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ABSTRACT 


Organically modified montmorillonite has been extensively used as nanofiller in 

studies of polymer layered silicate nanocomposites, promising materials for today's 

automotive industry because the nano-materials reduce the overall weight of vehicle. 

However, industrial applications have not followed suit primarily due to cost/performance 

issues. Supercritical carbon dioxide is promising as an aid in the production of a fully 

exfoliated polymer layered silicate nanocomposite but has not been fundamentally studied 

in this regard at present. 

As the first stage in studies of using supercritical carbon dioxide for aiding the 

production of thermoplastic elastomer nanocomposites, this thesis investigates the 

influence of this unique supercritical fluid on the microstructure and surface chemistry of 

five organically modified clays. Four alkyl-based quaternary ammonium surfactants with 

different number and length of chains attached and one aromatic quaternary ammonium 

surfactant were chosen to vary the degree of C02-philicity exhibited by the organoclay. In 

a high pressure batch vessel, the different organoclays were suspended in the supercritical 

solvent at temperatures of 50°C and 200°C and pressures of 7.6 MPa and 9.7 MPa for a 

fixed time and then removed after depressurization at 0.2 MPa/s or 4.8 MPa/s. The 

structures of these treated clays were characterized by XRD, TEM, DSC, TGA, FT -IR, 

and SEM, and their chemical properties were analyzed by various methods including 

atomic absorption spectroscopy, and contact angle measurement. The potential role of 

water to favor the interaction between scC02 and an organoclay was also investigated. 

Solute-solvent interactions plasticized the organic modifier while suspended in the 

supercritical fluid, which resulted in greater chain mobility and further cation exchange. 

The results indicate that surfactants exhibiting a paraffin-type conformation within the 

galleries of the clay were most likely to experience significant basal expansion, provided 
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the tilt angle was not already close to being perpendicular to the silicate surface. For those 

organoclays demonstrating basal expansion, it was noted that the resulting particle size 

was increased due to enhanced porosity. Water proved useful in clay expansion in certain 

cases and primarily while operating conditions allowed the co-solvent to remain adsorbed 

to the clay surface. 

lV 



ACKNOWLEDGEMENTS 


My most sincere Thank You goes to my supervisor, Dr. Michael Thompson, for 

his excellent and patient guidance. His insight and dedication in research and supervision 

are impressive. 

Many thanks go to Dr. Heinrich Krump for his instruction at the early stage of my 

studies, General Motors for the financial support, and, specifically, Dr. William Rodgers 

and Paula Fasulo for their helpful advice and analysis. 

I would like to express my appreciation to Dr. Elizabeth Takacs for sharing her 

expertise on instrument and equipment operations, Mr. Paul Gatt for his help in apparatus 

manufacturing and technical support, Dr. James Britten, Mr. Graham Pearson, Mr. Frank 

Gibbs, Mr. Fred Pearson, Dr. Steve Kornic, and Mr. Steve Koprich for their kind 

assistance with XRD, TGA, TEM, FT-IR, and SEM. 

I would also like to thank Kathy Goodram, Lynn Falkiner and Andrea Vickers at 

our main office, Dr. Ghodratollah Hashemi, Karen Rodgers and Abdullah Al Otaibi in our 

group, and other friends in the Department of Chemical Engineering for their support 

over the past two years. 

Finally, I want to thank my husband and my daughter and dedicate this thesis to 

them. 

v 



TABLE OF CONTENTS 


ABSTRACT....................................................................................................................... iii 


ACKNOWLEDGEMENTS ................................................................................................. v 


TABLE OF CONTENTS ....................................................................................................vi 


LIST OF FIGURES .............................................................................................................x 


LIST OFTABLES .............................................................................................................xv 


NOMENCLATURE .........................................................................................................xvi 


CHAPTER 1 INTRODUCTION.................................................................................. 1 


1.1 Background ................................................................................................................ 1 


1.2 Objectives .................................................................................................................. 3 


CHAPTER 2 LITERATURE REVIEW ..................................................................... 5 


2.1 Introduction ................................................................................................................ 5 


2.2 Components and Structures of PLS Nanocomposites ...............................................6 


2.2.1 Structures and Surface Properties of0rganoclays .............................................. 6 


2.2.2 Thermoplastic Polyolefins and Maleated Polypropylenes ................................ lO 


2.2.3 Structures of PLS Nanocomposites .................................................................. 13 


2.3 Processing and Processing Issues of PLS Nanocomposites ..................................... l4 


2.4 Supercritical C02 and Its Applications in ................................................................ 16 


Vl 



2.4.1 Properties of Supercritical C02 •.•••.••••••••••••••.••••••••.•.•••.•.••••...••••••••••••••••••••.•.•.••• 16 


2.4.2 Polymer Processing ........................................................................................... I? 


2.4.3 Clay Minerals and Organoclays ........................................................................ 19 


2.4.4 PLS nanocomposites ......................................................................................... 20 


CHAPTER 3 EXPERIMENTAL ............................................................................... 23 


3.1 Materials .................................................................................................................. 23 


3.1.1 Clay minerals and organoclays ......................................................................... 23 


3.1.2 Other materials .................................................................................................. 25 


3.2 Apparatus ................................................................................................................. 25 


3.3 Experimental Design ................................................................................................ 26 


3.3.1 Organoclays treated with single solvent- scC02 .•••••.•.•.••.•••••••••.•••.•••••.••.•.••••26 


3.3.2 Organoclays treated with scC02 and water co-solvent.. ................................... 28 


3.4 Experimental Procedure ........................................................................................... 28 


3.4.1 Clay treatment with scC02................................................................................ 28 


3.4.2 Organoclay treatment with scC02/H20 co-solvent.. ......................................... 28 


3.4.3 Organoclay washing .......................................................................................... 29 


3.5 Characterization ....................................................................................................... 29 


3.5.1 Organic content, pH and hydration ................................................................... 29 


3.5.2 Surface energy and interfacial tension ..............................................................30 


3.5.3 X-Ray Diffraction ............................................................................................. 33 


3.5.4 Transmission Electron Microscopy .................................................................. 34 


3.5.5 Scanning Electron Microscopy ......................................................................... 34 


vii 



3.5.6 Thermogravimetric Analysis ............................................................................ 34 


3.5.7 Differential Scanning Calorimetry .................................................................... 35 


3.5.8 Fourier Transform Infrared Spectrometry ........................................................ 35 


3.5.9 Atomic absorption spectrometry ....................................................................... 35 


CHAPTER 4 ORGANOCLAYS PROCESSED WITH SUPER CRITICAL 


CARBON DIOXIDE ........................................................................................................ 37 


4.1 Thermal Stability of Surfactants .............................................................................. 37 


4.2 Organic Content, Hydration and Acid-Base Character ............................................ 40 


4.2.1 Five pristine (as-supplied) organoclays ............................................................44 


4.2.2 Supercritical C02 treated organoclays ............................................................. .47 


4.3 Basal Spacing ........................................................................................................... 50 


4.3.1 Effect of scC02 ................................. , ............................................................... 50 


4.3.2 Effect of processing conditions .... ., ...................................................................58 


4.3.3 In-situ observation ............................................................................................ 62 


4.4 Thermal Properties ................................................................................................... 65 


4.4.1 Melting range of surfactants ............................................................................. 65 


4.4.2 Thermogravimetric analysis .............................................................................. 67 


4.5 FT-IR analyses .........................................................................................................75 


4.6 TEM analyses ........................................................................................................... 79 


4.7 SEM analyses ........................................................................................................... 83 


4.8 Surface energy ......................................................................................................... 85 


4.8.1 As-supplied organoclays ................................................................................... 88 


Vlll 



4.8.2 Washed organoclays ......................................................................................... 90 


4.8.3 Supercritical C02 treated Organoclays ............................................................. 90 


4.9 Conclusions .............................................................................................................. 96 


CHAPTER 5 ORGANOCLAYS PROCESSED WITH SUPER CRITICAL 


CARBON DIOXIDE AND WATER COSOLVENT .................................................... 99 


5.1 Hydration, pH and organic content .......................................................................... 99 


5.2 Basal spacing ......................................................................................................... 101 


5.3 Thermogravimetric analysis ................................................................................... 105 


5.4 Surface energy ....................................................................................................... 108 


5.6 Conclusions ............................................................................................................ 110 


CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS ........................... 112 


6.1 Conclusions ............................................................................................................ l12 


6.2 Recommendations .................................................................................................. 114 


LIST OF REFERENCES .............................................................................................. 115 


APPENDICES ................................................................................................................ 129 


Appendix A HPC for in-situ XRD measurement ........................................................ 129 


Appendix B Full factorial design of effect of scC02 on organoclays .......................... 130 


Appendix C Moisture uptake of the scC02 treated organoclays ................................. 132 


IX 



LIST OF FIGURES 


Figure 2.2.1 Alkyl chain conformations in layered silicates: (a) lateral monolayer (13.7 A), 

(b) lateral bilayer (17. 7 A), (c) pseudotrimolecular layer (21. 7 A), (d) paraffin-type 


monolayer (>2.2 A) [Bonczek et al. 2002], and (e) paraffin-type bilater [image taken 


from Vaia et al. 1994] .................................................................................................. 8 


Figure 3.2.1 High pressure vessel (left) together with Syringe pump and temperature 


Figure 4.2.1 Moisture adsorption into selected scC02 treated organoclays over a nine day 


Figure 4.3.1 XRD Patterns of MMT before and after scC02 treatment at 200°C and 9.6 


Figure 4.3.2 XRD Patterns of SCPX 1137 before and after scC02 treatment at 200°C and 


Figure 2.2.2 Structures ofPLS nanocomposites [Alexandre and Dubois, 2000] .............. 14 


controller (right) ......................................................................................................... 26 


Figure 3.5.1 Surface roughness of SCPX 2971 ................................................................. 32 


Figure 4.1.1 TGA plots of five organoclays and N aMMT under C02 ....•..•....•.•.••.••.•••••.•• 38 


Figure 4.1.2 Isothermal TGA analysis under carbon dioxide environment.. ..................... 39 


period within the humidification chamber ................................................................ .44 


MPa following by pressure release rate of 0.2 MPals ................................................ 51 


9.6 MPa following by pressure release rate of 0.2 MPals ......................................... 53 


Figure 4.3.3 XRD Patterns of Cloisite 20A before and after scC02 treatment at 200°C and 


9.6 MPa following by pressure release rate of 0.2 MPals ......................................... 54 


X 



Figure 4.3.4 XRD Patterns of SCPX 2934 before and after scC02 treatment at 200°C and 

9.6 MPa following by pressure release rate of 4.8 MPa/s .........................................55 


Figure 4.3.5 XRD Patterns of SCPX 2972 before and after scC02 treatment at 200°C and 


9.6 MPa following by pressure release rate of 4.8 MPa/s ......................................... 56 


Figure 4.3.6 XRD Patterns of SCPX 2971 before and after scC02 treatment at 200°C and 


9.6 MPa following by pressure release rate of 4.8 MPa/s ......................................... 57 


Figure 4.3.7 XRD patterns of C20A processed with C02 at 200°C, 9.7 MPa and different 


Figure 4.3.7 XRD patterns of in-situ observations of clays at the environment of C02 in 


Figure 4.4.1 DSC graphs of pristine SCPX 1137 (a), Cloisite 20A (b), and SCPX 2934 (c) 


Figure 4.4.4 Differential mass loss plot determined by TGA for Cloisite 20A at three 


Figure 4.5.1 FT-IR spectra of (a) NaMMT, (b) Cloisite 20A, (c) SCPX 2972 and (d) 


depressurization at a gas release rate of 0 MPa/s, 0.2 MPa/s and 9.7 MPa/s ............. 62 


sub-critical state ......................................................................................................... 64 


.................................................................................................................................... 66 


Figure 4.4.2 Differential mass loss plot determined by TGA for SCPX 1137 .................. 69 


Figure 4.4.3 Differential mass loss plot determined by TGA for Cloisite 20A ................. 70 


different pressure release rates ................................................................................... 70 


Figure 4.4.5 Differential mass loss plot determined by TGA for SCPX 2934 .................. 72 


Figure 4.4.6 Differential mass loss plot determined by TGA for SCPX 2972 .................. 73 


Figure 4.4. 7 Differential mass loss plot determined by TGA for SCPX 2971 .................. 7 4 


SCPX 2971 before and after C02 treatment at 200°C and 9.7 MPa .......................... 7 6 


XI 



Figure 4.5.2 FT-IR spectra of Cloisite 20A (a) and SCPX 2972 (b) before and after 


treatment with scC02 at frequency of 2750- 3050 cm-1 
........................................... 78 


Figure 4.6.1 C20A Powder TEM micrographs of Cloisite 20A in its original state (a), 


water/ethanol washed state (b) and scC02 treated state at 9.7 MPa and 200°C 


followed with 0.2 MPa/s gas release rate ................................................................... 80 


Figure 4.6.2 Powder TEM micrographs of SCPX 1137: the original (a) versus scC02 


treated (b) ................................................................................................................... 81 


Figure 4.6.3 Powder TEM micrographs of SCPX 2934: the original (a) versus scC02 


treated (b) ................................................................................................................... 81 


Figure 4.6.4 Powder TEM micrographs of SCPX 2972: the original (a) versus scC02 


treated (b) ................................................................................................................... 82 


Figure 4.6.5 Powder TEM micrographs of SCPX 2971: the original (a) versus scC02 


treated (b) ................................................................................................................... 82 


Figure 4.7.1 SEM micrographs ofC20A before (a) and after (b) scC02 treatment .......... 84 


Figure 4.8.1 XRD patterns of washed SCPX 1137 (a), C20A (b), SCPX 2934 (c), SCPX 


2972 (d) and SCPX 2971 (e) ...................................................................................... 87 


Figure 4.8.2 Determined surface energy for the as-received organoclays (w means washed 


at water/ethanol mixture) ........................................................................................... 89 


Figure 4.8.3 Surface energy of SCPX 1137 before and after scC02 treatment. X-axis 


labels refer to the C02 pressure (MPa)/vessel temperature (°C)/pressure release rate 


(MPals) .......................................................................................................................91 


xu 



Figure 4.8.4 Surface energy of SCPX 2934 before and after scC02 treatment. X-axis 


labels refer to the C02 pressure (MPa)/vessel temperature (°C)/pressure release rate 


(MPals) ....................................................................................................................... 92 


Figure 4.8.5 Surface energy of Cloisite 20A before and after scC02 treatment. X-axis 


labels refer to the C02 pressure (MPa)/vessel temperature (°C)/pressure release rate 


(MPa/s) .......................................................................................................................93 


Figure 4.8.6 Surface energy of SCPX 2972 before and after scC02 treatment. X-axis 


labels refer to the C02 pressure (MPa)/vessel temperature (°C)/pressure release rate 


(MPa/s) .......................................................................................................................95 


Figure 4.8.7 Surface energy of SCPX 2971 before and after scC02 treatment. X-axis 


labels refer to the C02 pressure (MPa)/vessel temperature (°C)/pressure release rate 


(MPa/s) .......................................................................................................................96 


Figure 5.2.1 Comparison of XRD patterns of C20A treated with scC02 with and without 


presence of water co-solvent under 9.7 MP, 200°C and 0.2 MPals ......................... 102 


Figure 5.2.2 Comparison of XRD patterns of hydrated C20A treated with scC02 under 


different temperatures of 200°C and 50°C. .............................................................. 102 


Figure 5.2.3 TEM images of C20A processed with scC02/H20 at (a) 9.7 MPa, 200°C and 

0.2 MPals and (b) 9.7 MPa, 50°C and 0.2 MPa/s .................................................... 103 


Figure 5.2.4 XRD patterns of SCPX 2934 treated with scC02 with the presence of water 


cosolvent at 9.7 MPa, 200°C and 0.2 MPals and 9.7 MPa, 50°C and 0.2 MPals .... 104 


Figure 5.2.5 TEM images of SCPX 2934 processed with scC02 and with water as 


cosolvent at (a) 9.7MPa, 200°C and 0.2MPa/s and (b) 9.7MPa, 50°C and 0.2MPals 


.................................................................................................................................. 105 


xiii 



Figure 5.3.1 Comparison of TGA results between Cloisite 20A treated by scC02 with and 

without the presence of water co-solvent under 9.7 MPa, 200°C and 0.2 MPa/s .... l06 

Figure 5.3.2 Comparison of TGA results between C20A treated with scC02 with water as 


cosolvent under 9.7 MPa, 200°C and 0.2 MPals and 9.7 MP, 50°C and 0.2 MPa/s 106 


Figure 5.3.3 Differential mass loss plots determined by TGA for SCPX 2934: treated with 


scC02 and with water as cosolvent under 9.7 MPa, 200°C and 0.2 MPa/s and 9.7 


MPa, 50°C and 0.2 MPa/s, treated with only scC02 at 9.7 MPa, 200°C and 0.2 


MPa/s, and in its original state ................................................................................. 108 


Figure 5 .4.1 Surface energy of C20A in its original state, treated with C02 or with 

C02/H20. X-axis labels refer to the C02 pressure (MPa)/vessel temperature 

( 
0 C)/pressure release rate (MPals) ............................................................................ l09 

Figure 5.4.2 Surface energy of SCPX 2934 in its original state, treated with C02 or with 

C02/H20. X-axis labels refer to the C02 pressure (MPa)/vessel temperature 

(°C)/pressure release rate (MPals) ............................................................................ llO 

XIV 



LIST OF TABLES 


Table 3 .1.1 Clays and their properties and suppliers used in the project.. ......................... 24 


Table 4.2.6 Organic content, hydration and acidity of pristine organoclays and NaMMT45 


Table 4.8.1 Extraction of physically adsorbed surfactants by a mixture of water/ethanol86 


Table 5.1.1 Organic content, hydration content and pH of C20A before and after scC02 


Table 5.1.2 Organic content, hydration ability and pH of SCPX 2934 before and after 


Table 3.1.2 Surface property of two liquids [Gokel2004] ................................................ 25 


Table 3.3.1 Parameters and levels in the DOE .................................................................. 27 


Table 3.5.1 Surface roughness of organoclay tablets prepared by the hydraulic press ..... 32 


Table 4.1.1 Moisture content of organoclays and NaMMT dried at 40°C for 6 hrs, wt% 39 


Table 4.2.1 Surfactant content, water absorption and pH - Cloisite 20A ...................... .41 


Table 4.2.2 Surfactant content, water absorption and pH value- SCPX 1137 .............. .42 


Table 4.2.3 Surfactant content, water absorption and pH value - SCPX 2934 .............. .42 


Table 4.2.4 Surfactant content, water absorption and pH value - SCPX 2971 .............. .43 


Table 4.2.5 Surfactant content, water absorption and pH value - SCPX 2972 .............. .43 


Table 4.3.1 Basal spacing of scC02 treated organoclays ................................................... 59 


treatment .................................................................................................................. 100 


scCOz treatment ....................................................................................................... 101 


XV 



Abbreviations 

TPO 

MMT 

MA 

MA-PP 

scC02 

PMMA 

PS 

SCF 

pp 

SCP 

C20A 

NaMMT 

HPV 

HPC 

PEEK 

XRD 

DOE 

wt 

DSC 

NOMENCLATURE 

Thermoplastic polyolefin elastomer 

Montmorillonite 

Maleic anhydride 

Maleic anhydride grafted polypropylene 

Supercritical carbon dioxide 

Poly(methyl methacrylate) 

Polystyrene 

Supercritical fluid 

Polypropylene 

Southern Clay Products 

Cloisite 20A 

Sodium montmorillonite 

High pressure vessel for batch processing 

High pressure cell for in-situ XRD observations 

Polyetheretherketone 

X-ray diffraction 

Design of experiment 

Weigh 

Differential Scanning Calorimetry 

XVI 



FT-IR Fourier Transform Infrared Spectrometry 

TGA Thermogravimetric Analysis 

CEC Cation exchange capacity 

Symbols 

Critical temperature 

Critical pressure 

Dispersive component of surface energy 

Polar component of surface energy 

Total surface energy 

e Contact angle of a liquid droplet on the flat surface of a material 

29 X-ray diffraction angle in Bragg's Law 

Dispersive component of surface energy of solid phase 

r:' Polar component of surface energy of solid phase 

r:' Dispersive component of surface energy of liquid phase 

r/' Polar component of surface energy of liquid phase 

Difference of two figures 

xvii 



1 

CHAPTER 1 INTRODUCTION 

1.1 Background 

Polymer/layered silicate nanocomposites are a new class of materials where 

nanoscale particles are uniformly dispersed into a polymer matrix. The large aspect ratio 

and the high surface area of the nanofiller provide potentially maximized specific 

mechanical properties at a lower filler loading. Such a characteristic material meets the 

urgent need for new materials in the modern automotive industry and therefore, the field 

of polymer nanocomposites has grown quite rapidly in publication and patent literature. 

However, the industrial application of this material class has not followed suit. Reasons 

for this may be related to multiple aspects, but the key factor goes to the cost/performance 

of the nano-material. 

A multi-fold increase in mechanical properties 1s afforded by the uniform 

dispersion of the nano-scale filler in a polymer matrix, and the process of obtaining such 

an exfoliated structure in the matrix of a polymer is a mechanism strongly dependent 

upon thermodynamics [Alexandre and Dubois 2000, Dennis et al. 2001]. The mechanism 

is referred to as intercalation where polymer chains diffuse into the interlayer region of a 

clay tactoid, a bundle of clay platelets (sheets) held together by van der Waals and 

electrostatic forces. Intercalation of a polymer causes the spacing between adjacent 

platelets to increase and eventually the individual sheets are delaminated. During the 

diffusion of polymer chains into the interspace of clay tactoids, the entropy of the system 

decreases due to the severe confinement being imposed on the polymer chain, and 
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favorable enthalpic interactions must be present to minimize free energy. The surface of 

clay platelets, due to the hydroxyl group and oxygen atoms, is hydrophilic. In order to 

increase the lipophilicity of the clay, an organophilic modification must be applied to the 

clay, but the modified clay is presently costly due to the lengthy preparation process. For 

polymers with hydrophilic functionalities, the modification is sufficient for favorable 

polymer-clay interaction to be present in many cases [Fornes et al. 2003]. Even in these 

cases where the free energy of the process favors the intercalation, the rate limiting step 

of intercalation can make production of polymer/clay nanocomposites prohibitively 

expensive due to the low production rate. For polyolefins, the favorable enthalpic 

interaction required to overcome the entropic penalty of confining such large molecules in 

the nano-scale space between platelets does not exist due to their apolar nature and thus 

the free energy of the process does not favor intercalation, even for organically modified 

clays [Vaia and Giannelis 1997]. With compatibilizing agents added to such polyolefin 

systems some degree of intercalation is observed, but a fully exfoliated structure is 

extremely difficult to develop. Annealing times in the order of hours may be necessary to 

acquire an exfoliated clay structure in a polyolefin-compatibilizer system. Both the 

required addition of compatibilizer and the limiting production rate restrain scientists and 

engineers from satisfactorily developing a nanocomposite with sufficient value-added 

properties which would justify the expense of the material. 

