
Supercritical fluids as media for nucleation and growth
processes for high temperature superconductors

Item Type text; Thesis-Reproduction (electronic)

Authors Firestone, Millicent Anne, 1962-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:52:37

Link to Item http://hdl.handle.net/10150/276849

http://hdl.handle.net/10150/276849


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer. 

The quality of this reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these 
will be noted. Also, if unauthorized copyright material 
had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and white photographic print for an additional 
charge. 

Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 





Order Number 1335426 

Supercritical fluids as media for nucleation and growth processes 
for high temperature superconductors 

Firestone, Millicent Anne, M.A. 

The University of Arizona, 1988 

Copyright ©1988 by Firestone, Millicent Aime. All rights reserved. 

U  M I  
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 



SUPERCRITICAL FLUIDS AS MEDIA FOR NUCLEATION AND GROWTH 

PROCESSESS FOR HIGH TEMPERATURE SUPERCONDUCTORS 

by 

Millicent Anne Firestone 

copyright © Millicent Anne Firestone 1988 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF ARTS 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  8  



STATEMENT BY AUTHOR 

This thesis has been submitted In partial fulfillment of re
quirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under the rules of the Library. 

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or In part may be granted by the copyright 
holder. 

SIGNED: •JmUiau± QAWI ̂ tahr̂  

APPROVAL BY THESIS DIRECTOR 

This thesis has .been approved on the date shown below: 

(Zrl,t H. 2.Jtl 
Robert D. Feltham 

Professor of Chemistry 



3 

ACKNOWLEDGMENTS 

I am graceful Co Che following people for inscruccion and 

generous use of Cheir facilities and instrumentation during this 

project: Mr. Wesely Bilodeau (Geosciences Dept.). Mr. David Bentely 

(Electron Microscope Facility, College of Agriculture), Dr. Joseph 

Vuillemin and Mr. Thilo Brill (Physics Dept.), Mr. Jeffery Kolczynski, 

Mr. Ted Cecconie, and Dr. Noashisa Yanagihara (Chemistry Dept.). 

I would also like to thank CSS and NASA for providing me not only 

with employment during the past three years but also for the valuable 

research/engineering experience outside of my thesis area. 

Additionally, I thank all the members of CSS for their encouragment, 

comic relief, and assistance in acquiring use of the extraction ap

paratus required to complete this thesis. 

I would like to acknowledge my research director, Dr Robert 

Feltham, and my committee members Dr. Dennis Lichtenberger, and Dr. 

John Enemark. 

Finally, chanks Co my husband, Mark, who spenc many hours liscen-

ing, discussing, and providing helpful suggestions. 



4 

TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS 6 

LIST OF TABLES 9 

ABSTRACT 10 

1. INTRODUCTION 11 

2. SUPERCONDUCTORS 13 

2.1 BCS Theory of Superconductivity 13 
2.2 Physical Properties of Superconductors 14 
2.3 Metastability and Superconductivity 15 
2.4 Properties of YBC 17 
2.5 Structure of YBC 18 

3. SUPERCRITICAL FLUIDS 23 

3.1 Physicochemical Properties of Supercritical Fluids ... 23 
3.2 Applications 28 

3.2.1 Comminution 30 
3.2.2 Crystallization 32 

4. STATEMENT OF THE PROBLEM . 35 

5. EXPERIMENTAL 36 

5.1 Equipment 36 



5 

TABLE OF CONTENTS--Continued 

Page 

5.1.1 The Horizontal Tube Furnace 36 
5.1.2 The Displex System 38 
5.1.3 The supercritical Autoclave System 40 
5.1.4 The supercritical Extraction System 40 
5.1.5 The High Pressure Absorption Cell 43 
5.1.6 The UACID17 Echelle Spectrometer 46 

5.2 Procedures 47 

5.2.1 Preparation of YBC Powders 47 
5.2.2 Powder X-ray Diffraction 48 
5.2.3 Four Probe Resistivity Measurements 48 
5.2.4 Studies in Sub- and Supercritical CO2 

Conducted with the Autoclave System 50 
5.2.5 Studies in Sub- and Supercritical CO^ 

Conducted with the Extraction System 51 
5.2.6 Absorption Measurements of YBC in 

Sub- and Supercrtical COg 52 
5.2.7 Absorption Measurements of YBC in 

Various Organic Solvents 55 
5.2.8 DCP/AES Analysis of Dissolved Matter 

in 100% Ethanol 55 
5.2.9 ICP/AES Analysis of Dissolved Matter 

in 100% Ethanol 57 
5.2.10 ICP/AES Analysis of Dissolved Matter 

in Supercrtical C0_ 60 
5.2.11 Scanning Electron Microscopy 60 

6. RESULTS 63 

6.1 Stability of YBC in a C0„(g) Atmosphere 63 
6.2 Stability of YBC in sub- and supercritical C0„ 65 
6.3 Solubilibty of YBC in sub- and supercritical C0_ 72 
6.4 Identification of Solubilized Species 83 
6.5 Calculation of Mass Transfer Characteristics 97 
6.6 Preliminary Investigation on Nucleation and Growth 

Processes in Supercritical CO. 100 
6.7 Preliminary Investigation on Metastable Synthesis 

in Supercritical CO^ 107 
6.8 Investigation of an Anamolous Feature 108 

7. FUTURE DIRECTIONS 119 

8. CONCLUSIONS 121 

REFERENCES 123 



6 

LIST OF ILLUSTRATIONS 

Figure Page 

1. The Crystal Structure of Orthorhombic and Tetragonal 

YBa2Cu3°7:x 21 

2. The Structure of The (001) Plane of CuO 22 

3. An Idealized Phase Diagram 24 

4. The Impact of Temperature and Pressure upon Density, 
for Supercritical CO2 25 

5. Viscosity, Density, and Diffusivity as a Function 
of Pressure for Supercritical CO2 27 

6 Arrangement of the Horizontal Tube Furnace 37 

7. A Cut Away View of the Two Stage Displex Assembly 39 

8. Schematic Diagram of the Autoclave 41 

9. Schematic Diagram of the Extractor Vessel 42 

10 Schematic Diagram of the Supercritical 
Extraction System 44 

11 The High Pressure Absorption Cell and Associated 
Instrumentation 45 

12. X-ray Powder Diffraction Patterns of YBC a.) Unexposed to 
a C0„(g) Atmosphere; b.) Exposed to Predried C0_(g); 
c.) Exposed to Undried COg (g) 64 

13. X-ray Powder Diffraction Pattern of YBC After Sub- and 
Supercritical CO2 Exposure 55 

14 Resistance as a Function of Temperature for YBC After 
Exposure to Sub- and Supercritical CO2 69 



7 

LIST OF ILLUSTRATIONS--Continued 
Figure Page 

15. Photograph of the Amount of Material Typically Transferred 
During an Autoclave Experiment 71 

16. The UV/ Visible Spectrum of YBC/Hexanes 75 

17. The UV/ Visible Spectrum of YBC/Ethanol 76 

18. The UV/ Visible Spectrum of YBC/Acetone 77 

19. UV Spectra of YBC in sub- and Supercritical CO2 
at 40°C and Various Pressures 79 

20. a.) UV spectrum of YBC/ Supercritical C0„ (40°C, 1300psi) 
b. ) UV spectrum of YBC/Ethanol 81 

21. UV Specta of a.) b.) BaCO^, c.) CuO in 100% Ethanol. . 82 

22. An Isometric Plot of DCP/AES Qualitative Analysis 
of YBC/ 100% Ethanol 85 

23. ICP/AES Emission Signals for YBC/100% Ethanol 86 

24. ICP/AES Emission Signals for YBC Supercritically 
"Processed" Material 92 

25. ICP/AES Calibration Curve for Y 93 

26. ICP/AES Calibration Curve for Ba 94 

27. ICP/AES Calibraiton Curve for Cu 95 

28. A Plot of Schmidt Number as a Function of CO2 Pressure. . . 99 

29. Scanning Electron Micrograph of YBC Material 
Prepared by the Solid State Synthesis 102 

30. Scanning Electron Micrograph of Post 
Processed Material 103 

31. Scanning Electron Micrograph of a Sampling 
of YBC Material from Film 105 

32. Scanning Electron Micrograph of Post-Processed 
Material 106 



8 

LIST OF ILLUSTRATIONS--Continued 

Figure Page 

33. X-ray Powder Diffraction Pattern of The YBC Sample 
Containing Low Angle Peaks 109 

34. Point-by-Point Resistance Measurements of The YBC 
Sample Containing Low Angle Diffraction Peaks 110 

35. A Continous Resistance Scan for The YBC Sample 
Containing Low Angle Diffraction Peaks 111 

36. A Close-up of The Anomalous Feature 112 

37. X-ray Powder Diffraction Pattern of a YBC Sample 
Not Containing Low Angle Peaks 114 

38. A Continuous Resistance Scan for The YBC Sample 
Not Containing Low Angle Diffraction Peaks 115 

39. A Close-up of Resistance Between Room 
Temperature and 160K 116 

40. The Resistance Curve Published by Jezowski et al 117 



9 

LIST OF TABLES 

Table Page 

1. The Superconducting Physical Properties of 
Orthorhombic YBC 19 

2. Order of Magnitude Comparison of Physicochemical 
Properties Between Typical Gases, Liquids, and SCF's 29 

3. X-Ray Powder Diffraction Data Collection Parameters 49 

4. Absorption Measurements of YBC/sub-supercritical 
CO^ Data Collection 54 

5. Absorption Measurements of YBC/Various Organic Solvents 
Data Collection 56 

6. ICP/AES Analysis of Dissolved Material 58 

7. SEM Data Collection 62 

8. Polarity Characteristics of Various Solvents 74 

9. ICP Performance Data 88 

10. Results of Semi-Quantitative ICP/AES of Dissolved Solids 
from YBC/100% Ethanol 39 

11. Physicochemical Properties of Carbon Dioxide at 
40 C and Various Pressures 93 



10 

ABSTRACT 

Supercritical carbon dioxide was explored as a medium for nuclea-

tion and growth processes for ceramic oxide superconductors. The high 

temperature superconductor investigated, YBa2Cu20^ (YBC) was found to 

be stable upon limited exposure to Solubility of the compound was 

studied in the region near the critical point using spectrophotometry. 

The solubilized species was indirectly identified by elemental 

analysis. Preliminary studies on the medium's potential for metastable 

synthesis, comminution, and crystallization were conducted and showed 

considerable promise for further development. 
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CHAPTER 1 

INTRODUCTION 

\ 

Superconductivity is the abrupt disappearance of a material's dc 

electrical resistance when cooled below a critical temperature, Tc. 

The technological consequences of this phenomenon are immense, includ

ing lossless power transmission, improvements in computer size and 

speed, and extremely high field electromagnets. Historically, however, 

this extraordinary property had only been observed at temperatures 

close to absolute zero, which has severely restricted the application 

of superconductivity outside the research laboratory. In. fact, from 

Kamerlingh Onne's initial discovery in 1911 that mercury would super-

conduct at 4.2K (1) until 1986, the average increase in critical 

temperature has only been about of 0.3 a degree per year. 

