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INTRODUCTION

Steam gasification of coal is thought to be an important future process for
production of hydrogen, which is a nonpolluting energy. We have proposed a
draft-tube spouted bed type reactor as a catalytlic coal gasifier to produce
hydrogen. (1) Some minor modifications have been applied to concept of the
gasifier. The schematic diagram of the gasifier is illustrated in Fig. 1.
In this apparatus, coal 1s fed to the devolatilization zone In the annulus
section. After devolatilization, the char falls into next zone and is
gasified by steam supplied from bottom conical section. The heat of gasifi-
cation is supplied mainly from circulating ceramic particles. which obtains
thermal energy from burning gas within the draft tube and returns to the
annulus top.

In previous studies (2,3), cold model experiments were carried out by using
an acrylic cylindrical apparatus and by using an acrylic semi-cylindrical
one. From the results, flow regimes in a spouted bed with a draft tube were
clarified, and several correlatlions concerning the annulus gas velocity and
particles clrculation rate were proposed for each flow regime. In next step
(4), a cold model apparatus, which has the same dimensions as those of the
hot model apparatus used in this study, was constructed and was employed to
obtain basic data for the hot model operation.

In this paper, we present the results obtained by operating a hot model
apparatus of a spouted bed with a draft tube at 1073 K. The hot model unit
was heated by electric furnace in the present study, while the unit was
designed In consideration of mass and heat balance.

EXPERIMENTAL

Catalytic steam gasification was carried out In a spouted bed with a draft
tube shown in Fig. 2. Figure 3 is the photograph of the unit. The bed was
heated by four pleces of electric furnace, which surrounded the bed as shown
in Filg. 4. The unit includes a stainless steel spouted bed (150 mm I.D.)
with a stainless steel coaxlal draft tube (10.9 mm I.D.). The draft tube
spacing above the gas inlet nozzle (10.9 mm I.D.) was 3 mm. Air was Intro-
duced from the nozzle to spout and recirculate solid particles. The bottom
of the column was a conical section with a cone angle of z/3 rad. Steam was
Introduced through 40 holes (2.0 mm in dlameter) located in the conical
section. Figure 5 shows the top view of the bottom conical section before
assembly. Steam inlet holes (20x2) are found to be arranged concentrically
on the conical section. Draft tube was assembled as shown in Fig. 6.
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Table 1 shows the physical properties of ceramic particles and coal parti-
cles before devolatilization. The ceramic particles (thermal medium) were

Nikkato YTZ ball (95% Zr0, and 5% Yo04). The char particles were obtained
by the following treatmen% of a bitum?nous coal of Alaska (Table 2). A
sleved fraction of 14 to 20 mesh (average diameter = 1015 zm, Table 1) coal
was impregnated with potassium carbonate (gasification catalyst) aqueous
solution at room temperature for 3 h. The slurry of the coal was dried up
by a rotary evaporator at 323 K. The coal was devolatilized by a fluldized
bed (15.5 cm I.D.) at 1123 K for 7 min. The charged amounts of coal were
1.15 kg and 2.08 kg, respectively. Nitrogen (superficial gas velocity at
1123 K = 1.0 cm/s) was used as the fluidizing gas. The catalyst content was
3.4 meq-K/g-char. The minimum fluidizing velocity of the char was 0.79 cm/s
at 1073 K.

Table 1 Characteristics of solid particles

solid average particle bulk terminal minimum
particles diameter density density velocity fluidizing
. ) velocity
[ zm] (ke/n] [kg/nd] [n/s) [n/s)
ceranmic 500 6.0x103 3.7x103 ) 7.1 0.48
coal 1015 1.2x103 7.2x1102 4.9 0.41

Terminal velocity was calculated. Others were measured.
Terminal velocity and minimum fluidizing velocity are the
values at 298 K.

Table 2 Composition of bituminous coal

ash VM FC fuel elementary analysis [%]
(%] [%) [%] ratio $ c H o - N
8.7 42.2 35.0 0.83 0.02 62.9 4.5 21.3 0.9

mineral [%]
Aly0, S10, Fe,03 Ca0 Mg0 Nay0 K,0 Ti0, S0; P,05 MnO  V,0g
14.9 42.3 5.98 23,3 3.42 0.58 1.16 0.85 4.95 0.14 0.24 0.01

The ceramic particles (4.5 kg) were packed into the annulus section. The
alr was sent through an air filter, an air-oil separator, and an orifice
meter before entering the bottom of the bed. The air feed rate was varied
to maintain the linear gas velocity within the draft tube as constant (ca.
30 m/s) as possible. Steam was supplied from a vaporizer. The feed rate was
controlled by an electric power supply. The particles flowed down through
the draft tube spacing above conical section, and were conveyed vertically
in the draft tube. At the top, the particles were separated from the carri-
er gas by a cyclone and returns to the annulus. The temperature of the bed
was elevated to 1073 K under spouting by air. As the temperature reached
1073 K, continuous char-feed (0.16 g/s) was started by a rotary feeder. The
gasification operation was carried out for 30 min under the conditions summa-
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rized in Table 3.

Table 3 Experimental conditions

Gasification temperature 980-1100 K
Packed amounts of ceramic particles 4.5 k
Circulating rate of ceramic particles 5x107° kg/s
Feed rate of char 1.6x10°4 kg/s
Feed rate of alir 2.8 N-ms/h
Feed rate of steam 0.99 N—m3/h
Tube-cone clearance 3x107° m

RESULTS AND DISCUSSION

Figure 7 shows the results of temperature and -gas composition. The annulus
bed temperature decreased with time, while the external temperature {between
upper and lower jacket heater) was maintained at almost constant temperature
(990 K). This means poor thermal conduction within the moving bed of the
annulus. The gaseous products were hydrogen, carbon monoxide, carbon diox-
ide and methane as shown in Fig. 7. Hydrogen and carbon monoxide were major
products. Since the ratio 1s unity approximately, the following reaction is
thought to be major.

C(char) + Ha0 -> Co + Hy

The molar rate of (CO+C02+CH4) produced was about 7x10”3 mol/s during the
gasification operation. “About half of the product gas was exhausted from
the outlet of the annulus. Qnother half was exhausted from the cyclone.
Carbon feed rate was 8.5x10°° mol/s, which was calculated from the char feed
rate, 0.16 g/s, and carbon content of the char, 64wt%. From these values,
we obtained the carbon conversion, ca. 80 %.

The experimental data shows that the draft-tube spouted bed type gasifier

is superior to product hydrogen, while poor thermal conduction is a signifi-
cant problem. Another problem is the bypassing of the product gas to the
cyclone.
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Figure 3. Photograph of Figure 4. Photograph of hot model
hot model unit. unit (under construction).

-

Flgure 5. Photograph of bottom Figure 6. Photograph of bottom conical
conical section. section with draft tube.
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INTRODUCTION

Synthesis gas, a mixture of primarily CO, H2 and CO2, is a major building
block in the production of fuels and chemicals. The gas may be produced from
several sources, including coal, oil shale, tar sands, heavy residues, biomass
or natural gas. Most synthesis gas is produced today by catalytic reforming
of natural gas, although the partial oxidation of heavy liquids is also
practiced (1). Only a small percentage of the synthesis gas currently
produced is by gasification of solid fuels. However, because of the large
reserves of coal in the United States (300 year supply at the current
consumption rate (2)), synthesis gas production from coal will become an
important technology in the future.

€O, CO2 and H2 in synthesis gas may be used as substrates for the biological
production of fuels and chemicals. The bacterium Rhodospirillum rubrum uses
CO and water In producing H9 and CO2 (3,4). Bacteria such as
Peptostreptococcus productus (5) and Eubacterium limosum (6) convert CO, COp
and Hp to acetate. Butanol may be produced from CO using the bacterium
Butyribacterium methylotrophicum (7) and ethanol may be produced from CO, CO2
and Hy by Clostridium 1jungdahlii (8,9).

