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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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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.
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trademark, manufacture, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency or any agency
thereof.  The views and options of authors expressed herein do not necessarily state or reflect
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ABSTRACT

Many advanced fine coal cleaning technologies have been developed in recent years under

the auspices of the U.S. Department of Energy.  However, they are not as widely deployed in

industry as originally anticipated.  An important reason for this problem is that the cleaned coal

product is difficult to dewater because of the large surface area associated with fine particles.

Typically, mechanical dewatering, such as vacuum filtration and centrifugation, can reduce the

moisture to 20-35% level, while thermal drying is costly.  To address this important industrial

problem, Virginia Tech has developed a novel dewatering process, in which water is displaced

from the surface of fine particulate materials by liquid butane.  Since the process is driven by the

hydrophobic interaction between coal and liquid butane, it was referred to as hydrophobic

dewatering (HD).

A fine coal sample with 21.4 µm median size was subjected to a series of bench-scale HD

tests.  It was a mid-vol bituminous coal obtained from the Microcel flotation columns operating

at the Middle Fork coal preparation plant, Virginia.   All of the test results showed that the HD

process can reduce the moisture to substantially less than 10%.  The process is sensitive to the

amount of liquid butane used in the process relative to the solids concentration in the feed stream.

Neither the intensity nor the time of agitation is critical for the process.  Also, the process does

not require long time for phase separation.  Under optimal operating conditions, the moisture of

the fine coal can be reduced to 1% by weight of coal.

Potential losses of butane during the HD process were studied.  It has been shown that

practically all of the butane can be recovered by properly controlling the temperature and time

employed for degassing the coal.  Also, the loss of butane in process water is negligible.  These
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findings suggest that the HD process can be further developed to a continuous process.

Finally, a detailed thermodynamic analysis has been conducted on the HD process.  It

shows that liquid butane can displace water from the surface of coal spontaneously, which is the

basis of the novel dewatering process.
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EXECUTIVE SUMMARY

A new process of dewatering fine coal has been developed.  It is based on displacing water

from coal surface using a hydrophobic liquid that has a higher affinity for the surface than water.

In the present work, liquid butane was used as the hydrophobic liquid.  The results obtained from

bench-scale batch tests showed that the hydrophobic dewatering (HD) process is capable of

‘drying’ coal at room temperature.

The process depends most critically on the amount of butane used to displace surface

water.  In general, the larger the butane-to-coal mass ratio, the lower the product moisture

becomes.  At higher dosages of butane, it was possible to reduce the moisture to 1% by weight of

coal.  Also, a higher butane-to-coal mass ratio is required at lower %solids in the feed.  However,

the final moisture content is relatively independent of the %solids in the feed.  Other experimental

variables such as stirring time and stirring rate were not critical in determining the final moisture

content.  At low %solids, the moisture content increased with increasing settling time for phase

separation.  At higher %solids, the moisture content was practically independent of the settling

times employed.

In order to establish the potential for recycling spent butane, the amount of butane left on

coal after contacting liquid butane has been determined as functions of time and temperature.  In

general, the amount of butane left on coal decreases with increasing time and temperature of

evaporation.  The results show that practically all of the spent butane can be recovered by proper

control of temperature and degassing time.  Also, the loss of butane due to dissolution in process

water is practically negligible.  These findings suggest that the HD process can be further

developed into an economically viable continuous process.
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Thermodynamic analysis of the HD process established that the displacement of surface

water by liquid butane is a spontaneous process.  This conclusion was obtained by showing that

the butane-in-water contact angle on the coal sample exceeds 90o, which is a thermodynamic

requirement for the spontaneous displacement of surface water.  In the present work, the butane-

in-water contact angle was calculated to be 110o, which agrees well with the value determined by

extrapolating the contact angles of various n-alkanes in water.  The calculation of the butane-in-

water contact angle was made by using the Young’s equation.  It was necessary to determine

some of the thermodynamic data required for the calculation in the present work.
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INTRODUCTION

Froth flotation is widely used to upgrade fine coal.  During the last ten years or so, many

advanced fine-coal cleaning methods have been developed under the auspices of the U.S.

