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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
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of their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacture, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



ABSTRACT

This Final Technical Report covers the eight sub-projects awarded in the first year
and the five projects awarded in the second year of Cooperative Agreement DE-FC26-
01NT41091: Establishment of the Center for Advanced Separation Technologies. This work
is summarized in the body of the main report: the individual sub-project Technical Progress
Reports are attached as Appendices.

Note: Sl is an abbreviation for “Le Systeme International d’Unites.”
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INTRODUCTION

The U.S. is the largest producer of mining products in the world. In 1999, U.S.
mining operations produced $66.7 billion worth of raw materials that contributed a total of
$533 billion to the nation’s wealth. Despite these contributions, the mining industry has not
been well supported with research and development funds as compared to mining industries
in other countries. To overcome this problem, the Center for Advanced Separation
Technologies (CAST) was established by Virginia Tech and West Virginia University to
develop technologies that can be used by the U.S. mining industry to create new products,
reduce production costs, and meet environmental regulations. This endeavor is supported
through U.S. DOE Cooperative Agreement No. DE-FC26-01NT41091: Establishment of the
Center for Advance Separation Technologies.

Much of the research to be carried out at CAST will be longer-term, high-risk, basic
research, and will be carried out in four broad areas:

a) Solid-solid separation

b) Solid-liquid separation

c) Chemical/Biological extraction, and
d) Sensor and control development.

Distribution of funds has been handled via competitive solicitation of research
proposals through Site Coordinators at the two universities. Two RFP’s have been issued to
date. The first of these, referred to as the CAST | — Round 1 RFP, was issued on August 17,
2001 and closed October 15, 2001. A total of 12 proposals were received in response to this
first RFP. These were first reviewed and ranked by a group of technical reviewers (selected
primarily from industry). Based on these reviews, and an assessment of overall program
requirements, the CAST Technical Committee made an initial selection/ranking of proposals
and forwarded these proposals to the DOE/NETL Project Officer for final review and
approval. This process took some 6 months to complete but 8 projects were in place at the
constituent universities (5 at Virginia Tech and three at West Virginia University) by May
17, 2002.

This was followed, on June 1, 2002 with the CAST | — Round 2 RFP, which closed
on July 19, 2002. A total of 12 proposals were received in response to this second RFP —
five were selected for funding. These were in place at the constituent universities (2 at
Virginia Tech and 3 at West Virginia University) by March 1, 2003.

All thirteen of these projects are listed below by category, along with brief abstracts
of their aims and objectives.



a) Solid-Solid Separation

1.

Improving Coarse Particle Flotation
Principal Investigators: R.-H. Yoon and G.H. Luttrell, (Virginia Tech).
Period of Performance: May 17, 2002-May 31, 2005.

The recovery of coarse particles by flotation is a common problem in the coal and
minerals processing industry. The objective of this project is to develop methods of extending
the upper particle size limit for flotation. The availability of such a technology will improve
processing efficiency and greatly simplify the plant flowsheet. Two different complementary
approaches will be used to achieve the project objective. One is to use novel flotation reagents
that will help increase the attachment force between air bubbles and coarse particles, and the
other is to develop new flotation machines specifically designed to promote coarse particle
flotation.

Separation of Small Particles due to Density Differences in a CFB Riser System
Principal Investigators: E. Johnson and B. Kang (West Virginia University).
Period of Performance: May 17, 2002-May 31, 2005.

The efficiency of separating small (less than 250 micrometers in diameter) dense
particles from small light particles in the internal recirculation flow within a CFB riser is
being investigated. Currently, there are many systems for separating fine particles.
However, these systems lack the efficiency and/or the economics to be commercially
viable in many situations. This research is directed towards removing pyrite from coal
fines at a coal cleaning plant. Also, of concern will be the removal of radioactive particles
from the desert sand at the Nevada Test Sites.

Modeling of Flotation From First Principles
Principal Investigator: R.-H. Yoon (Virginia Tech).
Period of Performance: May 17, 2002-May 31, 2005.

Flotation is widely regarded as the best available technology for separating fine
particles. The present form of the technology was invented nearly 100 years ago, yet
there is still no reliable model for predicting flotation rate from first principles. It is the
purpose of the proposed work to develop a flotation model that can predict flotation
performance from both surface chemistry and hydrodynamic parameters.

Studies of Froth Stability and Model Development
Principal Investigator: R.-H. Yoon (Virginia Tech).
Period of Performance: May 17, 2002-May 31, 2005.

Froth plays an important role in flotation. It determines the final grade of the product
and the maximum carrying capacity (or throughput) of a flotation machine. Also, many
operators use stronger frothers to produce smaller air bubbles and, hence, higher recovery
and throughput. Despite its importance, little is known of the fundamentals of foam and
froth stability. It is, therefore, proposed to study the various factors affecting the stability



of flotation froth. This will be accomplished by using a thin film balance technique and
by monitoring the stability of froth in a bubble column using a video camera. The results
will be used for developing a froth model and also for developing effective defoamers.

