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Dewatering Fine Coal Slurries by Gel Extraction

STEVIN H. GEHRKE,* LII-HURNG LYU,
and KRISTOPHER BARNTHOUSE
DEPARTMENT OF CHEMICAL ENGINEERING
UNIVERSITY OF CINCINNATI

CINCINNATI, OHIO 45221-0171, USA

ABSTRACT

Gel extraction is evaluated as a novel technique for dewatering fine coal slurries.
This technique uses temperature-responsive gels to absorb water from slurries at low
temperatures; after separation of the swollen gel from the dewatered slurry, the gel
is heated slightly above ambient temperature, which causes it to release the water it
absorbed. The gel can then be recycled. The equilibrium and kinetic properties of
poly(N-isopropylacrylamide) gel were evaluated for utility in this process. The gels
effectively dewatered slurries to around 70 wt% solids; performance was not a strong
function of particle size, though coarser slurries (— 16 mesh) could be dewatered to
greater extents than the finer slurries (325 X 400 mesh). The gels showed no sign
of deterioration over a period of 2 months and 20 cycles.

INTRODUCTION

Coal utilization is closely linked to the ability to remove undesirable con-
stituents. Physical coal cleaning is not simply the employment of a single
process, but rather involves the combination of several operations. Usually
six major operations—crushing, sizing, cleaning, slurry dewatering, clarify-
ing, and coal drying—are used. Cleaned coal is separated into three size
fractions: coarse, intermediate, and fine. In general, the more finely crushed
the coal, the higher the quality of the resulting cleaned coal. The finer the
coal, however, the more difficult it is to dewater the resulting slurries. It is
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therefore desirable to reduce the capital and operating costs of the equipment
used for dewatering fine coal slurries.

A new separation method, gel extraction, is a possible alternative dewatering
method. Originally gel extraction was developed to separate water and low mo-
lecular weight solutes from a variety of macromolecular solutes, such as pro-
teins, based on size exclusion of the large solutes from the gel network (1-5).
In these processes, the use of stimuli-responsive polymer gels (i.e., gels whose
volume can be varied by small changes in environmental conditions, such as
temperature, pH, ionic strength) means that the gels are easily reused, since the
water they absorb can be released by modest changes in temperature, pH, etc.
Since slurries contain much larger particles than macromolecular solutions,
based on the principle of size exclusion, gel extraction should dewater slurries
of different properties well. Some research on the use of gels for dewatering
slurries and sludges of biological origin has been carried out (6, 7). A related
process has also been patented for using gels to dewater drilling muds (8). How-
ever, many questions remain, including the extent of dewatering possible and
factors that affect the economics like service lifetime of the gels.

The gels at the heart of this study can swell 2-50 times their dry weights
by absorbing water at a low temperature while excluding particulates from
their crosslinked structure. The operating principles of temperature-driven gel
extraction are illustrated in Fig. 1. The gel in its shrunken form is immersed
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FIG. 1 The gel extraction cycle using temperature-sensitive gels for slurry dewatering. The
key advantage is that the process is driven by slight warming of the reusable gel above ambient
temperatures.
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in the coal slurry. If the slurry is at ambient temperature or cooler, the tempera-
ture-sensitive gel swells, absorbing water from the slurry while excluding all
particulates which are too large to penetrate the polymer network. Next, the
swollen gel is removed from the dewatered solution. After warming above
ambient temperature, the gel reverts to its shrunken form, expelling the water
it absorbed from the slurry; this water is virtually free from particulates. The
gel can now be reused in further concentrating cycles (4, 5, 8).

The specific objectives of this research were to synthesize and characterize
a temperature-sensitive gel, to examine the rates and variables affecting water
sorption/desorption by the gel, to determine the effectiveness of gel extraction
in removing water from coal slurries, to determine the service lifetime of
gels, and to consider the practical aspects of gel extraction when used for
slurry dewatering.

EXPERIMENTAL METHODS
Gel Synthesis

The poly(N-isopropylacrylamide) (PNIPA) gels used for this study were
prepared through free radical solution copolymerization/crosslinking reaction.
The crosslinker was N,N’-methylene-bisacrylamide. Gels of different mono-
mer and crosslinker weight fractions were prepared in order to find a gel of
suitable characteristics for gel extraction. Composition was indicated using
the notation ‘X X Y,”” where X is the mass percent of monomer and cross-
linker in the reaction solutions, while Y is the crosslinker mass percent relative
to the total monomer plus crosslinker. Gels in this study were prepared as
flat sheets, 0.1 or 0.2 cm thick, in an oxygen-free glove box by pouring
the reaction mixture (including initiators) between glass plates separated by
gaskets of appropriate thicknesses. Polymerization was allowed to occur for
24 hours at 5°C. Details of the gel synthesis are published elsewhere (9).

