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CLEANING AND DEWATERING FINE COAL
USING HYDROPHOBIC DISPLACEMENT

Kara E. Smith

ABSTRACT

A new processing technique, known as hydrophobic displacement, was explored as a
means of simultaneously removing both mineral matter and surface moisture from coal in a
single process. Previous thermodynamic analysis suggests that coal moisture will be
spontaneously displaced by any oil with a contact angle greater than ninety degrees in water.
Based on these results, six methods of hydrophobic displacement were evaluated: hand shaking,
screening, air classification, centrifugation, filtration, and displacement. In the first five methods
hydrophobic displacement took place during the cleaning stage. A recyclable non-polar liquid
(i.e. pentane) was used to agglomerate coal fines followed by a physical separation step to
remove the coal agglomerates from the mineral-laden slurry. Bench-scale tests were performed
to identify the conditions required to create stable agglomerates. Only the last method,
displacement, did not utilized agglomeration and performed hydrophobic displacement during
dewatering, not cleaning. A procedure was also developed for determining moisture content
from evaporation curves so that the contents of water and pentane remaining in a sample could
be accurately distinguished.

Two primary coal samples were evaluated in the test program, i.e., dry pulverized 80
mesh x O clean coal and 100 mesh x O flotation feed. These samples were further screened or
aged (oxidized) to provide additional test samples. The lowest moisture, 7.5%, was achieved
with centrifugation of the pulverized 80 mesh x 0 clean coal sample. Centrifugation provided the
most reliable separation method since it consistently produced low moisture, high combustible
recoveries, and high ash rejections. Hand shaking produced the next lowest moisture at 16.2%;
however, the low moistures were associated with a drop in combustible recovery. There was also
a great deal of error in this process due to its arbitrary nature. Factors such as oxidation, size
distribution, and contact angle hysteresis influenced the concentrate moistures, regardless of the

method utilized.
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1. INTRODUCTION

1.1. Preamble

Cleaning and dewatering of fine coal is currently one of the coal mining industry’s
greatest challenges. The United States’ dependence on coal for 52% of its electricity in 2006
mandates that coal be utilized as efficiently as possible (EIA, 2007). Though 92% of coal in the
United States is used for the generation of electricity, the remaining percentage is used for a
variety of purposes including heating and coke for steel blast furnaces (EIA, 2007). As an
integral component to many industries, it is vital to the country’s economy that a steady, low-
cost supply of coal is maintained. Many industries would be hard pressed to come up with an
economic substitute for coal.

As easily accessible, high quality coal reserves are depleted, the mining industry needs a
low cost solution which will allow it to utilize more of the fines generated during processing and
to recover fine coal stored in refuse impoundments (Hazra, 1988). The high water content of
ultrafine coal often makes it uneconomical to sell due to the associated contract penalties, and
this coal contributes to the 70-90 million tons of fine wastes produced each year (Orr, 2002). In
2002, there was already more than 2.5 billion tons of fine coal wastes discarded into
impoundments.

Conventionally, fine coal undergoes separate cleaning and dewatering phases. Water-
based density separators such as spirals and/or water-only cyclones are used to treat small
particles in the 1 mm x 100 mesh size range, while froth flotation is used to clean minus 100
mesh coal. The water-rich products from these cleaning processes are dried using centrifugation,
filtration, or thermal drying. Unfortunately, these methods become increasingly expensive as the
material becomes finer.

Screen-bow! centrifuges, which are commonly used to treat 1 mm x O coals, are the most
popular fine coal dewatering method used in the United States. The amount of minus 325 mesh
material in the feed controls the final product moisture. For example, only 30% ultrafines results
in a surface moisture around 18% (Osborne 1988). Also, screen-bowl centrifuges cannot achieve
high coal recoveries since they lose nearly half of the ultrafines present in the feed as an effluent

stream.



Vacuum filtration, which can achieve nearly complete recoveries of coal solids, usually
results in a product with 20-35% moisture. This value rises as the amount of ultrafines (minus
325 mesh material) increases, resulting in higher water penalties. The fines also filter more
slowly and require more power. Unfortunately, the higher capacity, lower cost filtration units,
such as disc filters, often produce higher moisture products than lower capacity, higher cost
filtration processes (Wills, 1997). As a result, the popularity of vacuum filters has declined
dramatically in the United States where high moisture values cannot be tolerated due to strict
contract specification and difficulties associated with handling and freezing of damp coal.

Thermal drying can produce single digit moisture without the same size restrictions as
centrifugation and filtration. However, this process is expensive and increasingly harder to
permit (Osborne, 1988). As a result of the difficulties associated with dewatering ultrafines, the
minus 325 mesh stream is often discarded in coal plants even though it contains the most well-
liberated material. This not only wastes valuable coal, but also creates potential environmental
problems associated with the disposal of fine coal wastes.