The highest critical temperature attained for an inorganic super

conductor prior to 1986 was only 22.3K (2,3). This was observed in an 

intermetallic compound, Nb^Ge, which belongs to the A-15 (body-centered 

cubic) class of superconductors (4). Improvements upon this value had 

eluded solid state scientists for nearly 17 years. In 1986. however, 

Muller and Bednorz (5) announced a major enhancement in Tc, an increase 

to nearly 35K in Ba^Laj ^CuO^ . Shortly, thereafter, this value was 

further increased to 48K by a simple substitution of Sr for Ba along 

with a slight modification in stoichometery (6). Finally, a major 

breakthrough was announced by Chu's group at the University of Houston, 
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superconductivity above liquid nitrogen temperatures at 93K in YBa2Cug 

0^ (7). Although it may appear that these high Tc compounds have 

revolutionized superconducting technology, there are many other factors 

to consider prior to wide scale application. Of paramount importance 

is the elucidation of chemical and physical properties of the 

materials. Characteristics such as critical field strengths, mechani

cal properties, and compound stability are just several factors that 

need to be further investigated and improved. For example, recent 

investigations have shown that the current carrying capacity, Jc, of 

the bulk samples are three orders of magnitude less than that of con

ventional superconductors (8). Worse yet is the fact that the currents 

are suppressed,upon exposure to modest magnetic fields, rendering them 

unsuitable for use as superconducting magnets (9). These high Tc 

superconductors also display inferior mechanical properties. They are, 

for example, extremely brittle, which presents problems in the fabrica

tion of wires and magnet windings. Perhaps it is best to bear in mind 

that the previous Tc record holder, Nb^Ge (discovered in the early 

1970's) has not yet been commercially used due to unresolved problems 

arising from it's lack of ductility. Fortunately, each of these 

properties is not considered to be inherent to the material itself, 

unlike the critical temperature, which depends more on microstruccure. 

Thus, with improved synthetic and fabrication methods it is believed 

that these problems can eventually be overcome (10). 
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CHAPTER 2 

SUPERCONDUCTORS 

2.1 BCS Theory of Superconductivity 

The most widely accepted theory to explain superconductivity is 

that of Bardeen, Cooper, and Schieffer(ll). BCS theory explains super

conductivity as a state which arises from the interactions between 

electrons and lattice vibrations, phonons. This interaction gives rise 

to a small "net-effective" attraction between electrons, thereby 

resulting in the formation of loosely bound pars of electrons, called 

Cooper pairs. This is the essence of the BCS state, one particle 

orbitals which are occupied in pairs, having spin zero and many at

tributes of bosons. Thus, it is the coalescing of electrons into pairs 

that are coupled to the lattice which permits their uninhibited move

ment through the solid. The temperature at which the electrons are 

torn apart (i.e. by thermal agitation) and thereby converted back to 

fermions is the critical temperature, Tc. 

Specifically, the Tc is a function of the number of the carriers 

contributing to the superconducting state and how strongly the 

electrons are interacting with the p'nonons. 
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This relationship is mathematically represented by this equation: 

Tc- 0D EXP (-1/x) 

0^ is the debye temperature, or the temperature at which the lattice 

forces responsible for the lattice stiffness are too weak to hold the 

ions in place. For example, Pb is a soft material having a 0^ - 108K, 

while Fe is a hard material and has a 0^ - 164K. 

x is a product of the density of states (DOS) at the fermi level and 

the magnitude of the electron-phonon interaction. From this equation 

it has been determined that a material having both a high densicy of 

states and a debye temperature would be potentially a high Tc 

superconductor. 

Paradoxically, while the BCS theory explains virtually all aspects 

of superconductivity, it has provided little insight or direction for 

the development of new superconductors. 

2.2 Physical Properties of Superconductors 

The loss of resistance is not the only relevant factor used to 

determine the quality or existence of a superconductor. The magnetic 

properties exhibited by a superconductor are as dramatic and important 

as their electrical properties. It was experimentally discovered by 

K.W. Meissner and R. Ochsenfield (12) that when exposing a superconduc

tor, as it passed below it's transition temperature, to a constant 

applied magnetic field, the lines of induction, B, are expelled. Thus, 
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in a weak magnetic field a superconductor behaves as a perfect 

diamagnet. This phenomenon has become known simply as the Meissner 

effect. Upon application of a sufficiently strong magnetic field the 

superconducting state will be destroyed. The threshold or critical 

value of the applied magnetic field tolerated by the superconductor is 

denoted by Hc(T) and is a function of temperature. As a result of this 

behavior two distinct classes of superconductors arise. The first is 

simply called type I or "soft" and exhibit a complete Meissner effect, 

but can only tolerate fields of relatively low strengths (i.e. few 

hundred Gauss). The others are classified as type II or "hard" and are 

characterized by two critical fields with a vortex state existing 

between them. In contrast to the type I, these superconductors can 

withstand very high magnetic fields (i.e. several hundred thousand 

Gauss). 

In addition to their unique magnetic behavior, all superconductors 

are characterized by a sharp decrease in entropy when cooled below the 

critical temperature. This property provides yet a third mechanism by 

which the presence of superconductivity can be detected in a material. 

2.3 Metastabilitv and Superconductivity 

For many years, it has been speculated that a correlation exists 

between metastability and high Tc superconductors (13). This belief is 

derived from BCS theory. It is thought that if the BCS parameters are 

pushed to their limits, in order to maximize Tc's, a material that is 
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thermodynamically unstable will naturally result. The resultant non-

equilibruim systems are perhaps better able to accommodate strong 

electron-phonon interactions, which are required for higher critical 

temperatures (vide supra). 

Metastable states have greater free energy than their correspond

ing stable phases. A general approach used for metastable synthesis is 

to energize the starting material (i.e. raise the free energy) followed 

by removal of this energy, quenching. Traditional modes of energizing 

involve heating, condensation, irradiation, and mechanical cold 

working. Upon quenching there are several lower energy states avail

able to which a transformation could occur. The system can then be 

configurationally frozen into any one of these intermediates. The 

selection of the particlular resulting phase depends on kinetic fac

tors, such as cooling rates, nucleation probability, etc., and 

therefore it is difficult to accurately predict or control the 

outcome. This raises two important questions, namely, how can these 

metastable phases be made in a predictable, controlled manner, and what 

new synthetic techniques can be devised for the preparation and isola

tion of new, more interesting metastable phases? 

. There is growing evidence that YBC is in fact a metastable com

pound (14). Firstly, there has been no success in synthesizing this 

material below 800 C, implying the lack of a low temperature route to 

'-his material. Although the compound is thermodynamically stable in 

air between 800 C to 950 C it is however too low in oxygen content, 

Y®a2 û3^6 ^ t0 become superconducting. Conversely, the high oxygen 

content material, YBa2Cu^0, g cannot be prepared directly. Thus, it 
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appears that YBC, having the correct oxygen content required for super

conductivity is not stable at just any combination of temperature and 

pressure. 

The synthetic procedure used to produce the superconducting phase 

of YBagCu^O^ x follows closely that of a typical metastable synthesis 

described previously. Specifically, one must first energize the start

ing materials by heating them at a high temperature, 950°C, thereby 

producing the low oxygen content material. This is followed by slow 

cooling to 500°C. This lower temperature is maintained, bringing the 

material up to the appropriate oxygen content. This oxidation step is 

not considered to be an equilibrium process, since at equilibrium a 

phase separation would be observed. 

2.4 Properties of YBC 

YBC is classified as a ceramic, which by definition is a compound 

that contains both metallic and nonmetallic elements. Several general 

attributes of ceramics are high thermal resistance (refractory), high 

mechancial resistance (hard), and an increased resistance to chemical 

alterations (inert). Additionally, as a class they possess higher 

melting points than either organics or even metals. YBC deviates from 

these characteristics, since mechanically it is very brittle, and 

decomposes upon exposure to water, and unlike the majority of ceramics 

which are electrically insulating, YBC is in fact metallic. One 

manifestation of a compounds electrical properties is in it's color. 

YBC is black, implying that all wavelengths in the visible light region 
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are absorbed. Given this, the minimum band gap energy, Egap, for the 

compound maybe estimated as 1.8eV (which corresponds to 700nm) or less. 

The superconducting physical properties for a microcrystalline sample 

of YBC are presented in Table 1 (15, 16). It is possible, however, to 

alter these values through various processing methods, and these num

bers represents only average values. 

2.5 Structure of YBC 

In principle a solid's macroscopic properties are intimately 

related to the properties of the atoms which comprises the material and 

to it's adopted crystal structure. Most of the essential atomic 

properties of the elements which constitute YBC are known and have been 

reviewed elsewhere (17). 

Structurally, YBa2Cu307x is related to the ideal AM03 perovskite 

structure, with Y and Ba ordered on the A cation sites, and Cu occupy

ing the M sites. The differences are two-fold: 1.) there are two 

distinct cation sites, A (Y and Ba) and 2.) there are extensive oxygen 
* . •••• 

vacancies.- It is the second feature, the ordering of the oxygen 

vacancies which determines the lattice symmetry, and thus the electri

cal properties of this material. 

The superconducting phase of YBC, presented in Figure la (18), is 

orthorombic and from neutron powder diffraction coupled with Rietveld 

analysis has uniquely been determined as belonging to the Pmmm space 

group (19, 20). The unit cell dimensions are a - 3.81856(4) A. b -

3.8856(3) A, c - 11.6804(7) A, V - 173.30 A"^. Structurally there 



Table. 1 The Superconducting Physical Properties of 
Orthorhotnbic YBC. 

Tc(k, Hĉ (T) JJA/cm2) 

YBa2Cu307 x 95 18 102 - 103 

vo 
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are two inequivalent Cu sites. One copper, Cu2, is located in a sub-

lattice containing Cu2, 02, and 03. Here Cu2 is five coordinate, and 

the oxygens are shared in such a way as to produce two dimensional 

puckered CuO sheets. The second Cu is located in a sublattice involv

ing Cul, 01, and 04 and are arranged in nearly square planar 

coordination. Here only two of the four corners of 01 are shared, 

resulting in one.dimensional Cu chains along the b axis. 

The insulating phase, presented in Figure lb (18), is tetragonal 

and is structurally related to the orthorombic phase by a simple inser

tion of oxygen along the a axis. The oxygen insertion causes the one 

dimensional chains to be disrupted. 

The Cu-0 plane is considered to be a metastable plane, since it's 

stoichiometry can easily be changed by processing (21). This change in 

stoichiometry has a direct impact on YBC's properties. Most impor

tantly, a systematic depression or complete loss of the critical 

temperature has been correlated with the decrease in oxygen content, 

which alters the electronic structure of the CuO network (18). This is 

represented in Figure 2 , which shows the structure of the (001) plane 

of Cu-0 as a function of oxygen content. 



a. orthorhombic Pmmm b. tetragonal P4/mmm 

Cu1 

Figure l. The Crystal Structure of Orthorhooblc aid Tetragcxial YBa Cu 0 . 
2 3 7-4 
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CHAPTER 3 

SUPERCRITICAL FLUIDS 

3.1 Phvsicochemical Properties 

The supercritical fluid (SCF) region and its relationship to the 

classical states of matter, i.e. solid, liquid, and gas are illustrated 

on an idealized phase diagram in Figure 3. In this pressure-

temperature phase diagram, the critical point and the area above it 

demarcates a single phase region where there is no distinction between 

liquid and gas. This region is characterized by a set of physicochemi-

cal properties intermediate between those of liquids and gases. For 

example, a SCF can expand to fill its container like a gas; however, 

its density can approach that of a liquid (22). The exact properties 

of a SCF are a function of temperature and pressure. Thus. when 

operating in the critical region, the variability in pressure and 

temperature can be used to regulate such properties as fluid density, 

viscosity, and mass transfer. 