To solve the problem of limiting production rate, disruptive technologies have 

been proposed to advance the rate and extent of exfoliation. These technologies include 

high energy ultrasound [Lim et al., 2003], electrical fields [Lu et al., 2006], and the use of 

supercritical fluids [Mielewski et al. 2004, Horsch et al. 2006, Yang and Ozisik 2006, 

Nguyen and Baird 2007, Treece and Oberhauser 2007, Litchfield et al. 2007, Zhao and 

Huang 2008]. Among the three methods stated, the use of supercritical fluids can be seen 

as the most applicable to current industrial processing practices and the least damaging to 

equipment and the polymer structure. Supercritical carbon dioxide (scC02) is proposed as 

a means of aiding the production of a polymer (specifically in the case of this study, a 
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thermoplastic polyolefin elastomer, TPO) nanocomposite with a higher degree of 

exfoliation and an improved production rate. It is well known that carbon dioxide above 

its critical state has both gaseous properties, such as being able to penetrate through many 

materials, and liquid properties, such as being able to dissolve materials. Due to its basic 

non-polar nature, supercritical carbon dioxide is seen as a potential medium for 

improving miscibility of the different hydrocarbon-like species in a nanocomposite 

system. Development of a processing method upon supercritical carbon dioxide presents 

two major challenges. One is how the supercritical carbon dioxide participates in the 

intercalation of polymer chains into the clay interlayer region, which involves in the 

interactions of supercritical carbon dioxide with organoclays, compatibilizers and 

polymer matrices. The other challenge is if the developed intercalated or exfoliated 

morphology is thermodynamically stable or how to preserve the acquired morphology 

once the gas is withdrawn. The research in the present work will try to answer part of the 

first question, i.e. how supercritical carbon dioxide influences structures of organoclays. 

1.2 Objectives 

The goal of the entire project 1s to develop a processmg strategy for the 

manufacture of a thermodynamically stable, exfoliated TPO nanocomposite. The basic 

idea of the processing route is: i) pre-treat an organoclay with supercritical carbon dioxide 

to make it more ready for the intercalation of polymer chains during the subsequent 

processing; ii) mix the clay-scC02 suspension with the melt-blend of a matrix polymer 

and compatibilizer all the while maintaining the system above the supercritical state; and 

iii) release the gas after compounding and pelletize the nanocomposite material. Based on 

this idea, as the first part of the project, the research carried out in this thesis covered: 

a) 	 Evaluation of pristine and several commercial versions of organically modified 

montmorillonite mixed with supercritical carbon dioxide under different 

conditions applicable to TPO extrusion, i.e. temperature, pressure, residence time 
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and pressure release rate. The clay will be mainly analyzed by X-ray diffraction 

and transmission electron microscopy for changes in structure. Other techniques 

such as thermogravimetry, differential scanning calorimetry, scanning electron 

microscopy, and other analyses will assist in characterizing the clay structure. 

This work is expected to allow us to understand the interaction mechanism of 

organoclay, especially its surfactant component, with the supercritical fluid. 

Additionally, the work will allow selection of ideal clay candidates for the next 

step in the research, and establish important parameter values related to operating 

conditions for clay pretreatment with the supercritical fluid. 

b) 	 Characterization of surface energy of the clays. Contact angle technique will be 

applied for this work. This evaluation will provide basic data on the clay surface 

for the next step of this project to examine their compatibility with selected 

compatibilizers and confirm the decision of organoclay candidates made based on 

the above step. 

c) 	 Considering the existence of moisture m clays and extra cost of removing it, 

whether water can become as a co-solvent favoring the interaction between 

supercritical carbon dioxide and an organoclay was also evaluated. 

In general, the research in this thesis is anticipated to answer a question of 

scientific and industrial significance: if the supercritical fluid interacts with the nanofillers 

in a manner that may lead to increase interlayer spacing of the clay sheets. The manner is 

thought to facilitate the intercalation. 
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CHAPTER 2 LITERATURE REVIEW 


2.1 Introduction 

Nanocomposite materials have aroused attention, imagination and research 

interests of scientists and engineers for decades. This stimulation comes from the idea that 

new materials with unprecedentedly improved physical properties can be designed and 

created simply using nano-dimension building blocks. The building block may be 

nanometer scale in one dimensional, two dimensional and/or in all three dimensions. 

Layered silicates are inorganic fillers with one dimensional nanometer size, which were 

first introduced to the research field of polymer composites for the automotive industry in 

the early 1990s [Usuki et al. 1993, Kojima et al. 1993 (1, 2, 3)]. This introduction 

initiated the modern polymer nanocomposite field. The polymer composites with multiple 

fold increase in mechanical properties afforded by the nano-scale filler with almost 

negligible increase in weight are well suited to the automotive industry where lightweight 

of vehicles is urgently expected due to the issues of petroleum cost and emission 

limitation. From then on, studies on polymer-layered silicate (PLS) nanocomposites have 

become more and more prosperous. As polymer matrices have been varied from the 

partially polar Nylons to totally non-polar polyolefins, layered silicates have been 

developed with different surfactant modifications. Melt compounding has become one of 

the two dominant ways of preparing polymer/clay nanocomposites and is recognized as a 

promtsmg approach due to its ease by employing conventional polymer mixing or 

extrusion processes and its low environmental impact and cost effectiveness. 

Thermoplastic polyolefin elastomer, organically modified montmorillonite and the 

melting compounding are the concerns of this project. 
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2.2 Components and Structures of PLS Nanocomposites 

2.2.1 Structures and Surface Properties of Organoclays 

Montmorillonite (MMT) 1s a 2: 1 phyllosilicates clay mineral with a general 

formula given as 

Mx (Al4_xMg x)Si8 (OH) 4 (2.1)0 20 

where M is referred to as monovalent metal cation and x is the degree of isomorphous 

substitution [Giannelis et al. 1999]. In literature, most of the relevant research studies are 

based on this clay. Montmorillonite is a layered silicate in which each layer consists of 

an octahedral sheet of alumina or magnesia sandwiched by two silica tetrahedrons by the 

tip, the oxygen ions belonging to both of the octahedral sheet and the tetrahedral sheets. 

The layer thickness is usually 0.95 - 1 nm and the lateral dimensions of the layer may 

vary from 30 nm to several microns and even larger [Yariv et al. 2002]. These layer 

stacks are held together by van der Waals forces and electrostatic attraction. Isomorphous 

substitution of the metal ions in the sheets, for example, Ae+ replaced by Mg2+or Fe2+, or 

Mg2+ replaced by Li+, results in a charge deficiency. The negative charges impart basicity 

to the oxygen plane and are usually balanced by alkali or alkaline cations situated in the 

gap between the layers, though, there may still be a small portion of negative charges 

which are not fully balanced leading to a weakly basic oxygen plane or the broken bond 

plane. The counterbalanced cations are naturally hydrated and weakly bound to the 

surface of the layer. These inorganic cations can be subsequently exchanged with organic 

cations such as alkyl ammonium ions and this replacement renders the clay 

organophilicity, which is a must for the applications of clays as adsorbents of organic 

compounds or fillers in polymer composites. 
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Organic modification of a clay mineral alters the hydrophilic nature, improves its 

compatibility with organic molecules, and at the same time expands the clay, converting 

it from a microporous ( < 2 nm) structure to a mesoporous (> 2 nm) material suitable for 

guest intercalation into its galleries. According to Lagaly [1976, 1982, 1986], 

conformation of the intercalated long-chain alkylammonium cations is dependent on 

length of the alkyl chains of the organic cations, degree of the cationic exchange and the 

charge density distribution on the clay sheets, resulting in adoption of a lateral monlayer, 

bilayer, pseudotrimolecular layer, paraffin-type monolayer or paraffin bilayer 

arrangement, as shown in Figure 2.2.1. n-Alkylammonium ions with chain lengths less 

than 8 carbons arrange as a lateral monolayer with a constant spacing of -13.6 A, while 

those with longer chains are found in lateral bilayers with basal spacing of 17.7 A. Higher 

cationic exchangeable capacity (CEC) particularly in combination with the use of dialkyl 

or trialkyl substituted ammonium ions leads to a further increase in the basal spacing 

which is designated as a pseudotrimolecular layer structure with basal spacing of 21.7 A 
or the paraffin-type arrangements (monolayer and bilayer) with basal spacings larger than 

22 A. Charge heterogeneity on the silicate sheets is responsible for the non-integral 

change in basal spacing of organoclays. Studies by Bonczek et al. [2002] showed that 

there were two dominant configurations based on the proportion of the CEC. Below 70% 

of CEC the organic cations existed predominantly in heterogeneous monolayers attaining 

basal spacings of between 14.1 and 14.4 A, whereas for higher organic loading (up to 

100% of CEC) the alkylammonium cations was assumed a predominantly bilayer 

configuration. The work by Xi et al [2004] confirmed the arrangement of n-alkyl 

surfactant molecules existing in the galleries of montmorillonite. They found that the 

variation in the d-spacing was a step function of the surfactant concentration and 

proposed a model that a lateral monolayer of surfactant molecules formed when the 

surfactant loading was up to 0.4 CEC, a lateral-bilayer arrangement for the loading up to 

0.8 CEC, and a pseudotrimolecular layer with excess surfactant adsorbed on the clay 

surface for the loading above 1.5 CEC. 
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Figure 2.2.1 Alkyl chain conformations in layered silicates: (a) lateral monolayer (13. 7 A), 

(b) lateral bilayer (17.7 A), (c) pseudotrimolecular layer (21.7 A) , (d) paraffin-type 

monolayer (>2.2 A) [Bonczek et al. 2002], and (e) paraffin-type bilayer [image taken 

from V aia et al. 1994] 

The proposed structures of organoclays in Figure 2.2.1 are supported by numerous 

studies. The real distribution of the long-chain alkylammonium cations in an organoclay, 

however, has proven to not exactly follow these models. One particular problem with 

these models is the assumption that all surfactant becomes ionically bound within the 

galleries of montmorillonite as an organoclay is prepared. Studies by He et al. [ 2006] 

showed that there were three molecular environments for the surfactant within the clay: i) 

intercalated within the clay interlayer via cation exchange and electrostatic bonding, ii) 

located within the galleries of the clay by hydrophobic bonding with the aliphatic tails of 

the surfactant, and iii) physical adsorption to the external surface. Stability of the 
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surfactant, in terms of ease of removal (via chemical, thermal or physical means), has 

been found to follow the order given above, with the intercalated species being most 

difficult to remove and the exterior adsorbed material being the most easily taken away. 

Deng et al. [2003] suggested that the surfactant molecules are probably concentrated in 

the margin area of the interlayer galleries forming an annular ring structure between two 

neighboring silicate sheets, held back from intercalating more deeply into the galleries 

due to van der Waals associations. 

Inside the structure of clays, there are two kinds of water molecules. One is the 

hydrated water molecules around the balanced metal cations which accounts for most of 

the total water molecules; the other is the free water molecules which are held to the 

oxygen plane by attractive and dispersive forces [Yariv et al. 1992]. The former state of 

water is more stable and its removals require temperatures as high as 135°C, but for the 

latter state, a small portion of moisture content is readily removed at temperatures above 

ambient [Xi et al. 2004]. The hydrated cations, as shown in reaction (2.2), have the ability 

(2.2) 

to donate protons and thus provide the clay with acidity, while the oxygen-plane surface 

of clay platelets is able to accept a proton and therefore is alkaline. The dissociation 

reaction is more energetically favored ( 107 times more within the interlayer than in the 

bulk) due to the enhanced dielectric constant of the interstitial matter caused by 

confinement [Touillaux et al. 1968]. The acid strength of the sodium cation is relatively 

weak, yet increases in strength as the water content decreases within the inner layers. 

Replacement of the exchangeable cation by an organophilic surfactant would reduce the 

water-adsorbing capacity of the clay [Jordan 1949]. 
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2.2.2 Thermoplastic Polyolefins and Maleated Polypropylenes 

Thermoplastic polyolefins refer to a class of polymer material modified by 

inorganic fillers and elastomeric particles consisting of block copolymers or rubber. TPOs 

are non-polar which presents extreme difficulties in intercalation as well as forming a 

homogeneous and thermodynamically stable nanocomposite because of their 

incompatibility with the polar inorganic filler. 

During the intercalation process, the entropy decreases due to the severe 

confinement being imposed on the polymer chains. The compensation by the increase in 

conformational freedom of the tethered alkyl surfactant chains as the interlayer spacing 

increases is not enough and the total entropy remains negative [Vaia and Giannelis 1997]. 

In order to overcome the entropic penalty, favorable mixing enthalpic interactions 

between polymer and clay must be present. According to Vaia and Giannelis, the mixing 

enthalpy may comprise apolar interactions arising from associations between polymer and 

surfactant aliphatic chains as well as polar interactions originating from the Lewis 

acid/base interactions between the layered silicates and the polymer chains. Unfortunately, 

the two types of favorable enthalpic interactions seem not to exist for the apolar polymer. 

For example, no organic surfactant attached to montmonrillonite has yet yielded enough 

organophilicity to provide compatibility with a PP matrix, and the PP chains do not 

provide sufficient Lewis acid/base interactions with silicate surface. The positive total 

free energy of the mixing will not allow the intercalation of PP into an organoclay to 

proceed. To overcome the unfavorable approach of non-polar polymer chains into the 

interlayer of an organic modified montmorillonite, a polymeric compatibilizer is 

introduced to the TPO/MMT system in a small quantity sufficient to improve the 

interaction with the silicate surface yet remain miscible with the polymer matrix. 

Typically, the most favored polymeric compatibilizers are maleated polyolefins, most 

often maleic anhydride grafted polypropylenes (MA-PP) due to the presence of tertiary 

carbons in their backbones and hence the relative ease of free radical grafting. 
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The mechanism of a compatibilizer assisting in diffusion of polymer chains into 

clay galleries or dispersion of clay platelets into polymer matrix might be two steps [Vaia 

et al. 1995 and 1996; Dennis et al. 2001]. Chains of compatibilizer first enter the clay 

galleries due to strong interaction, probably by hydrogen bonding, between the polar 

groups on compatibilizer chains and the oxygen groups of the silicate layers, and then 

chains of non-polar polymer matrix diffused into the expanded interlayer region because 

of the compatibility of the polymer and the compatibilizer. Therefore, features of a 

compatibilizer such as molecular weight, polar group concentration, acidity/alkalinity, etc. 

are important for its compatible effectiveness with the organoclay and the TPO matrix, as 

well as the final mechanical properties of the nanocomposite. For maleated 

polypropylenes, higher degrees of grafted maleic anhydride (MA) improve the 

intercalation capacity of MA-PP [Kato et al. 1997], but lead to immiscibility with the 

polymer matrix [Kawasumi et al. 1997]. Research by Kawasumi et al.[l997] showed that 

the dispersibility of orgaoclay in a non-polar polymer matrix was dependent not only on 

the intercalation capacity of an MA-PP in the clay galleries but also on the miscibility of 

the MA-PP with PP. The work by Wang et al. [2004] showed that an oligomer with low 

molecular weight ( M IV =9100 ) led to improved clay dispersion whereas a 

compatibilizer with high molecular weight ( M IV =330,000 ) gave rise to improvement in 

mechanical properties. Another research study confirmed this result in that MA-PP with 

lower molecular weight and higher MA content led to better clay dispersion in the 

polypropylene/clay nanocomposites but also caused deterioration in both mechanical and 

thermal properties [Yang et al. 2006]. It seems that an MA-PP with both enough polar 

groups and good miscibility with PP would achieve an exfoliated and homogeneous 

dispersion of clay platelets in the nanocomposites, but at a cost. 

The immiscibility of a compatibilizer within a polymer matrix is attributed to not 

only its polar groups but also its lower molecular weight. Higher molecular weight for a 

compatibilizer will definitely increase its miscibility with non-polar polymer matrices, 

and therefore an MA-PP with higher maleic anhydride content without reduction of its 
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molecular weight during preparation would be desirable. The unfortunate fact so far is 

that chain length seems always to be coupled to the grafting degree of the polar functional 

group due to the reaction used in generating a maleic anhydride modified polypropylene 

compatibilizer. With higher maleic anhydride grafted onto the polymer backbone, the 

molecular weight of the polypropylene will be substantially reduced by chain scission 

which occurs simultaneously with bulk grafting [Shi et al. 2001]. The effect of the degree 

of grafted maleic anhydride groups on the dispersibility of clay in the polymer 

nanocomposite is usually studied by not decoupling the molecular weight of MA-PP. 

Hong et al. [2005] attempted to look at the effect of molecular weight on exfoliation but 

they were unable to decouple the influence of maleic anhydride content from their results. 

They used a compatibilizer with MA content of 2.6 wt% and molecular weight of 49,600 

g/mol to create a fully exfoliated TPO nanocomposite, while the other two 

compatibilizers, 1 wt% MA content/157,100 g/mol molecular weight and 0.8 wt% MA 

content/240,700 g/mol molecular weight, did not lead to fully exfoliated structure. As 

expected, impact and flexural properties were greater for nanocomposites using the latter 

two compatibilizers. Another paper trying to study the effect of the compatilizer' s 

molecular weight [Wang et al. 2006] stated that the effect of molecular weight of MA-PP 

on the exfoliation behavior should be coupled with processing conditions because both 

are factors influencing the shear viscosity during the melt compounding of PP/clay 

nanocomposites. They claimed that all studied PP-MAs, i.e. Polybond 3150 with 330,000 

g/mol/0.5 wt %, Polybond 3200 with 84,000 g/mol/1.0 wt % and Polybond 3000 with 

61,000 g/mol/1.2 wt %, gave rise to similar degrees of dispersion when blended with 

Nanomer 1.30P, an octadecylamine modified MMT clay, at a ratio of 10:1 (w/w) at the 

optimal temperature. They seemed to conclude from their research that processing 

temperature or the shear viscosity during the melt compounding were the key factors to 

clay dispersion or exfoliation. Clearly, their work still did not decouple the influence of 

the grafting degree of maleic anhydride from molecular weight. 
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The amount of MA-PP used should be limited because of its negative effects on 

the thermal stability and even the mechanical properties of the final products [Thompson 

and Yeung 2006; Wang et al. 2004]. A study by Lertwimolnun and Vergnes [2005] 

showed that at a constant clay concentration (5 wt %) an improvement in the degree of 

clay dispersion within PP could be obtained by adding MA-PP at concentrations higher 

than 10 wt %, but no further improvement on the dispersibility of clay was observed 

above 25 wt %. The ratio of compatibilizer-to-organoclay is another issue needed to be 

considered due to the concentration limitation of compatibilizer in the non-polar 

polymer/clay nanocomposites. A reasonably low ratio of compatibilizer-to-organoclay 

should be applied when considering shear delamination and mechanical properties, 

though a higher ratio facilitates clay dispersibility. The work by Kato et al. [ 1997] 

indicated that a weight ratio of 3:1 led to the average basal spacing of an organoclay 

increased up to 72.2 A. Wang et al. [2004] showed that when the proportion of Polybond 

3150 and an organoclay in weight reached 4:1, the organoclay platelets completely 

dispersed in the MA-PP melt and that when the proportion was 3:1, the characteristic 

peak in the XRD pattern was very small and the peak location was undistinguishable due 

to the peak's broadness, which validated the result by Kato et al [1997]. 

2.2.3 Structures of PLS Nanocomposites 

Generally, there are two types of structures for PLS nanocomposites, the 

intercalated morphology and the exfoliated morphology, shown in Figures 2.2.2(b) and 

2.2.2(c), respectively. For the intercalated structure, a single or more than one extended 

polymer chains intercalate in between each silicate layer resulting in an increased 

interlayer spacing though the ordered stacking structure remains intact. This morphology 

is sometimes referred to as an ordered exfoliated structure if the van der Waals forces 

between adjacent platelets are negligible. For the exfoliated structure, the silicate layers 

are completely separated and uniformly dispersed in a continuous polymer matrix. Some 

times in literature this morphology is referred to as a disordered or dispersed exfoliated 
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structure. When polymer chains are unable to intercalate between clay platelets, only a 

conventional composite (Figure 2.2.2a) is obtained. The exfoliated structure is most 

desired because it is felt by researchers that this structure will allow maximum specific 

mechanical properties. Unfortunately, until this structure can be realized in a stable 

morphology it is difficult to compare against phase separated and intercalated systems. 

Jt3}.~\l ..:7\ ("'\.. 
J -._,_..J .> 

Layered silicate Polymer 

/!\ 

Intercalated Exfoliated 
(nanocomposite) (nanocomposite) 

Figure 2.2.2 Structures of PLS nanocomposites [Alexandre and Dubois, 2000] 

The structure of PLS nanocomposites depends on the nature of their components 

and the method of processing because the two factors determine the dispersion degree of 

clay platelets. In most cases only a nanocomposite with a mixed intercalate~ and 

exfoliated structure is obtained, especially for the case of non-polar polymer matrix and 

melt compounding processing in which fully exfoliated structure is rare. 