1.2. Objectives

This project seeks to replace conventional coal cleaning and dewatering technologies
with a single solid-solid and solid-liquid separation process which results in products with less
than 10% moisture. The basis for this process is displacement of water and hydrophilic material
by a hydrophobic liquid. For this study, pentane was selected as the hydrophobic liquid since it
was affordable, met the thermodynamic requirements (i.e. a contact angle on coal greater than
ninety degrees in water), and could be easily recycled via evaporation and condensation. Though
the volatility of pentane necessitates a more complicated, closed system, it makes recovery of the
oil less energy intensive and less expensive.

Six cleaning-dewatering processes were evaluated: hand shaking, screening, air
classification, centrifugation, filtration, and displacement. Most of the tests revolved around oil
agglomeration with pentane in which hydrophobic displacement took place during the cleaning
stage; the dewatering stage then consisted of physical separation of oil-coated agglomerates and
free water droplets. Only the displacement process utilized hydrophobic displacement during the
dewatering stage in which oil sought to strip moisture from fine coal’s surface. This project
consists of completing the bench-scale and batch testing and evaluating the best method for
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continuous operation. The project also includes an investigation into how to accurately measure
moisture due only to water, the effects of oil dosage, and the optimum dosage for the chosen

dewatering method.

1.3. Organization

This thesis is divided into seven major sections. The proceeding introductory section
seeks to explain the need for improvement in fine coal processing and how this project will
attempt to fill the gap in technology.

The second literary review section summarizes the current states of technology. This
section contains four subsections: conventional fine coal cleaning, conventional fine coal
dewatering, oil agglomeration, and hydrophobic displacement. The cleaning section includes
information on froth flotation, the current industry practice for fine coal recovery. The
dewatering section covers drying through centrifugation, filtration, and thermal drying. The oil
agglomeration section reviews the history, theory, and practice of coal agglomeration and also
touches on previous testing with pentane, the chosen oil for this project. The hydrophobic
displacement section reviews the precursor to this project at Virginia Tech.

The third, experimental section covers the samples, apparatus, and procedures used in
this study. In particular, this section covers water content determination, agglomerate formation,
and removal of agglomerates in both bench-scale and batch testing.

The fourth and fifth sections contain the experimental results and subsequent discussion
of them. These sections focus heavily on the feasibility of the different methods and the results
of the final batch centrifuge testing.

The sixth section contains a brief summary of the project, while section seven provides

recommendations for future testing of this process.



2. LITERATURE REVIEW

The literature review is split into four subsections: conventional fine coal cleaning,
conventional fine coal dewatering, oil agglomeration, and hydrophobic displacement. The first
two sections are meant to provide a brief overview of the currently accepted practices. However,
the main focus of this literature review is oil agglomeration since it is the basis for much the
reported work. The final section reviews this project’s precursor at Virginia Tech. Though it did
not utilized pentane, it contained a thermodynamic analysis of the hydrophobic displacement

process.

2.1. Conventional Fine Coal Cleaning

Currently, froth flotation is the only commercially practiced method for cleaning fine
coal in the United States. This section will not cover other novel cleaning methods. It should be
noted that oil agglomeration is also an extensively studied method for cleaning coal; however,
due to its combined cleaning and dewatering capabilities and importance to this project, it will be

reviewed in a separate section of this document.

2.1.1. Froth Flotation

Froth flotation (Figure 1-1) is currently the preferred method for cleaning minus 100
mesh coal. It is based on the differential wettability of particles; this surface-based process
distinguishes between hydrophobic coal and hydrophilic clays. Air bubbles passing through a
coal slurry selectively attach to coal particles, carrying them to the surface froth phase, while
hydrophilic tailings remain in the water or pulp phase. The froth phase is then removed,
effectively separating the coal and impurities.

Flotation is controlled by chemical, operational, and design variables. Chemical variables
include coal rank, pulp chemistry, surface oxidation, and reagent dosage. Operational variables
include particle size, feed rate, pulp density, pulp level, froth height, impeller speed, aeration

rate, and conditioning time. Design variables are based on the type of cell and configuration.



Since flotation is a surface-based process,
the ability to control surface chemistry is
essential. This is done through reagents known as
collectors, depressants, activators, pH modifiers,
and frothers. Though complex ore flotation
applications may utilize all of these reagents, coal
flotation is simpler and often only requires a
collector and frother. A collector is a chemical
that adsorbs on coal rendering it more
hydrophobic in order to facilitate bubble
attachment (Wills, 1997). A frother is a surfactant
which helps to stabilize a froth and prevent bubble
breakage once the loaded bubble reaches the
surface (Wills, 1997). Without a frother, bubbles

would break or coalesce and release coal back

Figure 1-1. Conventional flotation bank used to clean
ultrafine coal.

into the pulp phase, preventing separation.