The impact of temperature and pressure changes upon density is 

illustrated in Figure 4, a CC^ phase diagram presented in terms of 

reduced variables (e.g. reduced temperature, pressure, and density) 

(23). Figure 4 shows that for a reduced temperature (T„) range of 0.9 

to 1.2 and reduced pressures (PR) greater than 1.0, the reduced density 
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Figure 3. An Idealized Phase Diagram. 
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C PR) of the solvent can range from about 0.1, which corresponds to gas 

like density, to 2.5, which is a liquid like density. Furthermore, the 

phase diagram also shows that at higher reduced temperatures, greater 

increases in density are observed. A similiar effect is obtained by 

decreasing the temperature. Thus, the fluid density's sensitivity to 

temperature-pressure flucuations is largest about the critical point. 

Therefore, the ease with which one can manipulate the density provides 

an excellent mechanism by which the solvating power of a the SCF can be 

selectively "fine tuned". Although the solvent density - solvent power 

relationship has been firmly established for SCF's, it is not yet 

possible to predict a priori the solubility of a given solute in a 

particular SCF. 

Another attractive physicochemical property possessed by a SCF is 

its variable viscosity, which is also dependent upon temperature and 

pressure. A schematic representation of this relationship for CO ^ is 

presented in Figure 5 (24). It shows that although pressure increases 

produce densities similar to liquids, the viscosity is still less than 

a typical organic solvent or water. As the critical pressure is ap

proached, viscosity decreases rapidly, approximating that of a gas. 

Yet another interesting property is diffusivity. The diffusivity 

of a solute in supercritical and subcritical is approximately 1 to 

2 orders of magnitude greater than that of solutes in typical liquids. 

This relationship is further established by a plot, Figure 5, of the 

self-diffusivity of C0£ as a function of temperature and pressure (24). 

The ratio of viscosity to the product of the self-diffusion coefficient 
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Figure 5. Viscosity, Density, and Diffusivlty as a Function of 
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and the fluid density defines an important diraensionless group used for 

mass transfer correlations, the Schmidt number. 

Mass transfer embodies a large collection of operations where the 

separation of a mixture components is based on the transfer of a 

material from one homogeneous phase to another. Crystallization is 

just one example of a method included in the term mass transfer opera

tions, since the formation of crystals separates a solute from a 

solvent, leaving impurities behind (25). In general, mass transfer for 

SCF's is better than conventional liquid solvents. The Schmidt numbers 

for typical SCF's are compared to liquids and gases in Table 2 (26). 

Schmidt numbers of nearly two orders of magnitude less than liquid 

solvents are possible in SCF's. As a result, these improved transport 

capabilities permits solublization and/or entrainment of significant 

quantites of nonvolatile compounds. 

A final feature making SCF's interesting is their lack of surface 

tension, due the absence of a liquid-gas interface. The zero surface 

tension allows better penetration of the fluid into microporous 

materials (27). 

3.2 Applications 

Recently, there has been considerable industrial and academic 

interest in supercritical fluid technology. Industrially, one of the 

most popular uses of these fluids is in extraction processes, par

ticularly of natural products. These range from extraction of 

stimulants from coffee,tea,etc.(28, 29) to the extraction of 
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Table 2. Order of Magnitude Comparison of Physicochexnical 
Properties Between Typical Gases, Liquids, and SCF 

Gases Liquids 
(organic, 
water) 

SCF's 

Te,Pc TC/4PC 

p(gm/cnr) 

n(gm/cms) 

D(cm2/s) 

NSc(n/pD) 

(0.6-2)XlO 

(l-3)xl0~4 

0.1-0.4 

0.4-1.7 

-3 0.6-1.6 0.2-0.5 0.4-0.9 

(0.2-3)XlO-2 (1-3)X10~4  (3-9)XlO" 

(0.2-2)XlO-5 0.7X10"3  

900-1700 0.7-0.9 

0. 2x10" 

4-5 
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chemotherapeutic anticancer agents from plant materials (30) . 

Academically, supercritical fluid chromatography has proven to be an 

exciting area of research in analytical chemistry, having been shown 

to be superior to both gas and liquid chromatography in separation 

efficiency for nearly all classes of compounds (31). These two areas 

have been the major focus of SCF research for the past decade. One 

area of SCF research that has not received much attention is its 

potential use as a solvent for reactions, comminution, and crystal

lization. 

3.2.1 Comminution 

Frequently, materials formed from reaction do not have the ap

propriate particle size or lack the necessary homogeneity required for 

further processing or for use in intrinsic property measurements. 

Classically, particle redistribution is achieved by crushing, grinding 

or by carrying out a controlled precipitation reaction. Unfortunately, 

each of these comminution procedures suffers from additional problems. 

For example, many materials are adversely affected by the temperatures 

which are generated by the crushing and grinding methods, or by the 

introduction of impurities from the coprecipitation procedures. 

Moreover, it is difficult to obtain particle sizes in the submicron 

range by either of these methods. One promising method, recently 

introduced by Moharty and Narasinha (32) is fluid energy grinding. In 

this technique, a stream of entrained solids is introduced into a 

region of high fluid shear. Although the exact mechanism is not well 
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understood, the size reduction to submicron size particles is thought 

to occur via particle collision. An attractive alternative to all of 

these methods, and one which may offer the potential for tailoring 

particle size and homogeneity, is SCF nucleation. 

In this process, the material of interest is dissolved in the 

appropriate SCF and the solution is then expanded rapidly to a much 

lower pressure. This reduction in pressure permits the homogeneous 

nucleation of the particles. The only requirement for carrying out SCF 

particle reduction processes is that the compound must exhibit some 

degree of solubility in the supercritical fluid. The key element in 

the procedure is the rate of gas expansion. 

There are few references to SCF comminution in the literature. 

The earliest report of its use as a nucleation medium was by Hannay and 

Hogarth in 1879 (33,34,35). In their experiment, they described that 

changes in pressure caused several inorganic salts (e.g. CoC12, KC1, 

KBr) to dissolve in supercritical ethanol. They also observed that 

upon decreasing the pressure these salts were precipitated "as a snow" 

or a "frost". More recently, Krukonis described comminution of several 

compounds, among them ferrocene, from SCF C02 (36). He reported that 

commercial ferrocene's particle size could be reduced form ca. 100 u to 

less Chan 10 u by nucleation from supercritical CC^ 

One specific area benefiting from improvements in particle size 

distribution would be the sintering of ceramic materials. Sintering is 

a process in which a microcrvstalline powder is compacted and heav;ed at 

high temperatures in order to cause fusing of the particles, the final 

goal being the production of a compact, dense, low porosity material of 
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improved mechanical strength. The impact of particle size control in 

the sintering process is well documented (37). The need for particle 

size control is especially critical for materials which tend to form 

agglomerates, such as YBC. The breaking up of such agglomerates will 

lead to improved sintering as well as reduce the processing time. The 

effect of particle distribution on the sintering process is twofold: 

firstly, the sintering rate is approximately proportional to the in

verse of the particle size (it has been demonstrated for example, that 

reducing the particle size from 10 microns to 1 micron increases the 

sintering rate by a factor of ten); secondly, the more homogenous the 

particle distribution, the more completely pores (vapor pockets 

entrapped in the solid matrix) are removed, thereby improving den-

sification (37). 

Improvements in particle uniformity also positively impact intrin

sic property measurements, since the property measurements based on 

experiments with polycrystalline materials can be greatly affected by 

the presence of grain boundaries and porosities. Although comminution 

can enhance these measurements, it is only possible to acquire a com

plete and accurate understanding of a solid's intrinsic properties by 

studying single crystals-. 

3.2.2 Crystallization 

The formation of a crystal requires two steps: 1.) the formation 

of a new particle, nucleation, and 2.) growth of that particle to 

macroscopic size. The driving force for nucleation is supersaturation. 
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Supersaturation is generally achieved by one of three methods. The 

first method is temperature driven, which typically entails cooling of 

the solute / solvent, since the solubility of many substances increase 

with increasing temperature. A second technique is gradual evaporation 

of the solvent, and the last method involves the addition of a third 

component. 

As stated previously, a high level of supersaturation can be 

achieved in supercritical fluids by manipulating the operating tempera

ture and pressure of the system. By careful monitoring and 

manipulation of the supersaturation level one can produce conditions in 

which crystal growth will be favored over nucleation. Temperature 

driven crystalliztion in SCFs is typically conducted by setting up a 

temperature gradient inside a pressurized vessel. The best known 

example of an application of this methodology is hydrothermal ( water 

above it's critical point) crystal growth (38). Most commonly, the 

autoclave consists of two distinct regions : 1.) a lower nutrient 

region, which contains the solvent and 2.) an upper growth region, 

where several seed crystals are located. Supercritical water condi

tions are achieved and maintained while a temperature gradient is 

established. The hotter region is centralized about the nutrient 

secton and the cooler region is where the seed crystals are housed. A 

cycle is begun where the solvent will saturate, move via convection to 

the cooler region, and deposit the solute on to a seed crystal. 

Less well utilized is pressure driven crystallization in SCFs (39). 

In this approach the substance of interest is dissolved in an ap

propriate SCF under high pressure, followed by gradual pressure 
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reduction, while maintaining minimal heat flow. Heat flow can be 

minimized either isothermally of adiabatically. 
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CHAPTER 4 

STATEMENT OF THE PROBLEM 

The goal of this research, in general terms, was to investigate the 

applicability of subcritical or supercritical fluids as media for 

solute nucleation and growth process for high temperature superconduc

tors , the model compound being YBa2Cu20^ (YBC). The specific 

objectives of this project were threefold: first, to evaluate the 

stability of YBC in subcritical and supercritical C02, second, to 

determine YBC's solubility in this medium, and third, to initiate 

studies on supercritical C02's potential as a solvent for metastable 

synthesis, comminution, and crystallization of YBC. 
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CHAPTER 5 

EXPERIMENTAL 

5.1 Equipment 

5.1.1 The Horizontal Tube Furnace 

The arrangement of the horizontal tube furnace (Hevi-Duty Heating 

Equipment Co., Watertown, Wis., maximium temperature 1850 °F) and 

associated accessories is depicted in Figure 6. It consists of a 

quartz tube which is suspended inside the tube furnace. The quartz tube 

is tapered at each end to pyrex ground glass joints. Typically, a 

drying column comprised of 4A molecular sieve was connected to the gas 

inlet side of the quartz tube to eliminate any moisture in the carrier 

gas. A bubbler was placed on the outlet side to monitor gas flow 

through the tube. A k-type thermocouple, encased in small diameter 

quartz tubing, was positioned in the furnace by strapping it onto the 

exterior of the large quartz tube with either asbestos tape or nichrome 

wire. The thermocouple was interfaced to an Omega Series CN 310/320 

solid state temperature controller (Omega Engineers Inc.). In order to 

provide maximum insulation of the furnace, the ends were sealed during 

operation with either asbestos pads, or with alumina bricks (Carlson's 

Brick and Utility Supply Inc. Tucson,AZ.). 
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Figure 6. Amngament of the Horizontal Tube FUxnaoe. 
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5.1.2 The Displex System 

The four probe resistivity measurements were performed with an Air 

Products displex model CSA 202 (Allentown, PA.) refrigeration system. 