2.3 Processing and Processing Issues of PLS Nanocomposites 
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There are basically four strategies for creating PLS nanocomposites: i) 

exfoliation-adsorption by which the layered silicate is exfoliated into single layers using 

a solvent in which the polymer is soluble, ii) in-situ intercalative polymerization, a 

technique that the layered silicate is swollen within the liquid monomer or a monomer 

solution so that polymer formation can occur in between the intercalated sheets, iii) melt 

intercalation where the layered silicate is directly mixed with the polymer matrix in the 

molten state and exfoliation occurs by shear delamination of individual platelets from the 

silicate stacks after associative forces between adjacent silicate layers have been 

weakened by intercalation, and iv) template synthesis where the silicate layers are 

formed in-situ in an aqueous solution containing the polymer [Oriakhi, 1998]. Clearly 

strategy iv) is not available for most polymers and method i) is usually used to produce 

water-soluble polymer nanocomposites. Therefore, in-situ polymerization and melt 

intercalation (which is often referred to in this thesis simply as melt compounding) have 

become the two dominant routes for preparing PLS nanocomposites. For polyolefinic 

based PLS nanocomposite materials, melt intercalation seems more promising over in

situ polymerization because i) no solvent is involved, ii) the synthesis can proceed on the 

industrially available extruder, and iii) the monomer is not suited to the intercalation and 

exfoliation of MMT on a nanometer level by subsequent polymerization from a solution 

[Pinavaia and Beall 2000]. In addition, the apolar nature of the polymer does not allow it 

to form a thermodynamically stable morphology with the clay when produced by in-situ 

polymerization. 

For melt compounding, intercalation of polymer chains into the interlayer region 

of clay is considered a key step in preparing a nanocomposite because the processes of 

exfoliation and delamination of an organoclay are recognized to happen following this 

step [Vaia et al. 1995 and 1996, Dennis et al. 2001]. According to these researchers, 

polymer chains first diffuse into the clay galleries and expand the interspace size between 

clay platelets. During this stage, the pathway does not require high shear and the major 

driving force is either physical or chemical affinity of the polymer to the organoclay 
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surface, overcoming the strong attractive van der Waals forces between the silicate sheets 

making up the clay crystal by induced basal expansion of its galleries. Following this 

stage, clay platelets delaminate from the expanded stacks during which shear is the major 

driving force, and therefore high shear intensity would help the exfoliation. It is the first 

stage that controls the whole processing because it has been shown to take considerable 

time [Schmidt et al. 2002]. Since polymer processing operations are typically measure in 

the order of seconds, the full exfoliation must occur within a faction of the total residence 

time. It is the rate-limiting step of exfoliation for the clay mineral that becomes a key 

challenge to advancing the commercialization of these novel polymers. 

While complete exfoliation of the clay species is difficult within most polymers, 

the challenge is seen to be greatest for olefinic resins due to i) the poor interactions 

between the macromolecule and organoclay, and ii) the high demand for these polymers 

in commercial applications. Different strategies have been developed recently for 

improving the extent of exfoliation. The most popular has been the use of compatibilizers 

which are partially effective. More disruptive technologies such as high energy ultrasound 

[Lim et al. 2003] and electrical fields [Lu et al. 2006] have also been reported to advance 

the rate and extent of exfoliation. Treece and Oberhauser [2007] showed how direct 

injection of supercritical gas into a single screw process could yield exfoliation levels 

similar to twin screw compounding operations despite the lower shear history. Horsch et 

al. [2006] proposed using supercritical fluid to pretreat the organoclays before their 

addition. Among the three methods stated, the use of supercritical fluid can be seen as the 

most applicable to current industrial processing practices and the least damaging to 

equipment and the polymer structure. 

2.4 Supercritical C02 and Its Applications 

2.4.1 Properties of Supercritical C02 
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A supercritical fluid is defined as a substance for which both pressure and 

temperature are above their critical values and the density of which can be tuned from 

liquid-like to gas-like simply by changing temperature and/or pressure. The vapor-liquid

coexistence state of a fluid above its critical point makes it an excellent solvent with gas

like viscosity and liquid-like density. Supercritical carbon dioxide (scC02) has a critical 

temperature (Tc) of 304.05K and critical pressure (Pc) of 7.40MPa [Kemmere and Meyer 

2005]. Compared to other supercritical fluids, carbon dioxide has received much more 

attention due to its easy accessibility to supercritical state (particularly for industrial uses), 

easy removal simply by depressurization, relative benignity to the environment, chemical 

inertness, low toxicity, low cost, and non-flammability [Tomasko et al. 2003]. Its ability 

to solvate under supercritical state is similar to organic solvents and tunable by simply 

changing temperature and pressure conditions. For most high molecular weight polymers, 

supercritical C02 is not a good solvent, but its solubility in many such polymers is 

substantial. In such cases, scC02 acts as plasticizer, suitable for polymer processing and 

polymer synthesis. 

2.4.2 Polymer Processing 

Applications of scC02 in polymer processing have included polymer modification, 

blending, foaming, etc. In polymer modification, polymers exposed to scC02 first swell to 

varying extents leading to increased free volume and chain mobility, which then 

facilitates the impregnation of modifiers such as monomers, catalysts and other active 

chemical species. Supercritical C02 may also act as a carrier of those modifiers, 

delivering the solutes into the polymer phase. The swelling of polymers and the enhanced 

impregnation of active chemical species allows the chemical modification to be carried 

out at a lower temperature, which is very meaningful for the melt modification in order to 

avoid degradation. Successful applications of scC02 in polymer modification are reported 

to include chemically grafted methyl acrylate [Dong et al. 2004], 2-hydroxyethyl 

methacrylate [Li et al. 2001], methyl methacrylate [Liu et al. 2002] and maleic anhydride 
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[Liu et al. 2005] onto polypropylene by radical mechanism with the general aim of 

increasing hydrophilicity of PP. 

Blending is an important technique for scientists and engineers creating new 

materials using immiscible homopolymers. Property improvements in these created 

materials strongly dependent on their morphology, i.e. the droplet size of the dispersed 

phase. Viscosity ratio of the dispersed phase and the continued phase is crucial in 

determining the size of the droplets. Supercritical C02 can help control the viscosity ratio 

of the two phases because of differences in the solubility of scC02 in different polymers, 

and therefore the size of the droplets may be tuned. In supercritical C02 controlled 

blending of poly(methyl methacrylate) (PMMA) and polystyrene (PS) by twin screw 

extrusion, it was observed that the droplet size of the minor phase (PMMA) decreased 

sharply when the viscosity ratio of PMMA and PS reached 7.3 at a shear rate of 100 s- 1 

and that the viscosity of PMMA reduced up to 80% and viscosity reduction of PS up to 

70% [Elkovitch et al. 2000]. It was believed that the greater reduction in viscosity of the 

dispersed component lead to better momentum transfer from the more viscous major 

component and caused the minor component to break up into smaller droplets. 

Foaming is another common polymer processing technique that provides products 

with substantial reduction in weight and high impact strength. Microcellular foaming of 

polymers using C02 as a blowing agent has even been touted as a revolutionary invention 

in the polymer industry [Simone and Paisner 2003, Liu et al. 2003]. The microcellular 

foaming technique is especially meaningful for those biodegradable and biocompatible 

polymers in the applications of tissue engineering, tissue regeneration and protein 

encapsulation because the microcellular foam combines substantial weight deduction and 

high impact strength with high toughness and good fatigue life, plus allows production in 

a clean and safe environment [Barry et al. 2004, Fujiwara et al. 2005]. Physical blowing 

agents like C02 are better than chemical blowing agents when the melting point of the 

polymer is high and its chemical structure is not thermally stable at high processing 
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temperature. Furthermore, good control over porosity is possible with C02 simply by 

manipulating temperature and pressure due to the high degree of supersaturation possible 

at high pressure and low temperature. 

The uses of scC02 for polymer particle formation, fractionation, purification, and 

dyeing are all quite well established. In polymer particle formation, particle size, particle 

size distribution and morphology can be better controlled using scC02 as a solvent or 

anti-solvent by tuning process parameters such as the amount of dissolved COz, 

temperature, pressure, nozzle diameter and depressurization rate than using other 

traditional solvents, and this method leaves polymer particles solvent-free. The polymers 

reported for producing particles by this technique include fluoropolymer [Franklin et al. 

2001], poly(ethylene glycol) [Hao et al. 2005], etc. For the polymer fractionation, by 

sequentially reducing or increasing the pressure of a SCF/polymer solution, narrow 

molecular weight fractions of the polymer sample are precipitated or extracted from the 

SCF/polymer solution [McHugh and Krukonis 1994, Kim et al. 1998]. Polymer 

purification using scC02 is based on the supercritical fluid extraction of monomers, 

oligomers, or other residual contaminants from polymer to improve the physical 

properties of the polymer in some way [Taylor 1996]. The most advantageous use of this 

technique is the reduction of organic solvent used. Organic dyes can also be transported 

uniformly into polymer hosts by scC02 [West et al. 1998, Kazarian et al. 1999 and 

Kawahara et al. 2001]. 

2.4.3 Clay Minerals and Organoclays 

Supercritical C02 is mainly used as a regenerative solvent and an intercalant aid 

for clay minerals and organoclays. As an extractive or regenerative solvent, scC02 was 

reportedly used to clean natural clay soils contaminated with hydrocarbons, especially 

hydrocarbon polymers, [Reutergardh et al. 1998, Elektorowicz et al. 2007] and regenerate 

clay minerals [Braida et al. 2007] and organoclays [Mendes and Coelho 2005] containing 
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adsorbed organic compounds. Supercritical C02 has also been used as an aid to exfoliate 

layered silicate particles [Manke et al 2002], as a processing medium for intercalating 

natural clay with sugar acetate and ~-D-galactose [Gulay et al. 2006] and organically 

modified clay with 4-phenylazoaniline [Ishii et al. 2002]. These studies were primarily 

focused on the extent of desorption achieved for various adsorbed organic species and the 

morphology of intercalated silicate layer structures. They were not concerned with the 

interaction of the scC02 with the organic adsorbents, the clay pillars or the clay surface 

on a molecular level. The study by Horsch et al. [2006] is the only article known to the 

author exploring the interactions between scC02 and surfactant modifier of MMT. In that 

study the researchers attributed the scC02 effect on clay dispersion to rapid 

depressurization and proposed that C02-philicity to the surfactant of the organoclay might 

result from the presence of acidic hydrogen atoms on the surfactant. 

2.4.4 PLS nanocomposites 

For recent years, patents [Mielewski et al. 2004] and papers [Horsch et al. 2006, 

Yang and Ozisik 2006, Nguyen and Baird 2007, Litchfield et al. 2007, Zhao and Huang 

2008] on scC02 aiding the synthesis of PLS nanocomposites by melt compounding have 

been present. These researchers generally focused on the processing routes used and the 

improved dispersion of clay in the polymer matrix due to the addition of scC02. Two 

typical processing routes are proposed for the melt compounding synthesis. One is 

directly injecting scC02 into a melt mixture of silicate particles and polymer in an 

extruder, by which the silicates particles are expected to exfoliate in the extruded mixture 

[Horsch et al. 2006, Yang and Ozisik 2006, Zhao and Huang 2008]. The other route 

includes two steps: first exfoliating silicate particles using scC02 and then delivering the 

exfoliated silicate particles together with scC02 into a stream of polymer melt in an 

extruder [Nguyen and Baird 2007, Litchfield et al. 2007]. Batch compounding was also 

used to prepare polypropylene/sepiolite nanocomposites using scC02 as assistant solvent 

[Ma et al. 2007]. All these reports except Yang and Ozisik [2006] claimed that the clay 
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dispersion was improved and, subsequently the mechanical properties such as modulus 

and yield stress were likewise increased. Yang and Ozisik [2006] studied the effects of 

organic modifier of clays and processing parameters on clay dispersion in Nylon-6 

matrices and found that high pressure and the addition of scC02 were not factors 

contributing towards improving clay dispersion. The authors also had a conclusion that it 

was necessary to select a proper organic modifier but it was not a sufficient condition to 

obtain an exfoliated clay morphology. Researches by Zhao and Huang [2008] showed 

that there was an optimal C02 concentration at which the PP/clay nanocomposites tended 

to be more viscous and that higher C02 concentration above the optimal value lead to 

decrease in the complex viscosity and dynamic moduli. However, these articles seldom 

probe the molecular level mechanism of interaction between scC02 and the 

nanocomposite components. As mention above, only the study by Horsch et al. [2006] 

discussed the interaction between scC02 and surfactant modifier of MMT. 

Specific knowledge on anticipated interactions of scC02 with maleated 

compatibilizers is unavailable; however, it is evident from the available literature that the 

anhydride group will interact with the gas in some small manner. The most direct 

evidence of C02 interaction with maleic anhydride (MA) can be found in those studies 

looking at Diels-Alder reactions conducted under supercritical conditions to enhance 

kinetic rates. Glebov et al. [2001] found that the rate of reaction between maleic 

anhydride and isoprene under supercritical conditions was substantially increased when 

the MA concentration was below its solubility limit in C02 and only a single phase 

existed. At higher concentrations of MA, multiple phases existed in their reaction system 

and the rate of reaction was closer to those without C02. Unfortunately, the literature in 

this area never seems to hypothesize how the gain in reaction rate occurred. Extraction of 

MA from prepared MA-PP under scC02 was found by Clark and Lee [2004], but they 

provided little analysis on how. In the work of Liu et al. [2005], the authors attempted to 

prepare MA-PP by solid-state free radical reaction aided by scC02 and found a maximum 
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in the grafted maleic anhydride content in relation to C02 pressure which was attributed 

to partitioning of MA between different phases present within the mixture. 
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CHAPTER 3 EXPERIMENTAL 

3.1 Materials 

3.1.1 Clay minerals and organoclays 

Five organoclays, Cloisite 20A, SCPX 1137, SCPX 2934, SCPX 2972 and SCPX 

2971 were chosen for the studies. They are all MMT modified with organic quaternary 

ammonium salt surfactants. Their structural nature and suppliers are summarized in Table 

3.1.1. First consideration of clay selections was the commercial availability. The 

unmodified clay and the organically modified clays were all supplied by Southern Clay 

Products (SCP). The modified clays had a reported organic loading of 95-100 meqllOOg 

determined based on a titration method using amine salt. The second consideration was 

the chemical nature of surfactants used to modify the natural clay. Number of long alkyl 

chains, length of the long alkyl chain and non-aliphatic surfactant were the considered 

factors in order to examine potential variance in C02-philicity. Carbon numbers in the 

surfactant molecule of SCPX 1137, Cloisite 20A and SCPX 2934 are identical ( -18 

carbon atoms) but the number of aliphatic tails in a surfactant molecule of them is 1, 2 

and 3, respectively. Cloisite 20A and SCPX 2972 have an identical number of long alkyl 

chains but the length of the alkyl chains is different, namely 18 carbons for Cloisite 20A 

and 12 carbons for SCPX 2972. Sodium montmorillonite (NaMMT) was the initial clay 

mineral from which the modified montmorillonites were prepared. 
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Table 3.1.1 Clays and their properties and suppliers used in the project 

Clay Surfactant Chemical nature Surfactant Basal Spacing:j: Clay 

type* MWt (A) Supplier 

SCPX 1137 1- C1s Trimethylhydrogenated tallow 340 18.3 SCP 

ammonium chloride 

Cloisite 20A 2 -C1s Dimethyldihydrogenated tallow 574 25.8 SCP 

ammonium chloride 

SCPX 2934 3 -C16 Methyltrihexadecyl ammonium 739 33.4 SCP 

chloride, 100 MER 

SCPX 2972 2-C12 Dimethyldicoco ammonium chloride, 417 20.6 SCP 

95MER 

SCPX 2971 Aromatic Trimethylbenzyl ammonium 186 15.1 SCP 

chloride, 95 MER 

NaMMT - - - 12.2 SCP 

* Example, 1 - C1s indicates one alkyl chain attached with a length of 18 carbon groups 


t Molecular weights of surfactants in the table were provided by the suppliers. 


:j: Values of basal spacing of the clays in the table were based on XRD measurement in our labs. 
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3.1.2 Other materials 

Carbon dioxide gas(> 99.5 mole% purity) and nitrogen gas (100 mole %purity) 

were supplied by Air Liquide Canada Inc. 1-Bromonaphthalene (97 % assay) from 

Sigma-Aldrich and glycerol (Class IIIB) from Fisher Chemicals were used for surface 

tension measurement without any further treatment. Their dispersive ( yd ), polar ( y") 

components and the total surface energy ( r) were shown in Table 3.1.2 for 1 atm and 

25°C. 

Table 3 .1.2 Surface property of two liquids [Gokel 2004] 

Liquid Total, r Dispersive, yd Polar, y" 

mN/m mN/m mN/m 

1-Bromonaphalene 42.80 42.52 0.28 

Glycerol 60.90 35.54 25.36 

3.2 Apparatus 

A specially-built high pressure vessel (HPV) was used to process the clays with 

scC02. Temperature and pressure in the vessel were controlled by a temperature 

controller and a high pressure syringe pump (ISCO Model 260D). The setup of the 

processing apparatus is shown in Figure 3.2.1. 

Another in-house built apparatus was the high pressure cell (HPC) for in-situ 

XRD measurement, shown in Appendix A. The tubes of the XRD-HPC were made from 

sapphire and polyetheretherketone (PEEK). Single-crystal sapphire is transparent and 

exhibits no detectable basal reflections by XRD in the range of interest. Unfortunately, 

the wall thickness of the tube (3 mm) necessary to withstand high enough pressures for 
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this work was too thick to allow X-rays generated from the Cu sealed X-ray tube or Mo 

sealed X-ray tube to pass. Instead of the sapphire tube, a PEEK tube of similar 

dimensions was selected and proved efficient for this application. 

Figure 3.2.1 High pressure vessel (left) together with Syringe pump and temperature 

controller (right) 

3.3 Experimental Design 

3.3.1 Organoclays treated with single solvent - scC02 

In order to investigate the general behavior of organoclays under scC0 2 

atmosphere at different conditions (i.e. temperature, pressure, pressure release rate), a 

two-level full factorial design of experiment (DOE) was used. Variables and specific 

level values of the DOE are shown in Table 3.3 . 1. Low levels of temperature (5 0oC) and 
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pressure (7.6 MPa) were chosen to ensure that C02 was in its supercritical state (C02 

critical point: Pc =7.4 MPa and Tc =31 °C) while the high levels of each factor (200°C 

and 9.7 MPa) were selected based on the practically applied processing temperature of 

TPO or PP in industry and a pressure possibly achieved inside the barrel of a twin screw 

extruder. Considering that the expansion of clay particles may be the result of explosive 

depressurization, we also chose pressure release rate as a parameter. The high level value 

(4.8 MPa/s) was the largest release rate that the needle valve on the HPV could reach 

while the low level (0.2 MPa/s) was the value selected for slowly releasing the gas from 

the vessel. The pressure release rate was controlled manually. The duration of the 

experiment was determined by the temperature used and was not considered a variable 

here but rather a requirement to ensure full adsorption of the C02 prior to 

depressurization. Appendix B lists detail of the full factorial design of experiment. The 

experimental procedure for the trials is discussed in Section 3.4. 

Table 3.3.1 Parameters and levels in the DOE 

Variables Levels 

Organoclay 

Temperature, oc 
Pressure, MPa 

Pressure release rate, MPa/s 

Cloisite 20A, SCPX 1137, SCPX 2934 

SCPX 2972, SCPX 2971 

50 and 200 

7.6 and 9.7 

0.2 and 4.8 

Characterizations of the scC02 processed clay samples included organic weight 

fraction, the hydration properties, pH of the clay in water suspensions, thermal properties, 

interlayer distance, surface tension, etc. The interlayer distances of the clays examined 

above would be those after gas depressurization. In-situ observations of organoclay 

behavior under high C02 pressure were made to examine if there was any difference in 

surfactant morphologies while the scC02 was present. 
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3.3.2 Organoclays treated with scC02 and water co-solvent 

Considering the potential strong interaction of the uncoated surface of an 

organoclay with water and the reports on PLS nanocomposites successfully synthesized 

in water slurry [Hasegawa et al 2003, Xu et al. 2006], water may be a suitable co-solvent 

to assist the clay expansion. In order to ascertain the effectiveness of water as a co-solvent 

to C02 in the expansion of the clay galleries, a small set of experiments was designed. 

3.4 Experimental Procedure 

3.4.1 Clay treatment with scC02 

Supercritical C02 processing of the clays alone followed this procedure: i) drying 

about 2g of a selected clay in a vacuum oven at 40°C overnight (16 hours), ii) pre-heating 

the HPV for 1 hour to allow the temperature in the HPV to be uniform, iii) placing the 

dried clay into the HPV chamber, iv) purging the air in the chamber with C02, v) 

pressurizing the chamber up to the designated pressure, vi) maintaining the pressure and 

temperature during the whole processing, vii) depressurizing the chamber rapidly or 

slowly, and viii) collecting the treated samples for subsequent analysis. The processing 

pressure was controlled by a syringe pump. Gas in the vessel was released manually. 

3.4.2 Organoclay treatment with scCOVII20 co-solvent 

For the small set of experiments looking at the effect of water co-solvent on 

expansion of the clay galleries, two organoclays were chosen, namely Cloisite 20A and 

SCPX 2934. The clays were first dried in an oven at 40°C overnight ( 16 hours) and then 

hydrated for 10 days to an equilibrium weight. The hydration was performed by placing 

several grams of each organoclay in a small confined chamber where a dish filled with 
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distilled water sat to obtain a higher moisture environment. The relative humidity in the 

chamber was found to be 77%. Then a hydrated sample was treated with scC02 in the 

batch vessel under one of two conditions: 9.7 MPa, 200°C and 0.2 MPa/s; and 9.7 MPa, 

50°C and 0.2 MPa/s. 

3.4.3 Organoclay washing 

As mentioned in Chapter II, there is a portion of surfactant physically adsorbed on 

the external surface of clay particles and the margin areas of the interlayer galleries. In 

order to resolve the effect that scC02 had on the interlayer region compared to the 

exterior of clay, the physically adsorbed surfactant needs to be removed. It has been 

shown by other researchers that a mixture of water/ethanol ( 4: 1 in volume) is an 

appropriate solvent which primarily removes the physically adsorbed surfactant onto the 

external clay surfaces and not the surfactant present in the interlayer region [He et al. 

2006]. The specific procedure and conditions of this extraction method used in our 

research were as follows: i) wrap the organoclay within filter paper, ii) put the wrapping 

into a liquid mixture of water/ethanol (4: 1 in volume), iii) reflux the liquid for 6 hours, iv) 

wash the refluxed clay with distilled water and filter the washed clay using a Buchner 

funnel, and v) dry the clays in a vacuum oven at 80°C overnight. 