The anaerobic bacterium C. ljungdahlii produces ethanol and acetate from CO,
CO2 and Hy by the equations (9):

6 CO + 3 H)0 - CpH50H + 4 COp (1)
2 €02+ 6 Hy ~ CoHs0H + 3 HoO (2)
4 CO + 2 HygO =~ CH3COOH + 2 CO2 (3)
2 €0Q + 4 Hy ~» CH3COOH + 2 H0 (4)

The bacterium was isolated from animal waste, with the "wild" strain producing
predominantly acetate in favor of ethanol. In fact, early studies showed an
ethanol to acetate product ratio of 0.05 mol/mol and an ethanol concentration
of less than 0.1 g/L (9). A major research effort was undertaken to improve
the product ratio and increase the ethanol concentration. Studies at
decreased pH (to 4.0) and with yeast extract removed from the liquid medium
resulted in product ratlos of 0.8 and an ethanol concentration of 1.8 g/L in
the CSTR (10).

The purpose of this paper is to present results of continuous laboratory
studies with C. 1jungdahlii in converting CO, CO2 and Hy in synthesis gas to
ethanol. In addition, the effects of the sulfur gas H9S on growth and
substrate uptake are presented and discussed.
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MATERTALS AND METHODS

Clostridium 1jungdahlif, Strain PETC, ATCC 49587, was originally ioslated from
chicken waste in the University of Arkansas laboratories, and later identified
and characterized by Dr. R. S. Tanner, University of Oklahoma, Department of
Botany and Microbiology. The recommended medium for growth and ethanol
production, as well as the techniques for handling the culture in batch and
continuous reactors, have been presented previously (11,12).

RESULTS AND DISCUSSION
CSTR Performance

Growth and product formation in the CSTR are shown as a function of the inlet
gas flow rate in Figures 1 and 2. The working liquid volume of the CSTR was
approximately 350 mL, so that the minimum pseudo retention time on the figures
was 30 min. The corresponding liquid retention time was 2.92 days. As is
noted in Figure 1, the cell concentration remained nearly constant at about
1500 m/L for a gas flow rate range of 0.15 - 0.47 mmol/min. The ethanol
concentration ranged from 15 to 22 g/L, increasing slightly with gas flow rate
(see Figure 2). The corresponding acetate concentration ranged from 2 to 5
g/L. Thus, a maximum product ratio of 14.3 mole ethanol per mole acetate was
obtained. This represents a dramatic shift from earlier studies where acetate
was the predominant product and low product concentrations were obtained. The
specific production rate, calculated as the moles of products (both ethanol
and acetate) produced per g cell per hour, was essentially constant at 0.004
regardless of gas flow rate.

Studies were also carried out with C. Ijungdahlii in a CSTR with cell recycle.
In this study, the liquid volume was 1000 mL, the temperature was 36°C and the
pH was held constant at 4.5. The agitation rate was increased from 300 to 450
rpm and the gas flow rate was increased from 10 to 30 mL/min during the study
to accomodate cell growth in the reactor. The liquid flow rate to the cell
recycle reactor was 3.5 to 12 mL/h, decreasing with time of operation.

Figure 3 presents cell concentration measurements for the CSTR with cell
recycle. As is noted, the cell concentration increased (with agitation rate
and gas flow rate increases) from approximately 800 mg/L to over 4000 mg/L.
The maximum in the previous CSTR study without cell recycle (see Figure 1) was
1500 g/L. The CO conversion, shown in Figure 4, hovered around the 90 percent
level after 150 h of operation. The corresponding Hy conversion, on the other
hand, averaged 70 percent up to a time of 500 h. At this time, the Hp
conversion fell, probably due to an accumulation of CO in the liquid phase.

It is likely that a growth limitation by a liquid constituent prompted a drop
in CO conversion, resulting in CO build-up in the liquid phase and CO
inhibition.

Product concentration measurements during the study are shown in Figure 5.
The ethanol concentration ranged from 6 g/L at the beginning of the study to
48 g/L after 560 h of operation. The corresponding acetate concentrations at
these times were 5 g/L and 3 g/L, respectively. The ratio of ethanol to
acetate ranged from 1.6 mol/mol to 21 mol/mol. Thus, very high ethanol
concentrations are possible with favorable product ratios.
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Sulfur Gas Tolerance of C. ljungdahlii

Many bacterial cultures capable of converting CO to products have been found
to be quite tolerant of the sulfur gases H2S and COS (13,14).
Peptostreptococcus productus, for example, which converts CO to acetate, is
able to successfully convert CO to acetate in the presence of 19.7 percent H3S
or COS after culture acclimation. The methanogen Methanobacterium formicicum,
on the other hand, is able to tolerate only 6.6 percent H2S or COS. However,
even this latter result is encouraging, since typical coal-derived synthesis
gas contains only 1-2 percent sulfur gases, mainly as HjS.

C. 1ljungdahlii, grown in the presence of NajS in place of cysteine-HCl as the
reducing agent for several weeks, was evaluated for its tolerance to H3S in
batch bottle experiments. The 155 mL bottles containing 50 mL of liquid
medium devoid ‘of yeast extract and adjusted to pH 4.3, were first gassed with
synthesis gas to a pressure of 10.7 psig. The desired amount of HS or COS
(2.5 mL-20 oL) at 1 atm was then added. This batch system was allowed to
equilibrate overnight. As a final step, 10 mL of C. 1ljungdahlii were added
prior to incubation at 34°C.

The effects of H2S on growth and substrate uptake by C. ljungdahlii are shown
in Figures 6 and 7, respectively. As is noted in Figure 6, growth was not
significantly slowed at H3S concentrations below 5.2 percent. Upon the
addition of 9.9 percent HS, however, growth essentially stopped. Similar
results are noted with substrate uptake in the presence of H3S (see Figure 7).
The presence of H2S slowed the rates of substrate uptake only slightly up to
an H2S concentration at 5.2 mole percent. Similar results were obtained with
concentrations of COS up to 5.2 percent.

These concentrations are far in excess of maximum sulfur gas concentrations
possible in coal synthesis gas. It should also be realized that dramatic
effects can be obtained with prolonged sulfur gas acclimation. P. productus,
for example, was only marginally tolerant of H25 and COS in initial studies.
Concentrations up to 20 percent were tolerated after a period of acclimation
to the sulfur gases.

CONCLUSIONS

Clostridium 1jungdahlii was shown to grow on synthesis gas with the production
of high concentrations of ethanol and acetic acid. The relative amounts of
ethanol and acetate can be controlled by nutritional factors, substrate gas
supply, and pH. Low pH (4.0 to 4.5), high mass transfer of an adequate supply
of substrate gas, and minimal medium all favor ethanol production. A CSTR
cell recycle system has been shown to be effective in permitting the cell
concentrations necessary for high concentrations of ethanol. An ethanol
concentration of 47 g/L with a corresponding acetate of 2 g/L has been
attained. Finally, C. ljungdahlii has been shown to be tolerant of H2S or COS
in concentrations exceeding typical levels in synthesis gas.
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INTRODUCTION

Extensive studies of coal structure and utilization have been
conducted on every known aspect of coal for many decades in an
attempt to produce a more efficient and less polluting energy
source. The first priority toward this energy goal is to deep
clean coal prior to combustion, gasification, or liquefaction.
Deep cleaning coal requires the liberation of pyrite and other
minerals to facilitate high recovery of clean product. High
recovery is necessary to make any cleaning process economically
feasible. The high degree of liberation necessary for deep
cleaning suggests that the physical properties of coal/mineral
interaction be considered during comminution. Most grinding
techniques use random fracture to reduce coal to roughly a cubic
or spherical shape which simplifies the prediction of combustion
rates in various types of furnaces[l]. This type of grinding
does not significantly aid in exposing minerals for possible
liberation. 1In particular, current grinding processes have never
been able to effectively liberate microcrystalline pyrite from
coal. Studies have shown that 60 to 80% of the mineral content
in coal is located in the bedding planes[2]. These interfacial
areas, separating relatively clean coal bands, are zones of
weakness which contain porosity, fractures, and poorly bonded
minerals{2][3].

