the environment within the extruder
so that the gas dissolves into the melt but does not so significantly plasticize the system so
that the resulting pressure drops below the solubility threshold. The most complicated
process to manage within the study, largely due to the heat needed to keep the
compatibilizer/clay mixture as a fluid, was the masterbatch-scCO, injection approach. It
was unfortunate that the CO; could not be maintained in its supercritical state as the
masterbatch entered the extruder, as was originally hoped. For the TSE the highest
pressure achieved was 5.9 MPa (C20-MSC-TSE-C6) in the mixing zone under the point
of injection while for the SSE a slightly higher condition of 6.9 MPa was achieved (C20-
MSC-SSE-C7). While earlier studies by the group have shown that even at 5.5 MPa the
plasticizing effect of carbon dioxide on the organoclay is significant [25], that same work
noted the effect was greater with higher pressure. The greatest complication for the
masterbatch approach was the long annealing times (80-100 minutes) at elevated
temperature for the mixture in the ram assembly before injection. The time to
conductively heat the entire mass of the mixture above the melting point of the
compatibilizer took longer than desired, with some degradation of the compatibilizer
species noted. Conversely, that annealing stage allowed substantial opportunity for guest
intercalation by the compatibilizer into the organoclay and theoretically should provide

the highest extent of exfoliation under adequate shear conditions. The following are
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results on the microstructure and rheology properties for the produced samples by these

different methods of preparation.
X-ray Diffraction

The diffraction patterns for neat C20A and s-C20A are shown in Figure A3. The
as-supplied C20A organoclay exhibited an intense (001) peak at 20 = 3.4° (26.0 A)
indicating an mixed-layer crystal structure. After annealing in scCO; and rapid
depressurization the basal reflection from s-C20A indicated that minor disruption of the
crystal structure was experienced, noted by the slightly broader doo; peak at 26 = 3.2°
(27.6 A) compared to C20A. Horsch et al [13] similarly noted little change with Cloisite
15A (which has more of the surfactant present than C20A but is otherwise identical) in

their XRD pattern after pre-treatment with scCO,.

Included patterns in Figure A3 are for samples of s-C20A incorporated into TPO
(with no compatibilizer) to show how readily the pretreated clay was disrupted by shear.
For the sample prepared without direct gas addition, a potential shoulder peak was bearly
distinguishable from the baseline at 20 = 3.4°, but otherwise the diffraction pattern
indicated considerable loss of crystalline order in the clay structure. The addition of
direct gas injection appeared to further aid clay dispersion for this pretreated clay with no
notable diffraction pattern observed — though this could also be related to the fact that the
material had now experienced a second pass through the extruder. The fragile structure
of the pre-treated organoclay demonstrated ready exfoliation in the presence of shear,

even in this case without the use of compatibilizer. Conversely, the pattern from the first
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TSE pass a TPO sample with C20A (without compatibilizer) was not included in the
figure since it was indistinguishable from the neat clay species, suggesting that no
exfoliation occurred for that case. The subsequent discussion refers only to the

nanocomposite materials which included PB3200.
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Figure A3 XRD patterns for the neat organoclay species

For the final samples produced after completing their second pass through the TSE
as listed in Table A2, their corresponding diffraction patterns are shown in Figure A4.
For the conventional nanocomposite produced in the absence of any CO; aid, the peak for
C20A remained distinct but significantly broadened. The reflection at 20 = 3.4° now
appears as a shoulder in the diffractogram compared to the distinct peak for neat C20A

due to the increased heterogeneity now in the crystal structure. With direct gas injection
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of 4% (w/w) supercritical CO, there was little evidence that further exfoliation of C20A
occurred. Hwang et al [14] reported a similar outcome after two passes of a PP
nanocomposite through a TSE with direct gas injection, except in their case the CO, was
used for the first pass and not the second. The nanocomposites based on the pre-treated
method demonstrated well exfoliated structures but did not show distinguishable
differences from the first pass sample without compatibilizer, shown in the previous
figure. Furthermore, the analysis technique could demonstrate no effect of direct gas
injection (4 w/w% scCO,) in aiding exfoliation further with the use of pre-treated