The displex is a closed-cycle cryogenic refrigerator system which 

employs helium as the working medium. The system is capable of vari

able refrigeration between 300K to 10K using an air cooled compressor. 

A cut away view of the two stage assembly is presented in Figure 7. It 

features a chromel vs. gold with 0.07 atomic percent iron thermocouple 

which is mounted about the displex cold tip. The thermocouple is then 

interfaced to an Air Products model APD-B stepless temperature control

ler. The sample holder is manufactured from oxygen free high 

conductivity copper, and has been modified so that four leads are 

available per sample, two for measuring current and two for voltage. 

The sample was mounted using silicon grease and the leads are attatched 

with silver paint, A platinum standard was mounted internally on the 

sample holder and monitored continuously, serving as a check on the 

system during operation. The two stage assembly was then housed inside 

two successive radiation shields, ensuring complete isolation from the 

environment, and then place inside the vaccum chamber. 
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Figure 7. A Cut Away View of the IWo Stage Displex Amanbly. 
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5.1.3 The Supercritical Autoclave System 

The high pressure autoclave (Autoclave Engineers, Erie, PA.) has 

an internal volume of 300 ml and a maximium pressure rating to 5400 psi 

and temperature to 650°F. It also contains a thermocouple well which 

extends to the bottom of the autoclave, and a mechanical stirrer which 

is driven by a stirrer motor (Dayton Electric Co..Chicago,IL.). There 

are three high pressure lines/valves extending from the upper portion 

of the autoclave, one for connection to either an inverted COg cylinder 

or to an intensifer, a second valve to a high pressure gauge, and the 

third for venting into the atmosphere. The system is also connected to 

an intensifer which is operated in conjuction with a compressor (Hills, 

McCanna Co., Chicago, IL.). The setup of the system is presented in 

Figure 8. 

5.1.3 The Supercritical Extraction System 

Briefly, the Supercritical Extraction Laboratory Methods 

Development System by Milton Roy (Ivyland, PA.) features a metering 

pump which pumps and pressurizes the liquid COg into the extractor 

vessel, introducing it from the bottom. The 250 ml extractor vessel, 

schematically shown in Figure 9, can be disassembled for easy introduc

tion of solid samples and is equipped with an electric mantle heater. 

Once desired operating conditions are reached in the extractor they can 

be maintained by continuous, controlled pressure release through a 

regulator/valve tandem to an adjacent separator vessel. The 150 ml 
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Figure 8. Schematic Diagram of the Autoclave* 
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Figure 9. Schmatic Diagram of the Extractor Vessel. 
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separator vessel also has an electric mantle heater and is fitted with 

a drainage valve at the bottom for in situ sampling. Once these two 

vessels are in equilibrium, continuous, contolled pressure release can 

occur to the atmosphere or into another separator vessel. The third 

high pressure vessel is the same as the previously described separator 

but lacks provisions for heating , and can only be vented to the atmos

phere. A schematic of the entire system is presented in Figure 10 

(40). 

5.1.4 The High Pressure Absorption Cell 

The high pressure cell used for the absorption measurements in 

subcritical and supercritical C02 is schematically illustrated in 

Figure 11. It is comprised of a steel cylinder fitted with two screw 

in ends on either side. The cell is also equipped with an attachment 

to a thermocouple probe and a high pressure line with valve. 

Typically, the sample is loaded by placing a small quantity inside a 

hollow screw, which is attached to one side of the cell. Inside the 

cell are housed two pedestal mounts, one on either end, for the quartz 

windows. To improve the seal between the quartz windows and the 

mounts, PTFE (teflon) o-rings were used. These were fabricated by 

doubling over half inch thick PTFE tape and cutting out circles of 

appropriate diameter using a standard surgical scalpel. Once the o-

rings were made, the windows were firmly pressed against them and metal 

screw caps placed over them, thereby securing their position in the 
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cell. During assembly, care was taken not to tear or pucker the tape, 

ensuring a good seal. 

5.1.5 The UACID17 Echelle Spectrometer 

The UACID17 Echelle Spectrometer was developed by Denton et al at 

the University of Arizona and complete details of its design and opera

tion are presented elsewhere (41). In this study, the emission source 

used was a three electode DC argon plasma (Beckman Instruments), and 

the detection system featured a charge injection device (CID). 

Briefly, it is a solid state integrating multichannel photon detector 

which accumulates signal in the form of light, thus behaving as an 

electronic equivalent to photographic film. The system was operated 

with a cross flow type nebulizer (Beckman Instruments). The wavelength 

positions were calibrated against a Hg (254nm) pen lamp with all other 

spectral lines referenced from this location. The spectometer was 

typically operated in the most intense metal emission region, from 

225nm -515nm, and in a grating order range from 40 to 100 . 
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5.2 Procedures 

5.2.1 Preparation of YBC Powders 

Powder samples of YBC were prepared by the classic solid state 

route. Stoichiometric amounts of the starting materials, Y20J(99.99%), 

BaCO^ (99.9%), and CuO (99.99%) were weighted out on an analytical 

balance, then thoroughly mixed with an agate mortar and pestle until 

the material was uniform in color (pale brown) and acquired a paste-

like texture. The mixture was quantitatively transferred to an alumina 

(AlgO^) boat. The boat was positioned in the center of the quartz tube 

inside the horizontal tube furnace. Once the system was assembled, gas 

flow and heating were initiated. Samples were heated at 950+5 C for 

approximately 12 hours, then cooled at a rate of 15°C per 5 minutes 

until 500°C was reached. At 500°C, the controlled cooling rate was 

faster than if allowed to cool naturally; thus, the furnance was un

plugged and gas flow was terminated. Once completely cooled, the 

material was removed and reground in an agate mortar and pestle, then 

refired as described above. 
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5.2.2 Powder X-Rav Diffraction 

Each powder sample was packed into a sample holder, which was 

fabricated by etching an 8mm square well of shallow depth into an 

ordinary (borosilicate) glass plate (ca. 50mm square) with 48% HF. All 

powders were scanned without any pretreatment. 

The x-ray data was collected with Cu radiation (X - 1.54178 A) 

on a Siemens D500 Powder Diffractometer, equipped with a graphite 

monochromator. The upward 20 scans typically began at 20° and ter

minated at 60°. The scan rate was fixed at 2°/min. Complete 

instrumental settings are presented in Table 3. 

5.2.3 Four Probe Resistivity Measurements 

The YBC powders were pressed into pellets using an IR pellet dye 

and a hydraulic press at a pressure of 5,000 psi for approximately 5 

minutes. To improve the mechanical strength of the pellet it was 

sintered under flowing oxygen at 950°C for 3 hours. The material was 

then cooled using the previously described procedure. 

The measurements were made using the standard four probe method of 

van der Pauw (42). 



Table 3. X-ray Powder Diffraction Data Collection 

Instrument: 

Target: 

Counter Tube: 

mA=30 ; 

Monochromator: 

Scan Hate: 

Time Constant: 

Diffraction Beam Slit: 

Detector Slit: 

Measuring Range: 

Siemens D500 Powder 
Diffractometer 

Cu K 

Scintillation, 964 V 

kV=40 

Graphite 

2° 20 / min. 

1 sec. 

1° 

0.15° 

lxlO3 impulses/sec. 
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5.2.4 Studies in Suberitical and Supercritical CÔ  Conducted with The 

Autoclave System 

The sample was weighed and placed inside an envelope fabricated 

from paper of varying porosities. Typically, the envelopes were con

structed by folding the paper in two and then folding it by one-eighth 

on all sides. The ends were then sealed with either staples or paper 

clips. Before use, the entire assembly was closely examined for pun-

tures or tears. The paper envelope was then placed inside a wire mesh 

holder which was fastened with nichrome wire to the propeller of the 

mechanical stirrer. 

After cleaning the 300 ml autoclave with acetone and allowing it 

to dry completely, a pyrex liner was inserted into the interior body 

to assure complete collection and easier observation of the product at 

the end of the experiment. 

The top of the autoclave was securely sealed with all valves 

closed. The valve between the CÔ  tank and the autoclave was slowly 

opened and the integrity of the seal was ascertained. Once an air

tight system was achieved, the valve was fully opened and the lower 

exterior portion of the autoclave was immersed into an acetone- dry ice 

bath, thus, allowing the liquid C0£ to condense into the autoclave. 

Once this was complete, the autoclave/C02 gas cylinder valve was closed 

and the system was permitted to slowly warm to anbient temperature. 

Either a hot water or U-con oil bath was used to heat the 

autoclave. Finally, the thermocouple was threaded through the well and 
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connected to a reference (ice bath). The response was monitored con

tinuously on a linear chart recorder. When stirring of the system was 

required, a belt was connected to a motor which drove the mechanical 

stirrer. 

5.2.5 Studies in Subcritical and Supercritical CÔ  Conducted with The 

Extraction Apparatus 

Analogous to the procedure described above, the powder samples 

were weighed and placed inside a Whatman #1 filter paper envelope, 

which was sealed by staples. Prior to introducing the sample, the 

entire system was rinsed with ethanol and pressurized above supercriti

cal CC>2 conditons in all but the second separator vessel and drained 

from the bottom to assure passivation and purification of the system. 

The encapsulated sample was placed inside the 250ml extractor vessel. 

The assembled system was then opened to the CÔ  cylinder, allowing the 

pressure to equilibrate at 1000 psi. The two available electic heaters 

on the extractor and separator #1 were set at 115°F. 

Pumping of CÔ  was initiated, thereby further pressurizing vessels #1 

and #2 to 1300psi and vessel #3 to 800 psi. At that point, the two 

separator vessels were isolated from the extractor while it was pres

surized to 1500 psi. Once these operating conditions were reached, the 

pressure regulator/valves tandem between all the high pressure vessels 

were fine tuned, permitting controlled C0̂  venting between them. After 

maintaining these conditions for nearly 1 hour, samples were collected 

by bottom drainage into an erlenmeyer flask from each of the separator 
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vessels, followed by depressurization of the system. During depres-

surization, special care was taken to prevent large fluctuations in 

temperature by regulating the electric heaters and by controlling the 

rate of CÔ  expansion. Sample recovery was achieved by disconnecting 

each vessel and rinsing each thoroughly with acetone, collecting the 

effluent for subsequent analysis. 

5.2.6 Absorption Measurements of YBC in Sub- and Supercritical CÔ  

A high pressure cell with a 1 cm path length was assembled as 

previously described (vide supra). A small amount (ca.l mg) of YBC was 

loosely packed into the sample holder, and heating tape was wound 

around the exterior of the cell, primarily about the center. This 

assembly was placed on a wooden support whose position inside the 

Beckman ACII double beam spectophotometer was previously optimized to 

allow the cell windows to be aligned in the sample beam. The reference 

beam chamber was left vacant. The resistive heating tape was connected 

to a variac and regulated to maintain an internal cell temperature of 

40+l°C. 