Department of Energy.  Some of the technologies, e.g., Microcel flotation column, have been

commercialized successfully, are doing excellent job in removing ash-forming minerals and

inorganic sulfur.  However, the commercial deployment of the advanced cleaning technologies is

less than hoped for originally.  One of the reasons for this is that the product coal contains high

moisture.  Flotation products are most commonly dewatered by mechanical methods such as

vacuum filtration and centrifuge.  However, the product typically contains 20-35% moisture,

which causes high transportation costs, handling problems and penalties for Btu loss.  An

alternative would be to use thermal dryers, which is costly to install and operate.  Furthermore, it

is difficult to obtain permits for installing thermal dryers in many states.  Therefore, many coal

companies choose to discard the fine coal to ponds without cleaning.  In the U.S. alone, it is

estimated that approximately 2 billion tons of fine coal has been discarded in abandoned ponds,

and approximately 500 to 800 million tons of fine coal in active ponds.  On a yearly basis, the

U.S. coal producers discard approximately 30 to 50 million tons of fine coal to ponds.

In an effort to address this problem, Virginia Tech has been working developing new

dewatering processes.  One such technique involves displacing the water on the surface of coal by

liquid butane and recycling the spent butane (Yoon and Luttrell, 1995).  It was shown that this is

process is capable of dewatering fine bituminous coal to the level that can only be achieved by

thermal drying.  This process is referred to as hydrophobic dewatering (HD) process, because it

was believed that the displacement of water by liquid butane is driven by the hydrophobic
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interaction between coal surface and liquid butane.  However, there has been no systematic

studied conducted to test the process and establish the mechanism.

The objectives of the present work are to: i) conduct batch HD tests on a fine coal

product obtained by using an advanced coal cleaning method, ii) study the various process

variables, iii) establish optimum operating conditions, iv) investigate the potential for butane

recovery for recycling, and v) study the fundamental mechanisms involved.  The results of the

present work will serve as the basis for developing a continuous HD process.

THEORETICAL BACKGROUND

Figure 1a represents a process in which a coal particle (1) emerges from an aqueous

environment (2) to a hydrophobic liquid phase (3).  It is essentially a process in which solid/water

interface is displaced by solid/hydrophobic liquid interface.  Thus, the change in Gibbs free energy

per unit area of the coal surface (dGdis/dA) is given by the following relationship:

1312/ γγ −=dAdG , [1]

in which γ12 and γ13 are interfacial tensions.  In order for the displacement process to be

spontaneous, the free energy change should be less than zero.  This condition will be met under

the following condition:

01312 <− γγ . [2]

Figure 1b shows the contact angle of a hydrophobic liquid on a coal surface placed in

water.  At the three-phase contact, one can apply Young’s equation:

θγγγ cos231312 =− [3]

in which γ23 is the interfacial tension between water and hydrophobic liquid and θ is the

Coal (1)

Coal (1)

Hydropobic
Liquid (2)

Water (3)

γγ12

γγ13

Water (3)

Coal (1)

Hydropobic
Liquid (2)

γγ23

γγ13γγ12
θθ
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equilibrium contact angle measured through water phase.  From Eqs. [1] to [3], one obtains the

following relationship:

0cos/ 23 <= θγdAdG [4]

for spontaneous displacement of water from the surface of coal.

Eq. [4] suggests that the free energy change becomes negative when θ is greater than 90°.

There are various hydrophobic liquids that can meet this criterion for bituminous coals.  Yoon and

Luttrell (1995) chose to use liquid butane to displace water from the surface of micronized coal

particles.  A wet coal contacted by liquid butane showed moisture content less than 5% by

weight.  However, these investigators did not report the value of θ.

EXPERIMENTAL

Materials

Dewatering tests were conducted on a bituminous coal sample from Virginia.  It was a

clean coal product from the Microcel columns operating at the Middle Fork coal preparation

plant, and contained 7% ash.  It was a 100 mesh x 0 coal with a median particle size of 21.4 µm

For contact angle measurements, chunky specimens from the Middle Fork plant were

cold-mounted in an Epoxy resin, and wet-polished using various grades of emery papers.  The

final polishing was done on a fine cloth without using polishing powders.  This was done to

remove polishing powders from the sample surface.  The polished coal surfaces were washed with

ethanol, followed by sonification in conductivity water.

High purity (>99.9 %) n-butane was used as the hydrophobic liquid in the HD process.

Reagent grade methylene iodide (Aldrich, > 99 %) was used for determining the dispersion
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component (γ1
d) the coal surface tension, and reagent grade octane (Fisher Scientific, >99 %) was

used for determining its non-dispersion component (γ1
p).