organoclay and compatibilizer now being present.
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Figure A4 XRD patterns of nanocomposites filled with C20A and s-C20A by direct

injection method.
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For the samples prepared where the organoclay was injected by the ram assembly,
Figure A5 shows the XRD patterns based on the different experiments. In Figure ASa,
the diffractograms of the two samples from Table A3 prepared with the different gases by
TSE appeared similar. The original doo; peak of C20A (referring to the region of 20 = 3-
5% was completely indiscernible from the baseline for these new nanocomposites. Due to
its intensity the new peak at 20 = 6-7° (14 A) for both samples was not considered a (002)
reflection, but rather thought to indicate a partial collapse of the remaining clay lamella.
Possible reasons for the collapse stated in the literature include surfactant diffusion from
the clay into the matrix and thermal degradation of the surfactant (via Hofmann
elimination) [28], although these proposed causes have not been unanimous acceptance
by some researchers as feasible for the processing temperature used [29]. Coalescence of
thermodynamically unstable dispersed silicate sheets is equally considered as a potential
cause by the present authors. Regardless of cause, the presence of the peak indicates that
well organized regions of C20A persisted after processing, with no influence of gas type
noted. The combination of high shear (provided by the TSE) and the lengthy masterbatch
annealing time (80-100 minutes) while the ram assembly heated up would seem to not
require the plasticizing effect of CO, — this was not similarly observed for the SSE trials

in Figure ASb perhaps due to its poorer mixing capabilities.

In comparison to the samples prepared with only one pass by the TSE, the XRD
patterns for nanocomposites prepared by the masterbatch-scCO; injection method first by

the SSE and then by TSE (noted in Table A4) are shown in Figure ASb. A comparison
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Figure A5 XRD patterns for nanocomposites prepared by masterbatch-scCO, injection
method in TSE and SSE/TSE.
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between diffraction patterns for CO, and nitrogen conditions of samples from the SSE
indicate that there was an influence of CO, on the crystal structure of the clay. For the
nanocomposites prepared under a nitrogen environment a shoulder peak was detected in
the range of 20 ~ 3° indicating that many galleries of the dispersed clay continued to
exhibit interlamellar spacing similar to the original organoclay. After a second pass this
time through the TSE the shoulder peak of the clay could no longer be distinguished from
the baseline, but some collapsed clay lamella were once again noted by the weak peak at
20 ~ 6-7°. For the two CO; conditions (C20-MSC-SSE-C6 and C20-MSC-SSE-C7), the
(001) diffraction peak of C20A in the samples could not be readily distinguished from the
baseline, pointing to greater heterogeneity in the crystal structure being achieved. The
diffraction patterns now bear close semblance to those found with the pretreated clay (s-

C20A) earlier.

From Figure A5Db, the effect of CO, pressure on the clay was not observable in the
samples from the SSE but became better differentiated once the same two samples were
subsequently processed through the twin screw extruder. The pass through the TSE in
this case did not include any gas as already indicated and only provided extra shear
mixing in the hope to observe effects that might be obscured by the poor mixing of the
SSE. The nanocomposite sample (C20-MSC-SSE-C7-TSE) using the higher mixing
pressure (6.9 MPa CO,) showed a diffraction pattern devoid of structured clay while the
lower pressure condition (C20-MSC-SSE-C6-TSE) showed a shoulder peak at 20 ~ 3° as

well as the weak reflections of collapsed lamella at 20 ~ 6-7°.