This paper is a summary of research efforts to utilize bedding
plane interfacial areas as a means to improve liberation of
pyrite and other minerals in the final product. By cleaving
large coal particles along the interfacial boundaries, relatively
clean coal particles would be produced that have the majority of
the mineral matter coating the exterior of each particle.
Subsequent grinding would attrite the outer surface into
ultrafine size distributions that allow separation of minerals
and macerals particles. These particles would then be separated
from the clean coal by sieving.

Over the past few years, low temperature studies have been
conducted to determine the relationships between the fracture
resistance of coal treated at low temperature and the
effectiveness of coal grinding, to investigate the effect of
cryogenic temperature treatment on the effectiveness of coal
grinding and potential of selective pyrite liberation[4]([5].
This work indicated that brittleness after rewarming increases
with decreasing cryogenic treatment temperature. Experimental
data has shown that the effect of cryogenic temperature does
increase friability, mean particle size is significantly reduced,
and pyrite/mineral liberation increased. This was the result of
increased crack propagation and decreased microhardness(6][7].
Several methods of preconditioning are currently being
investigated; thermal, mechanical, and chemical.
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In thermal treatments, coals are being exposed to cyclic freezing
and thawing at equilibrium moisture contents. The freeze/thaw
cycling is bases on using the expansion property of freezing
water to place pressure on fracture ends in the hope to expand
and propagate cracking with the particle. In mechanical
preconditioning, literature indicates that roll crushing yields
particles that are plate-like or flakes and have a high aspect
ratio[1][8]. Roll crushing and stage roll crushing of raw and
cryogenic samples were examined to determine if this mechanical
step would enhance liberation in subsequent ball milling.

Solvent swelling of coal during mild extraction has been examined
as a preconditioner. The reason is to enlarge pores during
extraction and remove the soluble organic. The organic soluble
phase may be responsible for the thermoplastic matrix of coal and
reduced mineral liberation rates.

EXPERIMENTAL

The main coal used in this research is Illinois Basin Herrin #6
coal. This is do to its local economic importance and unique
microdispersed pyrite particles. These microdispersed pyrite
particles are the most difficult to liberate and separate of all
the Illinois Basin coals. Wyodak and Pittsburgh coal is also
currently being tested.

Knoop microhardness testing after rewarming was employed to
exanine brittleness of coal and the effect of cryogenic
temperature on its microhardness[1][6)[7]). An Automated Image
Analyzer connected with an optical microscope was used to obtain
pyrite liberation and particle size distributions for samples
ground by a Fritsch centrifugal ball mill. Surface artifacts
were examined by scanning electron microscopy (SEM) and optical
microscopy.

The desired cryogenic temperatures were obtained using liquid
nitrogen as a refrigerant to cool a flowing gaseous nitrogen
stream which was in actual contact with the specimen. Detailed
experimental setup and procedures for cryogenic treatment are
given elsewhere[5][6].

Using the thermal expansion of water when frozen, coal samples
were mixed with various weight percents of distilled water; 5,
10, and 20 grams. The samples were sealed into plastic freezer
bags with all excess air removed. These samples were frozen and
thawed for various cycles that range fram 5 to 20 times.

Mechanical preconditioning of the coal was conducted using a roll
crusher with its rollers set at staging widths of various
increments; 0.1", 0.7", 0.5", and 0.3". Untreated and cryogenic
coal samples were used in these experiments.

An evaluation of THF extraction as a means of preconditioning the
unextractable residue is currently being conducted.
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RESULTS AND DISCUSBION

Figure 1 includes information on three coals; Herrin Illinois #6,
Wyodak, and Pittsburgh. Data from these samples of untreated and
cryogenically treated coals are included. Rate of particle size
reduction is greater for cryogenic coals. For a given grinding
time, pyrite liberation is greater for cryogenically treated
coals, but this is obtained by reduced particle size and not by
enhanced selective liberation. The untreated coals give similar
shape curves. The slope of liberation changes during treatment.
During initial particle size reduction, the liberation is slow.
When particle size distribution reaches 70 to 100 um, a jump in
liberation occurs. This is followed by a period in which coal
becomes fine in size but liberation remains static. For the
cryogenically treated coals, particle size reduction is faster
and the initial slow period is not observed. A relatively high
rate of liberation occurs as the mean particle size distribution
is reduced from 90 to about 40 uym. The rate of liberation is
relatively linear until the mean size approaches 10 to 12 um and
begins to level off as 100% liberation is approached. The
earlier liberation is more selective for the untreated coals, but
a maximum liberation level is observed. The liberation of
cryogenically treated coals reaches a higher limit. Although the
selectivity of untreated coals is higher, the extent of
liberation is not sufficient to be of commercial interest. Even
though the amount of pyrite and the particle size distribution of
pyrite vary for the three untreated coals, the extent of
liberation approaches the same 1limit (x~84%) and the same mean
particle size of 20 um. The untreated Pittsburgh coal has a
larger pyrite size distribution than the Illinois coal which
results in a higher rate and selectivity of pyrite liberation as
expected(6]. Thus cryogenic treatments are helpful in increasing
the ultimate liberation. This is probably due to two factors.
One is enhanced cracking around pyrite. The second is enhanced
fracture, flaw generation, in the coal matrix[6]. This allows
for the coal to be reduced in size as compared to untreated
coals. Even with cryogenic treatments, ultrafine particle sizes
must be obtained to reach sufficient levels for deep cleaned
coal.

Economic considerations of cryogenic treatments makes it a less
than desirable method for liberation. For this reason
freeze/thaw cycling was studied as an alternative. Figure 2 is a
comparison of pyrite liberation to the mean particle size for
untreated, cryogenically treated, and freeze/thaw treated
Illinois coal samples after ball milling. The points of each
plot represent a grinding time, from left to right, of 1, 3, 5,
7, and 10 ninutes. As discussed in figure 1, the rate of
liberation for the untreated coal is slow until a mean size of
about 70 um is reached. A large jump in liberation occurs until
a mean size of about 50 um is reached. At that time the
liberation becomes nearly stationary. Freeze/thaw liberation
appears to be a extension of the untreated plot and increases to
about 84%. Rapid particle mean size reduction is very evident
with the freeze/thaw treatment. Three minutes of ball milling of
freeze/thaw sample yields about the same size distribution as ten
minutes ball milling of the untreated sample. Freeze/thaw
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cycling improves the upper level of liberation compared to the
untreated. However, cryogenic treatment yields 93% pyrite
liberation while freeze/thaw yields 84%.

Figure 3 compares freeze/thaw, cryogenic roll crushed, untreated,
and untreated roll crushed Illinois coal samples after subsequent
ball milling for pyrite liberation at various mean particle
sizes. The points of each plot represent a grinding time, from
left to right, of 1, 3, 5, 7, and 10 minutes. All three plots
show significantly improved liberation compared to the untreated
sample. The BG-CRYO is cryogenically treated for five minutes,
compared to 10 minutes in Figure 2, and staged crushed from 0.1"
to 0.05". At five minute exposure time, the cryogenic liberation
does not approach the level attained by freeze/thaw. This would
indicate that freeze/thaw results are better than 5 minute
cryogenic exposure but falls short of 10 minute cryogenic
exposure results. The freeze/thaw sample, was thermally cycled
10 times with 10% by weight distilled water added. This sample
shows a nearly linear increase in liberation to about 87%. It
may be concluded that the mechanical and thermal treatment
increases liberation above that attainable by untreated samples
ball ground in an identical manner.