Procedure

a) Dewatering  Tests

The %solids in the Microcel flotation product was about 11% by weight.  The slurry was

thickened to 38% solids by filtration.  The thickened slurry was diluted distilled water to prepare

feeds of various %solids to the HD process.  Figure 2 shows the apparatus (autoclave) used for

removing water from a coal slurry using the HD process. This device allowed coal slurry to be

mixed with liquid butane under moderate pressure.  In a given test, a known volume of coal slurry

was introduced into the pressure chamber (j).  After closing the chamber with a lid (l), appropriate

amount of liquid butane was introduced into the chamber through the liquid butane inlet valve (o).

The amount of the liquid butane was controlled by visual observation through the graduated

window (k).  The pressure inside the chamber was in the range of 25-30 psi.  The coal slurry-

liquid butane mixture was then agitated by means of an impeller (h) for a desired period of time.

After the mixing, the mixture was allowed to stand for a desired period of time to achieve phase

separation.  A layer of dry coal forms on the top, containing most of the butane, and a layer of

water forms at the bottom.  However, largest particles settle at the bottom of the pressure

chamber, and the intermediate particles form a layer between the dry coal and the water layers.

The dry coal was removed from the upper layer through the sampling pipe (m) and analyzed.

b) Moisture Determination

The coal sample removed from the autoclave was allowed to sit in an open atmosphere for

a minimum 90 minutes before moisture determination.  As will be shown later, the amount of
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Fig. 2 A schematic representation of the autoclave used for testing the
hydrophobic dewatering (HD) process: a, pressure and temperature
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butane left after the 90 minutes were less than 0.2% by weight of coal.  Approximately two grams

of the coal sample was weighed, and then dried in an oven for 10 hours at 105°C.  The difference,

representing the weight of moisture, was divided by the initial weight, and multiplied by 100 to

obtain moisture content.  Two sets of moisture determinations were conducted for each sample

and averaged.

c) Determination of Surface Chemistry Parameters

Surface free energies of solids consists of dispersion (or non-polar) (γ1
d) and non-

dispersion (or polar) (γ1
p) components.  These values were determined for the coal sample used in

the present work.  The methylene iodide contact angle technique was used to determine γ1
d, while

the octane-in-water contact angle technique was used to determine γ1
p.  The contact angle

measurements were conducted using the Rame-Hart Model 100 goniometer at the ambient

temperature and pressure.

d) Butane Recovery from Coal

Approximately 2 grams of the mid-vol bituminous coal sample was contacted with liquid

butane in the autoclave.  After 20 minutes of contact time, the sample was removed and quickly

placed on a balance and the changes in weight were monitored with time.  Two sets of

measurement were conducted, one at ambient temperature and the other at 50oC.  In the latter

experiment, the coal sample was placed in an oven at the elevated temperature for a desired

period of time and taken out to measure the weight.  The sample was then returned to the oven

for another period of time before taking it out for another measurement.
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RESULTS

a) Dewatering Tests

Figure 3 shows the results of the dewatering tests conducted on the flotation product

using different dosages of butane at different %solids.  The moisture contents of the products are

given as a function of butane dosage, which is given as the ratio between the mass of butane (mb)

and the mass of coal (mc).  As shown, the moisture content decreases sharply with increasing

butane dosage.  However, the dosage requirement decreases with increasing %solids in the feed.

Note that all of the date points shown in Figure 3 show moisture contents less than 15%, which

are well below what can be achieved using conventional dewatering processes such as vacuum

filtration and centrifugation.  At high dosages of butane, it was possible to reduce the moisture

contents to as low as 1 % using the HD process.

Figure 4 shows the effects of agitating the coal slurry and butane mixture on the moisture

content.  The results are given as a function of agitation time at impeller speeds of 100, 250 and

450 rpm.  All of the tests were conducted at 30 %solids, mb/mc=0.7, and 10 minutes of settling

time.  Neither the agitation time nor the impeller speed appears to have significant impact on the

final moisture content.  Nevertheless, the results seem to indicate that gentle agitation is all that is

necessary for the HD process.  It is possible that at a higher agitation speed water-in-oil (w/o)

emulsion may be formed, which should increase the moisture content of the coal.

Figure 5 shows the effects of settling time on the moisture of coal.  All the tests were

conducted at 30% solids, mb/mc=1.0, and 430 rpm.  The results show that the settling time is not

an important factor.  Settling times as short as 0.5-2 minutes are as good as those obtained at 60

minutes of settling time.  The fact that the HD process does not require either the high-shear
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agitation or the long settling time is conducive for developing an economical continuous process.