Direct Measurement of Forces in Flotation Systems
Principal Investigators: W.A. Ducker and R.-H. Yoon (Virginia Tech).
Period of Performance: May 17, 2002-May 31, 2005.

The objective of this project is to directly measure the force as a function of
separation between a particle and a bubble in aqueous solution. This force controls the
attachment and detachment of particles to bubbles, which is an essential step in
determining the efficiency of the separation of mineral particles in a flotation cell. We
are fabricating a device specially designed for these measurements. The device will use a
force-detection method from an Atomic Force Microscope and a separation-detection
method from a Surface Forces Apparatus. The key advances are to explicitly measure
both the separation between the particle and the bubble and the shape of the bubble at all
times. Without this separation and shape data, it is not possible to compare the measured
forces to theoretical estimates or to the practice of flotation. After fabrication of the
device, measurements of the forces acting on hydrophilic, hydrophobic, and charged
particles in aqueous solutions of surfactant molecules will be obtained.

Novel Surfactants as Collectors for Froth Flotation
Researcher: Richard D. Gandour (Virginia Tech)
Period of Performance: March 1, 2003-May 31, 2005.

Our goals are to synthesize novel, inexpensive surfactants that outperform current
collectors in mineral flotation. These surfactants will selectively bind to particles and
create a hydrophobic coating on a particle to enable selective separation by froth
flotation. We plan to synthesize surfactants that have very hydrophobic, long chains, yet
have sufficient water solubility for mineral processing and coal-fines processing. These
amphiphiles, which we call "hydra surfactants,” will have one tail and three identical
functional groups on the head. These novel molecules will be useful for many different
separations in mineral processing, but initially will be tested on separation of discoloring
impurities (i.e., anatase (TiO2) and iron oxides) from clay.A strategy to make these
surfactants from environmentally friendly vegetable oils is outlined.

Column Flotation of Fine Dolomitic Phosphate by Selective Fatty Acids
Researcher: F. F. Peng (West Virginia University)
Period of Performance: March 1, 2003-May 31, 2005.

Among the detrimental impurities in phosphate ores, dolomite is considered the most
troublesome for down stream operations. Dolomite may cause higher consumption of
sulfuric acid, reduce filtration rates and lower P,Os content in fertilizer manufacturing
processes. Difficulties in separating dolomite from phosphate arise from the fact that
most of the dolomite is disseminated in the phosphate mineral. Both are oxide type
minerals and have the same calcium cationic component. They exhibit similar
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electrokinetics, adsorption and desorption behavior in physical separation process such as
flotation. Several processing schemes have been developed to handle this problem, but
none are satisfactory due to high MgO content and/or low overall P,Os recovery in the
final phosphate concentrate. In this proposed research project, samples from Florida
dolomitic phosphate minerals will be tested in an open flotation column. New selective
fatty acid collectors for dolomite particles and appropriate mixtures of phosphoric
acid/sulfuric acid depressant for phosphate particles will be selected and used. The aim is
to achieve a phosphate concentrate containing as high as 30% P,0Os and less than 1.0%
MgO contents at high P,Os recovery. Liberation analysis of dolomitic phosphate pebble
will be conducted. The selectivity and frothability of the new selective fatty acid
collectors will also be characterized by determining dolomitic phosphate flotation.
Success in this research project will enable the mineral industry to increase its phosphate
reserve base, by recovering phosphate from formerly unusable phosphatic minerals and
low grade phosphate reserves.

Solid-Liquid Separations

Development of a Novel Fine Particle Centrifuge
Researchers: G.H. Luttrell and R-H. Yoon (Virginia Tech)
Period of Performance: March 1, 2003-May 31, 2005.

The solid-solid separation processes employed by modern coal preparation plants
require large amounts of process water. After cleaning, the unwanted water must be
removed from the surfaces of the particles using mechanical dewatering equipment.
Coarse particles can be readily dewatered using simple screening systems, while finer
particles require more complicated unit operations such as centrifuges and filters.
Unfortunately, the processes used to dewater fine particles are inherently inefficient and
expensive to operate and maintain. To overcome these problems, a novel centrifugal filter
has been developed by researchers at Virginia Tech. Preliminary test data suggest that
this new technology can reduce the moisture content of fine coal products by
approximately 30-50% compared to existing dewatering processes. The objective of this
project will be to construct a continuous prototype unit and to conduct a detailed
experimental investigation of this new technology.

New Strategies for Dewatering of Coals
Researchers: M. Seehra, A. Manivannan & M. Bachlechner (West Virginia University)
Period of Performance: March 1, 2003-May 31, 2005.