Figure 4 is a comparison of single roll crushing and staged roll
crushing of untreated, UNT-RC-0.1, and cryogenically treated,
cryo-, coal followed by ball milling. The slope for all the
samples is nearly the same. The rate of pyrite liberation of the
untreated single roll crush sample, UNT-RC-0.1 is consistently
less than the other roll crushed samples but much greater than
the rate of liberation for the ball milled only sample. Single
roll crushing was conducted at 0.07" gap on one cryogenic sample
still at liquid nitrogen temperature, CRYO-C-RC-0.07, and another
allowed to rewarm before roll crushing, CRYO-R-RC-0.07. The
rewarmed sample maintained a consistently higher liberation rate
throughout. Roll crushing at 0.1",CRYO-R-RC-0.1, has better
liberation than roll crushing at 0.07", CRYO-C~RC-0.07. This is
possibly due more force being applied to the 0.07" sample to the
extent that the pyrite particles are embedded into the
viscoelastic coal matrix. Both the rewarmed staged, CRYO-R-SC
and single roll crushed samples had better results than both the
untreated and cold roll crushed samples. Crack propagation may
be improved upon thermal expansion after thermal contraction. If
the stage crushed sample was ball ground for 10 minutes and the
slope of this sample remains consistent with the other samples, a
higher level of pyrite liberation should be obtained.

CONCLUSIONS

This study of preconditioning treatments indicates that both
thermal and mechanical methods will improve pyrite liberation
above that obtained for untreated samples. Freeze/thaw cycling
improves liberation but not to the degree obtained by cryogenic
treatment. Rewarming of cryogenically treated coal prior to
comminution improves the overall pyrite liberation. Stage roll
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crushing improves liberation. Enhanced liberation of pyrite by
all the preconditioning methods presented is at the expense of
smaller mean particle sizes.
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COAL FLOTATION WITH IBS/OIL FROTH

Edwin J. Hippo, Deepak Tandon, Michael E. Blankenship
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INTRODUCTION

International coal markets are expected to grow in the near future [1].

U.S. has sufficient coal reserves that will last for centuries, but a major
problem in coal utilization is sulfur. Fifty five to 80% of the sulfur in
most coals is in the form of pyrite, and if this pyritic sulfur can be
removed by advanced physical coal cleaning techniques, sulfur dioxide (S0,)
emissions in the U.S. could be cut by as much as 50% [2]. Presently, the
alternative for the prevention of SO, emissions is post-combustion
scrubbing, but is too costly and consumes as much as 5% of the power
station’s output (adding to CO, emissions). Therefore, incentives exists to
explore pre-combustion cleaning. Coal has to be grounded to -325 mesh in
order to 1iberate pyrite and other minerals from the organic components. At
this fine particle size attractive forces between particles are much greater
than the differences in the gravity forces exerted on the particles, and
thus the gravity separation based conventional coal cleaning processes
become inefficient [3].

Of the existing fine coal cleaning techniques froth flotation is most
effective, but is inefficient in making good separation with ultrafine coal
[4]. There is a wide range of chemicals that are required for coal
preparation in these process, for improved process efficiencies and to meet
stricter environmental standards [5]. This makes process control very
complex. At ultrafine sizes, the small mass and momentum of clay particles,
is the primary cause of their physical entrainment and transportation into
the froth. This lowers the efficiency of the froth flotation process when
excessive amounts of clay are present. The entrained ash can be washed from
the froth by counter-current washing as in column flotation, but at the same
time it may rupture the bubble and reduce the recovery.

Coal flotation by Intrinsic Bubble Separation has shown to circumvent
surface phenomena which reduce the efficiencies of the conventional cleaning
processes [3]. This process takes the advantage of the natural porosity of
the organic fraction of the coal. In this approach bubbles are formed
directly on the organic coal particles, eliminating the bubble-particle
collision and attachment probabilities. The nonporous minerals do not form
bubbles, assuring 100% bubble-particle contact. Thus, flotation can be
highly selective. Since the bubbles form from the pore openings, this
minimizes free bubble formation and enhances the cleaning of high ash coals.

Washability curves are the graphs showing the ash-density distribution.
These curves are indicative of the maximum cleaning potential of any
physical coal cleaning process for a particular coal sample. Washability
curves were obtained for four coals from the I11inois Basin Coal Sample
Program (IBC 101, 102, 104, and 106). Southern I1linois University at
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Carbondale has developed a method for rapidly and accurately evaluating fine
and ultrafine coal liberation using Density Gradient Centrifugation (DGC),
Micro Sulfur and Thermogravimetric Analysis (TGA) methods to establish
washability curves [3]. For the IBC 102 coal there was small difference in
the liberation of minerals between -100 and -400 mesh material. The ash
yields went through a minimum with increasing density, indicating that the
inertinite and the liptinite macerals have higher inherent ash yields than
the vitrinites. Washability curves for the IBC 101 and 106 coals were like
the 102 Coal but had much higher ash yields which indicated that even at
ultra-fine size there is substantial amount of unliberated minerals in these
coals [6].Previous results on intrinsic bubble formation process showed that
pressure, in general, increased the hydrophobicity of the organic portion of
the coal. Except for Octanol, additives did not have any positive effect on
the process. Lower pHs seem to favor the process. The process works
effectively on weathered coals and pulp densities as high as 20% [2].

A11 the IBC coals at -32 mesh have been cleaned to their respective -100

mesh washability lines. Results from the high clay IBC 104 coal are the
best thus far. For this coal substantial ash (> 90%) and sulifur rejection
(> 80%)have been obtained. These results compare quite favorably with those
?f]the ITlinois State Geological Survey Aggregate Flotation process (Fig. 1)
6].

Recoveries and ash rejections with this process compared very favorably with
other processes. Flotation kinetics are much faster. There were some
problems with the wetting of coal at high pulp densities (> 20 wt.%) which
were overcome by using a bigger mixing chamber and two 10,000 rpm mixing
motors. This high mixing rate should help in breaking some of the mixed
phase mineral/coal particles which caused problems in the early phases of
this project.

EXPERIMENTAL PROCEDURES

The coals selected for use in this research were IBC 101, 102, 104 and 106
from the I1linois Basin Coal Sample Program (IBCSP) and a Herrin # 6 coal
from the Monterey #2 mine located near St. Louis. The choice of these coals
was made on the basis of their differing rank (reflectance), ash yields and
pyrite/organic sulfur ratios (3). The particle sizes used for the IBC coal
samples were -32, -100,-400 mesh and for the Monterey coal -400 mesh sample
was used. The particle size distribution for -32 and -100 mesh were
determined by wet sieving, and that for -400 mesh was performed using the
Microtrack analyzer. Washability curves were plotted for -100 and -400 mesh
samples. A schematic of the experimental setup used is shown in figure 2.
Dried coal is fed into the lock hopper where it is pressurized using air.
Water and the flotation media used are fed into the mixing chamber and are
pressurized to the same pressure as the coal. Coal is then dumped in the
mixing chamber, mixing starts simultaneously (two 10,000 rpm motors are used
for mixing). A plug valve is used for slurry output at the bottom of the
mixer and for depressurization control. The outlet pipe is immersed in a
separation column with a water cushion. Coal slurry depressurizes through a
nozzle in the separation column; float froth rises to the top and is
collected in a trough attached to the separation column. The liquid left in
the column is termed as the suspension and the selids settled at the bottom
are called the sink. Recovery and ash values are determined on each of the
collected fractions. Runs with good recovery and separation are subjected
to additional analyses.
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Initial runs, to study the effects of various conditions, were performed
with IBC coals. Pressure variations were made ranging from 15 to 300 psig
on the three mesh sizes of these coals. pH variations were made using NaOH
and HC1. After the optimum pHs were determined, the effect of various gases
(N2, CO,, and Air) on the process were studied. Runs were performed with
various additives to assess their effect on recovery and separation. Also,
the effect of mixing rate, mixing time, pulp density, and weathering
(oxidation) on cleanability and recovery were studied [6].