Table I shows further information on the effect of settling time on the moisture content of

coal.  In general, the moisture content increases with increasing settling time.  For example, the

moisture content was reduced from 95% (5%solids) to 1 at mb/mc=2.0 and 10 minutes of settling

time.  When the settling time was increased to 60 minutes, the moisture content was increased to

6%.  This is the case for the tests conducted at 5 and 15% solids.  The trend seems to be reversed

at 30% solids.  At the lower %solids, the relative increase in moisture due to increased settling

time become more significant at higher butane dosages.  These findings suggest that water slowly

creep up toward the coal layer on the top.  It appears that this phenomenon is minimized at the

higher % solids in the feed.  A possible explanation is the capillary rise of water at the interface

between coal and liquid butane.

       Table 1.  Effect of Settling Time on the Moisture Content

%Solids mb/mc

Settling
Time (min.)

Moisture
Content (%)

1.0 10 12.5
60 13.3

5% 1.5 10 5.5
60 11.6

2.0 10 1.0
60 6.0

1.0 10 8.7
60 10.0

15% 1.5 10 3.5
60 7.6

2.0 10 1.5
60 5.0

0.7 10 6.5
30% 60 6.0



16

1.0 10 2.9
60 2.3

b)  Continuous Process

Based on the batch experiments conducted in the present work, a continuous process may

be envisioned as shown schematically in Figure 6.  A wet coal of a desired % solids is contacted

with liquid butane (6) in a pressurized chamber (3) while being agitated.  The liquid butane

displaces water from the surface of coal, which is phase-separated in another chamber (9) from

the mixture of liquid butane and coal.  The mixture of liquid butane and coal is then transferred to

another chamber (12), where pressure is released to vaporize butane and separate it from coal.

The gaseous butane is compressed and condensed (5) before being returned to the first chamber

(3) for reuse.

In this process, any hydrophobic liquid that can displace water from coal surface may be

used; however, the use of butane has several advantages.  First, it has a high affinity for coal and,

hence, exhibits high contact angles on bituminous coals, as will be shown later.  Second, it can be

liquefied at a relatively low pressure (~30 psi) at room temperature, which is an important

consideration in minimizing the cost of recycling.  Third, it has a relatively low adsorbability on

coal because of its high vapor pressure at room temperature.  Finally, n-butane has a relatively

low solubility in water.  The last two are important in minimizing the loss of butane during the

recovery stage.

c) Butane Recovery

In further developing the HD process into an economically viable continuous process, it is

essential that the spent butane is recycled.  There are two major sources of butane loss, one due to
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adsorption on coal and the other is due to dissolution in water.  In order to determine the

potential loss due to adsorption, approximately 2 g of coal was weighed, placed in liquid butane

for 20 minutes, and then taken out to monitor the changes in weight with time.  Figure 7 shows

the results obtained at 20 and 50oC.  As soon as the coal sample was taken out of the liquid

butane, the amount of butane adsorbed on the coal sample was 1.5 and 1.3% at 20 and 50oC,

respectively.  Butane desorbs rather slowly at 20oC, the amount of butane that remain adsorbed

on coal reaching 0.17% after 80 minutes.  At 50oC, the rate of desorption was substantially

higher.  In 10 minutes, the amount of butane left on coal was 0.15%.  After longer period of time,

the amount of butane left on coal would have been significantly lower.  However, it was not

possible to conduct further measurement due to limitations in the sensitivity of the balance.  The

loss of butane due to dissolution may be calculated on the basis of the solubility of n-butane in

water, which has been reported to be 26.07 cm3/l at 20oC (Somasundaran et.al., 1974; Wen et.al.,

1970; Morrison et.al., 1952).  This gives a value of 0.015% by weight of coal as the butane loss, if

a coal is fed to the HD reactor at 30%solids.  Thus, loss of butane due to dissolution is not a

significant factor in recycling spent butane.

d) Thermodynamics Consideration

Eq. [4] suggests that a hydrophobic liquid can displace water from the surface of coal if its

contact angle (θ) in water is larger than 90o.  Therefore, contact angle measurements were

conducted using a series of hydrophobic liquids that can potentially be used for displacing water

from coal surface.  Figure 8 shows the results obtained with various n-alkanes on the polished

mid-vol bituminous coal sample from the Moss-3 coal preparation plant.  It is shown that contact

angle increases with decreasing hydrocarbon chain length, which in turn can be attributed to the
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fact that the CH3 groups of a hydrocarbon chain are more hydrophobic than the CH2 groups

(Zisman, 1963).  Note that all of the hydrocarbon oils used in the present work, i.e., C5- to C10-

alkanes, exhibit contact angles greater than 90o and, hence, can be used as hydrophobic liquids to

displace water in the HD process.