A two-year innovative research program on the combined experimental-modeling
studies of coal-water interactions and coal dewatering is proposed. The experimental
program will first focus on determining the relative amounts of "free” and "bound" water
in wet coals using analytical techniques of thermogravimetric analysis, heat capacity
measurements and 1H nuclear magnetic resonance. Laboratory scale dewatering
experiments will then be carried out by vacuum filtration and centrifugation, combined
with pulsed heating at microwave or IR (3300 cm-I) frequencies to liberate the "bound"”
water. These investigations will be complimented with modeling studies of the coal-water
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interactions and the effect of centrifugation on dewatering from surface-bound water and
coal pores. This integrated experimental-modeling approach is an important component
of the proposed research since the results from the molecular-dynamics simulations could
provide unique technological insights that will increase the efficiency of dewatering
processes. Finally, scale-up of the resulting successful approaches for coal dewatering
will be proposed at the conclusion of the two-year program.

Chemical/Biological Extraction

Novel Bioleaching Technology Assisted by Electrolytic Processes
Principal Investigators: E. Cho and R. Yang (West Virginia University).
Period of Performance: May 17, 2002-May 31, 2005.

Bioleaching of sulfide minerals using bacteria Thiobacillus ferrooxidans has been
identified as a promising method for heap or dump leaching of low grade mixed sulfide
ores containing pyrite (FeS,), chalcopyrite (CuFeS,), and/or sphalerite (ZnS). However,
the major problem with bioleaching is that the rates are too slow for wide commercial
utilization. The approach being used in this project focuses on the growth of bacteria
under the influence of an applied direct potential and on the utilization of the bacteria to
leach sulfide minerals. The objective is to identify the optimum conditions for the bio-
and electro- leaching reactions in order to maximize overall leaching rates of the sulfide
minerals.

Coal Desulfurization Using Hypochlorite and Cupric lon as a Catalyst — Feasibility
Study

Researchers: E. H. Cho & R. Y. K. Yang (West Virginia University)

Period of Performance: March 1, 2003-May 31, 2005.

The utilization of coal as a feedstock to produce carbon materials is very much
hampered by the presence of its organic sulfur content. However, the organic sulfur is
very difficult to remove. It is generally accepted that only two methods have capability to
remove the organic sulfur rather effectively; one is with a melt of sodium
hydroxide/potassium hydroxide at high temperatures (Gravimelt Process) and the other is
with chlorine chemicals. However, the Gravimelt Process contaminates the coal structure,
and its decontamination and the regeneration of the reagents may be insurmountable
problems in terms of economic feasibility. Chlorine chemicals also chlorinate the coal
structure and the removal of organic sulfur is not high enough to produce a premium coal
or feedstock. It is proposed that organic sulfur be leached with hypochlorite using cupric
amine as a catalyst. Hypochlorite is the predominant chlorine derivative at high pH's. The
catalysis of cupric amine was found during 1990s in leaching of gold with hypochlorite
and other oxidants. We will conduct two kinds of consecutive experiments. In the first,
coal will be leached in a reactor with a solution containing hypochlorite and cupric
amine. In the second, the leached coal will be hydrolyzed in hot sodium carbonate
solution, which is believed to cleave the organic sulfur bond from coal and thus further
reduce the sulfur content. Leached coal and hydrolyzed coal samples will be analyzed
particularly for organic sulfur and chloride content. The data will be analyzed to
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determine the desulfurization potential through the two consecutive experiments and also
the chlorination/dechlorination of the coal matrix through each of the two experiments.

Sensor and Control Development

Development of Electrochemical Sensor for On-Site Monitoring of Heavy Metal
lons in Coal Processing And Utilization

Principal Investigators: A. Manivannan and M. Seehra (West Virginia University).
Period of Performance: May 17, 2002-May 31, 2005.

The aim of this research program is to develop a novel electrochemical sensor based
on a boron-doped diamond (BDD) electrode for monitoring/controlling heavy metal ions
such as Hg, Zn, Cu, Pb, As, Cd, and Fe encountered in the processing and utilization of
coals. This research is based on earlier testwork in which ppb levels of Pb and Hg were
detected in laboratory prepared solutions. BDD electrodes are superior to other
commonly used electrodes (such as glassy carbon) in terms of their ruggedness, chemical
stability, wide potential window and lower background current. These advantages are
important for the simultaneous detection of a number of elements in solution.

Evaluation of Coal Cleaning Efficiency Using Transponder-Based Density Tracers
Principal Investigators: G.H. Luttrell, R.-H. Yoon and C.J. Wood (Virginia Tech).
Period of Performance: May 17, 2002-May 31, 2005.