Next to surface chemistry, particle and bubble size are two of the most important
variables. Flotation works best for fine particles about 0.1-0.25 mm in diameter. Larger particles
have a high probability of bubble-particle detachment, while smaller ones have a low probability
of bubble-particle collision. While particle size determines which particles are most likely to
float, bubble size controls the amount of particles that are able to float. The total surface area of
the bubbles determines the carrying capacity of the froth. If there is no free area on a bubble for a
coal particle to attach to, it will be misplaced to the tailings. Since surface area can be drastically
increased by decreasing the size of a bubble, modern flotation equipment are typically designed
to produce small bubbles to maximize flotation kinetics and the carrying capacity of the air
volume.

Though flotation is a selective process, not all of the material reporting to the concentrate
is coal. Three mechanisms contribute to the concentrate: attachment, entrapment, and
entrainment. Attachment refers to selective bubble-particle attachment. These particles may be
coal or a combination of unliberated coal and ash. Attachment is the only mechanism which
selectively contributes to the desired components of a concentrate. Entrapment, the most rare of



the mechanisms, refers to small particles that are trapped between agglomerated, coarser
particles or between coarser particles and a bubble. Entrainment occurs due to hydraulic
transport of ultrafine material. Water is required to form the liquid films in the froth, and free
floating, ultrafine material may exist in these channels.

There are two major types of froth flotation cells: mechanical and column. A mechanical
or conventional cell produces bubbles through mechanical agitation. The froth layer is relatively
short and is scrapped off by paddles. Due to the large water recovery and possibility for
entrainment, large banks of cells are usually setup with multiple stages of flotation (Osborne,
1988). Column cells produce bubbles through spargers and allow bubbles to rise through tall
quiescent tanks. Froths are considerably deeper in column cells, so wash water may be used to
remove entrained material from the froth (Osborne, 1988). Both types of cells are currently in
use in the United States.

2.2. Conventional Fine Coal Dewatering

Three methods of drying will be reviewed: screen-bowl centrifugation, vacuum filtration,
and thermal drying. Though screen-bowls are reviewed and able to handle some ultrafines, they
are usually reserved for coarser feeds than those studied in this project. Vacuum filtration is the

most common method for dewatering ultrafines

and is the mostly likely candidate for treating the
types of feed size distributions used in the project.
Finally, though thermal drying produces the driest
product, it is the least used of the three methods
due to problems with expense and permitting.

2.2.1. Screen-Bowl Centrifugation

Centrifuges combine centrifugal

sedimentation and filtration. High g-forces cause
solids to settle quickly into a compact cake and
force water out through the pores (Osborne,

1988). Screen-bowl centrifuges (Figure 1-2)

consist of a horizontal tube with a screw inside to

Figure 1-2. Screen-bowl centrifuge used to dewater
fine coal.



move the material. The first section of the tube is solid and removes the bulk of the water. As the
feed comes into this section, it quickly forms a cake while the majority of the liquid and about
half of the minus 325 mesh material flow over the adjustable weirs in the back of the machine.
The screw pulls the material up a small ramp to the front section of the machine which consists
of a screen for further dewatering. A screen-bowl centrifuge is a hybrid centrifuge; the solid
bowl section enables the machine to handle large volumes of water with a high solids recovery
while the screen basket section allows drainage aided by centrifugal force (Osborne, 1988).
These centrifuges are high capacity, long life machines that can provide low moistures.
The final moisture is directly related to the amount of minus 325 mesh feed material. For
example, if a feed contains 30% minus 325 mesh, the product’s moisture will be around 18%
(Osborne, 1988). It should also be noted that some of this ultrafine material is discarded with the
main effluent. Typically this effluent is not recycled, and any material in it is lost to the tailings.
Final product moisture is also dependent on the centrifugal force. A higher operating speed will
lead to lower moisture and a finer cut; however, screen-bowl centrifuges are generally not
operated above 500g due to excessive wear. Due to the strong dependence of product moisture

on feed size and limited centrifugal force, screen-

bowl centrifuges are generally used for
dewatering fine material coming off of spirals.

2.2.2. Vacuum Filtration

Vacuum filtration (Figure 1-3) is the most
effective method for dewatering fine coal
containing a large proportion of minus 325 mesh
solids. Disc filers, the most common type in the
United States, consist of vertical discs with fan-
shaped sectors covered in fine cloth or mesh. The
hollow discs are under vacuum and submerged

about half way in slurry. As the discs rotate, they

pick up solids from the slurry, the cake dries as it

is carried into the air, and then the dried cake is
Figure 1-3. Disc vacuum filter used to dewater fine
coal.



blown off before the fan segment is again dipped into the slurry (Osborne, 1988). Fine solids are
trapped in the cake against the filter cloth, and recoveries are usually greater than 97%. They
typically produce moistures in the 25-35% range, and reagents may be needed to reach the lower
moistures. Flocculants are usually added to reduce screen blinding, reduce ultrafine losses, and
aid in cake release, while cationic coagulants are occasionally used to increase the filtration rate.
Disc filters are popular in the United States due to their small footprints, high capacities,
and low cost; however, they produce higher moistures and require more maintenance compared
to some other filters. The vertical nature of disc filters also prevents cake washing (Wills, 1997).
Other continuous vacuum filters include rotary drums and horizontal belt filters. Filtration may
also be done by applying positive pressure instead of a vacuum; however, these filters are more

expensive and are used rarely in the coal industry for dewatering clean coal products.