3.5 Characterization 

3.5.1 Organic content, pH and hydration 

The organic content of organoclays was obtained by burning the organic material 

from the samples. The burning process ('ashing') was performed in a muffle furnace at 

600 oc and air environment for 1 hour. The organic content was calculated from 

difference in the mass based on the sample immediately collected from the batch vessel 
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after treatment and compared to the weight of the ashed product. This measurement gave 

a maximum standard deviation up to 1.0 wt % in the percentage organic content. 

pH values were measured using a Mettler Toledo pH meter. The measurements 

were accomplished by: i) preparing aqueous suspension of a clay by adding 0.2 wt % of 

the modified mineral into distilled water under magnetic agitating; ii) sonicating the 

suspension for 30 seconds before pH measurement; iii) immersing the pH probe in the 

suspension while stirred magnetically; and iv) reading the stabilized pH value. Three to 

five measurements were taken and standard deviation of each sample will be displayed in 

the results. 

Hydration of the scC02 processed clays proceeded by placing the known weight 

of a clay sample in an enclosed humidification chamber and measuring the weight of the 

hydrated sample every day until equilibrium was reached, about 7-10 days. The chamber 

featured an enclosed space containing a beaker of water at room temperature and its 

relative humidity was 77%. 

3.5.2 Surface energy and interfacial tension 

Surface energy is determined by two interfacial forces, van der Waals dispersive 

interactions ( rd) and electron donor/acceptor polar interactions ( yP ), attributed to Lewis 

acid-base theory. The two types of interactions are considered independent and additive: 

(3.1) 

Surface energy of a material can be obtained by measuring the contact angle (8) that a 

liquid droplet of known properties forms on the flat surface of the material. The 

interaction terms were estimated from the contact angle measurement by using the 

Yaung-Dupre equation: 
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(1 +cosB)y1 = 2(~ r} J1' +~ y{' rf) (3.2) 

where e is the measured contact angle. To solve the two unknowns, y~ and y;' , in 

Equation (3.2), two liquids with known dispersive and polar components must be used in 

the contact angle measurement. Here 1-bromonaphalene and glycerol were chosen. 

Surface energy was calculated using the Owens and Wendt method [Owens and Wendt, 

1969]. Surface tension is temperature dependent and for the majority of compounds the 

value of surface tension decreases at a rate of 0.1 dyn·cm-1/°C with temperature [Gokel 

2004]. 

For powder samples, surface energy can be determined using direct contact angle 

measurement or thin layer wicking. For clays, a suitable flat surfaces for measurement is 

generally questionable on account of macroscopic surface roughness [van Oss and Giese 

2003], leading to larger than expected contact angles. However, with swelling clays a 

wicking approach can not be used since the capillary rise velocity is significantly retarded 

for polar liquids due to swelling. It is for this reason that direct contact angle 

measurements were used in this work. The flat surface required for this approach was 

prepared by filling a highly polished tablet-press die with an organoclay sample and 

subsequently compressing the powder under a pressure as high as 340 MPa. The diameter 

of the clay disk was 10 mm and the thickness was about 1.5 mm. An example of the final 

tablet produced by each of the five organoclays was analyzed by a KLA-Tencor surface 

profilometer. The profilometer has a vertical resolution of 5 Aon the kilo angstrom range 

and 5 nm on the micron range, and a horizontal resolution of 400 A. The surface 

topography (an example texture profile given in Figure 3.5.1) was measured to confirm 

that the surfactants did not produce significantly different surface properties for their 

pressed disks; capillary effect resulting from large asperities can negatively influence the 

measured contact angle by the sessile drop technique and therefore, comparison of results 

between the different organoclays required similar surfaces. As we can see from the 
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summarized data in Table 3.5.1, tablets with low surface roughness resulted from the 

preparation method though minor differences were noted between SCPX 1137 and SCPX 

2971, and the other organoclays. While for the author of this thesis there is no known 

study showing the relationship between the dimensions of roughness and the magnitude 

of capillary forces which affect the contact angle of a liquid droplet, as it will be shown 

later that the determined surface energy values were consistent with published data for 

similar organoclays tested by different measurement technique. 

4,-------------------------------------, 
-- SCPX2971 

2 

-6 
Avg:-1.240 llm 

0 250 500 750 I 000 1250 1500 1750 2000 

Length [!lm] 

Figure 3.5.1 Surface roughness of SCPX 2971 

Table 3.5.1 Surface roughness of organoclay tablets prepared by the hydraulic press 

Type SCPX1137 C20A SCPX2934 SCPX2972 SCPX2971 

Roughness (J..tm) 1.7 ± 0.4 0.5 ± 0.3 0.5 ± 0.1 0.5 ±0.2 1.8 ± 0.4 
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Surface energy measurement was performed on a custom-built sessile-drop 

apparatus consisting of a temperature-controlled cubic chamber with two quartz windows 

on opposite sides for illumination and observation. The chamber was also connected to a 

gas cylinder allowing continuously purging of the atmosphere in it. A low magnification 

microscope coupled with a CCD camera took the images of the liquid drop or the molten 

polymer drop on a clay tablet and the image analysis software, FTA (First Ten Angstroms 

Inc.) measured the shapes of the acquired images to give the contact angle. The size of 

liquid droplet was controlled by a 10 - 100 Ill VWR-brand pipet. The measurement 

followed this procedure: i) elevated the sample chamber temperature to 50°C, ii) placed a 

clay disk into the chamber, iii) opened gas N2 valve and waited for 5 minutes for the air 

purging and sample heating, iv) put a liquid droplet of 0.2 Ill on the surface of the disk, 

and v) output contact angle values by the software. 

3.5.3 X-Ray Diffraction 

Observations of the gallery spacing of the samples were performed on three 

diffractometers, Bruker D8 and Bede Scientific D 1 using Cu Ka (A, = 1.54 A) as radiation 

source and Bruker Smart APEX II using Mo as X-ray tube (A, =0.71 A); availability 

dictated where the measurement was made. Powder samples were mostly analyzed using 

Bede Scientific D1 diffractometer at an accelerating voltage of 40kV and a current of 

40mA. Analysis on Bruker D8 X-ray diffractometer was carried out at an accelerating 

voltage of 40kV and a current of 20mA. Both of the instruments were calibrated using 

silver behenate crystal powder. 

The in-situ observations under pressure could not be accomplished using the 

CuKa diffractometers due to the thickness of the wall of the PEEK tube. Radiation energy 

of a CuKa tube was insufficient to penetrate the tube wall, and therefore, Bruker Smart 

APEX II with higher energy Mo X-rays was used. The Mo X-ray tube can produce higher 

radiation energy and proved to work for observing interlayer distance of clays confined in 
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the PEEK tube. The in-situ XRD measurement was performed as follows: i) fully and 

tightly fill the PEEK tube with an organoclay, ii) pressurize to 9.7 MPa with C02, iii) 

keep the tube pressurized for 2 hours, and iv) take an XRD scan for 5 minutes. The whole 

processing could only be run at room temperature, and therefore the C02 environment in 

these observations was not supercritical but rather in a subcritical state. 

3.5.4 Transmission Electron Microscopy 

The exterior of the clay particles and their lamellar microstructure were studied 

using TEM. The powder of a clay was placed on a carbon grid and observed directly 

using the CM 12 PHILIPS TEM at an accelerating voltage of 120 kV. The magnification 

used was mostly 200K times. 

3.5.5 Scanning Electron Microscopy 

Particle size and detail structure of clays were visually analyzed by using scanning 

electron microscopy (SEM). The clay powder was spread on the sticky surface of a plate, 

gold-sputtered and observed on a PHILIPS SEM 515 with an accelerating voltage of 20 

kV at magnifications of 300, 1100 and 5000 times. 

3.5.6 Thermogravimetric Analysis 

The change in surfactant mobility and distribution within an organoclay and 

similarly for their mixtures with compatibilizers and/or TPO was evaluated using TGA. 

The analysis was performed by a STA 409 (Netzsch Instruments) over a temperature 

range of 20 - 600 °C, a ramp rate of 10°C/min and under an atmosphere of C02• The 

isothermal TGA was done with the same instrument by heating the sample from ambient 
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temperature to 200 oc at 30 °C/rnin ramp rate and C02 atmosphere and holding the 

sample under the conditions for 2 hours. 

3.5.7 Differential Scanning Calorimetry 

DSC is another way to evaluate thermal properties of our materials. The changes 

in melting temperature or melting range and heat capacity were expected to reflect re

crystallization or extraction happened during scC02 processing. Regular DSC analysis 

was performed on a DSC 29W (TA Instruments) by a temperature span of 0- 200°C, 

ramp rate W°C/min and N2 atmosphere. Conventional modulated DSC measurements of 

clays were done using Tzero technology on a DSC Q200 (TA Instruments) at a 

temperature range of -W°C - 130°C, a modulated period of 60 seconds, a modulated 

amplitude of ± 1oc, a heating rate of 1 °C/rnin and N 2 atmosphere. 

3.5.8 Fourier Transform Infrared Spectrometry 

FT -IR spectrometry was used to assess the interactions of scC02 with the 

organoclays. Transmittance FT-IR spectra were collected at a frequent range of 400 

4000 crn- 1 using a Bio-Rad FTS-40 spectrometer at a resolution of 2 cm- 1 and N2 

atmosphere. The scanning times for each collection were 64. Powder samples were mixed 

with KBr and compressed into tablets. During the measurement, care was taken to ensure 

that the atmosphere in the sample chamber was completely replaced by N2 to avoid 

interfering with the observation of C02 that might exist in our treated samples. 

3.5.9 Atomic absorption spectrometry 
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The sodium content of the pristine and organic modified clays was identified by a 

Perkin-Elmer 5100 ZL atomic absorption spectrometer. The analysis was conducted at 

the McMaster Environmental Lab. 
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CHAPTER 4 ORGANOCLAYS PROCESSED WITH 

SUPER CRITICAL CARBON DIOXIDE 

4.1 Thermal Stability of Surfactants 

To ensure equilibrium conditions were achieved in the high pressure batch vessel 

with regards to adsorption of carbon dioxide into the interlayer spacing of the different 

clay species, the experiments were carried out for 3 hours at 200°C and 6 hours at 50°C. 

With such prolonged exposure to an elevated temperature up to 200°C, there were 

concerns that degradation of the surfactant would result [Shal and Paul 2006], thereby 

complicating our analysis in regards to the influence of scC02 on the structure of the 

organoclay. In order to respond this concern, both isothermal and non-isothermal TGA 

were conducted under a blanket of C02 ( -300 kPa). Note that the results in this section 

specifically pertain only to the as-supplied organoclays and not any clay treated by scC02. 

Non-isothermal TGA results of the five organoclays and NaMMT were plotted in 

Figure 4.1.1. It can be seen that thermally-initiated degradation for the five organoclays 

did not begin before 2l2°C, which corresponded with the degradation study by Shah and 

Paul [2006]. All the five surfactants were, therefore considered to be thermally stable in 

the C02 environment at 200°C. The graph shows that the onset temperature for 

degradation of the five organoclays was the order of SCPX 1137 < SCPX 2972 < SCPX 
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Figure 4.1.1 TGA plots of five organoclays and NaMMT under C02 

2934 < Cloisite 20A < SCPX 2971. Above 1 00°C, SCPX 2971 exhibited obvious mass 

loss which should be attributed to moisture evaporation from this clay. As shown in Table 

4.1.1, the moisture content of SCPX 2971 was close to N aMMT. Part of moisture 

contained in the two clays was not able to be removed during the drying at 40°C; a higher 

drying temperature was not used in order that all surfactants remained as solids and no 

morphological details were lost. The moisture stayed in the clays and continuously 

evaporated when elevating the heating temperature. Therefore, we can see in Figure 4.1.1 

that SCPX 2971 and NaMMT had similar curves below about 200°C. It was noted from 

the TGA curve for NaMMT that de-hydroxylation from the clay mineral itself started to 

occur at 450°C, which should be one of the reasons that mass of the organoclays still 

decreased slightly after the majority of organic modifiers burned. Another reason for the 
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slight decrease in mass above 450°C may be the continuous removal of the residue of the 

organic materials [Soares et al 2004]. 

Table 4.1.1 Moisture content of organoclays and NaMMT dried at 40°C for 6 hrs, wt% 

SCPX 1137 Cloisite 20A SCPX 2934 SCPX 2972 SCPX 2971 NaMMT 

2.83 1.90 1.04 2.16 5.11 5.77 

100 
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Figure 4.1.2 Isothermal TGA analysis under carbon dioxide environment 

Isothermal TGA was conducted on a selection of the surfactants, namely C20A, 

the representative of aliphatic chain surfactants, and SCPX 2971, the aromatic surfactant. 
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The weight loss in Figure 4.1.2 was quite rapid (within the first 10 minutes) and in 

comparison to Table 4.1.1 the losses for both materials are more likely attributed to water 

rather than any organic degradation. 

The comparatively high moisture content of SCPX 2971 has two feasible reasons: 

i) incomplete coverage of the silicate surface by the surfactant and ii) H20 binding with 

the aromatic group. The incomplete coverage may result from the steric effect of benzyl 

ring which would be described later in this chapter based on XRD analysis. Slight 

solubility of benzene in water has been proved through weak hydrogen bond between 

water and the benzene n-electron cloud [Backs and Goldman 1981, Ravishanker et al. 

1984] 

4.2 Organic Content, Hydration and Acid-Base Character 

Changes in orgamc content, water absorption and pH value of the five 

organoclays before and after scC02 treatment under the designed conditions were 

summarized in Table 4.2.1 - Table 4.2.5. Discussion of the data will be given in the 

respective Sections 4.2.1-4.2.2. For the organic content measurements, in comparison to 

the TGA data shown in Figure 4.1.1, we see that the organic content by ashing was in 

reasonable agreement with the TGA results. For example, Cloisite 20A was found to be 

38.4 wt% by ashing and 34.7 wt% by TGA. The smaller sample size used for the TGA 

may present sampling errors while the oven used for ashing operates for a longer 

sustained time at 600°C. This temperature is close to the decomposition temperature for 

the hydroxyl groups from the broken bond plane of the clay [Xie et al 2001]. Actually, the 

TGA curve of NaMMT in Figure 4.1.1 shows that the hydroxyl group decomposition 

might start to occur when temperature went above 500°C. Unfortunately, a lower furnace 

temperature was found to leave a considerable amount of carbon along with the clay and 

therefore was not useful. In addition, the temperature control of muffle furnace used can 
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not be programmed accurately, which may also introduce an error among tested samples. 

However, the ashing method was proved to be repeatable with a standard deviation of less 

than 1.0 wt % for the five untreated organoclays, and the ash-determined organic contents 

were consistent with the published data by Paul [Shah and Paul 2006] for untreated 

Cloisite 20A, SCPX 1137, and SCPX 2934, indicating that the ashing method is 

reproducible. 

The equilibrium moisture content was selected as the value measured after 10 

days of hydration because the onset of a plateau was noted as early as 5 days of hydration, 

though for some clay samples this onset was delayed to as late as the eighth day. Fig 4.2.1 

shows the weight gain arising from water adsorption over the first 9 days . 

Table 4.2.1 Surfactant content, water absorption and pH - Cloisite 20A 

Processing condition Surfactant Water pH (std) 

content,% absorption, % 

Un-processed 38.45 6.28 7.07 (0.01) 

9.7 MPa I 200°CI 4.8 MPa/s 38.44 5.32 6.87 (0.01) 

9.7 MPa I 200°CI 0.2 MPals 39.34 3.76 7.21 (0.08) 

7.6 MPa 1200°CI 4.8 MPals 39.05 5.70 7.03 (0.04) 

7.6 MPa I 200°CI 0.2 MPa/s 38.74 4.23 6.95 (0.03) 

9.7 MPa I 50°CI 4.8 MPals 41.58 3.15 7.33 (0.03) 

9.7 MPa I 50°C I 0.2 MPa/s 38.96 4.91 7.23 (0.00) 

7.6 MPa I 50°C I 4.8 MPa/s 39.09 3.86 7.37 (0.03) 

7.6 MPa I 50°C I 0.2 MPa/s 37.67 4.07 7.12 (0.02) 
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Table 4.2.2 Surfactant content, water absorption and pH value - SCPX 1137 

Processing condition Surfactant Water pH (std) 

content,% absorption, % 

Un-processed 26.77 6.30 7.15 (0.02) 

9.7 MPa I 200°CI 4.8 MPals 25.90 6.20 6.94 (0.04) 

9.7 MPa I 200°CI 0.2 MPa/s 27.49 4.93 7.29 (0.10) 

7.6 MPa 1200°CI 4.8 MPals 25.45 4.13 6.50 (0.03) 

7.6 MPa I 200°CI 0.2 MPals 27.63 5.41 6.80 (0.01) 

9.7 MPa I 50°CI 4.8 MPa/s 29.37 4.27 7.29 (0.00) 

9.7 MPa I 50 °CI 0.2 MPals 27.70 5.79 7.23 (0.00) 

7.6 MPa I 50°CI 4.8 MPals 27.58 5.05 7.21 (0.01) 

7.6 MPa I 50°CI 0.2 MPa/s 28.04 5.06 7.03 (0.01) 

Table 4.2.3 Surfactant content, water absorption and pH value - SCPX 2934 

Processing condition Surfactant Water pH (std) 

content,% absorption, % 

Un-processed 44.04 6.59 6.34 (0.05) 

9.7 MPa I 200 oc I 4.8 MPals 44.28 6.41 6.46 (0.00) 

9.7 MPa I 200°C I 0.2 MPals 44.09 3.02 6.79 (0.02) 

7.6 MPa /200°C I 4.8 MPals 43.18 3.76 6.34 (0.12) 

7.6 MPa I 200°C I 0.2 MPals 45.45 3.46 6.10 (0.00) 

9.7 MPa I 50°C I 4.8 MPals 45.66 2.32 6.81 (0.12) 

9.7 MPa I 50°C I 0.2 MPa/s 44.61 3.83 6.61 (0.03) 

7.6 MPa I 50°C I 4.8 MPals 44.68 3.19 6.94 (0.03) 

7.6 MPa I 50°C I 0.2 MPals 44.74 3.21 6.20 (0.01) 



43 

Table 4.2.4 Surfactant content, water absorption and pH value - SCPX 2971 

Processing condition Surfactant Water pH (std) 

content,% absorption, % 

Un-processed 16.82 17.51 7.81 (0.13) 

9.7 MPa I 200°C I 4.8 MPa/s 16.49 17.42 7.66 (0.04) 

9.7 MPa I 200°C I 0.2 MPals 17.26 11.78 7.74 (0.02) 

7.6 MPa /200°C I 4.8 MPa/s 14.72 11.17 8.66 (0.02) 

7.6 MPa I 200°C I 0.2 MPa/s 16.08 12.35 7.84 (0.04) 

9.7 MPa I 50°C I 4.8 MPa/s 18.05 10.40 7.82 (0.06) 

9.7 MPa I 50°C I 0.2 MPals 16.31 10.46 7.88 (0.00) 

7.6 MPa I 50°C I 4.8 MPals 18.60 10.32 7.91 (0.03) 

7.6 MPa I 50°C I 0.2 MPa/s 18.03 10.21 7.54 (0.02) 

Table 4.2.5 Surfactant content, water absorption and pH value - SCPX 2972 

Processing condition Surfactant Water pH (std) 

content,% absorption, % 

Un-processed 30.56 11.01 7.56 (0.023) 

9.7 MPa I 200°C I 4.8 MPa/s 30.19 9.75 7.34 (0.01) 

9.7 MPa I 200°C I 0.2 MPals 33.69 5.06 7.62 (0.00) 

7.6 MPa /200°C I 4.8 MPals 31.28 7.15 7.51 (0.15) 

7.6 MPa I 200°C I 0.2 MPals 30.77 5.62 6.52 (0.02) 

9.7 MPa I 50°C I 4.8 MPals 31.98 5.40 7.53 (0.01) 

9.7 MPa I 50°C I 0.2 MPa/s 30.04 5.68 7.69 (0.06) 

7.6 MPa I 50°C I 4.8 MPa/s 32.71 5.66 7.87 (0.01) 

7.6 MPa I 50°C I 0.2 MPals 31.89 6.13 7.03 (0.01) 
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Figure 4.2.1 Moisture adsorption into selected scC02 treated organoclays over a nine day 

period within the humidification chamber 

4.2.1 Five pristine (as-supplied) organoclays 

All measurements for the pristine organoclays from Tables 4.2.1-4.2.5 plus 

sodium content and surface tension are included in Table 4.2.6 to summarize and allow 

easy comparison between properties. Sodium montmorillonite was also listed in the table 

for comparison. The summarization shows that the order of untreated organoclays in 

terms of organic content was SCPX 2934 > Cloisite 20A > SCPX 2972 > SCPX 1137 > 

SCPX 2971. The order of surface tension of the five organoclays was exactly in the 

reverse of the organic content order, and acidity of the five organoclays largely follows 

this trend except SCPX 2972. However, changes in moisture uptake for the five 

organoclays are quite different from these two former properties. Cloisite 20A and SCPX 

1137 exhibited the same moisture content in spite of their significant difference in 
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intercalant organic content and their hydration values were not higher than that of SCPX 

2934 which had the highest organic content. Though the organic content of SCPX 2972 

was third highest in the series, its hydration content was much higher than everything but 

SCPX 2971. SCPX 2971 had the lowest organic content and its hydration content was the 

highest among the five organoclays. Water content and the pH value for NaMMT, which 

contains no organic modifier, was much higher than all other organoclays. 

Table 4.2.6 Organic content, hydration and acidity of pristine organoclays and NaMMT 

Organoclay Organic Hydration Acidity Surface Sodium 
species co tent content (pH) tension content 

wt% wt% mJ/m2 wt% 
SCPX 2934 44.0 6.6 6.3 33.4 0.23 

Cloisite 20A 38.5 6.3 7.1 34.7 0.25 

SCPX 2972 30.6 11.0 7.6 39.5 0.46 

SCPX 1137 26.8 6.3 7.2 45.2 0.27 

SCPX 2971 16.8 17.5 7.8 55.4 0.39 

NaMMT 30.7 9.4 2.84 

As mentioned in Chapter II, the main sites for water molecules to exist in clay are 

the metal cations present to counterbalance the negative charges of the clay's oxygen 

plane and the hydroxyl groups of the broken bond plane. With the replacing of the metal 

cations by the organic cations, the silicate surface is covered with an organic surfactant. 