In order to characterize the equilibrium swelling degree for each gel at
various temperatures, a gravimetric technique was employed (10, 11). The
crosslink density of each gel formulation was determined from stress vs strain
measurements of the gels under uniaxial compression using the equipment
and methods described by Harsh and Gehrke (12, 13).

Kinetics Experiments

Work was done to establish the rates of heat transfer and water
sorption/desorption in a gel extraction cycle. A k-type thermocouple was
inserted along the centerline of a cylindrical gel. The gel was allowed to
equilibrate in a water bath at ambient temperature. The gel was quickly re-
moved and placed into a second water bath at some final temperature. The
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gel centerline temperature was recorded as a function of time until it reached
the final temperature. In a separate experiment, gels of the same composition
were subjected to similar temperature changes. The gravimetric method was
used to identify the mass change in each gel at given centerline temperatures.
In this way, rates of heat and mass transfer for a gel could be compared. The
dimensional dependence of sorption/desorption kinetics was also studied to
determine if, in fact, a diffusion coefficient based upon an analysis of Fick’s
law could quantify the sorption/desorption rates as described by Kabra et al.
(10, 11, 14). Finally, the kinetics were studied as a function of temperature
and gel composition. One set of experiments examined the rates of swelling
or shrinking away from a common equilibrium; specifically, gels equilibrated
at 25°C were caused to swell at 5, 10, 15, and 20°C, and to shrink at 30, 32,
35, and 37°C. The gels were then returned to 25°C, shrinking for warmed
samples and swelling for cooled samples.

Slurry Dewatering Experiments

The slurry dewatering experiments served to establish the effectiveness of
gel extraction by examining the extents of dewatering possible for different
coal slurries and the dewatering rates. The coal used was a blend of #8 and
#9 coals from the Lamira Preparation Plant (Lamira, OH) of the R&F Coal
Company. The coal samples were dry ground and separated with sieves into
several size fractions. These fractions were used to form slurries ranging from
10 to 90 wt% solids by mixing with distilled water [Distilled water was
used as a convenient reference solvent. Since the swelling characteristics of
nonionic gels such as PNIPA are not significantly influenced by ions, the
results obtained should be the same for any coal slurry prepared using any
fresh water source (13). However, if a slurry solution is significantly brackish
(ionic strength > 0.1 M), the swelling degrees and transition temperatures
may be altered, though without a qualitative change in gel performance (15)).

It was noted that coal particles tend to stick to the surface of gels, but do
not have any measurable effect upon the gel performance. For this reason,
each gel sample was precoated with coal slurry, preventing a fresh gel from
picking up coal particles from the experimental slurries simply by adsorption.
The precoated gel was first allowed to equilibrate at 32°C for 2 days and
then rinsed of loose particles prior to experiments (the results of the Kinetics
experiments showed that this was sufficient to reach equilibrium). After ex-
periments, the gel was reshrunk at 32°C to examine if loss of mass had oc-
curred; if the mass balance could not be closed, the experiment was discarded.

To determine the effect of slurry solids content on dewatering effectiveness,
in one set of experiments the gel slabs were immersed into a large excess of
coal slurry at 25°C. In another set of experiments the different gel/slurry ratios
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were used to determine the extent of dewatering possible for each coal size
fraction, starting from a 40 wt% solids slurry, with dewatering occurring at
25°C.

Service Lifetime Experiments

To determine the cycling lifetime of the gel, samples of 10 X 4 and 16
X 1 gels were immersed into coal slurry or water and equilibrated for 1 to
2 days at 5 °C. After being blotted and weighed, the gels were transferred to
identical slurries or water at 32°C and were again allowed to equilibrate. This
process was repeated for a total of 20 times over a 2-month period. After
these cycles, swelling and shrinking tests were performed, and the results
from these gels were compared to those of similar gels from the kinetics
experiments.