TEM Analysis
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The morphologies observed by TEM for all of the samples prepared in this study
can generally be split into two categories, clustered or exfoliated. The exfoliated
morphology in this case refers the classical arrangement observed by researchers, where
disrupted clay particles are dispersed as both individual platelets and dense tactoid stacks
within the matrix — there was not implication of the extent of exfoliation being made by
this classification. The clustered morphology was less expected and not well documented
in the literature to the knowledge of the authors for the field of melt intercalation, where
the silicate sheets appear to be locally confined and not well dispersed yet demonstrated
internal disorder and substantial stack expansion due to the intercalating polymer. The
disorder in the clay microstructure for the clustered morphology differentiates it from the

ordered exfoliated structure often noted in nanocomposite literature.

Figure A6 shows the TEM micrographs for nanocomposite samples obtained
under conventional and direct gas injection methods using s-C20A or C20A. The
displayed morphologies in the micrographs are evident of an exfoliated morphology with
delaminated silicate sheets and intercalated tactoids being present. The dark lines in the
micrographs indicate tactoids with thicknesses ranging from 5 to 20 nm, and the grey
silhouettes indicate individual platelets dispersed in the polymer matrix. Of these samples,
the one prepared by the conventional method with C20A, i.e. C20-C-TSE-0, exhibited the
densest tactoids. The clay dispersion for the nanocomposites prepared with pretreated
clay (s-C20A) in Figure A6 showed an improvement compared to the control with thinner
tactoids seen in the micrographs. Visually it would seem the absence of a (001) basal

reflection noted by XRD would appear somewhat misleading as complete exfoliation was
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(a) (b)

© (d

Figure A6 TEM micrographs for nanocomposites prepared by conventional (C) and
direct gas injection (DG) methods, a) C20-C-TSE-0, b) sC20-C-TSE-0, ¢) C20-DG-4CS8,
and d) sC20-DG-4C8
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not observed — this is not an unusual outcome in the analysis of exfoliation [30]. The
addition of CO; by direct gas injection to the sample prepared with s-C20A showed no
further improvement in exfoliation. Comparatively, the addition of direct CO, injection
to the sample prepared with C20A had no detectable impact, in corroboration with the

corresponding XRD results.

The top two micrographs in Figure A7 correspond to different selected
nanocomposite samples displaying the clustered morphology. The morphology is similar
in appearance to the micrographs reported by Treece [20] and by Nguyen and Baird [18]
in the presence of scCO,. Major portions of each observed organoclay particle in
micrographs (a) and (b) can be seen experiencing substantial loss in its ordered stacking
of silicate sheets, with many sheets no longer parallel. Meanwhile, other areas of the
organoclay particles seen in the figure appeared to have remained densely packed. Based
on the results by XRD corresponding to the displayed samples, those persisting tactoids
do not exhibit the original interlamellar spacing of C20A but rather demonstrate basal
spacing indicative of partially collapsed galleries. The samples displaying this clustered
morphology corresponded to those runs from the first pass through either extruder (TSE

or SSE) using the masterbatch-scCO, injection method.

The morphology is considered to be an indicator of poor dispersive forces being
translated to the well intercalated silicate particles once in the compounding extruder. The
effect was attributed to the plasticizing nature of CO; on the polymer matrix, lowering
shear stresses on the clay particles during extrusion. For the two samples prepared by this

injection method with the SSE, the average area of observed clusters calculated using
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(a) (b)

() (d)

Figure A7 TEM micrographs for select nanocomposites displaying clustered clay
morphology, (a) C20-MSC-TSE-6C and (b) C20-MSC-SSE-C7, versus exfoliated clay
morphology (c) C20-MSC-TSE-N4 and (d) C20-MSC-SSE-N4
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image analysis software (SigmaScan Pro5, SYSTAT) increased from 3.48x10° nm’ to
6.11x10° nm® with increasing injection pressures from 5.5 MPa to 6.9 MPa, respectively.
The trend is only qualitative but it supports our hypothesis that the cluster morphology
may be persistent due to the ineffective capabilities of the highly plasticized matrix to
translate shear stresses to the clay particles during mixing. It was interesting that the
seemingly intensive mixing sections of the TSE could not adequately disperse the clay
material in the presence of the high pressure gas, while the same outcome was not greatly

unexpected for the less intensive Maddock mixer of the SSE.