Density tracers are one of the most powerful diagnostic tools for evaluating the
performance of heavy media circuits in coal preparation plants. The objective of this project is
to develop a new generation of tracers that can be automatically tracked using recently
developed transponder technology. This development also makes it possible for efficiency
tests to be performed very rapidly by a single person in an extremely cost-efficient manner.
The project will be carried out in two phases. In the first phase of work, the hardware and
software required to develop a prototype transponder-based system will be procured and
evaluated using a simulated circuit at the Virginia Tech coal laboratory. In the second phase,
the monitoring system will be relocated to an industrial coal preparation plant for field-testing.
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EXPERIMENTAL

The CAST initiative is comprised of a diverse group of subprojects, most of which
are multistage, task-oriented developmental projects that cannot be conveniently categorized
by the traditional reporting criteria required by the DOE Uniform Reporting Requirements.
For example, several of the projects have required the construction of unique test equipment,
others the generation of simulation models, etc., as preliminary tasks in the overall execution
of the project. As such, they are more appropriately described and discussed as “Project
Tasks” within the context of the individual Technical Progress Reports. These reports are
attached to this document as Appendices and should be referred to for this information.
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RESULTS AND DISCUSSION

The CAST initiative is comprised of a diverse group of subprojects, most of which
are multistage, task-oriented developmental projects that cannot be conveniently categorized
by the traditional reporting criteria required by the DOE Uniform Reporting Requirements.
For example, several of the projects have required the construction of unique test equipment,
others the generation of simulation models, etc., as preliminary tasks in the overall execution
of the project. As such, the presentation of results is more appropriately described and
discussed within the context of the individual Technical Progress Reports. These reports are
attached to this document as Appendices and should be referred to for this information.

12



ABSTRACTS

This aggregated Final Report covers the third year of operation of Cooperative
Agreement DE-FC26-01NT41091: Establishment of the Center for Advanced Separation
Technologies. A total of thirteen (13) sub-projects were funded. These reports are attached
to this document as Appendices. Abstracts of each project of the sub-projects follows.

a) Solid-Solid Separation

1. VAO0O03 - Improving Coarse Particle Flotation (Appendix 1)
Principal Investigators: R.-H. Yoon and G.H. Luttrell (Virginia Tech)
Period of Performance: May 17, 2002-May 31, 2005

Possibilities for increasing the upper limit of floatable particle sizes in the froth
flotation process have been examined since the early beginnings of mineral flotation.
The economic implications of such an increase are far ranging; from decreased grinding
costs and increased recoveries to simplified flow-sheet design and increased throughput.
All leading to increased revenue. Bubble-particle detachment has been identified as the
main limiting factor for coarse particle flotation. The detachment process has been
studied to better understand the factors influencing the strength of attachment and the
energies involved. Direct measurements of bubble particle detachment were performed
using a hanging balance apparatus (KSV Sigma 70 tensiometer) and using a submerged
hydrophobic plate in water. Three experiments were used; direct force measurement of
bubble-particle detachment, detachment force and energy of a bubble from a submerged
hydrophobic plate, and detachment force and energy of a cetyltrimethylammonium
bromide coated  silica sphere from a flat bubble. Octadecyltrichlorosilane was used as
a hydrophobic coating in the first two experimental methods. These experiments were
recorded with a CCD camera to identify the detachment processes involved. Energies for
both methods were calculated and divided into the two main steps of the detachment
process: TPC pinning and three phase contact line sliding. The first step represents the
energy barrier which must be overcome before detachment can begin. It is directly
related to contact angle hysteresis. Detachment occurs during the second step, where the
solid-vapor interface is replaced by solid-liquid and liquid-vapor. This step corresponds
to the work of adhesion. The effects of surface tension, contact angle and hysteresis were
well demonstrated with the three experimental methods. Good correlation was found
between theoretical work of adhesion and measured energies.

2. WV002 - Separation of Small Particles due to Density Differences in a CFB Riser
System (Appendix 2)
Principal Investigators: E. Johnson and B. Kang (West Virginia University)
Period of Performance: May 17, 2002-May 31, 2005

An exploratory study was conducted to demonstrate that a solid-solid mixture flowing

in a riser may be separated in a dry process due to density differences, The results of this
study may well lead to the initiation and development of an innovative dry separation
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process for solid-solid mixtures. This unique process could easily lend itself to the
separation of mixtures of minerals with different densities in arid regions. A more
conventional application would be the separation of pyrite from coal or coal fines. The
density differences investigated in this study correspond to the density difference
between pyrite and clean coal. Another application could be the reclaiming of coal fines
currently discarded to settling impoundments due to the inefficiency of current wet
separation process techniques. The particle sizes employed in this investigation were of a
mean diameter of 350um for the sand and 450um for the steel shot. This exploratory
study has demonstrated that a dry separation process, based on density difference, is
possible in a CFB riser. This study also indicates that a significant effort is required to
optimize this separation process due to the fact that many variables enter into the
separation process

VAOQ001 - Modeling of Flotation From First Principles (Appendix 3)
Principal Investigator: R.-H. Yoon (Virginia Tech)
Period of Performance: May 17, 2002-May 31, 2005

A flotation model has been proposed that is applicable in a turbulent environment. It
is the first turbulent model that takes into account hydrodynamics of the flotation cell as
well as all relevant surface forces (van der Waals, electrostatic, and hydrophobic) by use
of the Extended DLVO theory. The model includes probabilities for attachment,
detachment, rising, and froth recovery as well as a collision frequency. A review of the
effects fluids have on the flotation process has also been given. This includes collision
frequencies, attachment and detachment energies, and how the energies of the turbulent
system relate to them. Flotation experiments have been conducted to verify this model.
Model predictions were comparable to experimental results with similar trends.
Simulations were also run that show trends and values seen in industrial flotation
systems. These simulations show the many uses of the model and how it can benefit the
industries that use flotation.