To estimate if abrasive degradation is likely to be a problem, gel samples
were immersed into slurries with both perpendicular and parallel orientations
of the surface of the gel to the flowing slurry which was stirred at 150 or
400 rpm. The slurry of 48 X 100 mesh coal at 40 wt% solids was used. After
stirring continuously for 1 week, the gel was examined under a microscope
to compare exposed and plastic-covered, protected gel areas.

RESULTS AND DISCUSSION
Gel Characterization

Of the synthesized gels, four characteristic compositions were selected for
later experiments based upon their visible appearance (opaque or transparent),
flexibility, texture, mechanical strength, and equilibrium swelling ratio. Gels
of monomer content below 10% were easily broken and had a sticky texture,
making them unacceptable for gel extraction. The four selected gels included
10 X 1, 10 X 4, 16 X 1, and 16 X 4, thus covering a broad range of
monomer and crosslinker concentrations, while maintaining good flexibility
and handling characteristics.

The temperature sensitivity of these gels is shown in Fig. 2 which shows
their equilibrium swelling ratios (¢ = hydrated mass of the gel relative to
the dry mass of the gel) as a function of temperature. A sharp decline in the
water sorption capacity of the gel—about a factor of 10—is seen between
25 and 35°C, with half the collapse occurring abruptly at 33°C. Figure 2
shows that gel composition greatly influences swelling below the collapse
temperature but not above it, where the water content of all gel formulations
is low. It can also be noted that gels which exhibit high swelling ratios are
gels low in monomer and crosslinker concentration, conditions which were
measured to produce gels with smaller effective crosslink densities, thus re-
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FIG.2 The swelling of different formulations of poly(N-isopropylacrylamide) gel as a function

of temperature. Composition is indicated using the notation ‘X X Y,”” where X is the massg

percent of monomer and crosslinker in the reaction solutions, while Y is the crosslinker mass
percent relative to the total monomer plus crosslinker.

sulting in gels with greater swelling (9). Clearly a higher swelling gel is
desired for dewatering, but this has to be weighed against the kinetics and
service lifetimes of the different gels in terms of overall performance.

Kinetics of Gel Sorption/Desorption
Heat Transfer

Before the gel will undergo a volume change, its internal temperature must
change. As demonstrated in Fig. 3, heat transfer occurs almost instantly rela-
tive to the mass transfer (these are plotted against the square root of time
since these should be initially linear in the absence of convection). The thermal
diffusivity determined from the heat transfer curves in the different gels

ranged from 2.3 X 107310 3.0 X 1073 cm?s (increasing with temperature),
roughly 4 orders of magnitude greater than the mass diffusivity. Thus, the
gel extraction cycle for dewatering coal slurries should not be influenced
significantly by the rate of heat transfer. The rate-limiting step for the process
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is clearly mass transfer, not heat transfer, and thus further work was focused
on this point.

Mass Transfer

Dimensional dependence of the volume changes is important to confirm
that diffusion is the transport mechanism and also to enable designing and
scaling up_a gel extraction unit. From experimental data, a plot of M/M.
against \/t/—L (M, = mass sorbed at time ¢, M, = mass sorbed at equilibrium,
t = time, and L = initial thickness) was constructed. Theory for diffusion
predicts that for a system governed by diffusion, this plot should yield a single
curve for a system of any thickness, L (11, 14). In Fig. 4 the experimental data
from two kinetics experiments yielded nearly the same curve for thicknesses L
= 0.1cmand L = 0.18 cm, and thus the same diffusivities within experimen-
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FIG. 3 Heat transfer occurs at a rate four orders of magnitude faster than mass transfer, as
shown in this plot of dimensionless temperature change and dimensionless mass change against
time. The gel is 16 X 1 PNIPA being heated from 27 to 35°C.
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FIG.4 Diffusion is confirmed as the rate-controlling mechanism for mass transfer, due to the
initial linearity of the fractional approach to equilibrium (M,/M,) against the square root of
time and the overlap of data for different dimensions. The diffusion coefficients obtained from
a fit of the exact solution of Fick’s law to these curves agree within experimental accuracy.

tal error, providing further evidence that diffusion is indeed the rate-limiting
transport mechanism.