The bottom two micrographs (c,d) in Figure A7 further highlight the interference
of scCO; to mxing using the masterbatch-scCO, approach since these images
corresponded to the control samples to those shown in micrographs (a,b) but being
prepared with nitrogen instead. These two control samples showed only clay regions
displaying an exfoliated morphology and none of the clustered morphology. The tactoids
appear densest in micrograph (c) for the TSE-produced control with no visible
differentiation of silicate layers, likely corresponding to the collapsed galleries noted by
XRD. The control produced by SSE also included tactoid particles corresponding to
incomplete delamination of the organoclay but the extent of exfoliation appeared greater
than for all other cases shown in Figure A7 (if we consider the clustered regions as not

demonstrations of exfoliation).

Since earlier work noted that annealing the organoclay with molten MA-PP under
scCO;, leads to clay galleries with fully intercalated polymer chains [24] it was expected

that the reported cluster morphology could be readily lost once adequate shear was
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applied. Our XRD results have already suggested this is the case. Figure A8 shows the
micrographs corresponding to the SSE-prepared masterbatch/scCO, injected
nanocomposite as well as its corresponding control (prepared with nitrogen in the SSE)
after passing through the TSE. The second pass using the TSE (C20-MSC-SSE-C7-TSE)
brought about comparable dispersion to the other sample showing the greatest degree of
exfoliation in this study, namely the sample prepared with pre-treated organoclay (sC20-
TSE-C-0). Layered stacks remained present in the sample but they were thinner and the
field of view showed a higher occurrence of exfoliated silicate sheets than found in most
other materials tested. Comparatively, the nitrogen-prepared control (C20-MSC-SSE-N4-
TSE) showed no gain in exfoliation from its pass through the TSE, so it would appear that
the shear of the SSE was sufficient for reaching the maximum extent of exfoliation
possible when the matrix was not plasticized with CO, (though the rheology section will

show that overall dispersion in the SSE was relatively poor).

Particle Size Determination

To quantify the analysis provided by TEM images, the normalized particle size
distribution of the clay tactoids for selected samples are summarized in Figure A9.
Among these samples, the one compounded within a nitrogen environment (C20-MSC-
SSE-N4-TSE) demonstrated the broadest distribution, with considerably larger tactoids
than found between the different CO, addition methods. Among the other three
nanocomposites using CO,, the largest tactoids were found for the nanocomposites filled

with C20A and prepared by direct CO; injection. The other two samples shared similar
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(a) (b)

Figure A8 TEM micrographs of nanocomposite samples showing increased dispersion
by TSE compounding after first preparing by the masterbatch-scCO; method in the SSE,
a) C20-MSC-SSE-C7-TSE and b) C20-MSC-SSE-N4-TSE

features of clay dispersion with the nanocomposite prepared by the masterbatch-scCO;
method versus the pre-treated clay (direct CO; injection). These results seem correspond

well with the XRD diffraction patterns.

Parallel Plate Rheology

Figure A10 compiles the storage modulus (G') curves for nanocomposites
prepared by conventional and direct gas injection method, using either C20A or s-C20A
in their preparation. The error bars included in the plots indicate the standard error for

three repeats and show excellent reproducibility of the measurements overall with the
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Figure A9 Particle size distribution of clay tactoids comparing the methods of (a) direct
gas injection (C20-DG-TSE-4C8), (b) pre-treatment (sC20-DG-4C8) (c)
masterbatch/scCO; injection method (C20-MSC-SSE-C7-TSE), and (d) masterbatch-
scCO; control (C20-MSC-SSE-N4-TSE). Number average and weight average thickness

are included.
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Figure A10 Storage modulus for TPO nanocomposites prepared by conventional (white
symbols) and direct gas injection method (black symbols) using either C20A or s-C20A.