The supercritical CÔ  was produced in the cell by transfer from an 

autoclave. This was accomplished by condensing liquid CÔ  from an 

inverted gas cylinder into the autoclave via immersion of the lower 

three-fourths of the autoclave into a dry ice/acetone bath for ca. 10 

minutes. The autoclave was then warmed to 55°C using a water bath, 

thereby producing an internal autoclave pressure of 1450 psi. The 

valve between the autoclave and the CĈ  cylinder was closed ana that 
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line disconnected to permit subsequent connection between the autoclave 

and the high pressure UV/visible cell. Once the connection was com

plete the valve was carefully opened and C02 was permitted to 

equilibrate between the two vessels. 

The entire system was allowed to stabilize at 1450 psi and 40°C. 

The UV scans were made using a deuterium source commencing at 400nm and 

terminating at 171nm. Operating conditions for the spectrophotometer 

are summarized in Table 4. After several scans were made to assure a 

reasonably reproducible result, the pressure was lowered to 1300, 1250, 

1000, and 0 psi and scanned using the previously described procedure 

and conditions. 
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Table 4.Absorption Measurements of YBC in C02 

Instrument: 

Source: 

Scan Range: 

Path Length: 

Slits: 

Scan Rate: 

Chart Speed: 

Beckman ACII Double Beam Spectrophotometer 

Deuterium 

400nm - 171nm 

1.0cm 

Optimized at 400nm to 0.95nm 

lOOnm/min. 

lOmm/cm 
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5.2.7 Absorption Measurements of YBC in Various Organic Solvents 

A small quantity (ca.2 mg) of YBC was placed into a 5 ml round bottom 

flask. Approximately 5 ml of the respective organic solvent was added 

and magnetically stirred overnight. The solution was gravity filtered 

using Whatman #1 filter paper immediately prior to analysis to remove 

any undissolved particulate matter. 

The UV/Visible absorption measurements were made on a Perkin-Elmer 

Lamda Array 3840 UV/Vis Spectrophotometer and all data recording and 

manipulations were performed on a Perkin-Elmer 7500 Professional 

Computer. Instrumental parameters are summarized in Table 5. For all 

cases, the solvent was run as the blank. To verify the correctness of 

the subtraction procedure, the solvent was also run as a sample. 

5.2.8 DCP/AES Analysis of Dissolved Matter in 100 % Ethanol 

The sample solution was prepared by placing ca. 2 mg of YBC into 

500 ml of 100% ethanol (Midwest Solvent Co., USP grade) and gently 

stirred for several days. The solution was then gravity filtered, 

first through Whatman #1 (medium crystalline retention) paper and then 

through Whatman #42 paper (finest precipitate retention) to assure 

complete removal of all undissolved solids. It was noted that the 

majority of suspended matter was collected on the first filter and no 

visible material was retained on the second filter. 
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Table 5. Absorption Measurements of YBC in Various Organic 
Solvents. 

Instrument: Perkin-Elmer Lamda Array 3840 UV/Vis 

Sources: UV = Deuterium 
Visible = Tungsten 

Scan Range: 900nm - 190nm 

Path Length: 1.00cm 

Operating Mode: Survey 

Resolution: 1.5nm 

Background: Appropriate Solvent 

Cycles Scanned: Background = 64 
Sample =32 
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The ethanol was flash evaporated in a 500 ml round bottom flask 

until only a small oily residue remained. This residue was taken to 

dryness by gentle heating for several minutes on a hot plate. At this 

point, only a barely visible amount of white solid remained on the 

bottom of the flask. This was dissolved in 1 ml of concentrated nitric 

acid (Fluka, puriss grade). Typically, a vigorous reaction was ob

served, with a brown gas being evolved. Once gas evolution has 

subsided, 10 ml of deionized water was added. 

Simultaneous multielement, atomic emission spectrometry was per

formed on the UACID17 Echelle Spectrometer, operating in emmission 

region from 225nm - 515nm. Both sample and blank were analyized using 

a gain of 20, and an integration time of 60 seconds. In order to 

average out plasma instabilities commonly encountered with the use of 

such a long integration time, 10 rereads were taken in all cases. The 

blank was digitally subtracted from the sample reading, thereby reduc

ing disturbing features from the argon plasma or from molecular 

emission arising from the sample matrix. 

5.2.9 ICP/AES Analysis of Dissolved Matter in 100% Ethanol 

The sample preparation was exactly the same as described in the 

previous section. The approximate ratio of Y:Ba:Cu was determined by 

comparison of the emission intensity of the sample solution, at the 

appropriate wavelengths, zo that of a standard solution of each 

element. The analysis was performed on Perkin-Elmer ICP/6500 

Spectrometer and all instrumental parameters are provided in Table 6. 
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Table 6. ICP/AES Analysis of Dissolved Material 

Instrument: 

Viewing Height: 

Plasma Ar Flow: 

Auxiliary Ar Flow: 

Nebulizer Ar Flow: 

Nebulizer Type: 

Forward Plasma Power: 

Reflected Plasma Power: < 5W 

Slit Width: 0.2nm 

Integration Time: l.Osec 

Perkin-Elmer ICP/6500 Spectrometer 

20mm above load coil 

18.0 1/min 

0.34 1/min 

1.0 1/min 

Cross Flow 

1000W 

Wavelengths: Y = 371.03 0nm 
Ba = 455.403nm 
Cu = 371.030nm 
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The standard solutions were prepared as described below. The Y 

standard was prepared by dissolving Y(NOg) 51̂ 0 (Aldrich Chemical Co., 

99.9%) in deionized water. A 25.00 ml aliquot of this solution was 

buffered with an acetic acid/acetate buffer to pH 5 and standardized 

via a direct titration against a 0.0010000 M solution of EDTA primary 

standard (Fisher Scientific, 100.6%) with xylenol orange (K&K 

Laboratories ) serving as the indicator (43). 

The barium standard was prepared by dissolving BaCl22H20 (Baker 

Analyzed) in deionized water. A 25.00 ml aliquot of this solution was 

buffered to pH 10 with an ammonia/ammonium chloride buffer, and an 

excess of 0.01000 M EDTA solution was added. This mixture was then 

back titrated against pre-standardized 0.01180 M Zn(C10̂ )2 solution 

using Eriochrome Black T (Matheson, Colman & Bell) as the 

indicator (44). 

The copper solution was prepared by dissolving CuSÔ SÎ O (Fischer 

Scientific, 99.3%) into deionized water. A 20.00 ml aliquot of this 

solution was buffered to pH 10 using ammonia/ ammonium chloride and 

titrated directly against a 0.010000 M EDTA primary standard, using 

Murexide (J.T.Baker) as the indicator (45). 
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5.2.10 ICP/AES Analysis of Dissolved Matter in Supercritical CO,, 

Material collected from the experiment performed in the Milton Roy 

Supercritical Fluid Extraction system was collected in acetone. The 

acetone was removed from the dissolved solids by flash evaporation. 

Any residual liquid was eliminated by gentle heating on a hot plate for 

several minutes. The remaining solid material was decomposed in 1 ml 

of concenterated nitric acid (Fluka, puriss grade) and then diluted 

with 10 ml of deionized water. This solution was then filtered through 

Whatman #1 paper to remove several small undissolved pieces of rubber 

o-rings which were collected along with the sample while rinsing the 

high pressure vessels with acetone. 

5.2.11 Scanning Electron Microscopy 

Sample preparation involved two steps: i.) attachment of the 

sample to the mount and ii.) formation of a conductive path between the 

sample and mount. The first step was achieved by simply attaching 

double coated tape to the brass mount, then distributing several ran

domly selected grains of the powder evenly across this suface. Once 

the material had adhered to the mount, a conductive path was formed by 

sputtering gold uniformly over the sample/mount surface. 

All SEM analyses were made using an I.S.I DS-130 Scanning Electron 

Microscope with the general instrumental settings listed in Table 7 and 
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specific settings given at the bottom of each reported 

electronmicrograph. 



Table 7. SEH Data Collection 

Acceleration Voltage 20-30kV 

Working Distance 15mm 

Filament postion 2:00-2:30 

Stage 2nd 

Stigmator Variable 

Contrast Variable 

Brghtness A,B Variable 

Scan Speed R2 

Scan Mode PIC 

Gun Alignment Variable 

Photo Speed 80sec 

High Magnification 2000x 

Low Magnification 400-800x 
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CHAPTER 6 

RESULTS 

6.1 Stabilitiv of YBC in a CÔ fg) Atmosphere 

Traditionally, supercritical water is the medium of choice for the 

processing of refractory compounds, but since YBC decomposes in a water 

environment (45, 46), carbon dioxide was selected. Carbon dioxide is 

an attractive alternate medium primarily because of its low critical 

conditions (i.e. temperature and pressure), easy removal of residual 

solvent, and the availability of phase behavior data. In addition, it 

is also nontoxic, nonflammable, noncorrosive and inexpensive in com

parison to other solvents. 

As a preliminary investigation on the stability of YBC in a CĈ  

atmosphere, a small quantity of YBC powders, whose diffraction patterns 

were previously collected and verified to be of the appropriate com

position and phase (presented in Figure 12a) was placed inside the 

horizontal tube furnace, under flowing CÔ (g) at ambient temperature. 

The experiment was performed both with and without pre-passage of the 

through a drying column, in order to distinguish any effects 

caused by the presence of moisture in the carrier gas. The post ex

posure diffraction patterns are presented in Figure 12b, drying column 

used, and Figure 12c, drying column not used. 
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All the powder patterns were collected using identical diffrac-

tometer settings for easy comparison. It is obvious that no major 

alterations have occured in the recorded pattern due to this exposure. 

6.2 Stability of YBC in Sub- and Supercritical GÔ . 

Since YBC displayed no detectable structural changes upon exposure 

to carbon dioxide gas, the stability of YBC in liquid and supercritical 

COg was examined. This was accomplished by placing several milligrams 

of YBC powder into a coffee filter paper envelope and then inside the 

300ml autoclave. The autoclave was pressurized to 1200 psi using the 

intensifier-compressor, and by submersion of the bottom of the 

autoclave in a U-con oil bath to reach a final pressure of 3610 psi and 

an internal temperature of 70°C. These conditions were maintained 

briefly, approximately 15 minutes. This short exposure was followed by 

a 40 minute period of cooling to 52°C (2700psi). At that point, the 

cooling was discontinued and the pressure released. Upon opening the 

autoclave, black powder was found to have deposited as a uniform film 

on the interior of the pyrex liner. A small quantity of this powder 

was collected and analyzed by powder diffraction. The result of the 

diffraction study is presented in Figure 13. All peak locations were 

found to match well with published diffraction patterns of orthorombic 

YBC (47, 48). 
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This experiment indicates that YBC is stable in sub- and super

critical CĈ , since no color change occurred and more importantly, 

because the recorded powder diffraction pattern indicates orthorombic 

YBC. It is important to note however, that the powder pattern col

lected on this residual material does not represent the diffraction 

pattern of "processed" YBC. In other words, there is insufficent 

evidence at this point to conclude that the material collected from the 

interior of the pyrex liner was YBC which was solubilized then 

precipitated out upon pressure reduction. Thus, this study only 

verifies that YBC does not decompose upon brief exposure to sub- and 

supercritical CĈ . 