In the actual gel extraction process, the gel must swell and shrink in a
cycle. So the experiments were designed to let gels equilibrated at 25°C swell
or shrink at 10, 15, 20, 25, 30, 32, 35, and 37°C. The reverse experiment was
also performed. From the data gathered, plots of M,/M., against \/IZ were
constructed; a nonlinear least-squares method was used to determine the best-
fit diffusion coefficient from the exact solution for Fick’s law applied to a
flat sheet (11, 14). The results are summarized in Figs. 5 and 6. It was noted
that the diffusion equation did not fit the swelling and shrinking data exactly
when the volume change occurred across 33°C, the transition temperature,
Under these conditions the swelling curve appeared slightly sigmoidal when
plotted against the square root of time; however, the best-fit diffusion coeffi-
cient reported in these cases still gave a reasonable representation of the
swelling rate (11). However, when shrinking occurred by heating across this
transition, the diffusion curve fit well for about the first 80% of the volume
change (reflected by the value of D reported in Figs. 5 and 6), but then a
second, slower stage prevailed for the final 20% of the shrinking process.
Due to the presence of this second stage, possibly due to the formation of a
polymer-dense skin on the surface, equilibrium takes notably longer to reach
than predicted by Fick’s law using the diffusion coefficients reported in the
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FIG.5 The diffusion coefficients for the swelling of gels. The values of D to the left of 25°C
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values above 33°C are only approximations, as Fick’s law is not obeyed when the transition
temperature is crossed.
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FIG. 6 The diffusion coefficients for the shrinking of gels. The values of D to the left of

25°C started at the temperature indicated on the abscissa and shrank to 25°C; those to the right

of 25°C started at 25°C and shrank to the temperature indicated on the abscissa. The values

above 33°C are only approximations, as Fick’s law is not obeyed when the transition temperature
is crossed.
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figures. These effects are examined in terms of polymer science theory else-
where (11, 16, 17). In this report we focus on the use of this kinetic information
in selection of gels and operating characteristics.

In Fig. 5, diffusion coefficients rise up to a factor of 2 as the temperature
increases. However, swelling occurs more slowly when it occurs across the
transition temperature. The values of D tend to be larger for the more densely
crosslinked, lower-swelling gels than for gels of lower crosslinking and higher
swelling. This also holds in the case of shrinking, as shown in Fig. 6. Shrinking
also occurs more rapidly than swelling, averaging roughly twice the magni-

“tude of those of swelling, apart from the final, slow stage observed when

shrinking occurs across the transition temperature, as described above. These
observations are consistent with polymer scaling theory (17).

While the full interpretation of these results is beyond the scope of this
work, there are clear implications for operation of gel extraction units. First
of all, maximizing the overall dewatering rate will require a complex optimi-
zation of swelling degrees in the swollen and shrunken states, swelling and
shrinking rate, and temperature interval. The equation governing the amount
of gel required to remove water from a slurry at a given rate R, is

M, = R,0O/(q. — qy) 1

where M, = mass of gel, dry basis (kg)
R,, = water removal rate (kg/h)
O = cycle time (h)
qr. = swelling degree at low temperature (swollen gel mass/dry gel
mass)
gu = swelling degree at high temperature (shrunken gel mass/dry
gel mass)

Gels with large differences in swelling degrees are desirable in terms of
absorbing the maximum amount of water per unit mass of polymer, but these
reach equilibrium more slowly than the lower swelling gels. Thus sorption
and desorption rates in terms of water uptake per unit time will be a function
of both D and q. Furthermore, the swelling and shrinking cycles will be
asymmetric due to the different diffusion coefficients observed for the differ-
ent legs on each cycle. Finally, changes in the temperature cycle, caused by
variations in ambient temperature or heating/cooling supplied to the system,
will alter not only the amount of water absorbed or desorbed (as described
by Fig. 1) but also the rate of approach to equilibrium. However, the fact
that swelling and shrinking generally obey Fick’s law quite well means that
scale-up of the process will be straightforward. For example, since the rates
of volume change are diffusion-limited, equipment design must minimize the
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characteristic dimensions of the gels used, since time is shown to scale with
the square of the dimension. Reducing gel dimensions has a practical limit
in that as gel particles become smaller, they become more difficult to separate
from the slurry (5-8). But gels might also be used as thin sheets which can
respond quickly yet be easily removed from the slurry (23, 24). Finally, the
observation that swelling and shrinking across the transition occurs much
slower than normal diffusion means that crossing the transition temperature
of 33°C should be avoided, though this means sacrificing some of the possible
volume change.