Values in the brackets refer to the percent weight fraction of clay measured in the sample.

largest variance noted down at 0.1 rad/s. Focusing on the lower oscillatory frequency
range, o < 1 rad/s where differences in large-scale segmental motion can best be detected,
the samples prepared with C20A exhibited a solid-like terminal plateau indicative of a
percolating network of silicate within the TPO matrix, similar to the findings of others
[31-33]. The use of direct gas injection produced no improvement in the storage modulus
of that material. The nanocomposites prepared with s-C20A exhibited a much lower G’
value than those using C20A but also showed greater solid-like behavior than neat TPO
and once again there was no notable difference in properties when the mixing was aided

with CO; by direct injection. The lower stiffness of s-C20A prepared samples was
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unexpected in light of the earlier structural characterization results by XRD and TEM.
The highly exfoliated clay microstructure reported by XRD and TEM provided the
expectation that using s-C20A in the nanocomposite preparation should have led to
greater reinforcement but that was not observed in the storage modulus data. The same
behavior was noted for the pre-treated mixture prepared without compatibilizer (s-
C20A/TPO) which showed stiffness values more closely matching the neat TPO despite

the high level of exfoliation indicated by XRD.

Figure A1l shows the storage modulus curves for samples prepared by the ram
assembly, either directly by TSE or first prepared by SSE then TSE. Plot (a) shows the
samples prepared with CO, or nitrogen after a single pass through either the TSE or SSE.
The stiffness behavior of these materials was closer to s-C20A/TPO or neat TPO than the
conventional nanocomposite or the s-C20A based nanocomposite (with compatibilizer)
reported in the previous figure. The cluster morphology of the organoclay could, in part,
explain the low G’ for those materials prepared with CO; based on the improved G’ that
arose from further mixing as will be shown in Plot (b), but that does not explain the
results for the nitrogen controls. The low G’ values may also be attributed somewhat to
reduced C20A interactions with compatibilizer as previously noted with s-C20A since, i)
the organoclay particles were exposed to the CO; gas directly till the surrounding
compatibilizer melted in the ram assembly, and ii) the temperature of the ram assembly
was above the melting point of the surfactant allowing some changes to its coverage over

the clay even when the CO, was not present [34]. While these causes can feasibly result

225



PhD Thesis —J. Liu  McMaster — Chemical Engineering  January 2011

10° pry————— p—p————] Yep—p——r—ty
—_—
g 2
& 104 e ¥ 2’ }
= F v A
O i - 3,4’
g | Lo ¥
3 10°E s v &
— 3 - v (
3 3 - v <&
O 1 = o ° «
= e} ;(
o ; ——— TPO
g’ ! ) C20-MSC-TSE-N4 (4.12)
= 10 v C20-MSC-TSE-C6 (6.02)
] . C20-MSC-SSE-N4 (5.41)
) v C20-MSC-SSE-C7 (4.40)
100 1 I e e Ewwn | 2 3 NErEEwwy | 3 ) S S ]
107 10° 101 102
Frequency (rad/s)
(a)
105 Tt Ty
=y  J
e | . ; %E
= 104 LI -2l
. 3 3 e ¢ 7
(7] ; 4 e v 7
=3 [ ; ; e v
3ol 5 22’
- 10°F 5 . v/
(] ! e ¢
T v 7
= x g v/ e
8, | i 2 o s ——— TPO
© 102F L/ ) C20-MSC-SSE-N4 (5.41)
° 3 v C20-MSC-SSE-C7 (4.40)
P i L . C20-MSC-SSE-N4-TSE (4.36)
»n [ v C20-MSC-SSE-C7-TSE (4.40)
10 1 ST A | N PEPEETEraren | N R
10 10° 10! 102
Frequency (rad/s)
(b)

Figure A11 Storage modulus for nanocomposite samples comparing the masterbatch-
scCO; injection method for, a) SSE versus TSE (both first pass), and b) SSE and TSE
(second pass). Values in the brackets refer to the percent weight fraction of clay

measured in the sample.