To better evaluate the amount of material physically transferred, 

theoretically the material solubilized and subsequently precipitated 

out of SCF C(>2 upon pressure reduction, the above experiment was 

repeated using lower porosity paper, Whatman #1 filter paper. The 

autoclave conditions were approximately the same as the previous run, 

although current instrumentation restricted the reproducibility of the 

operating conditions considerably (vide infra). A. pressure of 4450 psi 

(60°C) was maintained for 15 minutes, followed by 47 minutes of slow 

cooling to 34.8°C (2300 psi). The cooling was discontinued and the 

pressure released. Inspection of the pyrex liner post depressurization 

revealed only several isolated clumps of black material. The majority 

of the powder remained inside the paper envelope. Thus, as suspected 

the porosity of the envelope did impact the material transfer, and 

therefore visual observation of material transfer does not provide 

proof of solubilization and subsequent prepcipitation. 
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The remaining material inside the filter envelope was collected 

and combined with that of the previously discussed experiment. The 

combine powder was now sufficient for making a pellet for four probe 

resistivity measurements. Although resistivity measurements can not 

provide any details on the solubility of YBC, they do serve as another 

method by which YBC's stability upon exposure to sub- and supercritical 

CC>2 can be evaluated. The results of the four probe analysis is 

presented in Figure 14. As shown in this graph no unusual features are 

detectable on a continuous scan made between 293 K to below 50 K. Also 

a sharp superconducting transition is observed at 90.7K. 

The problem associated with the use of a highly porous paper was 

solved by repetition of the experiment with both Whatman #1 and also 

Whatman #50 filter paper. On each occasion, black material was col

lected in the pyrex liner. Thus, it was concluded that truly some 

degree of solubilization was occuring. 

There were other difficulties and limitations associated with the 

currently available apparatus and experimental procedure. Firstly, the 

rate of stirring used during each experiment to prevent establishment 

of a temperature gradient within the autoclave was difficult to con

trol. Often, the speed fluctuated wildy from barely turning to 

spinning so rapidly as to rock the entire autoclave. Secondly, the 

operating conditions were difficult to reproduce form experiment to 

experiment, since it was nearly impossible to estimate the amount of 

liquid CO2 condensed into the autoclave. Furthermore, exact control of 

the internal autoclave temperature was severely restricted by using a 

hot water or oil bath, due to the long time needed for an external 
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adjustment to be reflected Inside the autoclave. Thirdly, pressure 

release, manually performed by simply opening the expansion valve to 

the atmosphere, was difficult to carry out reproducibly. This 

variability was due to clogging of the valve from condensed CĈ . This 

unpredictable rate of expansion on two separate occasions caused CĈ  to 

condense inside the autoclave around the sample holder. Thus, upon 

subsequent opening of the autoclave, water condensed on and in the 

pyrex liner. This is in fact observed in Figure 15, a photograph which 

was taken to show the amount of material and the particle size dis

tribution typically transfered during an experiment. This photograph 

was taken using a macro lens; thus, it is an accurate one-to-one 

recording of the material. Unfortunately, condensation collected 

during the interim period before the photograph was taken; it is most 

apparent on the right side of the photograph. This, of course, is 

cause for concern since YBC is known to be unstable in water. (In 

fact, small quantities of white solids were observed after prolonged 

exposure). 



Figure 15. Photograp, of the Amount of Material Typically Transterreci 
Our~ ~ Autoclave Exper.imttnt:. 
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6.3 Solubility of YBC in Sub- and Supercritical CÔ . 

One recognized method for determining the solubility of a solute 

in the critical region is by qualitative spectroscopic measurements 

(49). Therefore, UV-visible spectrophotometry was selected as the 

spectroscopic technique to elucidate the solubility of YBC in subcriti-

cal and supercritical COg. Due to the lack of literature data on the 

UV-visible absorption of YBC, it was necessary to conduct a preliminary 

study of the absorption spectra in several organic solvents. This 

initial investigation was performed so that a specific region for 

analysis in supercritical CÔ  could be located. 

In a recent comparative study of the electronic spectra of several 

organic solutes in liquid CO2, supercritical CO2, and conventional 

organic solvents, it was shown that the electronic spectra of the 

materials in CÔ  agree most closely with those in hydrocarbon solvents 

(50). This study also found little difference in spectral characteris

tics (i.e. polarity effects) between solutes in liquid and 

supercritical CÔ  phases. Based upon this investigation, an organic 

solvent was selected as a potential model by comparing polarity ( via 

examination of dielectric constants) and their protic or aprotic nature 

to liquid Since liquid CÔ  is an aprotic, nonpolar solvent, 

having a dielectric constant of 1.60, hexane was chosen as the model. 

Hexane is characterized as aprotic and nonpolar, having a dielectric 

constant of 1.89. Although hexane can serve as a suitable model for 

CO2, an additional organic solvent was sought to model the solvating 
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power of water. Traditionally, water is the solvent for the dissolu

tion of ionic compounds. The ease with which water dissolves ionic 

compounds can be attributed to its high polarity (dielectric constant 

of 78.5) and its participation in hydrogen bonding. One organic com

pound which most closely approximates these characteristics is ethanol, 

since it is fairly polar (dielectric constant of 24.30) and can 

hydrogen bond. 

Finally, in the course of attempting to remove residual YBC from 

the autoclave after a previous experiment, it was observed that YBC was 

slightly soluble in acetone. For this reason, acetone was included in 

this study. The polarity characteristics for acetone and all aforemen

tioned solvents are summarized in Table 8. 

The UV/visible absorption spectra for YBC/hexane, YBC/ethanol, and 

YBC/acetone are presented in Figures 16, 17, 18, respectively. The 

solute was undoubtedly most soluble in hexane. In fact, the sample 

solution absorbed so strongly that several dilutions were required in 

order to bring the absorbance into the range measurable with the 

spectrophotometer. Such dilution was not required when any of the 

other solvents were used. The absorption peak in hexane is a split 

peak with absorbance maxima at 220 and 253 nm. The material is less 

soluble in ethanol than in hexane. The spectrum was comprised of one 

absorption peak at 213.7 nm which contained a prominate shoulder at 

278.9 nm. The last solvent, acetone, resulted in a spectrum exhibit

ing two completely separated peaks, a sharp peak located at 209.7 nm 

and a broader one at 331.2 nm. These two peaks were separated by a 

region of excessive noise (250 nm - 300 nm), which could have been 
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Table8. Polarity Characteristics of Solvents. 

Solvent Protic/ 
Apyotjc 

Pplar/ 
Nonpolar 

Dielectric Constant 

Water protic polar 78.54 

o
 

o
 

to
 aprotic nonpolar 1.60 

Acetone aprotic polar 20.7 

Ethanol protic polar 24.30 

Hexanes aprotic nonpolar 1.890 
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caused by the high sensitivity required to collect the spectrum, neces

sitated by the very low solublility of the species in acetone. This 

noise feature, however, was reproducible and not the result of error 

incurred from improper blank subtraction. 

Based on these results, measurements of absorbance in the region 

between 190-400nm was selected as a way of evaluating the solubility of 

YBC in sub- and supercritical COThe UV scans of YBC at 40+2°C and 

varying pressures are presented in Figure 19. Measurements were 

carried out at 1450, 1300, and 1200 psi, each well above the critical 

pressure (1070 psi) of CÔ . A final measurement was made at a pressure 

slightly below the critical pressure (1000 psi) . The absorption 

spectrum recorded at 1450, shown in Figure 19a, features a large peak, 

with maximium absorbance at 190 nm and contains two shoulders, one 

located around 215 nm, and the other at 245 nm. Upon lowering the 

pressure to 1300 psi, Figure 19b, a noticable increase in the peak 

height is observed, indicative of increased solubilization of the 

solute under these conditions. Further lowering the pressure to 1200 

psi, Figure 19c, causes a reduction in the peak height . Finally, and 

most importantly, subsequent depressurization to 1000 psi 

(subcritical), Figure 19d, results in the complete disappearance of the 

peak. 

After complete depressurization and disassembly of the high pres

sure cell, a fine film of black powder was observed to have 

precipitated out on portions of the quartz windows and inside the cell. 

Unfortunately, however, attempts made to collect this material were 

inadequate, resulting in the loss of this material. 
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Figure 19. W Spectra of YBC In Sub- and Supercritical Carbon 

Dioxide at 40 C and Various Preauree. 
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These results provide convincing evidence that solublization is in 

fact occurring in supercritical CĈ . Additionally, the variable 

solubility observed, indicated by the increase / decrease in the ab

sorption peak is commensurate with known solute behavior in 

supercritical fluids, namely that the solubility of a compound is most 

sensitive in the vicinity of the critical point. 

Unfortunately, this experiment provides no information as to the 

identity of the species which gave rise to the recorded spectra. 

Comparison of the spectra obtained in supercritical CĈ  to those 

obtained in organic solvents shows that the solvent spectra in ethanol 

most closely duplicate that in COg. Therefore, ethanol was chosen as 

the system most likely to contain the same solubilized species as found 

in supercritical COg. For better comparison, the spectra obtained for 

YBC/supercritical CĈ  (1300 psi, 40°C) and for YBC/ 100% ethanol are 

presented on the same wavelength scale in Figure 20a and 20b 

respectively. As can be seen, the two spectra match reasonably well, 

with the major differences arising from expected solvent effects. That 

is, as previously discussed, supercritical is an aprotic, nonpolar 

solvent (dielectric constant 1.64), while ethanol is a protic, polar 

solvent. Thus, the absorbance spectrum should be somewhat red shifted 

in ethanol relative to supercritical (52). This shift is in fact 

observed. In order to gain further insight into the identity of the 

solute, the UV spectra were taken for each of the individual starting 

material in ethanol (all pre-filtered with Whatman #1). The recorded 

spectra are presented in Figure 21a, b, and c for , BaCOj, and CuO 

respectively. These results are disturbing since all three materials 
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gave rise to essentially identical absorption spectra, ones quite 

similar, in fact to that of YBC in ethanol. Thus, it appears that the 

absorption spectra do not provide the definitive information necessary 

for the identification of the solute. 

Taken together, these results suggest that the spectra in super

critical COg and ethanol may be caused by one of three possibilties: 

i.) complete decomposition of YBC to the starting components, ii.) some 

decomposition product in which one of the elements is preferentially 

solubilized or iii.) solubilized YBC. 

6.4 Identification of Solubilized Species. 

The validity of the second statement could be simply checked 

by elemental analysis of the dissolved material. This was achieved by 

preparing a large volume of a YBC/100% ethanol solution. The resultant 

solution was carefully filtered to remove any undissolved YBC. This 

was followed by removal of the ethanol, thereby leaving only solubil

ized material. Since the remaining solids were not enough (barely 

perceptible) for powder diffraction, the analysis method selected was 

elemental, direct current plasma (DCP) atomic emission spectroscopy. 