From the data it appears that the optimal dewatering rate (in terms of water
volume per unit time) will be achieved in the 10-30°C range with a moder-
ately crosslinked gel that will be a compromise between speed gained with
a high crosslink density and increased swelling ratio from a low crosslink
density. One basis for estimating the best combination of sorption capacity
and speed is the time needed for a gel to process 100 times its weight in water
using the sorption/desorption cycle between 25 and 32°C. These estimates are
presented in Table 1, which indicates that the 10 X 4 gel is the best gel; thus
this gel was used in the tests of gel extraction described below.

The processing times seem quite slow. However, microporous, tempera-
ture-sensitive gels have been developed which swell and shrink over 1000
times faster than these conventional, nonporous gels (6, 7, 17, 20-22). The
results of this current project are still needed to determine’ what potential gel
extraction has and whether simply increasing the rates could be sufficient for
profitable operation. But it may also be possible to use the PNIPA gels de-
scribed in this paper and cut short the shrinking cycle by avoiding use of the
entire shrinking cycle, thus avoiding the slow stage that occurs for the final
20% of the weight loss. Kabra et al. describes such a concept for a different
gel system (11).

TABLE 1
Number of Cycles and Times for PNIPA Gel
to Process 100 Times Its Dry Weight in Water®

Gel Cycles Time (day)
10 X 1 10 7.3
10 X 4 15 5.5
16 X 1 14 8.9
16 X 4 20 10.0

@ Cycles and times determined from data in Figs.
5 and 6 for 1 mm thick gels.
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Extent and Speed of Slurry Dewatering
Extent of Dewatering

A key concern for evaluation of gel extraction for dewatering slurries is
how much water can be removed from the slurry; what is the final solids
content? Factors involved include the initial slurry solids content, the gel
swelling ratio, and the relative amount of gel and slurry. Experimental evi-
dence also suggests that the particle size distribution also affects the dewater-
ing ‘capability of gel extraction.

Based on the results of the previous section, the 10 X 4 gel was chosen
for use in the dewatering tests. Gel sheets about 1 mm thick, shrunken to
equilibrium at 32°C, were immersed in slurries at 25°C and allowed to swell
to equilibrium. Experiments summarized in Fig. 7 show that gel extraction
worked quite well over a variety of slurry concentrations, mesh sizes, and
gel/slurry ratios. Increasing the amount of gel relative to the slurry increased
the final solids content, and more coarse slurries could be dewatered to greater
extents. However, plateaus were reached once the slurry became less fluid,
above a solids content of about 50-60%. The primary reason for this decline
is the reduction in swelling ability of the gel in the slurry, as shown in Fig.
8. Together, Figs. 7 and 8 show that the point where the final solids content
levels off corresponds to the point where the swelling ratio declines sharply.
It can also be seen that the finer coals cause deswelling at lower solids contents
than the coarser coals. However, the errors associated with the measurements
are relatively large. Thus, to confirm the deswelling effect, the gels were
placed in large excesses of slurry so that the concentration of the slurry could
be assumed constant. Figure 9 shows clearly that the swelling ability of the
gel declines sharply above 60% solids, consistent with the results in Fig. 8,
although for the size fractions tested, less significant differences were ob-
served for different mesh sizes. Since the swelling of gels declines as solids
content increases, it is expected that there will always be a maximum achiev-
able solids content. Figure 7 supports this, where the maximum solids content
achievable in a coarse — 16 mesh slurry is around 80%, falling to the low
60s for ultrafine coals below 200 mesh.

It is evident that to increase the dewatering effectiveness of gel extraction,
the deswelling of the gels in the slurry must be addressed. Coal slurry viscosi-
ties have been shown by Casassa to increase rapidly above 60 to 70% solids
(18). A rapid increase in viscosity cannot, however, be the reason for the
decline in swelling degree with increasing solids content, since viscosity is
a transport property and swelling degree is an equilibrium property. It is
conceivable that in a coal slurry of high solids content, the migration of water
could be so slow that equilibrium could not be reached in a reasonable time.
This, however, still would not explain why gels were observed to deswell
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gel at 32°C is added to slurry at 25°C. Source: Reference 17. Reprinted with permission.
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when placed in very high solids content slurry (>80%), as seen in Fig. 9.
Instead, we consider the fact that water adsorbs onto the surface of coal in
these in concentrated coal slurries. This surface water may have a lower
chemical potential than bulk water; it is known that water adsorbed to hydro-
phobic surfaces has different thermodynamic properties than free water (17).
For equilibrium to exist, the chemical potential of the water in the gel must
be equal to the chemical potential of water in the slurry. Since the chemical
potential of the water rises as the swelling degree rises, if the chemical poten-
tial of the water in the slurry falls with increasing solids content, then so must
the swelling of the gel.