. VAO002 - Studies of Froth Stability and Model Development (Appendix 4)
Principal Investigator: R.-H. Yoon (Virginia Tech)
Period of Performance: May 17, 2002-May 31, 2005

This study focuses on developing a methodology to identify the basic factors
affecting the stability of foams and froths in flotation. We investigate the stability of
aqueous thin films between air bubbles, and then compare film stability to foam stability.
The thin film studies indicate that a hydrophobic attractive force exists to destabilize
films between air bubbles in dilute aqueous solutions in flotation processes. To better
understand the origin of the hydrophobic force in aqueous films between two
hydrophobic substrates, we have studied the effects of surfactant type and concentration,
and ionic strength on the surface forces in foam films. We have also studied the effect of
film elasticity on foam stability. The results show that film elasticities in flotation may be
too small to affect foam stability.
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5. VAOQ04 - Direct Measurement of Forces in Flotation Systems (Appendix 5)
Principal Investigators: W.A. Ducker and R.-H. Yoon (Virginia Tech)
Period of Performance: May 17, 2002-May 31, 2005

The objective of this project is to directly measure the interaction force between a
particle and bubbles as a function of separation distance. This force controls the
attachment and detachment of particles to bubbles, which is an essential step in
determining the efficiency of a flotation process. In the past ten years, one predominant
explanation for the long range attraction between hydrophobic surfaces is the
nanobubble/gas cavity theory. Firstly, an Atomic Force Microscope was utilized to study
the hydrophobic force between solid surfaces to clarify the applicability of nanobubble
theory in the solid/surfactant system. The effects of degassing, salt concentration and
chain length on the hydrophobic force are systemically studied. The results are beneficial
for the understanding of the origin of the hydrophobic force and the particle/bubble
interaction in Flotation. Secondly, a specially designed device, wetting film apparatus
was fabricated for the direct particle/bubble force measurements. The experiment results
show that between hydrophilic substrate/bubble, when the separation decreases, there is a
strong repulsive disjoining pressure, which leads to a thick water film between
particle/bubble, therefore, a less likely flotation. The wetting film between a hydrophobic
substrate and a bubble ruptures in tens of milliseconds drastically, suggesting a possible
flotation after the solid particles are hydrophobized. The rupture process is proposed to be
studied systemically using a high speed video camera.

6. VAO007 - Novel Surfactants as Collectors for Froth Flotation (Appendix 6)
Researcher: Richard D. Gandour (Virginia Tech)
Period of Performance: March 1, 2003-May 31, 2005

The three series of triheaded surfactants have been synthesized and characterized.
All, including those with 22 carbons in the chain, are quite soluble in triethanolamine
solutions.  Studies of concentration of surfactant versus contact angle reveal that
depending on chain length these surfactants form robust hydrophobic films on TiO2,
calcite, apatite, and silver at extremely dilute concentrations.

7. WV006 - Column Flotation of Fine Dolomitic Phosphate by Selective Fatty Acids
(Appendix 7)
Researcher: F. F. Peng (West Virginia University)
Period of Performance: March 1, 2003-May 31, 2005

A Florida dolomitic phosphate pebble sample was processed in dolomite flotation
process using fatty acid FAS-40A as collector. The dolomitic phosphate pebble feed
sample contained 26.14% P205, 1.3-1.5% MgO and 14.5% acid insoluble. The sample
was ground to pass 150um (100 mesh) for liberation of phosphate from impurities in
dolomitic phosphate mineral sample. Dolomite flotation was performed in both Denver
D-12 stirred-tank cell and 2-in ID modified packed flotation column. Using stirred-tank
cell at 1100 rpm impeller speed, the underflow of dolomite flotation as a rougher
phosphate concentrate containing 26.8% P205 and 0.8% MgO at the P205 recovery of
about 93% was obtained. The reagent condition was 2.0 kg/t FAS-40A fatty acid
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collector at pH 5.4. Based on the results and conditions of stirred-tank cell flotation,
modified packed column flotation tests were conducted using central composite
experiment design (CCD). The underflow of the column flotation contained 26.9% P205
and 0.95% MgO at the P205 recovery of 88.8%. The column flotation operation
conditions were pH 5.5, 3.0 kg/t FAS-40A fatty acid collector, 20 cm froth height and 4.5
SCFH air flow rate. In order to achieve a marketable phosphate concentrate product,
double reverse flotation technique was employed. The underflow of the column flotation
after dolomite removal was further processed in amine flotation to reject silica. The final
phosphate concentrate contained over 30% P205, about 1% MgO with more than 85%
P205 recovery.