Atomic emission was chosen as the technique for performing the 

survey analysis since it is well suited for rapid determination of low 

levels of numerous elements. Plasma discharge was selected as the 

excitation source since it can reduce interferences or other effects 

introduced by either the analyte or the matrix in which it is found. 

The D.C. Plasma Echelle spectrometer was particularly well suited for 
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such an analysis since all elements of interest could not only be 

simultaneously excited, but also simultaneously recorded using a charge 

injection device (CID) detector. These features were particularly 

important for this analysis because of the low sample volume and low 

concentration of test elements. 

Although flame atomization can be enhanced by the use of organic 

solvents, this was not the case for plasma atomization. It was ex

perimentally determined that the organic solvents would extinguish the 

plasma; thus, all samples were introduced as dilute nitric acid 

solutions. 

The results of the qualitative analysis are presented as an 

isometric plot, Figure 22. The scanned wavelengths (x-axis) range from 

220 nm - 500 nm, increasing from right to left, and the grating order 

(y-axis) range from 40 to 100, increasing from top to bottom. Emission 

intensity is represented along the z-axis. Two peak locations for each 

of the test elements are identified. Although there exist more than 

two emission peaks for each of these elements in the wavelength / order 

range examined, they are largely obscured by a region of molecular 

emission probably arising from a mismatch between sample and blank. 

This mismatch was most likely caused by decomposing residual ethanol 

(which was not present in the blank) in addition to the dissolved 

solute. 

The qualitative analysis having sucessfully shown the presence of 

Y, Ba, and Cu, a semi-quantitive analysis was performed so that the 

elemental ratios could be obtained. Due to the difficulty encountered 

in performing quantitative analyses on the UACID17 Echelle 
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Spectrometer, and because an inductively coupled plasma (ICP) offers a 

higher temperature environment for more efficient desolvation, conver

sion to atomic vapor, and excitation of the analyte, this analysis was 

performed using ICP atomic emission spectrometry on a Perkin-Elmer 6500 

Spectrometer. Of course, the major disadvantage of employing this 

instrument is that each element must be sequentially scanned. The 

monitored wavelengths along with the detection limits for each test 

element are summarized in Table 8. As before, the solution was 

qualitatively analyzed for each of the test elements; the results 

obtained confirmed the previous analysis (Figure 23). Besides the 

sample's emission intensity, the emission intensity for the blank (10% 

HNÔ ) for each element is also included. There is a notable contribu

tion to both the Ba and Cu emissions from the dilute nitric acid but no 

measurable contribution to the Y emission. These results are not 

unreasonable, since even the highly pure (Fluka purissa grade) nitric 

acid and the distilled, deionized water used in preparation of the 

analyte contain traces of both Ba and Cu. In addition, the limits of 

detection for each of these elements by ICP are quite low (ppb). 

The standard solutions for each of the elements were prepared as 

previously described. A semi-quantitative analysis with these solu

tions was made using a one standard comparison method. This involves 

measuring the emission intensity of a standard and comparing it to the 

emission intensity of the sample. The results obtained are presented 

in Table 9. The corrected sample concentration was determined by 

subtracting the amount of each element detected in the blank from the 

amount found in the sample. Comparision of the sample concentrations 



Table 9. ICP Performance Data 

Element Wavelength Detection Limit 
inml (PPrc) 

Y 371.03 0.02 

Ba 455.40 0.02 

CU 224.70 0.2 
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Table 10. Results of Semi-Quantitative ICP/AES 
of Dissolved Solids from YBC/ 100% Ethanox. 

Concentrations (ppm) 
Standard PI Water 10% HNOj Sample Corrected Sample 

Y 6.40 0.0 0.00 0.07 0.07 

Ba 47.39 0.00 0.10 0.48 0.37 

CU 31.80 0.00 0.00 0.25 0.25 
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with the corresponding limits of detection (Table 8) shows that both Y 

and Cu are present in concentration close to their detection limits. 

As a result there is a considerable amount of uncertainty in these 

values, and a mole ratio is not reported. 

Given the lack of sufficent evidence on YBC's solubility in super

critical  ̂became necessary to also analyze the solids which 

remained inside the autoclave after attaining and maintaining critical 

conditions. Having previously discussed concerns raised by use of the 

300 ml autoclave system and in order to eliminate these concerns, an 

alternate system was sought. Therefore, the processing of this 

material was performed using a commerically available apparatus, the 

Supercritical Extraction Laboratory Methods Development System manufac

tured by Hilton Roy. The major advantage offered by this system was a 

static mixer located in the CÔ  entry line instead of a mechanical stir 

in the body of the autoclave. This design circumvented the problems 

created by excessive agitation of the sample envelope, namely, that the 

material transfer was mechanically assisted and not entirely due to 

solubilization. 

The operational protocol was analogous to that used in the other 

system, the major difference being the simutaneous utilization of three 

high pressure vessels connected in tandem, two of which were capable of 

maintaining supercritical conditions. The first two vessels were 

operated above critical conditions, the extractor at 1500 psi, 115°F, 

and separator 1 at 1300 psi, 115°F. The third vessel was operated 

subcritically at ambient temperature and 800 psi. 
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After depressurization, the material was collected from the ex

tractor and separator 1, and each portion analyzed separately. Again, 

due to the small amounts of materials obtained, and the relatively 

large quantity required for a powder diffraction analysis, only elemen

tal analysis was performed by ICP/AES. The emission signals observed 

in the analysis of the material collected from the first vessel 

(extractor) are presented in Figure 24. The wavelength region scanned 

is lnm in width (0.5nm on either side of the cursor). The peaks, 

denoted by i, ii, and iii are those of Mn, added as a spike of a 250ppm 

Mn standard, which served as an internal standard. Since qualitative 

analysis showed that Y, Ba, and Cu were present, a quantitative 

analysis was performed. 

Calibration curves, displayed in Figure 25, 26, and 27, were 

prepared for each of the test elements using the standardized solutions 

(vide supra) and two successive dilutions of each. Each graph contains 

two lines, one generated from uncorrected date (•) and the other from 

data corrected for the emission of the blank (O). The second line, of 

course was used in all further data analysis. 

Based on these calibration plots, the following concentrations 

were determined, Y—0.23 ppm, Ba—0.55 ppm, and Gu—0.53ppra. All of 

these concentrations were sufficiently above the detection limits, and 

therefore are of reasonable accuracy. From this data the numbers of 

moles of each of the three elements could be calculated (Y-2.59 nmoles, 

Ba-4.00nmoles, Cu-8.34nmoles) and a mole ratio of YjBâ Oj (rounded to 

nearest whole numbers) determined. 
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The elemental analysis on both the solids extracted from ethanol 

and the material collected from the pyrex liner successfully discount 

the possibility that selective decomposition leading to release of one 

or two elements is occurring, since all three elements were found in 

the expected ratio. Unfortunately, this does not resolve the other two 

possibilites, complete decomposition or undecomposed YBC. The 

stability studies on YBC, however, sucessfully prove that no appreci

able decomposition is occuring during limited exposure. The x-ray 

powder diffraction analysis is not extremely sensitive to the presence 

of small impurities, or other phases. The detection limit can range 

upwards from 1% depending upon how well the impurity diffracts (52). 

The powder diffraction patterns of each of the starting components were 

collected and were found to diffract exceedingly well when compared to 

YBC. Thus, the detection limits for those compounds are expected to be 

on the lower end of the detection range. More importantly, the resis

tivity measurements show no peculiar features or anomalies for the 

material exposed to sub- and supercritical c°2' course, this 

measurement is better suited for detecting the presence of small im

purities or extraneous phases since superconductivity is easily 

destroyed upon the introduction of these. X-ray analysis on the exact 

material solubilized in supercritical COg would lay to rest any doubts 

regarding possible YBC decompostion. This is currently impossible 

however, due to the small quantity of available "processed" material 

and the large quantity required by the available powder diffractometer. 
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6.5 Calculation of Mass Transfer Characteristics 

Further development of supercritical CĈ  as a medium for solute 

nucleation and growth processes requires not only the establishment of 

the solubilization of the solute but also reasonable mass transfer 

under those conditions. The second requirement was investigated by 

calculating a dimensionless group, the Schmidt number. The Schmidt 

number which is a product of density and viscosity divided by the self-

diffusion coefficient was calculated for each investigated pressure in 

the solubilization study. The numbers used in the calculations were 

derived from Figure 5, a plot of the density,p, viscosity,n, and the 

self-diffusion coefficent,D of pure CĈ  as a function of pressure at 

40 C. The derived data is presented in Table 10. The assumption was 

made that the solute, due to its low solubility, represented only a 

minor perturbation on the system, and thus no corrections were applied 

to these values. 

The calculated Schmidt numbers are presented in a plot vs pres

sure, Figure 28. This plot shows that the mass transfer 

characteristics behave almost exponentially in this region, with the 

lowest values obtained slightly below the critical pressure and values 

increasing rapidly around 1450 psi. Most importantly, however, is that 

good values are calculated for the region of maximum solubilization 

(1300 psi, NgC~ 1.8). These low Schmidt numbers translate into less 

resistance to mass transfer, in fact these numbers are considerably 
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Table11. Physicochemical Properties of C02 at 40° 
and Various Pressure. 

Pressure Viscosity Density Diffusivity 
(psi) (g/cm s) (g/cm3) (cm2/s) 

1450 

1300 

1200 

1000 

5.0X10"4 

3.75X10"4 

2.8xl0~4 

2.0X10"4 

0.67 

0.50 

0.51 

0 . 2 0  

2.4X10"4 

4.0X10"4 

4.2X10 -4 

1.1X10 -3 
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lower than that obtained for typical liquids (900-1700) and are very 

comparable to those obtained for typical gases (0.4-1.7). 

6.6 Preliminary Investigations on Nucleation and Growth 

Processes in Supercritical CÔ . 

As mentioned earlier, during the high pressure UV scans of YBC, a 

fine film of black powder was found to have precipitated out onto the 

quartz windows. This implied that if in fact YBC was the solubilized 

material then upon lowering the pressure rapidly, comminution or par

ticle size redistribution may have occured. For this reason, powders 

collected from the pyrex liner after experimentation in the 300ml 

autoclave were studied by monitoring any changes detected in particle 

size and morphology using scanning electron microscopy. 

The YBC powder, without prior grinding, was placed inside a filter 

paper holder (Whatman #1), and the 300ml autoclave was set-up and 

operated as described previously. To reach a pressure of 900 psi, 

liquid CO2 was condensed into the autoclave. This was followed by 

further compression, using the intensifer-compressor, to 1200 psi. 