Effects of additives (Octanol, Corn 0il, Pentane, and various dispersants),
pH (2.3 to 11.0) and pulp density on the Monterey coal were studied. These
runs were performed at 60 psig and 5% pulp density (-400 mesh samples), in
the new apparatus shown in Fig. : 2. Various loadings of additives were
used to study the effect of the additive loadings.

RESULTS AND DISCUSSION

Ultrafine (8um mean size) Monterey coal was subjected to sink float analysis
by centrifuging at 34,000 rpm and specific gravity of 1.6. The float from
this run had a recovery of 59 wt.% (5.4 wt.% ash) and the sink had a
recovery of 41 wt.% (45.6 wt.% ash). This result showed that even at
ultrafine size minerals are unliberated. Also, from the optical microscopy
it is seen that there are a 1ot of mixed phase mineral/coal particles
present at this fine particle size.

Increase in mixing rates and time have a positive effect on the process,
though very high mixing time (> 30 min.) tend to wet the organic matter and
caused a decrease in the recovery (Fig. : 3). With increased mixing rate
the recoveries go up but the ash rejections tends to level off, this could
be due to unliberated minerals or mixed phase mineral/coal. particles. The
problem of mixed phase is more evident at -400 mesh where the electrostatic
charges are much stronger.

Additive loadings had mixed effect on the cleaning of ultrafine Monterey
coal. With increased octanol loading there was a very small increase in the
recovery but the ash yield in the float almost doubled (6.4 to 11.2 wt.%).
Thus Tower octanol loadings are favorable for the process. This in
contradiction to results reported previously for -32 and -100 mesh fractions
of IBC 104 coal and may be due to change in wetting angle, resulting in more
particle bubble detachment in the case of ultrafine coal. Increased bubble
detachnent would be expected to entrain 1iberated ultrafine clay particles.
In the case of larger particle size fractions the detached bubbles are not
sufficient to float the larger sized clay particles.

0i1 froth agglomerates generated with corn oil gave higher recovery and high
ash yields, when the oil loading was increased there was a slight drop in
recovery but the ash yields went down almost to half of that at lower
loadings (7.4 from 12.5 wt.%). Since Ocatnol and corn 0il had different
effects on the process a run was performed with both octanol (at lower
loading) and corn 0il (at higher loading), this combination of additive gave
a very high carbon recovery (> 90 wt.%) and an ash yield of 9.3 wt.%. Other
additives had no positive effect on the process. In fact dispersants

tend to give very low recovery. This is due to wetting of organic particles
that results in less gas being trapped in the coal pores.
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Effects of pH on the process were also studied. pH seems to depend on the
additive. When corn oil was used higher pH (11.0) was optimum for the
process and both the recovery and ash rejection increased with the
increasing pH. Whereas, with pentane neutral pH favored the process and any
change in pH resulted either in the lower recovery (with lower pH) or lower
ash rejection (with an increase in pH). At higher pHs minerals were
dispersed in the separation column(high clay content in the suspension),
lower pH on the other hand tends to sink not only the minerals (clear
suspension) but also the organic coal particles.

The process has been operated at pulp densities as high as 20 wt.%, after
which wetting of coal and mineral entrainment in the froth becomes a
problem. We think that this problem can be overcome when the process is
scaled up to the pilot plant.

CONCLUSIONS

Fine and ultrafine coal cleaning by the IBS/0i1 froths process is
feasible. Coals have been cleaned to their washability limits by this
process. Additive loadings have no systematic effect on the process and
higher additive loadings work just as well as the lower additive loadings.
Octanol gave very high ash rejections (> 90 wt.%), the carbon recoveries
were depressed {50 wt.%). Corn 0il/Octanol {(neutral pH) and pentane at
lower pH all cleaned Monterey coal to the washability limits. Organic
particle flotation is almost instantaneous. Results thus far have shown
that the process has much better recovery and ash rejection than the
conventional flotation processes. Increased mixing rates have a positive
effect on the efficiency. The process is limited by the unliberated
minerals and especially by the interaction of coal and mineral particles.
There is a need to find a dispersing agent that could break the phase of
mineral/coal interactions without adversely affecting the wetting angle or a
better grinding/liberation process is required. This would improve the
effectiveness of the process for ultrafine coal cleaning.
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INTRODUCTION

The development of effective means of upgrading the organic part of coal by separating it from the
inorganic part has long been the goal of coal chemists and engineers, with several processes having
been studied in recent years. Amongst these are the removal of mineral components by hot-alkali
dissolution (1,2], the removal of minerals and some organic sulphur by treatment with perchlor-
ethylene [3], and the high-severity extraction of the organics by coal-derived and supercritical
solvents [4]. Relatively milder extraction with refluxing N-methyl-pyrrolidone (NMP) has also
enjoyed attention [5], although the degree of solubilization obtained has been less than 50%. The
aim of these studies has been to develop processes suitable for the manufacture of clean fuels or,
after carbonization, of electrode carbons. The low value of these products places great pressure
on the economics of the process.

The development of a new purification process has been prompted by the observation that rela-
tively small additions of sodium hydroxide allow very high solubilization of certain high-rank
bituminous coals into relatively cheap N,N-dimethylformamide (DMF) and similar solvents. A patent
has been granted in South Africa [6], allowed in the USA and applied for in a number of other
countries. The purified dissolved organics may be recovered from solution as “Refcoal® but the
coal solution itself may be exploited to prepare products of much greater value than fuel or
electrodes.

EXPERIMENTAL
Small-scale extractions

The extractions were performed at room temperature in stainless-steel tubes (80 m#& volume) fitted
with screw caps and PTFE seals. Typically coal (7 g}, solvent (70 g) and alkali were introduced
together with a stainless-steel slug (1 cm by 1 cm diameter). Air was displaced by nitrogen and
the tubes sealed. Up to 12 tubes were placed in a tumbling apparatus and rotated end-over-end
at 60 r/min for 24 hours at room temperature. The extract was filtered through No. 3 sintered-
glass filter, washed once with solvent (70 g}, then exhaustively with water to remove residual
solvent and dried under vacuum at 60 °C. The residue was weighed, the carbon content
determined and the degree of carbon extraction calculated using the formula:

% Carbon extraction = (wt coal extr. x % C in coal - wi extr. residue x % C in residue} x 1
wi. cosl extr. x % C in coal

The repeatability, particularly for high degrees of extraction, was high. The figures shown are
averages of at least two determinations.

Bench-scale extractions

The extraction apparatus consisted of a jacketed stainless-steel reactor 240 mm x 81 mmL.D.,
fitted with internal baffles and a flat stirrer 40 x 40 mm driven by a variable-speed motor capable
of 1 500 r/min. The extractions were conducted under an argon atmosphere. Oil or water from
a thermostat was pumped through the jacket to provide temperature control. The reactor was
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loaded with coal (70 g} and solvent (700 ml) and heated to operating temperature. Alkali was
added and the extraction commenced. Samples of slurry were taken as required and the degree
of extraction measured.

Monitoring the degree of extraction

Slurry samples (= 1 mi) were centrifuged at 3 000 r/min for 5 minutes, then 0,1 g of supernatant
was weighed rapidly into a volumetric flask and diluted to 50 ml with solvent. The absorbance at
600 nm was measured on a Unicam SP 1700 spectrophotometer.