226



PhD Thesis —J. Liu ~ McMaster — Chemical Engineering  January 2011

102 [yttt Pt e

—
P .
“ [ ] [ ] [ ] ® PY ° . R
e © .
& 4
(7]
8 } ®  as-supplied PB3200
0 v injector conditioned
>
v
§ vy vV v v
1 -
- 10' | vV v v v vy 7
.l PPt MErE AT | " N Y R P YOI Y
101 10° 10! 102
-1
Shear Rate (s™)

Figure A12 Viscosity for PB3200 before and after heating in the ram injector

in the low modulus, as already seen with the s-C20A materials, the greater likelihood in
this case was that compatibilizer chain degradation occurred from the prolonged time at
elevated temperature in the assembly’s chamber before addition to the extruder, even if
under an oxygen-depleted environment. This belief can be made clearer by rheological
assessment of the neat compatibilizer compared to a sample of the same material which
sat in the ram assembly under identical conditions to those used previously with the
clay/compatibilizer mixture, as shown in Figure A12. An order of magnitude decrease in

viscosity was seen in the data consistent with an outcome of thermal degradation.

Plot (b) in Figure A1l shows the increased stiffness of the SSE-prepared materials
after that second pass through the TSE to improve mixing; the materials only prepared by

TSE never did receive a second pass since it was felt at the time their potentially degraded
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state would only be worsened by further processing. It seems unlikely that any other
changes besides dispersion of the clustered clay particles could have resulted in this
change in stiffness. With the improved state of dispersion both materials now displayed
viscoelastic behavior comparable to the conventional melt intercalated nanocomposite
from Figure A10 (even with the likelihood of more greatly degraded compatibilizer being

in the formulation).

Understanding the Influence of Supercritical CO;

Through a series of papers by the authors, understanding of how scCO, interacts
with the different components making a polyolefin-layered silicate nanocomposite has
evolved. All of those earlier mentioned studies were done completely in batch, in the
absence of shear and so focused primarily upon the stage of intercalation since negligible
forces were present to cause exfoliation. Initially, the focus of that work was on the
organoclay alone, which concluded that the gas acted as a plasticizer of the modifying
organic surfactant [25, 26]. The supercritical fluid allowed the residual unbound
surfactant to more effectively penetrate the full depth of the clay galleries and as a result,
the more uniform coating of organic matter would be present on the surface of the silicate.
This use of scCO; targeted at the clay is best demonstrated by the process of Manke [16],
which the present paper simply denotes as the pretreated method. The produced
nanocomposites by this directed use of scCO; exhibited a high extent of exfoliation yet
demonstrated storage modulus values lower than other samples with much poorer clay
dispersion. The outcome was attributed to that higher surfactant coverage over the silicate

surface mentioned due to the presence of CO,. With less exposed polar sites at the
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oxygen plane of the clay there would be less interactions with both compatibilizer and
neighboring tactoids. Toth et al [35] showed in their simulations of an alkylammonium
modified clay surrounded by MA-PP and PP that the coverage area and molecular volume
of a surfactant could readily interfere with both polymer species as they attempted to
develop associations with the silicate surface. Since the conventional melt intercalation
technique does not normally allow exfoliation to occur without intercalation by the
compatibilizer (for polyolefin nanocomposite species), these experimental results
highlight a greater importance for compatibilizer interactions with the clay than had been

previously possible to demonstrate, except by simulations.