Generally speaking, the more organic loading to the organoclay, the more organic 

coverage on the silicate surface, especially the surface of the clay particles, and therefore 

decreased hydration ability and basicity. NaMMT exhibited alkalinity with a pH value of 

9.4 while the organoclays are basically neutral. However, the surfactant distribution on 

the silicate surface changes with the increase in organic loading, and even in the 

interlayer region, the arrangement mode of surfactant molecules changes with increasing 

surfactant content [Xi et al 2004, Fornes et al, 2002]. Excess amounts of surfactant over 
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the cation exchange capacity are adsorbed on the silicate surface and added to the 

galleries of the silicate layers. The similarity in the moisture uptake for SCPX 1137, 

Cloisite 20A and SCPX 2934 might be interpreted that the degree of metal cations 

exchanged and the coverage of the silicate surface are the similar and that Cloisite 20A 

and SCPX 2934, especially the latter, are excessively loaded with their surfactants. The 

similar sodium contents for three organoclays shown in Table 4.2.6 confirm the 

assumption. The relatively high hydration for SCPX 2972 is probably due to the 

incomplete coverage of the silicate surface by the surfactant because we see that its 

sodium content is higher than the three organoclays mentioned. The surfactant for SCPX 

2972, dimethyl dicoco ammonium chloride mainly with 12-carbon chains, is different 

from the other three whose alkyl chains were considerably longer, 16 -18 carbons. 

The acidity or basicity of the organoclays reflects their Bremsted sites on the 

surface of a smectite clay located at the hydrated cations coordinated with the oxygen 

plane and the hydroxyl groups of the broken bond plane. As mentioned above, more 

sodium cations are exchanged with increased organic ammonium loading until excessive 

surfactants are loaded onto the silicate surface and into silicate galleries. The exchange 

substantially reduces the number of the Br0nsted base sites on the clay surface. The pH 

trends among the tested clays were SCPX 2934 < Cloisite 20A ~ SCPX 1137 < SCPX 

2972 ~ SCPX 2971 < NaMMT, basically follows the organic loading. However, 

considering a maximum standard deviation of ± 0.2, the pH values of Cloisite 20A and 

SCPX 1137 can be considered the same though their organic contents were significantly 

different yet their hydration contents were similar. Again, the relatively high sodium 

content and the incomplete surfactant coverage of SCPX 2972 may lead to it high pH 

value though it was not as significant as its hydration value. The atomic absorption 

analysis gave a relative standard deviation of 18%, therefore it was no surprisingly found 

that pH values of SCPX 2972 and SCPX 2971 were close even if there were minor 

differences in their sodium contents. The slightly higher pH values for SCPX 2972 and 
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SCPX 2971 than Cloisite 20A and SCPX 1137 indicates that pH value was not as 

sensitive as the hydration content. 

4.2.2 Supercritical C02 treated organoclays 

Tables 4.2.1-4.2.5 showed that for each organoclay species the organic content of 

the scC02 treated sample under all tested conditions were either similar or above the 

determined content for the untreated organoclay. The batch vessel and sample holder 

were examined after each test to ensure that no possible loss of surfactant occurred 

between runs. Considering the standard deviation of this method (see Chapter III), the 

fluctuation of the organic content compared to the pristine value were within the range of 

error. Therefore, it is reasonable to conclude that no significant change in organic 

surfactant was observed due to the scC02 treatment or that no surfactant extraction 

happened during the scC02 treatment and gas release. Another intention of the organic 

content measurement was to establish the feasibility of evaluating the adsorption

desorption characteristics of C02 onto the clay as a result of the selected surfactant. The 

available data proved that this measurement failed for this purpose either because of no 

COz retained onto the clays after gas releasing or because of the amount of C02 adsorbed 

too small to be detected. The following FT-IR analysis will show that no C02 was 

retained in the treated clays. No change in organic content does not rule out an altered 

surfactant morphology. Actually, we will see from the water content in these tables and 

following XRD, TEM and TGA results that the surfactant morphology changes 

significantly for some organoclays and minimal for others. 

As indicated in the Tables 4.2.1 - 4.2.5, treatment of these organoclays with 

scC02 had no significant influence on the Brensted character of the clays. The negligible 

change in pH would be reasonably expected if the Brensted sites were primarily the 

sodium, as C02 would have little affinity for the cation or any resulting salt from cation 
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exchange, and therefore, would not be likely removed by the treatment. Atomic 

absorption measurements confirmed that the sodium content was unaffected by the 

supercritical solvent, with both C20A and SCPX 1137 found to contain 0.26 wt% Na+ 

after scC02 treatment at 9.7 MPa and 200°C followed by a gas release rate of 0.2 MPa/s. 

Furthermore, the hydroxyl groups of the broken bond plane would have remained 

unchanged regardless of any change in the morphology of the surfactant. Therefore, the 

pH measurement provided no evidence to support the possibility of acidification of the 

clay by scC02 (i.e. reaction of the scC02 with residual interstitial water). 

However, the hydration of these scC02 treated organoclays was found to reduce 

significantly. Since no reductions in sodium content, in Bremsted sites and in organic 

intercalants were found, the possible reason left for reduction in moisture uptake resulted 

from the scC02 treatment would be the increase in the coverage of oxygen plane with the 

organic surfactant. It may be reasonable to assume that: i) scC02 increased the mobility 

of surfactant molecules, ii) the movable melt surfactant molecules physically adsorbed on 

the outside of clay particles then enters the galleries of clay platelets, iii) the entered 

surfactant together with those intercalated species bound by van der Waals forces 

exchanged further with the metal cation on the platelet surface leading to increased ion

dipole (end-tethered) surfactant, and iv) the exchanged sodium cation still stays in clay 

galleries. According to Yariv and Michaelian [2002], the hydration of the interlayer 

would account for associations of water by Lewis acid/base interactions with the oxygen 

plane of the clay's siloxane groups, and hydrophilic hydration of the exchangeable cation. 

The further cation exchange reduces the Lewis acid/base interactions with the oxygen 

plane, and therefore, reduces the moisture uptake. 

In terms of the influence of the processing conditions on the hydration, the 

experiment data were re-written in Appendix C according to the standard DOE 

arrangement. If x1, x2 and x3 are assigned for temperature, pressure and pressure release 
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rate, respectively, and y for the moisture content, linear models for the five organoclays 

are fitted as follows. 

C20A: 

y = 4.4+0.35x1 -0.10x2 +0.15x3 -0.13x1x2 +0.63x1x 3 -0.17x2 x3 +0.20x1x2 x3 

(4.1) 

SCPX 2934: 

y =3.7 + 0.52x1 + 0.22x2 + 0.27 x3 +0.30x1x2 + 0.65x1x 3+0.20x2 x3 + 0.57 x1x2 x3 

(4.2) 

SCPX 1137 

y =5.1 +0.03x1 +0.l8x2 -0.18x3 +0.21x1x2 +0.18x1x3+0.13x2x3 +0.51x1x2 x3 

(4.3) 

SCPX 2972 

y = 6.3+0.57x1 +0.17x2 +0.67x3 +0.35x1x2 +0.85x1x 3+0.40x2 x3 +0.37x1x2 x3 

(4.4) 

SCPX 2971 

y =11.8 + 1.4x1 + 0.76x2 + 0.56x3 + 0.66x1x2 + 0.56x1x 3+0.8lx2 x3 + 0.86x1x2 x3 

(4.5) 

From the fitted linear models, we see that for C20A, SCPX 2934, SCPX 2972 and SCPX 

2971 temperature had a relatively significant effect on the moisture uptake, while 

pressure and pressure release rate affected this parameter very little. The C20A model 

(4.1) and SCPX 2934 model ( 4.2) reveal that pressure release rate itself did not show 

significant influence on the hydration for C20A and SCPX 2934 but its coupled 

interaction with temperature exhibited the most effect on the moisture uptake of the two 

organoclays. The SCPX 1137 model (4.3) shows that temperature had a limited effect on 

the hydration whereas pressure and the coupled interaction of temperature on pressure 

had the strongest effects on this surfactant. Pressure release rate itself seems only to have 
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an influence on SCPX 2972 and again its coupled interaction with temperature showed 

the strongest effect shown in model (4.4). 

4.3 Basal Spacing 

Basal spacing of clay crystals has been taken as one of the most important 

variables evaluating their structure and intercalated ability by polymer intercalants. In 

general, higher interlayer distance of an organoclay is thought to facilitate the 

intercalation. Due to their well ordered crystal structure, the interlayer distance of the 

organoclays is readily characterized by using XRD methods. Table 3.1.1 gives the d001 

spacing values of the five organoclays and NaMMT determined by the XRD method 

showing their differences in this property. Swelling with organic surfactants at 

concentrations close to 1.0 CEC for the clay mineral increased the basal spacing of 

montmorillonite, where longer chains and greater numbers of chains bound to the 

ammonium functionality induced larger basal expansion by their incorporation as a result 

of steric effects. The interlayer spacing values for the as-supplied organoclays 

corresponded well with reported X-ray data in the literature [Xi et al. 2007, Xie et al. 

2001, Osman et al. 2003, Lee and Kim 2002] and indicated that different arrangements 

were being assumed by the different alkylammonium surfactants within the smectite clay. 

The terminology being adopted here for surfactant conformation corresponds to the work 

of Lagaly [1976, 1994] and summarization by Bonczek et al. [2002]. In this section, basal 

spacing was used to examine the interaction between a surfactant and scC02 by observing 

changes in this property. 

4.3.1 Effect of scCOz 

NaMMT 
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Un-modified MMT was examined to demonstrate if scC02 interacts with the 

unmodified silicate surface and hence to compare the organoclays with un-modified 

MMT, which would simplify our evaluation on the interaction of scC02 with surfactants. 

Figure 4.3.1 shows that for the pristine MMT there were two diffraction peaks at 28 = 
7.24° and 8.78° at d001 corresponding d-spacing of 12.2A and lO.lA, respectively. The 

larger gap spacing corresponded to hydrated MMT with a monolayer of water in the 

interlayer region [Bongiovanni et al. 2006], while the d-spacing value, 10.1A, is very 

close to the thickness of the MMT silicate sheet, 0.95 - 1.0 nm, (see section 2.2.1) 

indicating that water distribution was not uniform in the MMT galleries. Considering that 

this d-spacing value of the second peak is a little higher than that of the anhydrous MMT, 

it is also possible that there might be small amount of mineral impurity, for instance, mica 

[Simon 2006]. The two diffraction peaks are broad and of low intensity, reflecting the 

poor ordering of MMT (often referred to as a mixed layered structure). After 3-hour 

scC02 treatment at 9.6 MPa and 200°C followed a pressure release rate of 0.2 MPa/s, the 
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Figure 4.3.1 XRD Patterns of MMT before and after scC02 treatment at 200°C and 9.6 

MPa following by pressure release rate of 0.2 MPa/s 
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two diffraction peaks for the untreated MMT combined together forming one broader 

peak with a highest scattering intensity value at 28 = 7.08°. The disappearance of the 

second peak for the pristine MMT may suggest that it was the anhydrous MMT other than 

impurity that existed in the clay. The heterogeneous distribution of water molecules in 

pristine MMT galleries may be attributed to the heterogeneity of charge density on the 

clay sheets [Lagaly et al. 1976]. The galleries with fewer negative charges on silicate 

sheets attract fewer alkali cations and consequently contain fewer water molecules. 

Annealing of NaMMT at high temperature, high pressure and C02 environment probably 

improved the uniform charge distribution and, therefore, resulted in better water 

distribution. In addition, water has some solubility in the scC02 and therefore became 

better spread out throughout the clay mineral after the C02 treatment. 

SCPX 1137 

For the monoalkyl surfactant, SCPX 1137, the XRD patterns are shown in Figure 

4.3.2. Ifthe silicate sheet is considered to be 9.7A in thickness [He et al. 2006, Yariv and 

Michaelian 2002, Xi et al. 2007], the XRD detected gallery spacing for the pristine SCPX 

1137 would be 8.6 A (i.e. 18.3 A - 9.7 A). The approximate molecular size of the 

surfactant was 4.3 A in diameter and 23.8 A in length when fully extended according to 

the calculations by He et al. [2006]. It is reasonable to assume that the arrangement of the 

surfactant was bilayer, with the alkyl chain laying flat against the two opposing silicate 

surfaces. The exposure of the organoclay to scC02 in the batch vessel under 9.7 MPa and 

200°C followed by a pressure release rate of 0.2 MPals changed the conformation of the 

surfactant. The crystal structure of the clay became more heterogeneous as seen in Figure 

4.4.2 with its diffraction peak becoming much wider than the untreated species. Position 

of the main peak shifted to a higher 2 theta angle (28 =5.1 °) indicating that collapse 

occurred during the treatment. On the other hand, a few weak peaks at lower 2 theta 

angles may suggest that there were parts of the clay that expanded due to the scCOz 

processmg. 
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Figure 4.3.2 XRD Patterns of SCPX 1137 before and after scC02 treatment at 200°C and 

9.6 MPa following by pressure release rate of 0.2 MPa/s 

Cloisite 20A 

The surfactant of Cloisite 20A is dialkyl and the basal spacing of it, 26.8 A, was 

larger than that of the clay with monoalkyl surfactant above. The XRD patterns of C20A 

are shown in Figure 4.3.3. The pristine C20A exhibited an intense diffraction peak of the 

d001 crystal plane at 28 value of 3.4° showing a well organized crystal structure. The 

gallery spacing of 16.1 A (i.e. 25.8 A- 9.7 A) suggested that the intercalated surfactant 

assumed a paraffin-type monomolecular arrangement with the end-tethered molecules 

partially tilted away from the silicate surface. After the C20A was treated with scC02 at 

200°C and 9.7 MPa then released at 0.2 MPa/s, the diffraction peak shifted to a lower 28 

angle of 3.2° with significantly decreased intensity of the peak. The left shift of the 

diffraction peak indicates that basal spacing of C20A increased slightly (~ 2.0 A) as result 

of scC02 treatment. The expansion of the clay galleries probably resulted from the 

increase in the tilt angle of the intercalated molecules. The lowered intensity of the 
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diffraction peak may suggest that crystal structure of C20A became relatively more 

heterogeneous compared to the untreated C20A. The increase in basal spacing suggests 

that removal and rearrangement of surfactant molecules occurred during the C02 

treatment. 
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Figure 4.3.3 XRD Patterns of Cloisite 20A before and after scC02 treatment at 200°C and 

9.6 MPa following by pressure release rate of 0.2 MPa/s 

SCPX 2934 

The trialkyl-surfactant organoclay exhibited the largest basal spacing value among 

the three organoclays intercalated with C16 _ 18 chain length surfactants. Its interlayer 

spacing, 23.7 A(i.e. 33.4 A - 9.7 A), suggested a paraffin monolayer structure with the 

end-tethered molecules, just like C20A, but with greater tilted angle. Considering the 

fully extended length of C 18 chains, 23.8 A, [He et al. 2006], the surfactant molecules, 

actually, could be assumed to stand up completely with a tilted angle of 90°. As shown in 

Figure 4.3.4, the diffraction peak (001) moved to a higher 2 theta angle after scC02 
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treatment under 200°C, 9.7 MPa and 4.8 MPa/s, indicating a decrease in basal spacing(~ 

= 2.1 A). The sharpness and similar pattern of both peaks for before and after scC02 

treatment exhibited that the crystal structure of organoclay was well ordered and that 

scC02 treatment did not significantly alter its crystal structure. 
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Figure 4.3.4 XRD Patterns of SCPX 2934 before and after scC02 treatment at 200°C and 

9.6 MPa following by pressure release rate of 4.8 MPa/s 

SCPX 2972 

Figure 4.3.5 shows the XRD patterns of SCPX 2972 before and after scC02 

treatment. Like SCPX 2934, the treatment was carried out at 200°C and 9.7 MPa/s 

followed by a pressure release rate of 4.8 MPa/s. The surfactant of this clay, 

dicocodimetyl ammonium chloride, is dialkyl like C20A but with a shorter chain length 

of 12 carbons. If length of a fully extended C18 alkyl chain is 23.8 A [He et al. [2006], 

estimated length of a fully extended C12 chain should be about 15.8 A. Considering the 

gallery spacing of 10.9 A (i.e. 20.6 A- 9.7 A) for SCPX 2972, the surfactant arrangement 
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may be assumed as paraffin type monolayer with a tilt angle less than 90°, just like C20A. 

Clearly, the shorter chain surfactant induced a smaller gallery spacing for a similar 

number of sites occupied on the clay surface if the assumption was true. At 1.0 CEC, the 

basal spacing of the as-received SCPX 2972 (20.6 A) was 5.2 A smaller than that of 

C20A. However, surfactant arrangement for SCPX 2972 may be assumed in another way: 

considering 4.3 Ain diameter size for a single chain and repulsing force between two 

alkyl chains, diameter size of one dicocodimethyl molecule should be more than simple 

addition of diameters of two alkyl chains i.e. 8.6 Aand may be close to 10.9 A, and thus 

an assumption of a lateral monolayer structure for this clay may also be reasonable. Also 

like SCPX 2934 and 1137, the C02 treatment caused collapse of the crystal layers but the 

collapse was not significant, indicating that surfactant molecules were mobile under 

scCOz. 
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9.6 MPa following by pressure release rate of 4.8 MPa/s 
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SCPX 2971 

This organoclay was found least affected by the tests in this thesis compared to the 

other ones examined. The X-ray diffraction peak (001) for SCPX 2971 in Figure 4.3.6 is 

the narrowest and sharpest among the five organoclays, exhibiting the best crystallized 

structure. The basal spacing detected, 15.1 A corresponding to the peak position (28 = 
5.8°) is consistent with the literature [Koh and Dixon 2001, Polubesova et al. 1997]. The 

gallery spacing was only about 5.4 A (i.e. 15.1 A- 9.7 A), and therefore the arrangement 

of the surfactant in between the silicate sheets should be a monolayer structure. 

Considering the rigid molecular structure attributed to the phenyl ring in the 

benzyltrimethyl surfactant, it was expected that the monolayer structure would not change 

significantly after the scC02 treatment in spite of the plasticization of the organic 

surfactant by scC02. As shown in Figure 4.3.6, no change was found for the diffraction 

peak of (00 1) plane. The lack of change by the scC02 treatment may also be attributed to 
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the strength of the interactions between the aromatic ring and adjacent silicate sheets. 

Benzyltrimethyl ammonium exhibited a larger dipole moment due to the aromatic ring 

than the long alkyl chain surfactant [Backx and Goldman 1981] and, therefore, its 

interactions with silicate sheet would be stronger than those with long alkyl surfactants. 

The strong interaction may restrict the intercalant molecules because studies by Kol and 

Dixon [200 1] showed that regardless of the benzyltrimethyl surfactant concentration, the 

basal spacing remained relatively constant, i.e. the modified clay was not willing to 

adsorb a second interlayer. 

4.3.2 Effect of processing conditions 

Effects of treatment conditions on the basal spacing of the organoclays were 

focused on the alkyl surfactants with C 16 - C18 chains, i.e. SCPX 1137, Cloisite 20A and 

SCPX 2934. Basal spacing values of all scC02 treated organoclays were summarized in 

Table 4.3.1. For the monoalkyl surfactant, SCPX 1137, Figure 4.3.2 shows that COz 

treatment at 200°C and 9.7MPa caused the silicate sheet to collapse to a small degree. 

However, at the same pressure release rate, 0.2 MPa/s, treatments at lower temperature 

and/or lower pressure, as shown in Table 4.3.1, did not show any influence on the gallery 

distance. The reason responsible for the minor change in basal spacing when applying 

high temperature and high pressure and no change when processed at lower temperature 

and/or lower pressure may be the melting point of the confined surfactant which was high 

up to 116°C, see the first-run DSC result in the following section. Even under high 

pressure, low processing temperature of 50°C may not induce the surfactant molecules to 

move. Even if the temperature was elevated to 200°C, the processing pressure of 7.6 MPa 

might not high enough to drive the molecules to move. Surfactant mobility increased with 

temperature and the solvation strength of scC02 (i.e. density of the fluid). At 200°C, 

density of scC02 under pressure of 7.6 MPa is 0.090 g/mL, much lower than that under 

9.7 MPa, 0.117 g/mL. When the temperature and pressure were both at their highest 
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levels, surfactant molecule were driven to move; however, this mobility was mainly 

towards the transition to a lateral monolayer with only a small fraction of chain 

transitioned towards the paraffin type monolayer, as indicated in Figure 4.3.2. It probably 

was the fact that both transitions occurred that increased heterogeneity in the interlayer 

spacing. Based on the discussion, it may be concluded that C02 influenced surfactant 

morphology of SCPX 1137 only when both of temperature and pressure were high 

enough. Pressure release rate was not examined here since we will see that this parameter 

did not significantly affect basal spacing of SCPX 2934. Results of the TGA and FT-IR, 

to be discussed in later sections, will assist in identifying the changes in morphology for 

this surfactant. 