Also shown in Figure 8 is the value of θ (=110o) butane, which has been calculated using

the Young’s equation:

23

1312cos
γ

γγθ −
= , [5]

where the subscripts 1, 2, and 3 represent coal, butane and water, respectively.  The interfacial

tensions of Eq. [5] can be calculated using the following sets of equations (Fowkes-Girifalco

equation; Owen and Wendt, 1969):

ppdd
21212112 22 γγγγγγγ −−+= , [6]

ppdd
31313113 22 γγγγγγγ −−+= , and [7]

ppdd
32323223 22 γγγγγγγ −−+= . [8]

where the superscripts d and p refer to dispersion and polar components of surface tensions.

Table II shows the values of the surface tensions used for calculating the interfacial

tensions using Eqs. [6]-[8].  The surface tension of coal ( 1γ ) was taken as the sum of its non-

polar ( d
1γ ) and polar ( p

1γ ) components.  The values of 3γ , d
3γ , and p

3γ  were obtained from the

literature (Janzuk et.al., 1989)  The value of 2γ is not available in the literature.  Therefore, its

value was determined by extrapolating the values of the surface tensions of n-alkanes of longer

hydrocarbon chains, as shown in Figure 9.  The surface tension data were normalized with respect

to 2/3)( nTTb − , where Tb is the boiling temperatures of a hydrocarbon oil, T is the temperature at
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which its surface tension has been measured, and n is the number of carbons in the chain.  It was

assumed that p
2γ =0 because liquid butane is a non-polar substance.  This eliminates the last terms

of Eqs. [6] and [7].

Table II.  Surface Tension Data Used for Calculating Interfacial Tensions

Phase (I)
Surface Tension (mN/m)

iγ
d
iγ p

iγ

Coal (1) 47.94 44.2 3.74
Butane (2) 13.8 13.8 0
Water (3) 72.8 21.8 51.0

In the present work, d
1γ  was determined using the contact angle (θm=34.6°) of the

methylene iodide droplets on the coal sample used in the present work (Fowkes, 1964).  The

following equation was used to calculate d
1γ :

d
m

mmd

r2

)cos1(
1

θγγ +
= . [9]

where mγ  (= 50.8 mN/m) is the surface tension of methylene iodide and d
mγ (=48.5 mN/m) is its

dispersion component.  Substituting these values along with that of mθ  into Eq. [9], one obtains

that 2.441 =dγ mN/m, as shown in Table II.  This value is comparable to those 42.1 mN/m (Xu

and Yoon, 1989)  and 40 mN/m (Chibowski et.al., 1993).

The value of p
1γ  was determined using the following relationship (David et al.,

1985; Esumi et.al., 1983):

2
1 )cos1(7.12 ow
p θγ −= [10]

in which owθ is the contact angle of octane in water measured through the octane phase.
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Fig. 9 The surface tensions of n-alkanes.  The literature data have been normalized
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In the present work, the value of owθ  was 62.8° for the coal sample used in the present work.

Substituting this value into Eq. [10], one obtains that p
1γ =3.74 mN/m.  This value is comparable

to that 5.2 mN/m (Xu and Yoon, 1989) for a bituminous coal.

 Of the various hydrophobic liquids whose contact angles have been measured or

calculated, liquid butane shows the largest angle (Figure 8).  Therefore, displacement of water by

liquid butane is thermodynamically most favorable.  Furthermore, it can be most readily recycled

as has already been discussed.

e)  General Discussion

The dewatering tests conducted in the present work showed that the HD process can

reduce the surface moisture of fine coal to very low levels.  The test results obtained with the mid-

vol bituminous coal from the Microcel flotation product showed that under optimal conditions,

the moisture can be reduced to as low as 1% by weight of coal.  Thus, the HD process is capable

of drying wet coal to the level that can be achieved by thermal drying.