Minerals removal

Extracts were centrifuged at 6 000 r/min for 30 minutes in 1-2 buckets and the supernatant filtered
under vacuum through polypropylene filter cloth. The removal of minerals was monitored by XRF
analysis of recovered Refcoal.

Refcoal recovery and alkali removat
The bulk of the solvent was removed by vacuum distillation at 90 °C. The product was washed
with boiling water to remove residual solvent and alkali, and then dried to give Refcoal.

RESULTS AND DISCUSSION

Small-scale extractions

The effect of adding potassium hydroxide (coal:solvent:KOH ratio 10:100:1,6) on the carbon
extractabilities into NMP of various South African coals is shown in Table 1. Coals of higher and
lower dry, esh-free carbon content showed much lower extractabilities. Clearly the vitrinite
concentrates were much more soluble than the corresponding inertinites. Coal B - a flotation
concentrate rich in vitrinite - showed a remarkably high extractibility considering the mild conditions
employed.

The suite of Argonne Premium coal samples [7] was similarly extracted using the same coal:
solvent:KOH ratio. The results are given in Table 2 where a similar rank effect is seen. It should
be noted that southern African coals have experienced a very different history to those of North
America and that direct comparisons based on particular rank parameters should be approached
with caution.

The effectiveness of numerous solvents was examined using Coal A and potassium hydroxide in
the same ratios as above. The results are given in Table 3. Amide solvents are seen to be generally
effective, with dimethyl sulfoxide somewhat less so. Pyridine alone or with KOH was ineffective
but the addition of the phase-transfer catalyst 18-crown-6 gave greatly increased extraction when
five consecutive extractions were done. Hexamethyl phosphoric triamide was ineffective, even on
addition of crown ether.

Various amine, ether, polyether and alcohol solvents showed no great increase in solubility on the
addition of potassium hydroxide/crown ether.

Similar results in both NMP and DMF were found when an equivalent amount of sodium hydroxide
was used in place of potassium hydroxide. Lithium hydroxide was very much less effective.

The most significant points arising from these results are:

(§)] The organic part of a variety of coals can be very effectively solubilized.
(2) Relatively cheap and volatile DMF may be used.
3) Relatively cheap sodium hydroxide may be used.
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Bench-scale extractions

Numerous bench-scale experiments aimed at defining process conditions for the extraction of
Coal B have been done using DMF and NMP. The extraction curves found show, in some cases
after an induction period, a steadily decreasing rate of extraction until a final plateau is reached.

In summary the more significant observations are:

The effect of air. The extraction is severely affected, with approximately half the potential
extraction being obtained.

The effect of temperature. The rate increases rapidly with temperature. In NMP the time

to completion ranges from 10 minutes at 180 °C to 17 hours at 30 °C. In DMF the time ranges
from 60 minutes at 150 °C to 24 hours at 30 °C. An induction period is seen at lower
temperatures.

The effect of alkali. Potassium hydroxide, in equivalent amounts, gives marginally faster extraction.

The form of the sodium hydroxide is important. In NMP and DMF the extraction rate increases with
the use of finer NaOH. The induction period becomes shorter. Sodium hydroxide solution gives
rapid dissolution, but in DMF the final plateau of extraction is much lower than that found for solid.
The addition of more NaOH solution leads to further extraction. Reaction of the base with the
solvent must be occurring before the coal is fully solubilized.

The quantity of sodium hydroxide required for maximum extraction in both solvents is about 10%
of the mass of the coal.

The effect of phase-transfer catalyst. The addition of as little as 0,7% (of the mass of coal) of poly-
ethyleneglycol 400 increases the rate of extraction noticeably. The addition of 5% polyethylene-
glycol 400 decreases the time to maximum extraction at 90 °C in DMF from 200 to 60 minutes.
The catalyst clearly assists alkali mass transfer.

The effect of stirring rate. The extraction rate increases with the stirring rate, but plateaus in the
bench apparatus at about 1500 r/min.

The effect of particle size. In both NMP and DMF there is a moderate effect at 30 °C and no
difference at 90 °C when comparing coals -500 ym +212 ym and -160 ym in size.

Solution properties

The solutions are dark brown in colour. The DMF solution ranges in viscosity from 1,8 cp at 90 °C
to 3,5 cp at 30 °C. Solutions in both solvents are unstable when exposed to atmospheric water
and carbon dioxide. The NMP solutions have an indefinite stability when in closed containers, but
the DMF solutions gel after a few weeks. The addition of acid or other solvents miscible with DMF
and NMP leads to immediate precipitation of the coal-derived material.

Monitoring the degree of extraction

The absorbtion measured correlated extremely well with the degree of carbon extraction
determined gravimetrically in a series of partial extractions done in the small-scale extraction
apparatus on various coals. The absorbance per gram of coal dissolved remained constant,
independent of the degree of extraction for each coal, but differed widely from coal to coal.
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Minerals removat

The undissolved coal present in the extraction slurry is highly swollen with solvent and very sticky.
Filtration is difficult. Centrifugation at 6000 r/min of the solution directly from the hot extraction
vessel gave the best results. Table 4 compares the ash analyses of Coal B with those of a series
of unwashed Refcoals prepared from a solution of this coal centrifuged at various speeds.
Increased speed is clearly important.

Refcoal recovery and alkali removal

Vacuum distillation of DMF solutions proceeded smoothly at 10 mbar pressure and 90 °C bath
temperature, but removal of NMP was difficult and slow. Complete removal of either solvent was
not possible but, based on nitrogen analysis, can be brought down to about 10% for DMF and 16%
for NMP. Hot-water washing brings these percentages down to < 1% and about 3% respectively.
Sodium is also removed by water washing, from 3% in the vacuum-dried product to less than
100 ppm. The final product is a dry, free-flowing granular material. Analysis of Refcoal gave
values very close to those found for the coal used in its preparation. Nitrogen increased 0,1 -
0,2%, representing 0,5 - 1,0% DMF, while sulphur was halved, representing removal of pyrite.

Exploitation

Several uses for coal solutions and Refcoal show promise. Refcoal would be a very clean fuel. The
carbonization yield of Refcoal prepared from Coal B is 75% at 1100 °C making it an efficient
carbon source. Some control of the degree of ordering of the carbon formed appears possible. The
low viscosity of the solutions makes it attractive as an impregnation medium. Higher-valued uses
are being investigated - fibres can be spun from suitably treated solution and the solution can be
used as a source of carbon of high reactivity for the carbothermal preparation of metal carbides and
nitrides.

LITERATURE CITED

1. Chriswell, C.D., Shah, N.D. and Markuszewska, R. Sept. Sci. and Tech. 1991 26(7) 961.

2. Waugh, A.B. and Bowling, K.M. EP 0302864/B1/ 1991.

3. Fullerton, K.L., Lee, S. and Kulik, C.J. Fuel Science and Eng. int’). 1991, 9(7) 873.

4. Pullen, J.R. in Coal Science, Vol. 2, p. 259 ed. McGorbaty, J.W. Larsen and |. Wender,
Academic Press, 1983.

5. Renagnathan, K., Zondlo, J.W., Minty, F.A., Kneisl, P. and Stiller, A.H. Fuel Proc. Tech.
1988 18 273.

6. Morgan, D.L. SA Patent No. 90/7608, Cos/ solubilization, 1991, ENERKOM (Pty) Ltd.

7. Vorres, K.S. Energy and Fuels, 1990 4(5) 420.

ACKNOWLEDGEMENTS

The author wishes to thank:

The South African Department of Mineral and Energy Affairs for funding these studies.
Dr J Dekker for helpful discussions.