Table 4.3 .1 Basal spacing of scC02 treated organoclays 

Processing conditions SCPX 1137 Cloisite 20A SCPX 2934 

Original 18.3 25.8 33.4 

50°C, 7.6 MPa, 0.2 MP/s 

200°C, 7.6 MPa, 0.2 MP/s 

50°C, 9.7 MPa, 0.2 MP/s 

200°C, 9.7 MPa, 0.2 MP/s 

18.5 

18.1 

18.2 

17.5 

26.2 

26.8 

26.2 

27.8 

33.3 

31.5 

31.2 

50°C, 7.6 MPa, 4.8 MP/s 

200°C, 7.6 MPa, 4.8 MP/s 

50°C, 9.7 MPa, 4.8 MP/s 

200°C, 9.7 MPa, 4.8 MP/s 

28.2 

27.6 

26.6 

27.7 

31.5 

31.2 

31.2 

For SCPX 2934, we see in Table 4.3.1 that when the three parameters were all at 

their lowest level, i.e. 50°C, 7.6 MPa and 0.2 MPa/s, d-spacing of this clay retained its 

original value indicating that C02 at this condition was not able to affect the surfactant 
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morphology. However, basal spacing values at other processing conditions all resulted in 

a reduced gallery spacing of about 2.1 A. This variation indicated: i) rearrangement of the 

trialkyl surfactant occurred only through elevating either temperature or pressure or both 

of them, ii) the reduction in interlayer distance by the rearrangement was limited to a 

fixed value (limited packing reorganization was possible due to steric hindrance), iii) 

temperature and pressure appeared to have a negligible influence on reduction in basal 

spacing, and iv) pressure release rate had no significant effect on the basal spacing of 

SCPX 2934. The reduction in basal spacing probably resulted from the decrease in the 

tilted angle of surfactant molecules confined in the interlayer region from 90° to some 

lower degree. The following DSC, TGA and FT-IR analyses will assist in determining 

how the morphology changed. 

Cloisite 20A was the only clay for which gallery spacing exhibited an increase 

after scC02 processing. Therefore, more attention was paid to this clay throughout this 

chapter. Keeping x1, x2 and x3 assigned to the factors of temperature, pressure and 

pressure release rate, respectively, and setting y for the basal spacing, a linear model was 

determined to aid analysis: 

From the Equation ( 4.6), we can see that among the main factors temperature and 

pressure release rate had a stronger affect on basal spacing whereas pressure had a 

relatively minor effect except when coupled with pressure release rate. Therefore, higher 

temperatures and higher pressure release rates are drivers towards increasing the basal 

spacing of C20A. 

From the results of basal spacing of C20A above and the results of moisture 

uptake in Section 4.2, we knew that pressure release rate seemed to be in the second place 

after temperature influencing the surfactant morphology, especially for the case of C20A. 
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Horsch et al. [2006] claimed that an organoclay having good C02-philicity (Cloisite 93A) 

achieved substantial reduction in the number of tactoids present after scC02 treatment at 

8.6 MPa and 90°C for 20 hours followed by rapid depressurization. Thus, we made two 

more trials on the pressure release rate at conditions of 9.7 MPa and 200°C except for the 

two tests in the DOE. All the other processing conditions (temperature, pressure and 

duration) for the new experiments were same as those two in the DOE, i.e. 200°C, 9.7 

MPa and 3 hours. For one trial the pressure release rate was manually controlled as low as 

possible. The whole depressurization lasted 30 minutes, the pressure release rate was 

about 0.005 MPals, and therefore the pressure release rate for this trial was named 0. 

Since the higher level of pressure release rate in the DOE was the highest value that the 

needle valve used could achieve, it was impossible for another trial at higher pressure 

release rate if the needle valve was still used. Instead of the needle valve, a new ball valve 

was installed which allowed the depressurization to be instant (less than 1 second). 

Therefore the pressure release rate was more than 9.7 MPa/s, which was named here for 

comparisons. XRD patterns of the scC02 processed C20A at 0, 0.2 and 9.7 MPa!s were 

shown in Figure 4.3.7. XRD pattern for C20A at 4.8 MPals obtained by another 

instrument using different sample holder was not included in the figure due to more than 

one magnitude difference in their scattering intensity, but the d001 peak position was at 29 

angle of 3.2° corresponding to basal spacing value of 27.7 Alisted in Table 4.3.1. 

It can be seen from Figure 4.3.7 and Table 4.3.1 that there was almost no 

difference in diffraction peak position among pressure release rates of 0, 0.2 and 4.8 MPa. 

However, we do see that there was a trend that intensity of the diffraction peaks decreased 

with increase of pressure release rate (XRD scans of the samples of 0, 0.2 and 9.7 MPals 

were performed for the same mass of sample loaded in the same sample holder) 

indicating that number of C20A tactoids reduced or part of the tactoids dispersed due to 

the faster depressurization, which was consistent with results by Horsch et al. [2006]. For 

the case of 9.7 MPa/s, except for the reduction in scattering intensity, the d001 diffraction 

pattern became broader and peaked at lower 29 angle (2.9°), indicating that except for the 
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dispersion of partial tactoids there were some tactoids which swelled due to the explosive 

depressurization. It seems to conclude that elevated pressure release rate improved the 

expansion or dispersion of C20A particles. 
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Figure 4.3.7 XRD patterns of C20A processed with C02 at 200°C, 9.7 MPa and different 

depressurization at a gas release rate of 0 MPa/s, 0.2 MPa/s and 9.7 MPa/s 

4.3.3 In-situ observation 

The XRD observations on scC02 processed clays mentioned above are all based 

on analysis after depressurization. In order to improve our understanding of how the 

microstructure of an organoclay at the presence of the supercritical fluid (i.e. without the 

pressure release rate factor coupled to the measurement), the clays were also examined in

situ using XRD. Due to the experiment limitation of the built apparatus and X-ray 

detector system, the high pressure device could not be heated. The measurement was 
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performed at room temperature and an elevated pressure (9.7 MPa) and, therefore, C02 

during this measurement was not in supercritical state but rather in its subcritical state. In 

spite of this restriction in solvation power, we could still learn a substantial amount on the 

microstructure of an organoclay while being conditioned. Figure 4.3.8 shows the results 

of NaMMT and the five organoclays using Mo as the X-ray source (Mo wavelength, 'A= 

0.7107 A). Results for pristine (i.e. no C02 present) SCPX 1137, SCPX 2972 and SCPX 

2971 obtained by Mo X-ray radiation were consistent with those by Cu X-ray radiation 

but d-spacing values of pristine NaMMT, C20A and SCPX 2934 by using Mo X-ray were, 

smaller than by using Cu X-ray. The reason for the difference between the two methods 

was not explored since our interest was in the variation in d-spacing before and after C02 

treatment. 

For the NaMMT, Figure 4.3.8(a) shows that the diffraction peak shifted to a lower 

2 theta angle and became much more intense indicating it exhibited expanded interlayers 

which were more homogeneous in spacing under high pressure than the pristine species. 

This change was not found for the treated species after depressurization, as shown in 

Figure 4.3.1. The most interesting variation was found for C20A shown in Figure 4.3.8(c), 

where the gallery spacing increased 3.9 Awhile the largest increase in gallery spacing for 

those depressurized species was only 2.4 Aaccording to Table 4.3.1. This variation trend 

is thought to be very meaningful for our following melt compounding in creating a TPO 

nanocomposite. Interlayer spacing and microstructure of SCPX 1137 and SCPX 2971 

(Figure 4.3.8b and f) showed almost no change when the clay was under the subcritical 

state of C02, which were consistent with those depressurized samples, indicating that the 

lateral mono- or bi- layer arrangements of these surfactants were not readily altered by 

scCOz. lnterlayer spacing of SCPX 2934 remained same when under subcritical C02, but 

the intensity of the diffraction peak at (001) plane became much stronger, as shown in 

Figure 4.3.8(d), suggesting that the amount of crystal increased when the clay was under 

subcritical C02, which was not found for the scC02 treated species after depressurization. 
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Figure 4.3.7 XRD patterns of in-situ observations of clays at the environment of C02 in 

sub-critical state 
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SCPX 2972 exhibited a decrease both in basal spacing and in diffraction peak intensity 

when under the subcritical state of C02, just like the scC02 treated and depressurized 

sample, showing that the layer structure collapsed readily and that the pillar intercalant 

were vulnerable under C02. 

The data above show that the basal spacing was not substantial different in-situ 

from the samples retrieved after the gas was removed, and that the interpretation made 

were not strongly affected by the depressurization procedure. For a deeper understanding 

of how the microstructure of an organoclay is influenced by the supercritical fluid, 

temperature should also be elevated. Other researchers in this project have performed 

those studies where they explored how the organclays with mono-, bi- and tri- alkyl 

surfactants with similar chain length were affected by C02 at different temperature from 

50°C to 200°C and different pressure from atmospheric to supercritical [Thompson et al. 

2008]. Their work gives detailed in-situ X-ray powder diffraction studies on organoclays 

in a C02 environment but again the basal spacing was not much different from the 

depressurized samples. The detailed study revealed thermodynamic pressure effects on 

the melting point of the surfactants, i.e. how the mobility of the chains was strongly 

coupled to both pressure and temperature. 

4.4 Thermal Properties 

4.4.1 Melting range of surfactants 

DSC curves in Figure 4.4.1 show that there were mainly three phase transitions 

for each organoclay, indicating that each surfactant existed with three typical kinds of 

crystalline arrangement. For SCPX 1137 (Figure 4.4.1(a)), the first phase transition 

occurred at 90°C and the last one at 125.5°C, showing that a disordered liquid behavior 

could not be achieved below 90°C and that the surfactant confined in clay galleries will 

melt completely when heated above 125.5°C. At room temperature or 50°C (the low level 
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of temperature used in the experiments), the surfactant molecules would be confined in 

their crystalline lattices, which may be the reason that the basal spacing did not show any 

change when processed with scC02 at 50°C and with subcritical C02 at room temperature 

(i.e. in-situ XRD data). 
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Figure 4.4.1 DSC graphs of pristine SCPX 1137 (a), Cloisite 20A (b), and SCPX 2934 (c) 

For C20A, two phase transitions appeared at, 41. 7°C and 50.1 °C, with a third 

transition noted at 124.7°C (Figure 4.4.l(b)) similar to that of SCPX 1137. Partial melting 

of the surfactant at 50°C is probably one of the reasons for the d-spacing changes 

observed when the clay was processed with scC02 at this temperature. However, the 
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surfactant morphology changed significantly even when exposed to C02 at room 

temperature, see Figure 4.3.8(c), a possible explanation for which may be that C02 

density at room temperature and 9.7 MPa (0.884 g/mL) is much higher than that at 50°C 

(0.347 g/mL) and at 2000C (0.117 g/mL) under the same pressure and it, therefore, is of 

larger solubility. Solubility of C02 at this condition (room temperature and 9.7 MPa) 

might be high enough to plasticize the surfactant molecules corresponding to the first two 

melting points leading to a decrease in their melting point. C02 may help these mobile 

surfactant molecules to transition from one crystalline phase (a lower tilt angle) to another 

crystalline phase (a higher tilt angle) and therefore increase the basal spacing of the clay 

[Osman et al. 2000]. 

The melting range of SCPX 2934, i.e. 36 - l25°C, was similar to that of C20A, 

but the majority of crystals melted before 36.1 oc (Fig 4.4.1 (c)). Though the majority of 

surfactant molecules of SCPX 2934 was movable at 50°C and probably mobile at room 

temperature when exposed to subcritical C02, the morphology of this surfactant did not 

exhibit an alteration as significantly as C20A. In spite of the greater mobility of the 

surfactant molecules, it may be difficult for a paraffin-type monolayer structure to 

transition into the paraffin-type bilayer structure under the present conditions applied. The 

increased amount of crystals under subcritical C02 shown in Figure 4.3.8(d) may be 

attributed to the removal and rearrangement to some extent, i.e. C02 may help more 

surfactant molecules into the crystal phase. 

4.4.2 Thermogravimetric analysis 

Three molecular environments exist for a surfactant within these organically 

pillared clays, which can be readily distinguished by TGA as demonstrated by the work 

of several authors [Osman et al 2003 and 2000, Soares et al 2004, Xi et al 2004]. The 

differential mass loss peaks between 200-450°C tend to correspond to intercalated 

organic surfactant while peaks at lower temperatures are related to adsorbed and cation
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bound water, and peaks above 600°C are attributed to mass loss by the clay mineral itself. 

Though dependent on the chemical structure of the surfactant, it has been generally found 

by the work of those earlier authors that surface-adsorbed species exhibit decomposition 

temperatures similar to the pure surfactant which lie in the range of 180-250°C, while 

intercalated molecules show greater thermal stability afforded by the confined 

environment within montmorillonite. The intercalated surfactant bound predominantly by 

van der Waals forces (i.e. tail-to-tail bound) or ion-dipole interactions (end-tethered) 

typically decomposed at temperatures between 250-350°C or 350-450°C, respectively. 

Therefore, this technique can provide morphological details on surfactant rearrangement 

which are not necessarily observed by XRD. Figure 4.4.2-7 show the differential mass 

loss plots determined by TGA for the washed or scC02 treated organoclays, and include 

the original organically modified clays for comparison. 

SCPX 1137 

Plot for the original monoalkyl modified clay, SCPX 1137, in Figure 4.4.2 shows 

the significant presence of surfactant adsorbed onto the exterior surface, as noted by the 

peak at 240°C, compared to the other organoclays (shown later) which only showed 

shoulder peaks; the externally adsorbed surfactant was in near equivalent concentration to 

the untethered intercalated molecules for SCPX 1137. The TGA results for two selected 

scC02 treated samples of this organoclay were also included in Fig 4.4.2. Unlike the 

corresponding washed sample, the scC02 treated SCPX 1137 showed minor differences 

in both surface-adsorbed and van der Waals intercalated surfactant. However, it was seen 

that the concentration of both surface-adsorbed and van der Waals intercalated surfactant 

significantly decreased compared to the original species and yet the increase in the 

concentration for the ion-dipole associated species was not significant. In terms of the 

effect of pressure release rate, the difference in the three surfactant environments for the 

two processing conditions was very limited. As indicated in the discussion regarding 

XRD data, these changes with scC02 had little affect on the basal spacing of the modified 

clay due to the surfactant's lateral bilayer arrangement. In addition, significant mass loss 



69 

Water/ethanol washed 
---- C02_9.7MPa, 200°C, 4.8MPal 

................ C02_9.7MPa, 200°C, 0.2MPal I 

\ 

was found by TGA at temperatures above 450°C, as indicated by the shoulder in the plot 

between 450-530°C. The peak has not been previously reported by other researchers, 

though it is suspected that the finding corresponded to the broad variance in particle size 

(and hence surface area) for this clay. 
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Figure 4.4.2 Differential mass loss plot determined by TGA for SCPX 1137 

Cloisite 20A 

The mass loss curve in Figure 4.4.3 for pristine Cloisite 20A indicated that the 

majority of the surfactant was intercalated into the galleries of the clay and that. end

tethered molecules were more than those present as tail-to-tail bound. Washing the 

organoclay resulted in removal of the minor exterior adsorbed species as noted by the loss 

of the shoulder between 200-275°C in the plot. An increase in the intensity of the peak at 

420°C and a decrease in the peak at 330°C were observed, indicating that washing 

allowed some of the tail-to-tail bound species to further intercalate into the galleries of the 

clay and react via cation-exchange with the residual sodium ions. The treatment of C20A 
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Figure 4.4.4 Differential mass loss plot determined by TGA for Cloisite 20A at three 

different pressure release rates 
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by scC02 showed the greatest change in surfactant morphology compared to the other 

clays, as it had in the XRD analysis. The TGA data indicated that the surface-adsorbed 

content, corresponding to mass loss between 200-300°C, was unaffected as a result of the 

supercritical fluid but the ratio of ion-dipole bound material increased with respect to van 

der Waals bound molecules. The observed increase in end-tethered species would have 

increased the tilt angle of the bound surfactant as the adjacent free space was reduced, 

thus bringing about the basal expansion noted by XRD. The effect of the treatment 

conditions on the differential mass loss was examined only for pressure and pressure 

release rate. At 200°C and a followed pressure release rate of 4.8 MPals, processing 

pressure exhibited no influence on the ratio of ion-dipole bound material to van der Waals 

bound molecules, but at the same temperature and a lower pressure release rate of 0.2 

MPals, higher processing pressure resulted in much higher this ratio, indicating that high 

treatment pressure might facilitate the transition of surfactant molecules from tail-to-tail 

bound to end-tethered bound when the gas was released slowly. In terms of the influence 

of pressure release rate, it was observed that lower pressure release rate seemed to readily 

improve this ratio value. Therefore, an extra experiment was run with a very low pressure 

release rate at 200°C and 9.7 MPa. For this run, the pressure release rate was controlled 

manually as low as possible and was estimated at 0.005 MPals. The comparison among 

the three pressure release rates was expressed in Figure 4.4.4 where it can be seen that the 

ratio of the end-tethered material to the tail-to-tail molecules for the lowest pressure 

release rate was between those of the two other situations. It seemed that there was an 

optimum pressure release rate when the treatment was processed at 200°C and 9.7 MPa. 

Unfortunately, in actual compounding processes for a nanocomposite, it is unlikely this 

factor can be controlled. 

SCPX 2934 

Figure 4.4.5 shows that the original SCPX 2934 gave a mass loss plot indicating 

that the majority of the surfactant was end-tethered to the clay. Washing brought about a 
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Figure 4.4.5 Differential mass loss plot determined by TGA for SCPX 2934 

decrease in the exterior adsorbed surfactant, as indicated by the loss of the shoulder peak 

in the plot between 200-300°C, and consequently led to an increase in the number of end

tethered molecules. The mass loss plot for the scC02 treated SCPX 2934 showed a small 

increase in the intensity of the peak at 41 ooc with a subsequent slight decrease in the 

shoulder peak centered at 340°C. This small change in surfactant morphology 

furthering of cation exchange by the intercalated species - resulted in minor variations in 

the basal spacing as shown in the XRD data. Overall, the distribution ratio of species 

within the galleries varied only slightly as a result of the washing or the scC02 treatment. 

SCPX2972 

As shown in Figure 4.4.6, like the three previous organoclays the majority of the 

SCPX 2972 surfactant was intercalated into the galleries of the clay but those molecules 

were equally present as tail-to-tail bound and end-tethered. Washing the organoclay 
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Figure 4.4.6 Differential mass loss plot determined by TGA for SCPX 2972 

resulted in removal of the exterior adsorbed material corresponding to the shoulder at 

200-300°C and the intercalated species bound by van der Waals force corresponding to 

the peak at 335°C, which consequently led to the increase in the intensity of the peak at 

428°C, i.e. washing allowed part of the untethered species to become end-tethered. The 

scC02 treatment at 200°C and 9.7MPa followed by 4.8 MPals pressure release rate 

resulted in a small decrease in the amount of both the tail-to-tail and the end-tethered 

bound surfactant molecules. The removal of the surfactant from the interlayer resulted in 

the partial collapse of the galleries noted by XRD. However, the scC02 treatment at the 

same temperature and pressure but followed by 0.2 MPa/s pressure release rate exhibited 

slight difference in that a small decrease in the tail-to-tail bound surfactant concentration 

and a small increase in the end-tethered molecules could be discerned. 

SCPX 2971 
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For SCPX 2971, as almost no change in the surfactant morphology occurred when 

processed with scC02 the TGA analysis was only considered for the pristine and washed 

species. As Figure 4.4.7 indicated, washing only reduced the exterior adsorbed surfactant 

molecules corresponding to shoulders at about 200-320°C, and probably only a small part 

of the removed material entered the galleries because it was noticed that the increase in 

the van der Waals bound surfactant peaked at 391 oc and the ion-dipole bound species 

peaked at 467°C was very limited. It was also noticed that washing did not significantly 

alter the concentration of the adsorbed water on to this clay corresponding to the peak at 

113°C, indicating that surfactant distribution for SCPX 2971 did not exhibit a significant 

change due to the washing. 
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Figure 4.4. 7 Differential mass loss plot determined by TGA for SCPX 2971 

In general, the results in this section indicate that solvation of the clays by scC02 

increased the mobility of the alkyl organic molecules, though not often resulting in basal 

expansion. The free volume expansion afforded by the supercritical solvent within the 
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continuum of the organic medium (i.e. surfactant) allowed the externally adsorbed and 

intercalated species to migrate further into the galleries of the clay and in some cases, 

become exchanged with remaining sodium cations. 

4.5 FT-IR analyses 

Carbon dioxide can behave as a weak Lewis acid within ionic media [Kazarian et 

al. 2000, Huang et al. 2005], it is feasible that the C02 molecule itself can balance the 

charge on the silicate - at least until H20 could replace it. If this occurs, organic cations 

will be removed and C02 will retain to the silicate. The frequency and the width of 

asymmetric stretching mode of methylene, vas (CH2), are reported to be sensitive to the 

gauche-trans conformation and the packing density of methylene chains [Vaia et al 1994, 

Wang et al 1993, Frost et al. 2008]. Lower frequencies and width means highly ordered 

all-trans conformations while higher frequencies represent the increased chain disorder 

due to a higher number of gauche conformers along the hydrocarbon chain. In order to 

determine whether residual C02 or carbonic acid were present and whether changes in the 

morphology could be detected by IR technique, transmission FT-IR analysis was 

performed. The samples were initially dried in a vacuum oven at 40°C over night and 

either stored for analysis or subsequently processed with C02 at 200°C and 9.7 MPa for 3 

hours. All samples were stored in a desiccator under vacuum till FT -IR analysis could be 

performed. Since the duration of samples waiting for analysis was usually several hours 

or days, during which the possible residual C02 might escape from the processed 

organoclays, one FT-IR analysis of scC02 treated clay (i.e. C20A) was performed 

immediately after the treatment. The spectra of the selected clays before and after scC02 

treatment were shown in Figure 4.5.1. 

IR spectrum of entrapped COz in the v bending mode should give rise to a strong 

peak at 660- 668 cm-1
. The stretching peaks for C02 at 2330- 2360 em-' can be quite 
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Figure 4.5.1 FT-IR spectra of (a) NaMMT, (b) Cloisite 20A, (c) SCPX 2972 and (d) 

SCPX 2971 before and after C02 treatment at 200°C and 9.7 MPa 

informative regarding the bonding state of the molecule within the clay- C02 has been 

found to associate with anions in ionic liquids ascribed to a charge-quadrupole moment 

interaction. Figure 4.5.1 shows that no C02 absorbances at band 660 - 668 em-' and at 

2330- 2360 cm- 1 were found in all the scC02 treated samples, indicating that there were 

no C02 molecules entrapped within galleries after the gas was released. Graphs in the 
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figure also show that there were no new chemical species such as carbonic acid or free 

amines present as a result of scC02 treatment. These results confirm the previous 

observations that the clays were thermally stable at the processing conditions and that no 

surfactant extraction occurred during the processing. 