2.2.3. Thermal Drying

Thermal drying (Figure 1-4) is not common in the United States. It is the most expensive

unit operation in coal preparation (Osborne, 1988), and it is extremely difficult to permit new

units. They are generally only used on ultrafine
coals whose large surface areas lead to high
moisture contents. Thermal dryers are the only
unit that can consistently provide single digit
moisture with ultrafine feed. This low moisture
may be worth the cost to reduce the possibility of
freezing, to reduce heat loss during combustion,
and to prepare the coal for coke making among
other reasons (Osborne, 1988). Industrial coal
dryers usually employ convection in direct heat-
exchange type dryers in which wet coal is
continuously brought into contact with hot gases
in order to evaporate surface moisture (Osborne,
1988).

Figure 1-4. Thermal dryer used to dry coal to low
moisture contents.



2.3. Oil Agglomeration
2.3.1. History of Oil Agglomeration

Oil agglomeration was first performed on coal in the early 1920’s (Mehrotra et al., 1983);
however, it was not until the 1970’s energy crisis that the United States invested significant
amounts of time and money into the potential uses of oil agglomeration. The sharp increase in oil
prices spurred the need for an alternative source of energy to run equipment such as turbines and
diesel engines. It was discovered that the fine particulates in coal slurry were not problematic,
but the residue due to ash was unacceptable. Oil agglomeration was investigated as a method to
produce the ultraclean coal needed. Though most of the testing during the 1980’s focused on the
cleaning ability of oil agglomeration, dewatering and oil recovery were also explored. Several
pilot plants were even created to test the feasibility of continuous, larger scale processing
(Mehrotra et al., 1983). The inherently expensive process could not compete with the falling oil
prices in the late 1980’s, and oil agglomeration was largely abandoned.

Much of the prohibitive cost associated with oil agglomeration is due to the need to finely
grind the feed, sometimes as fine as a few microns, for ultracleaning (Nguyen et al., 1983). The
price and consumption of refined oil are also major disadvantages. The finer the feed, the more
surface area is created, increasing the oil consumed. Complete recovery of the oil is often
impossible or prohibitively expensive. For these reasons, commercial oil agglomeration with

coal is not currently practiced in the United States.

2.3.2. Theory of Oil Agglomeration

Oil agglomeration is based on the ability of an oil to preferentially wet hydrophobic or
oleophilic surfaces. This selectivity enables an oil to coat the hydrophobic sites of coal particles,
while rejecting hydrophilic material such as clays and pyrite (Good et al., 1991). The hydrophilic
particles remain in an aqueous suspension, while the hydrophobic coal particles combine into
agglomerates to minimize the surface in contact with water.

Despite the fact that oil agglomeration has been studied extensively, the microscopic
interactions are still not well understood. Coal is not homogenous and consists of a patchwork of
hydrophilic and hydrophobic sites (Keller et al., 1987); therefore, several conflicting theories
exist on which liquid, oil or water, acts as the bridging mechanism to form the agglomerates. The



first popular theory is that oil acts as a liquid bridge between coal particles (Keller et al., 1987).
The oil envelopes the coal and bridges over the hydrophilic sites. Though small droplets of water
may remain bound to the hydrophilic sites, oil displaces the water from the hydrophobic sites and
remains the dominant liquid in the agglomerates. As two oil coated particles collide during
mixing, the oil and capillary attraction of the oil causes the particles to stick together and
eventually form agglomerates.

The second opposing theory is that water actually acts as the bridging liquid. Many oils
simply spread on hydrophobic coal surfaces. In contrast, when surrounded by oil water sticking
to the hydrophilic sites forms water droplets with contact angles greater than 90 degrees (Good et
al., 1991). When two of these droplets meet, they form a bridge and the surface tension of the
water pulls the coal particles together. The more the particles are pulled apart, the more the
surface tension increases and forces the particles back together. In contrast, hydrophobic liquids
will break apart into two droplets when the bridge is stretched (Good et al., 1991). Oil simply
coats the particles and provides an environment for the water bridges. Finally, there is little
discussion on whether these theories are mutually exclusive or may both contribute to
agglomerate formation.

The location of agglomerate water is dependent on which theory of bridging liquids is
ascribed to. 