Since vapor pressure is directly related to chemical potential, it was possible
to test this hypothesis by measuring the vapor pressure of slurries of various
solids contents. In this simple experiment, slurries were put into an evacuated
Erlenmeyer flask, and the pressure inside the flask was measured once equilib-
rium had been established. Results showed clearly that vapor pressure fell
sharply between 50 and 60% solids, to about half that of pure water, for both
48 X 100 and 200 X 325 slurries. This is the same range over which the
swelling degree drops. Theoretically, this hypothesis implies that the drop in
swelling degree should occur at lower solids contents for slurries of finer
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coal particles, as observed in Figs. 8 and 9. The experimental measurements
of vapor pressure were insufficiently accurate to confirm this hypothesis,
however. Because this is a thermodynamic limitation on gel swelling, it ap-
pears that gel extraction cannot be optimized to dewater slurries to much
greater than the range of 60-80% solids.

Kinetics of Gel Volume Change in Coal Slurries

It has been shown thus far that gel extraction can dewater slurries quite
effectively to solids contents over 60%, even for the finest particles. Thus it
seems that the relatively slow kinetics of swelling and shrinking remain the
biggest obstacle for commercial development of gel extraction. It is important
to determine the effect that the presence of coal in the fluid may have on the
sorption/desorption kinetics. Specifically, we wished to determine whether
the adsorption of coal to the gel surface affects kinetics, whether the slurry
concentration affects kinetics, and whether the possible rate-limiting transport
of ‘water through a high solids content bed will alter swelling or shrinking
rates. Experimental data recorded in Table 2 provide answers to the first
questions. In these experiments the gels were cycled between 25 and 32°C.
In all cases the kinetics curves matched Fick’s law quite well, allowing calcu-
lation of a diffusion coefficient for each case. It appears that simply coating

TABLE 2
Diffusion Coefficients of Swelling and Shrinking PNIPA Gels in Water and Coal Slurry
Between 25 and 32°C

Swelling ratio Diffusion
(initial mass: coefficient
Test medium Gel state final mass) (107 cm?s)
Swelling cycles:
Water Clean 1.85 57
Water Coal-coated 1.57¢ 34°
20 wt% 48 X 100 mesh slumry Coal-coated 1.507 3.3°
40 wt% 48 X 100 mesh slurry Coal-coated 1.47° 3.57
70 wt% 48 X 100 mesh slurry Coal-coated 1.30 37
Shrinking cycles:
Water Clean 0.53 2.8
Water Coal-coated 0.57¢ 2.7
20 wt% 48 X 100 mesh slurry Coal-coated 0.52 1.8
40 wt% 48 X 100 mesh slurry Coal-coated 0.50 1.9
70 wt% 48 X 100 mesh slurry Coal-coated 0.41° 1.9°

4 Averages of two trials.
b Average of three trials.
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the gels with coal does cause the swelling rate to decline, although the shrink-
ing rate is little affected. Increasing the solids content, even up to 70% solids,
has a negligible effect upon kinetics although the swelling degree does de-
cline.

If transport of water through the slurry bed was rate-limiting, the disturb-
ance and mixing caused by removing a gel sample and then returning it to
the slurry would destroy such an effect. To avoid this, a series of 25 identical
slurries were prepared, and into each a piece of gel was immersed. The sam-
ples were removed at different times and weighed so that a kinetics curve of
25 points could be constructed. The experiment was difficult to perform,
however, and the results could not be evaluated quantitatively. It was nonethe-
less observed that the gels swelled and shrank at typical rates under these
circumstances. Thus, it does not appear that water transport through the slurry
is rate-limiting.

Service Lifetime of PNIPA Gel

The results of this experiment were very positive; the gel’s properties were
found to be exceedingly stable, and no deterioration or variation in perfor-
mance with cycle number was observed. Degrees of swelling, in both swollen
and shrunken states, remained constant within experimental error in both
water and coal slurry over a 2-month, 21 cycle test period. After 20 cycles
of swelling and shrinking, the swelling and shrinking kinetics were measured
and found to have remained unchanged. The swelling ratios also remained
constant as shown in Fig. 10. Clearly, the repeated swelling and shrinking
cycles do not in and of themselves cause deterioration or other changes in
gel properties. This shows that no special precautions are necessary to pre-
serve gels, beyond careful handling of the samples when in the fully swollen
state. Similarly, good stability of a different type of reversibly swelling and
shrinking gel was reported by Kryuchkov (19).