Close looks at the FT-IR analyses at band 2800- 3000 cm- 1 for the organoclays 

with alkyl chain surfactants showed that the change in asymmetric stretching frequency of 

methylene groups corresponded to their basal spacing. Supercritical C02 led to C20A and 

SCPX 2972 a significant increase and decrease, respectively, in their interlayer distance, 

so correspondingly their frequencies of v"·' (CH2) exhibited difference. Figure 4.5.2 shows 

the detail of FT-IR results of C20A and SCPX 2972 at this band. The asymmetric 

stretching frequency of methylene groups for C20A surfactant (Figure 4.5.2a) increased 2 

cm- 1 from the original species of 2923cm-1 to the scC02 species of 2925 cm-1
, indicating 

that scC02 increased the surfactant chain disorder. Though scC02 treatment may allow 

more un-tethered surfactant molecules to transfer to the end-tethered species for this clay, 

as discussed above, the packing density in the galleries may not increase much. The 

increased gallery space provided more free volume for surfactant molecules, which may 

result in the increase in the surfactant chain disorder. 

The interlayer of SCPX 2972 collapsed to some extent due to the scC02 treatment, 

as shown in the XRD data in Figure 4.3.5 indicating the free volume in its galleries 

decreased which increased the surfactant packing density and therefore promoted increase 

in chain order. The decrease of l cm- 1 in asymmetric stretching frequency after scCOz 

treatment (Figure 4.5.2b) reflected this change in chain order. The resolution used for this 

measurement was 2 cm- 1
, so the frequency change of 1 cm- 1 for SCPX 2972 may not be 

enough to illustrate the change in its surfactant conformation. To confirm this, higher 

resolution, for instance, 0.5 cm-1
, is recommended to use for future experiments. 
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Figure 4.5.2 FT-IR spectra of Cloisite 20A (a) and SCPX 2972 (b) before and after 

treatment with scC02 at frequency of 2750- 3050 cm- 1 
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4.6 TEM analyses 

Further observations of the clay structure and surfactant morphology were made 

by powder TEM. The technique avoided concerns of whether a mounting material like an 

epoxy resin would further altering the clay structure prior to analysis, though it restricts 

observations to only the exterior regions of a particle where the electon beam can 

penetrate. Figure 4.6.1-5 show TEM micrographs of the five organoclays in the original 

state and scC02 treated state. Figure 4.6.1 includes the TEM micrograph of the 

water/ethanol washed C20A as well as the original and scC02 treated species; all three 

states were chosen to be displayed for this organoclay as it had shown the most notable 

changes in its structure based on the other analyses in this chapter. The micrographs show 

the exterior of the organoclay which consisted of tactoid structures and some platelets 

encapsulated in the surfactant. The darker body seen in the figure indicates a denser 

structure which lies below the -80-130 nm outer layer - the thickness of the particle 

closer to its interior was too great for the electron beam to fully penetrate. The tactoids 

typically viewed in the outer region appeared to be made up of 10-20 sheets with some 

curling at the edges to indicate intercalation of the surfactant. After water/ethanol 

washing, the exterior surfactant was largely removed and a denser packing of the clay 

mineral could be seen. Few loose tactoids and no platelets were observed after the 

washing. As a result of the scC02 treatment, C20A showed a thickening of the exterior 

layer with many more separated tactoids observed. These observations by powder TEM 

indicated meso- and macro-scale changes to the organoclay particles by the scC02 

treatment which could not be properly identified by XRD. 

In Figure 4.6.2, it can be seen that the original SCPX 1137 exhibited a denser 

exterior region, more similar to the washed C20A, with clay aggregates visible and a few 

tactoids. The scC02 treated SCPX 1137 showed improved coverage of the surfactant 

within the clay galleries, but little change in the packing density of the clay sheets. The 

original and scC02 treated SCPX 2934 species shown in Figure 4.6.3 revealed an exterior 
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(a) (b) 

50nm-

Figure 4.6.1 C20A Powder TEM micrographs of Cloisite 20A in its original state (a), 

water/ethanol washed state (b) and scC02 treated state at 9.7 MPa and 200°C followed 

with 0.2 MPa/s gas release rate (c) 
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50 nm-
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Figure 4.6.2 Powder TEM micrographs 	of SCPX 1137: the original (a) versus scC02 

treated (b) 

50 nm 
50 nm 

(a) 	 (b) 

Figure 4.6.3 Powder TEM micrographs of SCPX 2934: the original (a) versus scC02 

treated (b) 
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Figure 4.6.4 Powder TEM micrographs of SCPX 2972: the original (a) versus scC02 

treated (b) 

50 nm-


50 mn -

(a) 	 (b) 

Figure 4.6.5 Powder 	TEM micrographs of SCPX 2971: the original (a) versus scC02 

treated (b) 
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layer similar to the untreated C20A, showing reasonably good dispersion of tactoids in 

the surfactant. Consistent with the TGA and XRD data, the crystal structure of the clay in 

the exterior region for SCPX 2934 was not affected by the supercritical solvent. The 

original SCPX 2972 exhibited good tactoid dispersion in the exterior and the scC02 had 

little effect on the tactoid dispersion. For the original SCPX 2971, the tactoids dispersed 

loosely on the exterior of the particle displayed in Figure 4.6.5, but not as well as other 

clays. Similarly, the scCOz treatment did not show any effect on the exterior layer 

structure. 

4.7 SEM analyses 

At present it is unclear in the literature as to the mechanism which results in 

greater exfoliation of a nanocomposite when scC02 is used as a processing aid during 

compounding. Certainly the results presented in this thesis to this point indicate that the 

supercritical fluid acts to improve dispersion of the surfactant throughout the clay 

particles and may further aid cation exchange with the remaining sodium, but there has 

been no evidence of major basal expansion to support a theory of substantial weakened 

van der Waals attractive forces between adjacent silicate sheets. In a study by Horsch et al. 

[2006], it was postulated that fracturing of clay particles resulted from the rapid 

depressurization that occurred upon removal of scC02, and that this particle size 

reduction beneficially aided in the dispersion/exfoliation of the organoclays in polymers. 

Certainly, the work by Favre and Lagaly [1991] has shown that the lower charge density 

of smaller particles leads to preferential binding of longer alkyl surfactants - a beneficial 

property during compounding of the organoclay within the matrix of a polymer resin. To 

test their hypothesis, SEM was used to study the organoclay most affected in our trials by 

the supercritical solvent, namely C20A, and look for evidence of particle fracture. Figure 

4.7.1 shows SEM micrographs of C20A, both original and after scC02 treatment (9.7 

MPa, 200°C, 0.2 MPa/s), at similar resolution under the microscope. Image analysis of 

the original and scC02 treated species revealed a particle size of 6 ± 3 f..tm and 9 ± 5 f..tm, 
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(b) 


Figure 4.7.1 SEM micrographs of C20A before (a) and after (b) scC02 treatment 
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respectively. Qualitatively, the C20A species showed evidence of a rougher surface after 

solvation with scC02. It would seem unlikely based on these observations that a 

substantial reduction in particle size could arise from rapid expansion of the organoclays 

under the conditions tested in this work. The minor increase in particle size and particle 

roughening is more likely attributed to increased porosity of the particles as a result of 

swelling with the supercritical solvent. Such porosity would be beneficial for subsequent 

diffusion of polymer chains for intercalation. The observations by powder TEM certainly 

support this hypothesis as it was noted that the packing efficiency of the silicate layers 

was reduced after scC02 treatment. There was not evidence from our study that particle 

fracture occurred during the rapid depressurization that takes place during the scC02 

treatment. 

4.8 Surface energy 

Determining the surface energy of the organoclay species meets two objectives, i) 

providing a basis for evaluating the ideal organoclay for dispersion with the polymer 

matrix in preparation of a nanocomposites, and ii) allowing critical analysis of the 

changes in surface chemistry produced by treatment with supercritical carbon dioxide. 

The former objective relates to the apparently strong reliance of platelet delamination on 

the extent of transmitted stresses across the interface between the melt and particles 

during processing. Evaluating the interfacial energy of such a system requires knowledge 

of the surface energy for the individual components. As a minimum criterion for 

intercalation and exfoliation to occur, similarity in the surface energy between the 

organoclay and polymer matrix is required. Originally, sodium montmorillonite exhibits a 

surface energy of -200 mN/m. Applying an organic surfactant decreases the surface 

energy of the mineral to match those typical of many polymers (i.e. 20- 40 mN/m). 

In this analysis, it was important to bear in mind that not all surfactant becomes 

bound to the silicate surface during initial cation exchange, as seen by TGA. While 
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questions arise as to the importance of the physically adsorbed surfactants during 

nanocomposite processing (for instance, does the chemical species locally plasticize the 

polymer matrix?), we can be certain that its loss will alter the interfacial energy of the 

system. In the presence of scC02, we have observed changes in the surface chemistry of 

organoclays which could be attributed to surfactant removal or interactions with the 

broken bond plane. In this work, we compare the effect that scC02 has on the surface 

energy of our five organoclays in comparison to the same organoclays which had much of 

their physically adsorbed surfactant removed by water/ethanol washing. 

Table 4.8.1 Extraction of physically adsorbed surfactants by a mixture of water/ethanol 

Type SCPX1137 C20A SCPX2934 SCPX2972 SCPX2971 

Mass Loss (wt%) 3.2 ± 0.2 3.3 ±0.9 7.6 ± 0.4 1.9 ± 1.0 2.3 ±0.2 

Table 4.8.1 presents the observed change in surfactant content for the five 

different organoclays after washing. The mass loss varied from 1.9 to 7.6 wt% depending 

on the organoclay. We were somewhat surprised that any loss was observed for SCPX 

2971 due to its relatively low organic content (Table 4.2.6) and poor surface coverage on 

the montmorillonite (noted by pH and hydration results in the previous section) as well as 

the fact that the benzyl group associates with the oxygen plane of the adjacent silicate 

sheets to the molecule [Yariv 2002]. It has been shown by other researchers that any 

removed component by this solvent extraction method was primarily physically adsorbed 

onto the external clay surfaces, and not intercalated within the interlayer region [He et al. 

2006]. The confined surfactant is much more difficult to remove. 

In order to confirm that the surfactant removed by washing was the physically 

adsorbed species and understand the surface chemistry of these washed organoclays, 

XRD analysis was performed. We expected that there should be no change in basal 

spacing if the hypothesis of physically adsorbed surfactant removal was true. The XRD 
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results were shown in Figure 4.8.1, in which the as-received data was included for 

comparison. As-received data for SCPX 2972 and SCPX 2971 could not be included as 

the two samples were tested on a different XRD instrument and their magnitude 

scattering intensity failed to overlay with the washed species on a single graph. For SCPX 

1137 (Figure 4.8.la), C20A (Figure 4.8.lb) and 2972 (Figure 4.8.ld and Figure 4.3.5), 

basal spacing of the washed species did not exhibit any change indicating that the 

surfactant removed was externally adsorbed as and that washing did not alter the 

crystalline structure of these clays. For SCPX 2934 (Figure 4.8.lc), 28 angle of the (001) 

diffraction peak for washed species increased 0.2°, indicating that the crystal structure of 

this clay was slightly altered due to the washing. The decrease in basal spacing may 

attribute to the removal of adsorbed surfactant in the galleries. We noted in Table 4.2.6 

that the organic loading of SCPX 2934 was the highest ( 44 wt %) and in Table 4.8.1 that 

the surfactant extracted was similarly high up to 7.6 wt %, much higher than others. As 

mentioned above, we were somewhat surprised by the mass loss for SCPX 2971 due to 

washing. The possible reason for it may be that this surfactant, trimethyl-benzyl 

ammonium, had higher solubility in the water/ethanol solvent than other long alkyl chain 

surfactant. We were also somewhat surprised that the highly ordered crystal structure of 

SCPX 2971 in its as-received state (Figure 4.3.6) vanished after washing. The sharp X

ray diffraction peak seen at 28 =5.9° for the as-supplied material disappeared completely 

after washing. This phenomenon is interesting to us because the clay may completely 

exfoliate by the washing (TEM analysis is needed for this state) and the dispersed clay 

platelets did not reunite to form crystalline structure after drying. 

4.8.1 As-supplied organoclays 

The determined surface energy of the five organoclays in their as-received state 

was shown in Figure 4.8.2. As expected for the organophilic surfactants applied to these 

montmorillonite samples, the dispersive component was higher than the polar counterpart. 
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Figure 4.8.2 Determined surface energy for the as-received organoclays (w means washed 

at water/ethanol mixture) 

However, polar component of SCPX 2971 was substantially higher than the other 

surfactants, which follows along with the other testing methods finding lower organic 

content and higher moisture content in this clay. This surfactant does not appear to be an 

ideal candidate for future compounding studies with polyolefins considering its relatively 

high hydrophilicity, small interlayer spacing, and high surfactant melting point (Tm = 
239°C, which is above normally polymer processing temperatures of 200- 220 oc for 

polyolefins). C20A, SCPX 2934 and SCPX 2972 showed very similar behavior. Despite 

the apparent similarity in molecular structure with the other alkyl chain surfactants, the 

surface energy (both dispersive and polar components) of SCPX 1137 was substantially 

higher. Higher surface energy of SCPX 1137 may be attributed to the surfactant content. 

The organic content of SCPX 1137 was only 26.8 wt%, far lower than those of the other 

organoclays with alkyl chain surfactants, 44.0 wt% for SCPX 2934, 38.5 wt% for C20A, 
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and 30.6 wt% for SCPX 2972 (Table 4.2.6). Lower surfactant content means less 

possibility for organic coverage on the surface of silicate sheets especially the surface of 

clay tactoids and therefore increases the surface energy of the clay. Actually, the order of 

the surface energy of the five organoclays, SCPX 2971 > SCPX 1137 > SCPX 2972 > 

C20A > SCPX 2934, inversely followed the surfactant content order of SCPX 2971 < 

SCPX 1137 < SCPX 2972 < C20A < SCPX 2934. 

4.8.2 Washed organoclays 

As noted in Figure 4.8.2, polar component for each washed clay except SCPX 

2934 changed little while dispersive component decreased slightly or maintained un

changed. These results were consistent with observations by XRD shown in Figure 4.8.1 

where we could see that microstructure was not altered by the washing (excluding SCPX 

2971). A similar phenomenon was observed by He and coworkers [2006]. SCPX 2934 

was the only organoclay to demonstrate a significant increase in dispersive component 

and decrease in its polar component after washing. The increase in dispersive component 

was larger than the decrease value in polar component and therefore the total surface • · 

energy exhibited small increase. These changes for SCPX 2934 can be attributed to the 

large amount of surfactant extraction, especially the surfactant reduction on exterior 

surface of the clay tactoids. The extraction by washing consequently resulted in an 

increase of dispersive component and reduction in polar component. 

4.8.3 Supercritical C02 treated Organoclays 

Figures 4.8.3 - 7 show the changes in surface energy of the five unwashed 

organoclays before and after scC02 treatment at temperatures of sooc and 200°C, 

pressures of 7.6 MPa and 9.7 MPa and pressure release rates of 0.2 MPals and 4.8 MPals. 

For SCPX 1137 after scC02 treatment, surface energy of the clay did not show significant 

change (Figure 4.8.3). This result was reasonably expected because we had known that 
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an interesting result. TGA analysis in the following section may help us understand the 

phenomena. Figure 5.2.2 shows the difference in XRD patterns of the hydrated C20A 

treated with scC02 at 200°C and 50°C. Though positions of the (00 1) diffraction peak for 

the two case were identical, peak intensity for 50°C was significantly higher than that for 

200°C, indicating that high temperature led to more heterogeneity in microstructure of the 

clay. 

Observations of the powder particles for the scC02/H20 treated C20A by TEM 

confirmed the XRD results . Figure 5.2.3 gives the TEM micrographs for C20A treated 

with scC02/H20 at both conditions of 200°C and 50°C. In comparison with Figure 4.6.1 

showing C20A treated with only scC02 at 9.7 MPa, 200°C and 0.2 MPa/s, we note that 

the co-solvent treated particles exhibited a looser packing of tactoids within the viewable 

exterior region of the particle. In fact, for the 50°C condition, some tactoids had been 

replaced with ordered exfoliated structures while none were evident at 200°C. 

(a) (b) 


Figure 5.2.3 TEM images of C20A processed with scC02/H20 at (a) 9.7 MPa, 200°C and 


0.2 MPa/s and (b) 9.7 MPa, 50°C and 0.2 MPa/s 
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Figure 4.8.4 Surface energy of SCPX 2934 before and after scC02 treatment. X-axis 

labels refer to the C02 pressure (MPa)/vessel temperature (°C)/pressure release rate 

(MPa/s) 

4.8 MPals and high value for 9.7 MPa, 200°C and 0.2 MPals, as shown in Figure 4.8.4. 

Similarly, Table 4.2.3 shows that the organic content for treated SCPX 2934 at 9.7 MPa, 

50°C and 4.8 MPals was higher than those of the un-treated species and the treated at 

9.7MPa, 200°C and 0.2 MPals, and the amount of hydrated water was much lower than 

with the other two. It seems that temperature and pressure release rate had a synergetic 

effect on the surface energy of SCPX 2934 and SCPX 1137. Equation (4.2) quantified 

that the coupled interaction of temperature and pressure release rate on the hydration of 

treated SCPX 2934 was larger than the main factors, temperature, pressure and pressure 

release rate. The higher organic content and lower hydration value of the two organoclays 

treated at 9.7 MPa, 50°C and 4.8 MPals may be partially understood as this: drying of an 

organoclay at 400C before the scC02 treatment did not completely remove the moisture in 

the clay, part of the moisture still stayed in the clay after the scC02 treatment at 50°C, and 



• • • 

• • • • • 

93 

that remaining moisture was accounted into the organic content and at the same time 

reduced the moisture uptake during the following hydration of the treated clay. The 

200°C temperature condition for the scC02 treatment was high enough to remove the 

moisture left by the drying. Similar situations will be seen in next chapter for the clays 

treated with scC02 and water co-solvent. However, it was still unclear to the author how 

the dispersive component was related to the coupled conditions of temperature and 

pressure release rate. 
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Figure 4.8.5 Surface energy of Cloisite 20A before and after scC02 treatment. X-axis 
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In Figure 4.8.5, the treatment conditions examined for C20A were same as those 

for SCPX 1137 and SCPX 2934 in earlier figures, but an extra condition of 200°C, 

9.7MPa and 0 MPals was now included. The change in surface energy for C20A was 

quite different from the two mentioned organoclays. The polar component for C20A after 
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scC02 treatment changed negligibly whereas the dispersive component obviously 

increased. Surface energy of treated C20A among varied conditions, however, did not 

exhibit significant difference. In Section 4.3, we saw that C20A was the only organoclay 

that its basal spacing increased after the scC02 treatment. In comparison of surface 

energy with organoclays with similar surfactant structures (i.e. SCPX 1137 and SCPX 

2934), C20A was the one that its surface energy increased significantly due to the scC02 

treatment. It seems that there is some kind of relationship between surface energy and 

basal spacing, though with such small changes in values for either measurement, it is 

difficult to make this statement with any certainty. In previous sections, we attributed the 

increase in basal spacing of C20A to rearrangement of the surfactant molecules and 

surfactant transition from the external adsorbed state to the galleries by continuing cation 

exchange with residual Na+. The swelling of clay particles increased their surface area. In 

the rubber industry it is understood that the surface energy of carbon black grows with 

surface area [Erman and Mark 2005]. Noting that contact angle measurements are an 

exterior property of the clay materials, reduction in physically adsorbed surfactant on 

exterior surface of clay sheets may also be the reason for the increase in surface energy. 

For SCPX 2972 shown in Figure 4.8.6, the polar component exhibited a slight 

decline due to the scC02 treatment. In spite of the reduction in polar component, the total 

surface of this clay still increased due to relatively larger increase in its dispersive 

component. The increase in the dispersive component for SCPX 2972 can not be 

explained by surfactant extraction with scC02 because no decrease in organic content was 

observed (Table 4.2.5). It can also not be explained by swelling of clay particles since 

XRD data did not show evidence supporting any swelling of this clay. The most possible 

reasoning was a reduction in the exterior surfactant. However, TGA analysis in Figure 

4.4.6 does not provide adequate resolution of features to confirm this hypothesis. Under 

scC02 conditions, it can again be seen that the surface energy of SCPX 2972 treated at 

9.7 MPa, 50°C and 4.8 MPa/s was slightly less than the other two conditions. Similar to 

the results for SCPX 2934, Equation ( 4.4) showed that effect of coupled interaction of 
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temperature and pressure release rate on the hydration of treated SCPX 2972 was the 

biggest (larger than the main factors). 
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Figure 4.8.6 Surface energy of SCPX 2972 before and after scC02 treatment. X-axis 

labels refer to the C02 pressure (MPa)/vessel temperature (C)/pressure release rate 

(MPa/s) 

For SCPX 2971, the surface energy slightly increased after scC02 treatment. 

Similar to SCPX 2972, the organic content in Table 4.2.4 and XRD result in Figure 4.3.6 

do not support the increase in surface energy for SCPX 2971. Again, the possible reason 

may be the reduction in the exterior surfactant. Unfortunately, no related test such as 

TGA was available to confirm this reason. 
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Figure 4.8.7 Surface energy of SCPX 2971 before and after scC02 treatment. X-axis 

labels refer to the C02 pressure (MPa)/vessel temperature (°C)/pressure release rate 

(MPals) 

4.9 Conclusions 

All five surfactants, trimethyl-hydrogenated tallow alky ammonium, dimethyl-di

hydrogenated tallow alkyl ammonium, trihexadecyl methyl ammonium, dimethyl-di-coco 

alkyl ammonium, and trimethyl-benzyl ammonium, were determined to be thermally and 

chemically stable at the examined conditions. In spite of solubility of the organic 

surfactants in scC02 solvent, no organic extraction occurred during the scC02 treatment. 