Charl Fourie, Stefanie McMenamin and Alpheus Bokaba for technical assistance,

1999



TABLE 1: Extraction of South-African coals in N-methylpyrrolidone

COAL % dat C No additive KOH addition
% carbon % carbon
extraction extraction
A 86.8 8.6 80.5
B 88.5 5.0 90.3
c 88.2 80.3
D1 vitrinite 86.8 20.7 47.7
D1 inertinite 86.2 5.4 13.4
D2 vitrinite 87.0 19.0 67.0
D2 inertinite 85.8 6.8 24.8
E1 vitrinite 86.0 10.5 40.0
E1 inertinite 86.3 6.7 16.1
E2 vitrinite 88.8 6.3 86.1
E2 inertinite 86.8 3.4 25.9

TABLE 2: Extraction of Argonne Premium coals into N-methylpyrrolidone/KOH

COAL % dmmft C % Carbon extrection
Wyodak-Anderson 76.04 6.0
Beulah Zap 76.05 6.4
Illinois #6 80.73 14.4
Blind Canyon 81.32 16.2
Lewiston-Stockton 85.47 17.5
Pittsburgh #8 84.95 25.3
Pocahantas #3 91.81 76.9
Upper freeport 88.08 85.8
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TABLE 3: Extraction of Coal A in various solvents
(Coal:solvent:KOH ratio 10:100:1,6)

SOLVENT -

% CARBON EXTRACTION

N-methylpyrrolidinone
Dimethylformamide
Dimethylacetamide
Tetramethylurea
Dimethylimidazolidinone
Dimethyitetrahydropyrimidinone
Dimethylsulphoxide
Hexamethylphosphoric triamide
Pyridine

Pyridine + 18-crown-6 + KOH
(70 ml: 0.5 g:0.22 g)

80.5
82.5
79.4
56.7
83.1
63.8
62.2
8
6.5 (5 consecutive extractions)
16.9 (1 extraction)
84.5 (56 consecutive extractions)

TABLE 4: A comparison of inorganic elements present in Refcoals prepared from solutions
centrifuged at various speeds with their contents in the original coal.
CENTRIFUGE SPEED (r/min)

OXIDE COAL 2000 4000 6000
Si0, 4.2% 0.14% 0.11% 0.10%
Al,O, 21 0.15 0.04 0.03
Fe,0, 0.43 0.006 0.01 0.005
Ca0O 0.28 0.004 - -

K,0 0.13 0.008 0.004 0.003
TiO, 0.18 0.04 0.02 0.015
MgO 0.10 0.03 0.02 0.02
Total 7.4 0.38 0.20 0.17
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PRE-OXIDATION AND PERCHLOROETHYLENE (PCE) DESULFURIZATION OF ILLINOIS COALS
M.-l. M. Chou, J.M. Lytle, R.R. Ruch, C.W. Kruse, and C. Chaven, lllinois State Geological
Survey, Champaign, IL 61820; D.H. Buchanan, Dept. of Chemistry, Eastern lilinois University,
Charleston, IL 61920

INTRODUCTION

A pre-combustion coal desulfurization process using perchloroethylene (PCE) at 120°C to
remove up to 70% of the organic sulfur has been claimed by the Midwest Ore Processing Co.
(MWOPC). The importance of oxidation and drying conditions as well as temperature controi
\is stressed by the developers (Lee et al., 1991; Leehe and Sehgal, 1988). According to
MWOPC, this process gives higher organic sulfur removal from Ohio and Indiana coals than
from lllinois coals.

Over the past few years, the ISGS and Eastern Illinois University (EIU) have jointly developed
analytical methods to measure forms of sulfur in PCE extracts of high-sulfur lllinois coals
(Buchanan et al., 1990). Some elemental sulfur and limited amounts of organic sulfur have
been removed from oxidized lllinois coals during these studies; however, these sulfur removals
were much lower than those reported by MWOPC. Several hypotheses may explain these
differences, but to date, limited data addressing these hypotheses have been reported.
MWOPC postulated that the organic sulfur removed was mainly aliphatic, and that the organic
sulfur in lllinois coals may contain less aliphatic sulfur than other coals tested. We have
hypothesized that errors in interpreting data from American Society for Testing and Materials
analysis methods (ASTM) may account for the higher organic sulfur removal reported by the
MWOPC. For example, elemental sulfur extracted by the PCE can be derived from the pre-
oxidation of pyrite, but this elemental sulfur will be erroneously reported as organic sulfur by
the ASTM analysis. Furthermore, the high chlorine content in the PCE-treated material could
decrease its suitability for combustion.

One goal of this study was to independently confirm the organic sulfur removal from high-
sulfur Illinois coals with the PCE desulfurization process reported by the MWOPC. Another
goal was to verify the forms-of-sulfur determination using the ASTM method for evaluation
of the MWOPC process. The overall commercial value of this process also depends on
removal of the chlorine from the PCE-treated coal residue. Chlorine up-take during PCE
desulfurization, and technigues for removal of chlorine from the process residue, also were
investigated.

EXPERIMENTAL

Samples - An oxidized Ohio 5/6 coal was provided by Mr. C. Kulik of Electric Power Research
Institute. Coals identified as IBC-101, -102, -104, -106 were obtained from the Illinois Basin
Coal Sample Program (Kruse, et al., 1991). Mineral pyrite was provided by Mr. R.H. Shiley,
an ISGS staff member. ’

Procedures

Ambient oxidation {laboratory weathering) - During ambient oxidation, samples (IBC-104 coal
and mineral pyrite) were stored in a container under room air at laboratory conditions for
periods of both 2 weeks and greater than 5 years for coal and for more than 3 years for a
pyrite sample.
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PCE extraction of oxidized samples of coals IBC-104 and Ohio 5/6 - Azeotropic drying was
conducted prior to each PCE extraction. This was accomplished by adding the sample to well-
stirred PCE at 70 to 100°C in an open flask, heating the mixture until all of the water was
removed and the temperature in the flask rose to 121°C. The temperature was maintained
at 121°C for 30 minutes to complete the extraction. The residue coals from PCE extraction
were isolated by hot filtration. The feeds and products from these operations were subjected
to both ASTM and X-ray absorption near edge structure (XANES) analyses. The PCE extracts
were analyzed for elemental sulfur by high performance liquid chromatography (HPLC).

Short-term air oxidation/PCE extraction - Oxidation in air in the presence of PCE was
conducted by bubbling filtered air through a coal/PCE slurry with and without water at a
specified temperature for a selected length of time. After oxidation, the temperature was
increased to 121°C and maintained for 30 minutes. The extracts produced from PCE
extraction were then isolated from the residues by hot filtration. After purification, the PCE
extracts were analyzed by HPLC for elementa! sulfur contents.

ASTM forms-of-sulfur analysis - In the ASTM D-2492 procedure (1991), the sample (-60
meshy} is first digested with a dilute HCI solution. The acidic solution is filtered and sulfatic
sulfur is precipitated and quantified as BaSO,. After washing with distilled water, the HCl-free
residue is digested with dilute HNO;. The solution is filtered and the volume adjusted for
atomic absorption (AA) determination of iron, which is then calculated as pyritic sulfur. At
this point, all the iron from pyrite (FeS,) should have been removed and analyzed. To obtain
total sulfur, a separate split of coal sample is combusted in a Leco model SC32 total sulfur
analyzer equipped with an on-line IR detector which is used to monitor SO, production.
Organic sulfur is obtained by taking the difference between total sulfur content and the sum
of pyritic and sulfatic sulfur contents. Any elemental sulfur present appears as organic sulfur
since it is not reported as pyritic or sulfatic sulfur.

Elemental sulfur determination - Elemental sulfur in the PCE extract was first purified by
passing the solution through a Florisil column. Sulfur was then determined with a Perkin-
Elmer Model LC65 HPLC with an ultraviolet - visible light (UV-VIS) detector.