Solid-Liquid Separations

VA006 - Development of a Novel Fine Particle Centrifuge (Appendix 8)
Researchers: G.H. Luttrell and R-H. Yoon (Virginia Tech)
Period of Performance: March 1, 2003-May 31, 2005

In order to improve the removal of moisture from fine coal streams, a project was
initiated to construct and test a new dewatering technology known as a hyperbaric
centrifuge. Previous tests conducted with a batch laboratory unit suggest that this new
technology can reduce the moisture content of fine coal products by up to 50% compared
to existing mechanical systems. In this project, work focused on the design of a pilot-
scale continuous prototype of this technology. The selected design consisted of a two-
stage process capable of achieving low product moistures while maintaining nearly
complete recoveries of fine coal. To date, several laboratory tests were conducted using a
batch fed unit to verify the extent of moisture removal that can be achieved using this
approach. However, initial tests showed that several improvements in the design were
needed to correct problems with the mechanical seal that allowed water to contaminate
the dewatered cake. After correcting this and several other minor mechanical problems,
several additional shakedown tests were carried out while operating the prototype unit in
continuous mode. This mode of operation required the integration of a thickening unit
into the test circuitry. This modification made it possible to improve fines recovery by
circulating fines previously lost through the screen back to the circuit feed. Data obtained
from these tests indicated that the new technology can indeed achieve extremely good
removals of moisture from fine coal. The data also indicate that the moisture reduction
was significantly better at higher rotation speeds and with higher gas injection pressures.
Future work conducted during the next phase of this project will be performed (i) to
demonstrate the capabilities of this new technology at a larger scale and (ii) to obtain
scale-up data for the engineering design of a production scale unit.

WV004 - New Strategies for Dewatering of Coals (Appendix 9)
Researchers: M. Seehra, A. Manivannan & M. Bachlechner (West Virginia University)
Period of Performance: March 1, 2003-May 31, 2005

In this work, electrochemistry based on boron-doped-diamond (DDD) electrodes was

investigated for the quantification of Hg, Cd and Pb in the ppb-ppt range in laboratory
prepared solutions. For Hg, the rotating disk electrode technique and the standard
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addition method allowed reliable quantification of mercury in the 0.005 — 50 ppb range in
practical samples of KCI impinger solutions prepared from flue gas released by a pilot-
scale coal-fired combustion facility. For the simultaneous detection of Cd and Pb in
laboratory solutions at the ppb range, some mutual interference was detected which could
be handled by developing three-dimensional calibration curves. However, testing of Cd
and Pb in practical samples has not yet been done. In future work, we will focus on the
development of a portable sensor for Hg quantification..

Chemical/Biological Extraction

WV001 - Novel Bioleaching Technology Assisted by Electrolytic Processes
(Appendix 10)

Principal Investigators: E. Cho and R. Yang (West Virginia University)

Period of Performance: May 17, 2002-May 31, 2005

Three sulfide minerals, chalcopyrite, sphalerite, and pyrite, were leached using a
bioleaching mode and an electrobioleaching mode. The former mode was used to leach
the minerals with the bacterium A. ferrooxidans in a bioreactor. In the latter mode, the
leaching of the minerals was performed in a combination of a bioreactor and an
electrochemical cell. In this set-up, a solution was drained from the bioreactor by gravity
to the cathode compartment where the Fe(l11) content was reduced to Fe(ll) before the
solution was pumped back to the bioreactor. The idea is that an increase in Fe(ll)
concentration, which is a nutrient of the bacteria, by electrochemical reduction of Fe(l11)
would increase the bacterial population and in turn would accelerate the leaching of the
mineral.

It has been found that the electrobioleaching of chalcopyrite is superior to the
bioleaching with respect to the fact that leaching conversion is higher and a high level of
Fe(ll) can be maintained. However, the electrobioleaching of sphalerite does not show
an improvement over bioleaching. The electrobioleaching of pyrite is similar to that of
chalcopyrite, and this has potential to be used in applications such as coal desulfurization
and pretreatment of refractory gold ore in heap leaching.

WV005 - Coal Desulfurization Using Hypochlorite and Cupric lon as a Catalyst —
Feasibility Study (Appendix 11)

Researchers: E. H. Cho & R. Y. K. Yang (West Virginia University)

Period of Performance: March 1, 2003-May 31, 2005

Wet desulfurization of Pittsburgh No. 8 coal and Illinois No. 6 coal were conducted
with sodium hypochlorite in the laboratory. Pittsburgh No. 8 coal was leached by
hypochlorite at high pHs in one step process. The hypochlorite concentration varied from
0.2 to 0.6 molar; sodium hydroxide concentrations from 0.2 to 0.8 molar; and
temperature was at the levels of 80 and 90°C. The desulfurization of Illinois No. 6 coal
was conducted in three consecutive steps of pretreatment in concentrated ammonia at
room temperature, leaching with hypochlorite at room temperature and hydrolysis in a
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12.