However, this solubility led to greater mobility for the surfactant molecules. Under the 

scC02 environment, surfactant molecules physically adsorbed on clay surface and those 

intercalated by van der Waals forces were able to become end-tethered species by the 
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further cation exchange at residual sodium ion sites. The rearrangement of the surfactant 

molecules improved the organic coverage of the silicate interlayer, which resulted in a 

reduced availability of hydratable sites for these new materials. The reduced hydratable 

sites on these clays would be expected to improve their compatability with non-polar 

polymer resins and suggest a beneficial reason to pre-condition the clays prior to their 

addition to a nanocomposite compounding process. The surfactant rearrangement also 

resulted in changes in crystalline structure of the organoclays, i.e. the variation in basal 

spacing. The variation in basal spacing of an organoclay was determined by the surfactant 

conformation in between clay platelets. Basal spacing of oranoclays with their surfactants 

in conformations of lateral monolayer (SCPX 2971 ), lateral bilayer (SCPX 1137 and 

SCPX 2972), and completely paraffin-type (90° tilt angle) monolayer (SCPX 2934) were 

usually not affected significantly by the scC02 solvent. Only the organoclay with 

paraffin-type structure with a tilt angle less than 90°, i.e. Cloisite 20A, exhibited any 

increase in its interlayer distance. The expansion may be assumed as a result of increasing 

its tilt angle within the clay galleries. Higher temperature and pressure release rate 

facilitated expansion of the clay galleries and pressure showed little effect on the clay 

crystalline structure. 

Change in surface energy of the organoclays resulted from the scC02 treatment 

was dependent upon the individual clays. Surface energy of SCPX 1137 and SCPX 2934 

did not show significant variation after conditioning by scC02 whereas that of Cloisite 

20A, SCPX 2972 and SCPX 2971 increased. Processing conditions did not show 

significant effect on this property. 

The data in this chapter does not support any hypothesis of major swelling of the 

clay or particle fracture as a result of conditioning with supercritical carbon dioxide 

either during exposure to the gas or upon its rapid removal. The minor swelling that did 

occur was not likely caused by an expanded radius of gyration for the alkyl moieties. 
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Rather the analysis suggested that the supercritical solvent was primarily a plasticizing 

aid leading to surfactant rearrangement. 
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CHAPTER 5 ORGANOCLAYS PROCESSED WITH 

SUPER CRITICAL CARBON DIOXIDE AND 

WATER CO-SOLVENT 

Since the drying of organoclays is an extra processing step in the manufacturing 

of PLS nanocomposites, one which incurs additional operational costs for the material, it 

was desirable to see if the water present in clay could be used to improve the influence of 

scC02 rather than removing it. The work in this chapter represents a short study to 

examine this aspect. 

5.1 Hydration, pH and organic content 

Table 5.1.1 shows the hydration content, pH values and organic content of C20A 

before and after scC02 treatment with the presence of water as co-solvent. In order to 

display the effect of water co-solvent, results of the previous scC02-treated samples under 

the same conditions were added to the table. The organic content of the sample treated 

with scC02 /H20 at 50°C was much higher than the others, indicating that temperature 

and water co-solvent may have a synergistic effect on the surfactant in C20A. The 

increased organic content may be attributed to two aspects: i) higher C02 concentration 

remaining after processing due to active Lewis acid/base sites in the clay, and ii) higher 

structural water content which can not be removed by standard drying procedures, 

brought into the interior by the scC02 under the conditions of 9.7 MPa, 50°C and 0.2 

MPa/s. Temperature was a key factor to the influence of the hydrated moisture during the 
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scC02 treatment. At 500C, the hydrated moisture would have remained in the clay even 

under the scC02 environment; however, the water would seem to be removed from the 

sample when exposed to the scC02 environment at 200°C. In Table 5.1.1, we can see that 

the organic content of the hydrated sample treated at 9.7 MPa, 200°C and 0.2 MP/s was 

as same as that treated without the co-solvent for the same conditions. It may also be due 

to the moisture accommodated in the scC02/H20 treated sample under 50°C that the 

hydration content after C02 treatment of this sample was significantly lower than the 

others. This is confirmed by the same pH values of the two hydrated samples. 

Interestingly, pH values of scC02/H20 treated C20A samples were lower than those of 

the untreated sample and scC02 treated samples. This could signify the generation of 

carbonic acid during the scC02 treatment. Unfortunately, our experiences with FTIR 

have not shown it to be a sufficiently sensitive technique to help resolve such chemical 

matters at the moment. 

Table 5.1.1 Organic content, hydration content and pH of C20A before and after scCOz 

treatment 

Sample description Organic content Hydration content pH 

wt% * wt% t 


Original 38.5 6.3 7.1 ± 0.0 


Water co-solvent 42.1 2.9 6.4 ± 0.1 
9.7 MPa, 50°C, 0.2 MPals 

Water co-sol vent 38.9 4.5 6.6 ±0.2 

9.7 MPa, 2000C, 0.2 MPals 

No co-solvent 39.3 3.8 7.2 ±0.0 

9.7 MPa, 50°C, 0.2 MPals 

No co-solvent 39.0 4.9 7.2 ± 0.1 

9.7 MPa, 200°C, 0.2 MPals 

*Maximum error for the organic content measurement was± 1.0 wt %. 

t Maximum error for the hydration content measurement was± 0.3 wt %. 
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Results of hydration uptake, pH value and organic content for SCPX 2934 before 

and after scC02 treatment are shown in Table 5.1.2. Similar to C20A, the hydration 

content of SCPX 2934 after scC02 treatment decreased under both conditions, and yet 

higher organic content and lower hydration amount were found for the sample with 

treated with scC02/H20 at 50°C compared to at 200°C. Different from C20A, however, 

all pH values of SCPX 2934 samples were basically identical. 

Table 5.1.2 Organic content, hydration ability and pH of SCPX 2934 before and after 

scC02 treatment 

Sample description Organic content Hydration content pH 
wt o/o * wt o/o t 


Original 44.2 6.6 6.3 ± 0.1 


Water co-solvent 45.8 2.6 6.0 ±0.0 
9.7 MPa, 50°C, 0.2 MPals 

Water co-solvent 44.4 3.0 6.6 ± 0.1 

9.7 MPa, 200°C, 0.2 MPa/s 

No co-solvent 44.1 3.0 6.8 ±0.0 

9.7 MPa, 50°C, 0.2 MPals 

No co-solvent 44.6 3.8 6.6 ±0.0 

9.7 MPa, 200°C, 0.2 MPa/s 

*Maximum error for the organic content measurement was± 1.0 wt %. 

t Maximum error for the hydration content measurement was± 0.3 wt %. 

5.2 Basal spacing 

Swelling of scCOz/HzO treated C20A particles was characterized by XRD and 

TEM methods. The XRD results are shown in Figures 5.2.1 and 5.2.2. Under the same 

treatment conditions, compared to the species without water co-solvent, 28 angle of (00 1) 

diffraction peak for the scC02/H20 treated C20A shifted to lower value, clearly 

indicating that water promoted greater clay expansion under scC02 environment. This is 
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Figure 5.2.1 Comparison of XRD patterns of C20A treated with scC02 with and without 

presence of water co-solvent under 9.7 MP, 200°C and 0.2 MPa/s 
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an interesting result. TGA analysis in the following section may help us understand the 

phenomena. Figure 5.2.2 shows the difference in XRD patterns of the hydrated C20A 

treated with scC02 at 200°C and 50°C. Though positions of the (00 1) diffraction peak for 

the two case were identical, peak intensity for 50°C was significantly higher than that for 

200°C, indicating that high temperature led to more heterogeneity in microstructure of the 

clay. 

Observations of the powder particles for the scC02/H20 treated C20A by TEM 

confirmed the XRD results. Figure 5.2.3 gives the TEM micrographs for C20A treated 

with scC02/H20 at both conditions of 200°C and 50°C. In comparison with Figure 4.6.1 

showing C20A treated with only scC02 at 9.7 MPa, 200°C and 0.2 MPa/s, we note that 

the co-solvent treated particles exhibited a looser packing of tactoids within the viewable 

exterior region of the particle. In fact, for the 50°C condition, some tactoids had been 

replaced with ordered exfoliated structures while none were evident at 200°C. 

(a) (b) 


Figure 5.2.3 TEM images of C20A processed with scC02/H20 at (a) 9.7 MPa, 200°C and 


0.2 MPals and (b) 9.7 MPa, 50°C and 0.2 MPa/s 
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XRD results of SCPX 2934 treated with scC02 in the presence of water co-solvent 

are shown in Figure 5.2.4. In order to illustrate the effect of water co-solvent, SCPX 2934 

treated without water co-solvent at 9.7 MPa, 200°C and 0.2 MPa/s was included in this 

figure. We note that the X-ray diffraction curve of (001) crystalline plane for the hydrated 

clay treated with scC02 under 200°C superposed over that for the un-hydrated sample 

treated under the same conditions, indicating that water co-solvent had no effect on the 

expansion of this clay treated under 200°C, consistent with previous observations in last 

chapter where swelling of SCPX 2934 never occurred after scC02 treatment under varied 

conditions. However, the diffraction peak for the hydrated SCPX 2934 treated with scC02 

at 50°C was slightly shifted to a lower 28 angle indicating that minor expansion of the 

clay occurred. It may be assumed that the expansion was simply induced by the water 

accommodated in the clay and was not related to the scC02 treatment. XRD analysis of 

the hydrated SCPX 2934 before its scC02 treatment may help confirm this. Unfortunately, 
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Figure 5.2.4 XRD patterns of SCPX 2934 treated with scC02 with the presence of water 

cosolvent at 9.7 MPa, 200°C and 0.2 MPa/s and 9.7 MPa, 50°C and 0.2 MPa/s 
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the measurement was not performed in consideration of moisture loss of the hydrated 

sample. As mentioned in last section, hydrated water may stay in the clay after scC02 

treatment at 50°C. Morphologies of scC02/H20 treated SCPX 2934 processed at the two 

temperatures obtained by the TEM were shown in Figure 5.2.5. Similar to the 

micrographs of the scC02 treated clay shown in Figure 4.6.3 , the tactoid structure of 

SCPX 2934 was unaltered by the treatment with the co-solvent, in agreement with the 

XRD observations. 

(a) 	 (b) 

Figure 5.2.5 TEM 	images of SCPX 2934 processed with scC02 and with water as 

cosolvent at (a) 9.7MPa, 200°C and 0.2MPals and (b) 9.7MPa, 50°C and 0.2MPals 

5.3 Thermogravimetric analysis 

The TGA results of C20A processed with scC02 with and without water as co

solvent under same conditions (9.7 MPa, 200°C and 0.2 MPals) are shown in Figure 5.3.1. 

The TGA thermogram for C20A in its original state was included to demonstrate the 

change of surfactant arrangement as a result of the scC02 treatment. We can see from the 
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Figure 5.3.2 Comparison of TGA results between C20A treated with scC02 with water as 

cosolvent under 9.7 MPa, 200°C and 0.2 MPals and 9.7 MP, 50°C and 0.2 MPals 
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figure that an increase in the intensity of the peak at - 420°C and a corresponding 

decrease in the shoulder peak at -330°C occurred indicating that the water co-solvent 

assisted some of the tail-to-tail bound surfactant molecules to transfer to the end-tethered 

species probably via further cation-exchange with the residual sodium ions. As discussed 

in Section 4.4.2, the increased end-tethered surfactant may lead to a higher tilt angle of 

the surfactant molecules arranged in the monolayer paraffin-type structure within the clay 

galleries, and therefore resulted in the increase in basal spacing observed by XRD 

analysis. The differential mass loss peak for the end-tethered shifted to higher 

temperature value indicating that the scC02 treatment with water as co-solvent improved 

thermal stability of the surfactant. 

The TGA results of C20A treated with scC02/H20 under different temperatures 

are shown in Figure 5.3.2. It can be seen from the figure that the two curves can be 

superimposed over one another indicating that there was no difference in the surfactant 

arrangement between 200°C and 50°C, which is consistent with the observation by the 

XRD analysis. 

As shown in Figure 5.3.3, all measured TGA curves for SCPX 2934, no matter 

what state it was, i.e. in its original state, treated states with a single solvent of scCOz or 

with water as co-solvent under different conditions, there was no difference among them. 

These results were consistent with the observations by XRD analysis, indicating that there 

were no changes in the surfactant packing. The minor expansion of SCPX 2934 treated 

with scC02/H20 under 9.7 MPa, 50°C and 0.2 MPa/s shown in Figure 5.2.4 was thought 

to be attributed to the water accommodated in the clay. TGA result of the sample 

confirmed this assumption. 
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Figure 5.3.3 Differential mass loss plots determined by TGA for SCPX 2934: treated with 

scC02 and with water as cosolvent under 9.7 MPa, 200°C and 0.2 MPals and 9.7 MPa, 

50°C and 0.2 MPals, treated with only scC02 at 9.7 MPa, 200°C and 0.2 MPals, and in 

its original state 

5.4 Surface energy 

As shown in Figure 5.4.1 and Figure 5.4.2, the scC02/H20 treated C20A and 

SCPX 2934 exhibited the same trend in that the surface energy increased after the 

treatment yet there were no difference in surface energy values between with and without 

water as a cosolvent. For C20A, the treated clay exhibited a greater dispersive component 

than the clay in its original state while the polar component did not change. For SCPX 

2934, the polar component of the treated species decreased significantly compared to the 

original clay, but the dispersive component increased much more, and therefore the total 
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surface energy for the treated clays appeared to significant increase in comparison to the 

untreated clay. Based on the differences seen in the TGA particularly, we can see that the 

surface energy measurement was not sensitive to interior changes in the clay structure. 
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Figure 5.4.1 Surface energy of C20A m its original state, treated with C02 or with 
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Figure 5.4.2 Surface energy of SCPX 2934 in its original state, treated with C02 or with 

C02/H20. X-axis labels refer to the C02 pressure (MPa)/vessel temperature 

(°C)/pressure release rate (MPals) 

5.6 Conclusions 

The effect of the water co-solvent on the microstructure of an organoclays 

depends on the clay species. For C20A, the effect was significant. With help of the 

moisture accommodated in the C20A, the surfactant redistribution proceeded more 

readily, allowing more surfactant to be transferred to ionically bound species on the 

silicate surface. This transition led to a more loosely packed tactoid structure and even 

some ordered exfoliated structures. Lower processing temperatures were important to 

preserve the off-line properties of these clays, though it is not known yet whether this 
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criterion extends to in-situ. Use of the water co-solvent with SCPX 2934 had little effect 

on the microstructure, but no less so than the scC02-processed samples. 
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CHAPTER 6 CONCLUSIONS AND 

RECOMMENDATIONS 

6.1 Conclusions 

This thesis has discussed changes to microstructures of organoclays produced by 

treatment with supercritical carbon dioxide, with and without water as a co-solvent, under 

varied conditions. The surfactant arrangements of the as-received organoclays examined 

were determined as a lateral monolayer for SCPX 2971 and SCPX 2972, a lateral bilayer 

for SCPX 1137, a paraffin-type monolayer with tilt angle less than 90° for Cloisite 20A, 

and a paraffin-type monolayer with tilt angle of -90° for SCPX 2934. The surfactant 

arrangement between silicate sheets and the surfactant's structure itself determined 

whether change of an organoclay occurred for the microstructure by scC02 treatment. 

Only Cloisite 20A, the organoclay with two long alkyl chain surfactant and paraffin-type 

monolayer structure with a tilt angle less than 90°, exhibited basal expansion after scC02 

treatment. Only SCPX 2971, the clay with aromatic surfactant and lateral monolayer 

structure, remained completely unchanged under any trial condition. The interlayers of 

SCPX 1137, SCPX 2972 and SCPX 2934 either remained unchanged or collapsed 

slightly after the scC02 treatment, depending upon the treatment conditions. Under 

almost all conditions and for all clays, the treatment with scC02 had no major effect on 

the exterior chemistry that would change the interfacial properties. The majority of 

change by scC02 was in the interior of the clays. 
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Expansion of Cloisite 20A was attributed to surfactant rearrangement and an 

increase in the tilt angle of surfactant due to the scC02 treatment. High temperatures and 

high pressure release rate promoted the clay expansion. High temperatures led to melting 

of the surfactant crystals and increased surfactant mobility. Explosive depressurization 

may produce a force inside galleries of the clay particles sufficient to push out the silicate 

sheets. 

The high melting point of the aromatic surfactant for SCPX 2971 may have been 

responsible for its unchanged microstructure under scC02 because the solid-like 

surfactant confined in clay galleries was difficult to move even under the supercritical 

fluid environment. In addition, lateral monolayer surfactant arrangements are more 

difficult to turn to other structures through surfactant rearrangement or even concentration 

changes. 

The lateral bilayer structure and higher melting point of confined surfactant in 

SCPX 1137 galleries were the reasons for the morphology stability of this clay in the 

scC02 processing. Only under high temperature and high pressure, did the morphology of 

this clay exhibited even minor changes due to increased mobility of the surfactant and 

increased solubility of scC02• 

In spite of low melting point and ready removal of the surfactant in SCPX 2934, 

the erect paraffin-type structure constrained further increases in its gallery spacing. 

Conversely, the surfactant mobility under the scC02 environment may result in denser 

surfactant packing and therefore, a minor collapse occurred under most conditions 

examined. 

Interaction of the scC02 with an organoclay took place primarily by its 

plasticization on surfactant of the clay. No chemical reaction occurred during the scC02 

processing, though in the presence of the water co-solvent Lewis acid/base reactions were 
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thought to alter the silicate chemistry, resisting further hydration. Use of water as a co

solvent was found to help expand Cloisite 20A and even partially exfoliate it in some 

extent, but the water had no discernable effect on the morphology of SCPX 2934. 

Considering swelling behavior in the scC02 treatment and surface energy, Cloisite 

20A and SCPX 2934 were thought the ideal candidates for next stage of the project. 

6.2 Recommendations 

Studies on the interaction of scC02 with organoclays in this thesis were off-line. 

An in-situ XRD study [Thompson et al. 2008] showed that pressure had a stronger effect 

on basal spacing than temperature, and that higher pressures were favored, different from 

the off-line study in this thesis. Considering an alternative route for preparing PLS 

nanocomposites, an organoclay may need to maintain suspension state in scC02 solvent, 

some in-situ analyses, for instance, FT-IR and TGA, may be needed. The in-situ analysis 

may help us better understand the interaction between scC02 and an organoclay and 

microstructure of an organoclay suspended in scC02 solvent. 

Water as a co-solvent proved to favor expansion of Cloisite 20A. It may also be a 

helpful co-sovent in following step in preparation of PLS nanocomposites. In such a case 

SCPX 2971 might be revisited as a viable organoclay since it exhibited full exfoliation 

after washing with mixture of water and ethanol. Currently it has been excluded from the 

list of ideal candidates due to its high surface energy and rigid surfactant structure and 

there remain fears of its possible agglomeration in TPO nanocomposites due to its high 

hydrophilicity. However, it could be fully exfoliated by the water co-solvent/scC02 

system before compounding with a polymer melt, it may still be an interesting species for 

our system. 
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Appendix B Full factorial design of effect of scC02 on organoclays 

Sample Surfactant Pressure Temp. Time Pressure drop 

No. psi oc hrs MPa/s 

34 4.8Cloisite 20A 1400 50 6 

35 SCPX 1137 1400 50 6 4.8 


36 SCPX 2934 1400 50 6 4.8 


37 SCPX 2971 1400 50 6 4.8 


38 SCPX 2972 1400 50 6 4.8 


39 C1oisite 20A 1400 200 3 0.2 

40 SCPX 1137 1400 200 3 0.2 


41 SCPX 2934 1400 200 3 0.2 


42 SCPX 2971 1400 200 3 0.2 


43 SCPX 2972 1400 200 3 0.2 


44 Cloisite 20A 1400 50 6 0.2 

45 SCPX 1137 1400 50 6 0.2 


46 SCPX 2934 1400 50 6 0.2 


47 SCPX 2971 1400 50 6 0.2 


48 SCPX 2972 1400 50 6 0.2 


49 Cloisite 20A 1100 200 3 0.2 

SCPX 1137 1100 200 3 0.2 50 

51 SCPX 2934 1100 200 3 0.2 


52 SCPX 2971 1100 200 3 0.2 


0.2 53 SCPX 2972 1100 200 3 
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Appendix B Full factori al design of effect of scC02 on organoclays (continued) 

Sample Surfactant Pressure Temp. Time Pressure drop 

No. psi oc hrs MPa/s 

4.854 Cloisite 20A 1100 50 6 

55 SCPX 1137 1100 50 6 4.8 


56 SCPX 2934 1100 50 6 4.8 


57 SCPX 2971 1100 50 6 4.8 


58 SCPX 2972 1100 50 6 4.8 


24 C1oisite 20A 1400 200 3 4.8 

25 SCPX 1137 1400 200 3 4.8 


26 SCPX 2934 1400 200 3 4.8 


28 SCPX 2971 1400 200 3 4.8 


27 SCPX 2972 1400 200 3 4.8 


59 Cloisite 20A 1100 50 6 0.2 

60 SCPX 1137 1100 50 6 0.2 


61 SCPX 2934 1100 50 6 0.2 


62 SCPX 2971 1100 50 6 0.2 


63 SCPX 2972 1100 50 6 0.2 


29 Cloisite 20A 1100 200 3 4.8 

30 SCPX 1137 1100 200 3 4.8 


32 SCPX 2934 1100 200 3 4.8 


64 SCPX 2971 1100 200 3 4.8 


31 SCPX 2972 1100 200 3 4.8 
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Appendix C Moisture uptake of the scC02 treated organoclays 

Processing conditions Cloisite 20A SCPX 2934 SCPX 1137 SCPX 2972 SCPX 2971 

50°C, 7.6 MPa, 0.2 MP/s 

200°C, 7.6 MPa, 0.2 MP/s 

50°C, 9.7 MPa, 0.2 MP/s 

200°C, 9.7 MPa, 0.2 MP/s 

50°C, 7.6 MPa, 4.8 MP/s 

200°C, 7.6 MPa, 4.8 MP/s 

50°C, 9.7 MPa, 4.8 MP/s 

200°C, 9.7 MPa, 4.8 MP/s 

4.1 

4.2 

4.9 

3.7 

3.9 

5.7 

3.2 

5.3 

3.2 

3.5 

3.8 

3.0 

3.2 

3.8 

2.3 

6.4 

5.1 

5.4 

5.8 

4.9 

5.1 

4.1 

4.3 

6.2 

6.1 

5.6 

5.7 

5.1 

5.7 

7.1 

5.4 

9.7 

10.2 

12.3 

10.5 

11 .8 

10.3 

11.2 

10.4 

17.4 