Another study in our mentioned series examined the influence of scCO, on the
diffusion (intercalation) of maleic anhydride grafted polypropylene compatibilizer (MA-
PP) into the galleries of modified clay [24]. Once again the supercritical fluid
demonstrated a plasticizing influence, which in this case allowed larger molecule sized
compatibilizers into the internal structure of the clay than found under atmospheric
conditions. By allowing longer chains to fully penetrate the stacked structure of
montmorillonite it was felt that clay species prepared in this manner would be more
susceptible to delamination once mixed in a shearing flow field. This use of scCO,
targeted at the clay-compatibilizer interface was represented by the masterbatch/scCO;
injection method using the ram assembly in the present paper. The produced
nanocomposites could exhibited a high extent of exfoliation similar to the pretreated clay
and had storage modulus values similar to conventional prepared nanocomposites, but

stiffness values greater than by conventional melt intercalation methods in the present
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study could not be obtained. The higher surfactant coverage experienced by an
organoclay in the presence of scCO, was again considered a possible reason for the
performance noted, though polymer degradation was likely the most significant

contributor in this case.

Finally, during our series of studies there was unreported work by the authors
finding that the changes brought about by scCO, for clay alone and the clay-
compatibilizer mixture were no longer observed when both components were mixed into
the polyolefin matrix (ex. TPO) before the batch annealing with the gas. The gas effect
was diluted due to the diminished concentration of the plasticizing agent at the clay
interface. This use of scCO, targeted at the matrix is best demonstrated by the direct
injection method in the present paper, and was used with both as-supplied organoclay or
pretreated organoclay species (as in the process of Mielewski [17]). The produced
nanocomposites in the present study exhibited no change in the extent of exfoliation or
storage modulus similar to our batch findings. The presence of the CO, offered no benefit
if dissolved in the matrix polymer. Yang et al [23] made a similar note observing poorer
clay dispersion when a supercritical fluid was used as a processing aid for the

compounding of nanocomposites.

In general, the introduction of CO; to the TPO matrix phase would seem ill-
conceived, based on both results from direct injection as well as the samples prepared by
the single screw extruder which improved once mixed without the gas present. The
increased inter-chain distance and free volume arising from the plasticizing gas limiting

shear transmission during the delamination step. It is believed the results of this paper
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show that this plasticizing influence negatively impacts the extent of dispersion achieved
during compounding. The benefits of the gas appear to be better targeted to intercalation

in order to develop a more highly exfoliated system.

A4 CONCLUSIONS

A comparison of several new methods for using supercritical CO, as processing
aid leading to more highly exfoliated PLS nanocomposite was undertaken in this work.
The methods varied the manner which the plasticizing behavior of CO; influences the
surfactant of an organoclay, a compatibilizer and the matrix during preparation of a
polyolefin nanocomposite. The results have shown that targeting CO, to the organoclay-
compatibilizer interface can benefit the extent of intercalation achievable but showed
negative performance when introduced predominantly to the matrix or neat organoclay.
Carbon dioxide exposure directly to the neat organoclay leads to a crystal structure more
easily susceptible to fracture in a shear field yet this same pretreated clay does not display
the anticipated increase in modulus for a more highly exfoliated system. Conversely,
CO; exposure predominantly to the matrix reduces the extent of clay dispersion, generally
producing a material equivalent or worse (in terms of exfoliation) than if the gas was not
present. Overall, the outcome of this work shows supercritical CO, must be added with

great care in order to justify its use in the preparation of PLS nanocomposite material.
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Appendix B

Results and Discussion of ’C NMR Spectra for PB3200/C20A
Masterbatches Prepared Using Ethanol as a Cosolvent to