In order for the HD process to be of any commercial value, it is necessary to establish that

it is less costly than thermal drying.  The answer to this question can only be obtained through

continuous testing on pilot-scale.  Until such tests have been done, one can only speculate the

prospects.  The key to controlling the processing costs of the HD process is to minimize the loss

of butane during the recycling process.  The butane recovery tests conducted in the present work

showed that the loss of butane can be minimized by either evaporating the butane for a longer

period of time or by increasing temperature.  The results shown in Figure 7 suggests that

practically all of the butane can be recovered by proper control of temperature and evaporation

time.  The loss of butane in process water is negligible.  These finding suggest that the processing
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costs of the HD process can be substantially lower than the thermal drying.

In coal preparation plants, flotation products are mechanically dewatered before thermal

drying.  In the HD process, a flotation product can be directly contacted with liquid butane and be

dewatered.  It has been shown that the higher the %solids of a feed coal, the lower the

requirement for butane (Figure 3).  Therefore, one may suggest that it be advantageous to use as

little butane as possible.  However, this is not necessary because most of the butane is recovered

and the butane loss is not likely to be dependent on the amount of butane used or the butane-to-

coal mass ratio.

The HD process can be used to dry coal to any desired level.  This can be achieved by

controlling the various process variables.  The most important process variable is the butane-to-

coal mass ratio (mb/mc) as shown in Figure 3.  The process is relatively insensitive to agitation

speed and agitation time, which would contribute to lowering the capital and operating costs of

the HD process.  Also, the HD process is insensitive to the time allowed for phase separation.

Only a very short time would be sufficient to effect the phase separation.  This finding suggest

that the HD process would require a very small reactor.

The various aspects of the process development discussed above suggest that the HD

process would be a low-cost dewatering process for drying coal.  A pilot-scale test program is

being planned with the objectives of developing a most economical continuous reactor, in which

spent butane is continuously recycled, and establishing the processing costs.

The surface chemistry studies conducted in the present work established that the driving

force for the HD process is the spontaneous displacement of surface water by liquid butane.  The

process is spontaneous, as shown by the butane-in-water contact angle which is larger than 90o.

Unfortunately, it was not possible to directly measure the contact angle due to the difficulty in
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controlling the pressure.  Nevertheless, it was possible to calculate the contact angle using the

Fowkes-Girifalco equation.  The calculated value is in good agreement with that determined by

extrapolating the contact angle data for C5-C10 n-alkanes (Figure 8).  Some researchers cast

doubts on the validity of the Fowkes-Girifalco equation on the ground that there is no theoretical

justification for combining non-dispersion forces by geometric mean (Fowkes, 1990; Wu, 1979).

The fit between the calculated and extrapolated contact angles observed in the present work may

be attributed to the fact that polar interactions contribute little to the displacement of water on the

surface of a hydrophobic coal by liquid butane.

SUMMARY AND CONCLUSIONS

A mid-vol bituminous coal sample obtained from Microcel flotation columns was

dewatered using the hydrophobic dewatering (HD) process, in which water is displaced from the

surface of coal by liquid butane at room temperature.  The coal sample was subjected to a series

of bench-scale batch experiments to demonstrate the new concept of dewatering fine coal.  The

results show that the moisture contents can be reduced to the levels that cannot be normally

achieved using the conventional mechanical dewatering processes.  Under optimum operation

conditions, the moisture can be reduced to 1%, which is the level reserved only for thermal

drying.

The most important process variable is the liquid butane-to-coal mass ratio.  At a given

%solids in the feed, the higher the ratio, the lower the moisture in the product coal becomes.  A

lower %solids feed requires a higher butane-to-coal ratio; however, the final moisture content is
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independent of the butane-to-coal ratio.  The process requires neither high shear agitation nor

long agitation time.

In a continuous process, the spent butane must be recycled.  Therefore, the amount of

butane left on coal was monitored as a function of time after exposing a processed coal to

atmosphere.  The results show that practically all of the spent butane can be recovered by

evaporation.  The butane recovery increases with the exposure time and temperature.

Thermodynamically, the displacement of surface water by any other liquid becomes

spontaneous when the liquid-in-water contact angle is larger than 90o.  Therefore, the butane-in-

water contact angle was calculated using the Young’s equation.  The result showed that the

contact angle is 110o, which is in good agreement with that obtained by extrapolating the

experimental contact angles of n-alkanes.  This finding proves thermodynamic spontaneity of the

HD process of using liquid butane to displace surface water.  In using the Young’s equation, the

interfacial tensions were calculated using the Fowkes-Girifalco equation.  Some of the

thermodynamic data needed for calculating the interfacial tensions were obtained from the

literature, while others were determined in the present work.
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