13.

sodium hydroxide solution at 90°C. In the leaching step, hypochlorite concentration
varied from 0.2 to 0.8 molar.

In the early stages of this project, it was found that cupric ammine and hypochlorite
could not be prepared in the same solution because ammonia used to solubilize cupric
ions reacts with hypochlorite. Thus, all the subsequent work was conducted with leach
solutions containing only hypochlorite without addition of cupric ammonia.

The desulfurization method of Pittsburgh No. 8 coal was found to reduce mainly
pyritic sulfur. More than 70% of pyritic sulfur removal was achieved at the optimum
conditions of 0.4 molar hypochlorite, 0.4 molar sodium hydroxide and 90°C. The
desulfurization method for Illinois No. 6 coal was capable of reducing significant
amounts of organic sulfur. The removal of organic sulfur achieved a 37.8% reduction at
the optimum operation of leaching at 0.4 molar hypochlorite and room temperature
followed by hydrolysis at 0.3 molar sodium hydroxide and 90°C. The chlorine content in
the coal produced by the chlorination during leaching was kept below the threshold value
of 0.3% at the optimum conditions of the desulfurization method for each coal.

Sensor and Control Development

WV003 - Development of Electrochemical Sensor for On-Site Monitoring of Heavy
Metal lons in Coal Processing And Utilization (Appendix 12)

Principal Investigators: A. Manivannan and M. Seehra (West Virginia University)

Period of Performance: May 17, 2002-May 31, 2004 (2-Year Project)

In this work, electrochemistry based on boron-doped-diamond (DDD) electrodes was
investigated for the quantification of Hg, Cd and Pb in the ppb-ppt range in laboratory
prepared solutions. For Hg, the rotating disk electrode technique and the standard
addition method allowed reliable quantification of mercury in the 0.005 — 50 ppb range in
practical samples of KCI impinger solutions prepared from flue gas released by a pilot-
scale coal-fired combustion facility. For the simultaneous detection of Cd and Pb in
laboratory solutions at the ppb range, some mutual interference was detected which could
be handled by developing three-dimensional calibration curves. However, testing of Cd
and Pb in practical samples has not yet been done. In future work, we will focus on the
development of a portable sensor for Hg quantification.

VAOQ05 - Evaluation of Coal Cleaning Efficiency Using Transponder-Based Density
Tracers (Appendix "3)

Principal Investigators: G.H. Luttrell, R.-H. Yoon and C.J. Wood

Period of Performance: May 17, 2002-May 31, 2005

Density tracers are widely regarded as one of the most powerful diagnostic tools for
evaluating the performance of heavy medium circuits. Unfortunately, the full capabilities
of density tracers are often not realized in practice due to problems that occur during the
retrieval step. To overcome this problem, an advanced electronic monitoring system has
been developed to automatically identify and count the density tracers as they pass
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through a coal cleaning circuit. This technique, which relies on recent technological
breakthroughs in transponder technology, improves the reliability of the tracer data by
eliminating statistical errors associated with lost tracers. This development also makes it
possible for efficiency tests to be performed very rapidly by a single person in an
extremely cost-efficient manner. It is estimated that the average U.S. coal preparation
plant could easily benefit by $500,000 or more annually by preventing coal losses that are
detectable using this new technology.

REFERENCES

References utilized by the individual sub-projects are reported in the relevant
Technical Progress Report in the attached Appendices.
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ABSTRACT

Possibilities for increasing the upper limit of floatable particle sizes in the froth flotation process
have been examined since the early beginnings of mineral flotation. The economic implications
of such an increase are far ranging; from decreased grinding costs and increased recoveries to
simplified flow-sheet design and increased throughput. All leading to increased revenue.
Bubble-particle detachment has been identified as the main limiting factor for coarse particle
flotation. The detachment process has been studied to better understand the factors influencing
the strength of attachment and the energies involved. Direct measurements of bubble particle
detachment were performed using a hanging balance apparatus (KSV Sigma 70 tensiometer) and
using a submerged hydrophobic plate in water. Three experiments were used; direct force
measurement of bubble-particle detachment, detachment force and energy of a bubble from a
submerged hydrophobic plate, and detachment force and energy of a cetyltrimethylammonium
bromide coated silica sphere from a flat bubble. Octadecyltrichlorosilane was used as a
hydrophobic coating in the first two experimental methods. These experiments were recorded
with a CCD camera to identify the detachment processes involved. Energies for both methods
were calculated and divided into the two main steps of the detachment process: TPC pinning and
three phase contact line sliding. The first step represents the energy barrier which must be
overcome before detachment can begin. It is directly related to contact angle hysteresis.
Detachment occurs during the second step, where the solid-vapor interface is replaced by solid-
liquid and liquid-vapor. This step corresponds to the work of adhesion. The effects of surface
tension, contact angle and hysteresis were well demonstrated with the three experimental
methods. Good correlation was found between theoretical work of adhesion and measured