Supercritical CO,

This work was done for Chapter 6. Due to funding limit, only the ethanaol related
masterbatch samples were selected for the NMR analysis. NMR data for the samples with
water as cosolvent was not available. In order to keep integrity of the paper, the available
NMR data was not discussed in the main body of the thesis. Since the information
provided by the NMR analysis is helpful for our looking at the intercalation and
exfoliation occurring in the masterbatches, results and discussion of the experiment data

were appended here.
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In solid-state °C NMR spectra for the melt annealed mixture of PB3200 and
C20A, appearance of the alkyl related resonance related to the surfactant was considered
an indicator of intercalation [1]. Resonances corresponding to the all-trans conformation
of the clay’s surfactant did not change when annealing of the mixture was performed
under Nj; however, for under scCO; annealing those resonances were no longer observed.
The presence of the gauche conformation for the surfactant corresponded to significant
gallery swelling noted by XRD and TEM analysis. This was interpreted as being related
to the surfactant of the clay assuming a lateral bilayer arrangement to accommodate the
inclusion of the intercalated compatibilizer species. The undisturbed galleries in the
presence of N suggest that under normal processing conditions the compatibilizer has
difficulty accessing the interlayer of the clay, though likely this is somewhat overcome

within a shear flow field.

In the work of cosolvents (Chapter 6), two ethanol-based masterbatches were
selected for the NMR analysis to evaluate the influence of ethanol as a solvent alone
(under nitrogen) or a cosolvent to scCO, during the annealing on the structural
confirmation of the clay surfactant. The measurement was performed at 23°C and 50°C,
respectively. The higher probe temperature used was above the melting point of the
surfactant (i.e. 450C) used in C20A, expecting different resonance response for surfactant
at the two temperatures. Figure Ba shows the spectra measured at 230C, with the baseline
of the scCO, derived sample intentionally shifted above the others to clearly delineate
differences between them. For that sample which did not include ethanol the three alkyl

resonances at 22 ppm (CHj3), 26 ppm (CH) and 44 ppm (CH>) for the backbone of the
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Figure B '°C NMR spectra for the PB3200/C20A mixture processed under scCO, and

ethanol used as solvent and cosolvent obtained at a probe temperature of 23°C (a) and

50°C (b)
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maleated polypropylene (MA-PP) were clearly seen. The sharp peak at 63 ppm was
assigned to the methyne group (CH) on an anhydride. For the surfactant, only the
resonance at 73 ppm for its methylene attached to the nitrogen (CH;-N) of the quaternary
ammonium salt appeared clearly; all other resonances for the interior methylene groups
and terminal methyl groups of its two alkyl chains as well as the methyl groups attached
to the nitrogen were not distinguishable from the baseline. The absence of alkyl surfactant
resonances for a sample annealed under scCO;, was consistent with the results of our
previous study [1]. When ethanol was used as a cosolvent to the scCO; during annealing,
the resonance at 44 ppm of the polypropylene backbone methylenes, at 63 ppm for the
methynes on the anhydride moiety, and at 73 ppm for the nitrogen-attached methylenes of
the surfactant were also notably absent in the spectrum. The intensities of the methyne at
26 ppm and methyl at 22 ppm for the backbone of MA-PP dropped significantly. These
changes for the cosolvent prepared sample indicated that both surfactant and polymer
chains were being shielded, likely by close associations with the silicate sheets. The
difference being that with only scCO; the polymer chain of the compatibilizer did not
experience any shielding. When ethanol was used as a solvent in the nitrogen
environment, the resonance spectrum of the sample was indistinguishable from the
sample prepared with it being used as cosolvent. Association with scCO, was not
apparently necessary for the ethanol to improve intercalation of the compatibilizer within

the galleries of C20A.

In the spectra measured at 50°C shown in Figure Bb, new resonances were

detected which had not been present at 23°C. A signal at 30 ppm for the interior
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methylene (CH;) groups on alkyl chains was now clearer. New signals detected at 28 ppm
and at 46 ppm were assigned to methyne (CH) and methylene (CH;) in the mixed
compatibilizer and surfactant, indicating an increasingly liquid-like state for the mixture,
consistent with our previous studies [1]. However, no new information on the ethanol

was noted by these spectra.
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