It was also observed that no abrasive degradation occurred in the gels after
1 week of exposure to moving coal slurry. Regardless of sample orientation
(parallel or perpendicular to slurry flow) or agitation, the gels remained intact
and unchanged. This does not mean that gels are resistant to any sort of
abrasive action, but that abrasive degradation should not be a concern under
normal circumstances.

Practical Considerations

It is worthwhile to consider the implications of these results with regard
to development of a practical gel extraction unit. The results obtained in this
work indicate both where such a unit could be used in a slurry dewatering
process and provide guidelines for the design of such a unit. In terms of
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FIG. 10 The properties of PNIPA gels are stable after numerous reuses. In this figure the
swelling ratios (mass of gel relative to initial mass at 32°C) of the gel in water and slurry
repeatedly retumn to the original values of 3.0 and 1.0 for swelling and shrinking, respectively.
Also, the swelling and shrinking kinetics of the final cycle were the same as the initial cycle.

dewatering ability, gel extraction does not match the performance of the cen- -
trifuge (which can reach 85% solids) but meets or exceeds the values achieved
by other dewatering alternatives, such as static thickeners (up to 30% solids),
dewatering screens (up to 75% solids), or disk filters (up to 75% solids).
While gel extraction exceeds the performance of the static thickener, its equip-
ment design, operation, and costs are more likely to be in the range of that
of dewatering screens or filters. Thus gel extraction is most likely to compete
with dewatering screens and disk filters since the product quality is compa-
rable.

Different designs for a practical gel extraction unit have been envisioned,
but the viability of any design hinges on the reusability of the gel, since the
costs of regeneration of the gel using waste heat will be negligible (6, 8, 23).
Earlier in the paper, the 10 X 4 PNIPA gel cycling between 25 and 32°C
was identified as having the best combination of a relatively short cycle time
with a relatively large difference in swollen and shrunken swelling degree
(qL — qu), thus reducing the amount of gel required to dewater at a given
rate. But the largest problem with PNIPA is the slow swelling and shrinking
kinetics. Because of the slow swelling and shrinking rates, the cycling time
is quite long. Therefore, a large amount of PNIPA gel and associated equip-
ment must be purchased in order for the overall dewatering rate to meet the
needs of the slurry production rate. However, with the fast-response gels
described, the capital and gel costs fall dramatically. This response can be
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achieved by synthesizing responsive gels with a microporous, sponge-like
structure that allows the gel to absorb and desorb water by a convective
process which is much faster than the slow diffusive process undergone by
the homogeneous PNIPA gel (20-22). In fact, we have estimated that the
costs associated with dewatering by gel extraction drop more than an order
of magnitude if fast-response gels are used (24).

Gel extraction may prove to be much more reliable and effective for feeds
of variable fines content or ultrafine slurries in terms of dewatering rates. As
seen before, the kinetics of gel extraction are seemingly unaffected by particle
size. Also, there is no tendency in gel extraction for the ultrafines to blind
the filtration surface, as often happens with disk filters. Furthermore, it may
be anticipated that these results will apply to the dewatering of any slurry
comparable in characteristics to coal slurries. Also, other temperature-respon-
sive gels which can be synthesized from commodity polymers like cellulose
ethers should display similar dewatering performance to PNIPA while being
potentially much cheaper materials (12, 25). In conclusion, gel extraction has
potential to be a viable alternative to current methods of dewatering a variety
of slurries.

CONCLUSIONS

We have acquired quantitative and qualitative knowledge that provides a’
sound basis for evaluating and developing gel extraction as a feasible alterna-
tive to the current methods of slurry dewatering. We have established that
gel extraction is capable of dewatering fine coal slurries as small as 400 mesh
to an extent comparable to vacuum disk filtration and dewatering screens.
Furthermore, gel properties are stable with time; no deterioration was ob-
served from repeated absorption/desorption cycles or from contact with coal
slurry. Particularly with continued development of fast-response gels, gel
extraction has significant promise as a means of slurry dewatering.
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