energies.
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INTRODUCTION

Coarse particle flotation

Froth flotation is widely used in the mining industry to separate valuable minerals from other
materials in their host environment. Minerals are separated by attaching themselves to rising air
bubbles in the flotation cell and then recovered at the top of the cell. The ore must be ground
small enough so that flotation can proceed (e.g. <.5 mm diameter). Coarse particle flotation
provides opportunities for reduced grinding costs, increased recoveries and simplified flow-sheet
designs (by eliminating certain classifying and other steps); all leading to increased throughput.
However, the limits of coarse particle flotation have been well demonstrated as a severe decrease
in recovery above a certain size with plant and laboratory batch tests data (Trahar 1981). A single
bubble in a Hallimond tube was also used to demonstrate the dramatic drop in recovery with
increasing particle size (Drzymala 1994). While other work identified a flotation domain from
the minimum contact angle at which individual particle sizes will float (Crawford and Ralston

1988).

Flotation is a function of the probability of particle collection (Sutherland 1948)
P=P.-P,(1-P,) [1]

where Pc, P4, and Pp are the probabilities of collision, adhesion, and detachment respectively.
The probability of collision depends on hydrodynamic effects in the flotation cell. The
probabilities of adhesion and detachment are a combination of hydrodynamic effects and surface
chemistry of the bubble and particle. Since surface chemistry is not affected by particle size, the
probability of adhesion does not change much with particle size. Probability of detachment is

then the main limiting factor in coarse particle flotation.

Research has focused on characterizing the various factors in flotation in attempts to increase the

maximum floatable particle size. Early work identified the work of adhesion

W=T, (1-cosf) 2]



as the work done per unit area to create the air-solid interface at the expense of the solid-water
interface (Wark 1933). Where T,, is the surface tension of water and 6 is the contact angle
between the water and solid. Wark (1933) also attempted with limited success to calculate the
maximum floatable particle size. The force and work required to remove a particle from the
liquid-vapor interface was later measured using a centrifugal force apparatus and calculated as a
function of the solid and liquid densities (Nutt 1960). Mathematical models of the flotation
process followed taking into account the various sub-processes and physico-chemical properties
involved in the system (Mika and Fuerstenau 1968). However, this model still suffered from a
lack of proper description of these sub-processes to properly describe flotation. A theoretical
evaluations of the upper particle size in flotation was calculated (Schulze 1977). These
calculations were used to produce a rough estimation of the energy of rupture of a particle from a
bubble. However, the work calculated in this manner does not represent an accurate description
of the energy involved in the detachment process. A theoretical detachment force model was
developed but disagreed by one order of magnitude when compared to forces measured using the

centrifuge method (Nishkov and Pugh 1989).

More recent research on the stability of the bubble-particle aggregate in a flotation column using
laboratory batch tests established some qualitative parameters for detachment energy of a particle
from an oscillating bubble (Falutsu 1994). A bubble vibration detachment force measurement
technique was developed to more closely resemble the conditions in flotation (Cheng and
Holtham 1995), which compared favorably with previous theoretical work (Nutt 1960).
Attachment and detachment efficiencies have also been described from calculation of the bubble-
particle interaction forces in flotation and used to identify a maximum floatable particle size

(Ralston et al. 1999).

Turbulent forces in the cell were recently modeled as the cause for bubble-particle detachment
(Bloom and Heindel 2002; Pyke et al. 2003). Similarly, the detachment at the pulp-froth interface
was described from experimental data by proposing an empirical model of percent apparent
detachment during flotation (van Deventer et al. 2004). This later model compared attached and

recovered particles to estimate the detachment.

Detachment force measurements

Direct measurements of detachment forces have been studied to better understand the detachment

process and its implications for coarse particle flotation. Understanding of the detachment



process holds the key to increasing the upper size limit of floatable particles. The detachment
force of a particle from a bubble has been measured to correlate it with contact angle, and
interfacial energy values (Janczuk 1983; Janczuk 1985; Janczuk et al. 1990). However, these all
use controlled contact areas which prevent the bubble from freely spreading on the particle
surface. This may represent some cases encountered in flotation but fails to accurately describe
the overall interaction between bubbles and particles. A centrifuge method has also been used to
measure the detachment force (Schulze et al. 1989). However, this method does not allow for
observation of the detachment process, providing only a force range at which particle detachment

occurred.

The atomic force microscope has provided an ideal method for measuring interactions between
bubbles and individual colloidal particles(Butt 1994; Butt et al. 1995; Preuss and Butt 1998a;
Preuss and Butt 1999). However, they have proved more useful for measuring interactions during
the approach cycle than detachment. The amount of bubble deflection during detachment is
difficult to accurately measure, thus the detachment cycle cannot by accurately described using

this method.

The detachment models proposed above describe the detachment force with varying success, but
do not accurately provide the detachment energy process. In the work presented here, detachment
forces were obtained using direct measurement methods and recorded by video to map the

complete detachment process.
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