Upon submersion of the autoclave into a hot water bath, a final pres

sure of 3200 psi and a temperature of 66.5°C was attained. The 

pressure flucuated slightly between 3200-2850 psi during the course of 

the experiment (1 hr.) due to a small leak in the o-ring seal. The 

temperature was increased to 71°C to offset this effect. After 1 hour, 

the system's pressure was dropped to ambient pressure over a period of 

5 minutes. 
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A sample of the black powder observed on the interior sides and 

bottom of the pyrex sleeve was collected and analyzed by scanning 

electron microscopy (SEM). The impact of supercritical fluid process

ing is evident by comparing Figures 29 and 30. Figure 29 represents an 

electroiunicrograph of YBC prepared by the solid state synthesis, and is 

unprocessed, while Figure 30 represents the electronmicrograph of YBC 

after supercritical processing. These electronmicrographs were taken 

with nearly identical operating conditions, most importantly, with the 

same scale, 10 microns. The majority of the unprocessed particles 

(Figure 29) are relatively large, 5-10 um, compared to the processed 

material (Figure 30) which are much smaller, l-2um. By comparison of 

the two micrographs it is also apparent that the material dissolved 

then precipitated form SCF-CĈ  is generally more homogeneous than the 

unprocessed material. It is interesting to note that the particle 

sizes and distribution for the processed material is very comparable to 

that achieved using sol-gel processing of YBC (53). 

These results not only suggest that SCF comminution of YBC is 

possible, but also provide supporting evidence of YBC's solubility in 

supercritical CÔ , a necessary condition for comminution to occur. 

The SEM data may also be of use in settling a question raised 

earlier as to the source of the uniform black film deposited on the 

pyrex liner. Recall that it was felt that this film was not due en

tirely to solubilized YBC which precipitated out upon pressure 

reduction, but rather was generated in part by passage of YBC through 

the highly porous coffee filter. To resolve this issue, a random 

sampling and analysis of the film material was performed by SEM. A 



Figure 29. Sc:ann.1.nJ Electral Mi~ of YBC Material Prepared 
by Solid State Synthesis. 
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P igure 30 . Sc::a.rJn1ng Electron lf..i cn:)Jt aph of Post-Pre< e sse d 
Material. · 
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represenative micrograph is displayed in Figure 31. As may be seen the 

particle sizes are comparable to those for the unprocessed material 

(Figure 29). Therefore, it appears that the primary source of the film 

was unsolubilized YBC simply being drawn through the highly porous 

coffee filter. This however does not exclude the possibility that YBC 

was solubilized and precipitated out. It merely means the majority of 

the material in the film was not produced this way. 

As stated earlier, the key to SCF nucleation is the rate of 

pressure reduction. That is, the final particle size and size dis

tribution are intimately related to the control of the expansion rate. 

This was believed to be observed in the SCF processing, which produced 

the homogeneous cluster of l-2micron particles. In addition to those 

particles a large "chunk" was also found during SEM analysis. This 

large particle, covered with smaller particles, is shown in Figure 32. 

This particle is approximately 120 microns across, considerably larger 

than that found in unprocessed YBC. Additionally, the edges of this 

chunk are not as uneven of pitted as observed in earlier samples. 

The production of such a particle could be attributed to the 

variability in decompression rates. The expansion rate flucuates 

somewhat because of the constriction/clogging of the expansion valve by 

the condensing CÔ . Thus, the pressure does not drop in a linear 

fashion, but rather in a series of steps, the regions of slow pressure 

reduction may allow the smaller particles to grow. Much additional 

work would be required, however, to conclusively demonstrate that this 

is the case. 
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Figure 31. Sc::anning Electl"CE'l 1-'..icrograph of a Sampling of YB: 
Material fran film. 
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Figure 32. Seaming Electron M1c1~1 aph of Post Precessed Material. 
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6.7 Preliminary Investigations on Metastable Synthesis in 

Supercritical CÔ . 

There is precedence in the literature on the use of hydrothermal 

synthesis as a method for stabilizing unusual oxidation states in 

transition metal compounds, and in synthesizing metastable phases (54). 

Yet little work has been performed in this area using supercritical 

fluids, other than water. It is conceivable then, that this technology 

could be applied to YBC, since it is considered by many to be a metas

table compound (vide supra). In fact, this may prove to be an 

excellent tool by which more interesting or higher Tc superconductors 

may be isolated. 

As a preliminary examination on the feasibility of this proposal, 

the oxides and carbonate precursors were weighed, mixed (as described 

for the solid state synthesis of YBC and placed in supercritical CĈ . 

The 300ml autoclave system was setup and operated as previously 

described. A maximum pressure and temperature of 3500 psi and 73°C was 

reached and maintained for 1 hour. After depressurization, the inte

rior sides and bottom of the autoclave contained no detectable 

material. Inspection of the solids inside the envelope revealed the 

same beige, claylike material as prior to the experiment. 
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6.8 Investigation of an Anamolous Feature. 

The procedure described for preparation of YBC powders was at 

times found to be extremely irreproducible, meaning that either slight 

variations or complete alterations were detectable in the powder dif

fraction patterns. One particularly interesting case of this was 

sucessfully correlated to an observed anomaly in the resistivity vs 

temperature measurements. 

The powder diffraction pattern of a sample of YBC which contained 

the extra low angle peaks, not found in published patterns of orthrom-

bic YBagCû Ô  is presented in Figure 33. The dc four-probe 

resistivity measurements for this sample, where the data was collected 

point-by-point (as opposed to a continuous collection), are presented 

in Figure 34, as a plot of resistivity vs temperature. This plot 

reveals no unusual features in either the pre-transition or transition 

region. The critical temperature for this sample (by convention is 

defined as the midpoint of the transition) is approximately 87 K, and 

the transition width is 4 K. Upon repeating these measurements.using a 

x-y recorder to continuously collect the data a small "bump" was 

detected in the region around 200K, Figure 35. Closer examination of 

this region, presented in Figure 36, shows the anomalous bump to occur 

at 202K. The cooling curve, marked A, contains the feature. Line B, 

the heating curve does not contain the feature, at least not to the 

same extent. 



55 45 

20 

35 25 

Figure 33. X-ray Powder Diffraction Pattern of The YBC Sample Containing 
Low Angle Peaks. 
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The diffraction pattern of a powder sample of YBC which did not 

contain any low angle peaks is presented in Figure 37. The dc four 

probe resistivity measurement of this sample, using the continuous data 

collection approach is presented in Figure 38. The critical tempera

ture is 87 K, with a transition width of 4 K. Examination of the 

higher temperature region of the resistance curve (Figure 39), col

lected collected continuously on a x-y recorder using the same 

sensitivity setting and scale as previously, reveals no "bump" or 

deviations from linearity 

A feature very similar to that detected in MF15 was previously 

reported by A. Jezowski et al (55). This group detected the anomaly 

not only in the electrical resistance vs temperature but also in the 

thermal conductivity vs temperature measurements. A reproduction of 

their resistance vs temperature curve, displaying the prominate devia

tion in the linear dependence of R between 260-220 K is presented in 

Figure 57. Other characteristic features of their curve are comparable 

in particlular T - 89.5K and transition width of 4.2K, to those ex-c ' 

hibited by MF15. Unfortunately, the authors did not include a powder 

diffraction pattern and only briefly stated that, "x-ray analysis 

proved single phase orthorombic structure with a unit cell a=3.885 A, 

b—3.820 A, and C—11.660 A". Thus, although they recognized the exist

ence of a deviation, they made no attempt to interpet it. 

It is difficult to state that these two anomalies arise from the 

same source, particularly since that recorded for MF15 represents a 

very small deviation over a very narrow temperature range, 2K, while 
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Figure 37. X-ray Powder Diffraction Pattern of a YBC Sample Not Containing 
Low Angle Beaks. 
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that observed by Jezowski et al is a much larger, broader deviation, 

40K, which occurs approximately 45 K higher than that of MF15. 
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CHAPTER 7 

FUTURE DIRECTIONS 

The merging of two relatively new research areas, high temperature 

superconductivity and supercritical fluids, generates many questions 

and suggests several areas for future study. Many of these have been 

discussed earlier in the Results section. One area not mentioned 

earlier is the investigation of various methods to increase solute 

solubility in SCF-COg. Solubility enhancement in supercritical fuilds 

is classically achieved by adding small quantities of an entrainer or 

co-solvent. Selection of an appropriate co-solvent, however, is 

usually approached in an Edisonian manner. A reasonable starting point 

based upon these preliminary investigations would be 100% ethanol, 

since the solute's behavior in both supercritical CO2 and ethanol is 

comparable. 

An obvious extension from comminution is deposition of the YBC 

material onto a microporous substrate. One can easily envision thin 

films for use in electronic circuits, such as in Josephson junctions. 

Current thin film methods suffer from several disadvantages. For 

example, frequently interdiffusion of the material into the substrate 

occurs, thereby destroying or supressing the superconductivity. 

Certainly, prior to application, a considerable number of experiments 

would be required to elucidate the proper operating conditions in the 

critical region, in particular to determine an appropiate rate of 
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expansion and to select a suitable substrate material. Substrate 

requirements will include such considerations as resistance to dissolu

tion or decomposition in the supercritical fluid and the ability to 

withstand exposure to high pressure and possibly to elevated 

temperatures. 
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CHAPTER 8 

CONCLUSIONS 

The results of these studies indicate that supercritical CÔ  

provides a novel medium for carrying out solute nucleation and growth 

processes for high temperature superconductors. 

It has been demonstrated through x-ray powder diffraction analysis 

and four probe resistivity measurements that the model compound, 

YBagCû Ô  ̂ is stable upon limited exposure to 002(g), CÔ  (1), and 

supercritical CO2. The four probe resistivity measurements provided 

the most conclusive evidence, due to the technique's extreme sen

sitivity to impurities or extraneous phases. 

Obtaining conclusive evidence of YBC's solubility in supercritical 

CO2 proved challenging, due to the extreme difficulty in direct chem-

cial analysis of a solution above it's critical point. By placing YBC 

in supercritical CO2 and monitoring the effects of pressure upon a far 

UV absorption signal, solubilization of some species was concluded to 

have occured. This component's identity , however, could not be 

readily determined by spectral analysis, due to the lack of distin

guishing features. 

An indication of the identity of the solubilized species was 

obtained by elemental analysis. Qualitative analysis showed Y, Ba, and 

Cu to be present. Subsequent quantitative analysis showed essentially 

a 1:2:3 ratio of these elements. These results unequivocably 
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demonstrate that the species which generated the absorption spectrum 

was not a decomposition product resulting from the release of one or 

two elements. 

Considering the data as a whole, the apparent stability of YBC in 

supercritical CÔ  and the results of the elemental analysis lead to the 

conclusion that YBC was the solubilized species in SCF-CĈ . Of course, 

confirmation of this conclusion would require additional work, ideally, 

powder diffraction analysis of the solids solubilized and precipitated 

from supercritical CĈ . More convincing proof, however, could be 

obtained by utilizing a technique that would permit simultaneous deter

mination of solubilization and unique identification of YBC. One 

possible approach would be Raman scattering, since it is highly sensi

tive to impurities and more importantly, the Raman spectrum of YBC has 

been reported (56). This would require construction of a suitable high 

pressure sample cell and successful interfacing to the Raman 

spectrometer. The proposed experimental procedure would follow that 

described herein for the UV absorption scans (simple mointoring of the 

signal as a function of pressure). 

Additionally, preliminary investigations have shown that in 

several instances, particle size alterations have occured upon ex

posure to supercritical CO2. Further studies and instrumental 

modifications are required to determine an appropriate method to 

expand the gas, thereby allowing for better control over the resultant 

particle sizes. Preliminary results, obtained, however, indicate that 

SCF COg may serve as an excellent medium for comminution or crystal

lization procedures. 
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