X-ray absorption near-edge structure (XANES) analysis - This method has been developed
(Huffman et al., 1991) for the quantitative determination of all major forms of sulfur in coal,
both organic and inorganic. The method is based on a least-squares analysis of the X-ray
absorption near-edge structure (XANES). This analysis produces a series of peaks that
represent 1s —np photoelectron transitions. Because the major sulfur forms occurring in coal
(pyrite, elemental sulfur, organic sulfide, thiophene, sulfoxide, sulfone, and sulfate) have
characteristic s — p transition energies, the relative peak areas contributed to the XANES
spectrum by each sulfur species can be determined. Aliphatic sulfur is represented by organic
sulfide, aromatic compounds by thiophene, and oxidized organic sulfur species by sulfoxide
and sulfone. These peak areas are converted to weight percentages of sulfur using calibration
constants derived from XANES data from standard compound mixtures. Since XANES derives
the signal from the bulk of the sample, detailed information concerning the aliphatic, aromatic,
and oxidized forms of organic sulfur removed during PCE desulfurization can be obtained.

Dechlorination and chlorine analysis - Procedures for chlorine removal from the PCE-extracted
coals were examined. An ISGS proprietary method was used to remove chlorine from the
processed residues. The chlorine contents of the treated products were determined by a Leco
CL350 chlorine analyzer.
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RESULTS AND DISCUSSION

PCE desulfurization and sulfur analyses by ASTM and HPLC methods - PCE desulfurization
was conducted on short-term {2 weeks) and long-term (> 5 years) air-oxidized IBC-104 coal
samples and an oxidized Ohio 5/6 coal sample. The results of the ASTM analyses of the
desulfurization products and the HPLC analyses of the PCE extracts are shown in Table 1.
Coal oxidation before PCE extraction produces more elemental sulfur to be extracted. The
ASTM data also show a reduction in both total sulfur and organic sulfur after PCE extraction
of the highly oxidized coal samples.

The sample from two weeks oxidation indicates no total sulfur reduction with an
undetectable amount of elemental sulfur by HPLC analysis of the PCE extract. The increase
in organic sulfur content of this sample as shown by ASTM analysis appears to be an error
of the ASTM analysis. Considering the ASTM forms-of-sulfur determination (ASTM D-2492,
1991), the error in organic sulfur determination is associated with the errors from sulfate,
pyrite, and total sulfur determinations. The changes in the two-week oxidized sample after
PCE extraction may be too small to offset these errors. However, the sample from a long-
term (> 5 years) ambient oxidation shows a noticeable reduction in both total sulfur (20%)
and organic sulfur {10%), and a noticeable amount of elemental suffur {0.07%) obtained by
PCE extraction. Similar reductions in sulfur content of the residues and increases in extracted
elemental sulfur were obtained for the highly oxidized Ohio 5/6 sample. The reduction in total
sulfur was 20% and in organic sulfur was 21%, and 0.10% elemental sulfur was obtained
by PCE extraction.

PCE desulfurization and sulfur analyses by XANES and ASTM methods - Least-squares sulfur
K-edge XANES analysis was utilized to resolve organic sulfur into aliphatic, aromatic, and
oxidized forms. To take the most precise data on sulfur forms, the data from XANES analysis
were combined with wt% pyritic sulfur in coal from the ASTM analysis. The results are listed
in Table 2. The data show that two-week oxidation has little effect on elemental sulfur
extraction, which is consistent with the HPLC analysis result. However, these data do not
identify any form of organic sulfur reduction.

The five-year oxidized sample (Table 2} ditfers significantly from the two-week oxidized
sample in that 35% of the pyritic sulfur has been oxidized to sulfate and to a small amount
of elemental sulfur. In addition, the principal forms of organic sulfur appear to be 10% lower
in the five-year oxidized sample than in the two-week oxidized sample, suggesting that
organic sulfur has been oxidized to some extent. Oxidized organic sulfur (0.13%) observed
by the XANES analysis supports the indication that organic sulfur has been partially oxidized
during this long-term air oxidation. The XANES data also indicate that PCE treatment removes
all the elementa! sulfur and about half of the oxidized organic sulfur. The apparent difference
in sulfate content before and after PCE extraction is attributed to water washing after the PCE
treatment, which removes soluble sulfates.

The Ohio 5/6 sample behaves similarly to the IBC-104 coal in that the PCE treatment removes
all the elemental sulfur and 71% of the oxidized organic suifur. The treatment has little or no
effect on other forms of sulfur. As was the case with the coal previously discussed, the large
decline in sulfate content is attributed to aqueous washing after PCE extraction.

Overall, the results indicate that oxidation is important to subsequent PCE desulfurization.
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The effects of process conditions (time, temperature, and oxidation) on the amounts of
elemental sulfur obtained by PCE extraction - In addition to ambient oxidation, various short-
term, air-oxidation effects (achieved by varying the amount of water, temperature, and time)
were examined. As indicated in Table 3 for a partially oxidized coal O-IBC-101, bubbling air
through a suspension of coal in hot PCE with water present produces more elemental sulfur
(0.10%]) in the extract than the run conducted under the same condition without water
present (0.06%). Without water present, as seen in the two runs of O-IBC-101 coals,
bubbling air at 90°C for two hours does not produce additional elemental sulfur. A similar
trend is observed for a fresh sample of IBC-104 (F-IBC-104). The run that was conducted
with water present {at 90°C bubbling air for two hours) shows a 2-fold increase in elemental
sulfur production (0.02%), whereas, the run that was conducted without water present (at
24°C bubbling air for two hours) shows no change in elemental sulfur production. Among
all the IBC-104 coal samples, the sample which underwent long-term ambient oxidation has
the most elemental sulfur (0.07%).

The results of this investigation indicate that the presence of water during oxidation enhances
elemental sulfur production. This implies that the oxidation process can be speeded up by
maintaining moist conditions during oxidation.

Dechlorination - A steam-stripping technique has been reported to give a PCE residue from
Hiinois Herrin (No. 6) coal with a chlorine content of 0.9% (Atwood and Leehe, 1991). This
level of chlorine in the treated coal would be considered unacceptable by coal users.

Various methods for chlorine removal from the PCE process residues were examined. The
amount of chlorine remaining in the PCE-extracted coals was determined. Without any
washing, a PCE-extracted coal had a chlorine content as high as 4.68%, as indicated in
Table 4. An ISGS proprietary method was developed to remove excess PCE. This method
can totally remove PCE and give PCE-extracted coal with a chlorine content as low as 0.03%.

ASTM forms of sulfur in fresh and oxidized coal samples - Four coals from the lllinois Basin
Coal Sample Program (IBCSP) were oxidized under ambient conditions. The forms of sulfur
in coals with and without oxidation were then analyzed by the ASTM method. The analyses
were performed at the same time with the same instrumental calibration, and by the same
operator, The resuits (Table 5) indicated that the oxidized samples show a noticeable
decrease in pyritic sulfur, a noticeable increase in sulfatic sulfur, and a slight increase in
"organic sulfur”. Total sulfur content in the coals remains unchanged, but the decrease in the
amount of pyritic sulfur appears to be equal to the sum of the increases in the amount of
sulfatic and organic sulfur. This variation is consistent for all four coal samples analyzed.

In a separate study, a sample of oxidized pyrite (OPY) was extracted with PCE. The OPY was
prepared by subjecting a pure sample of pyrite to ambient oxidation for more than three years.
The oxidized sample was mixed with inert celite for the purpose of diluting the sample for
analysis. The diluted sample was then used for PCE extraction. The ASTM analysis of the
oxidized sample shows 0.28% "organic sulfur,” 0.32% of sulfatic sulfur, and 3.53% of pyritic
sulfur (Table 6). After PCE extraction, this ASTM "organic sulfur® disappears, and the PCE
extract shows elemental sulfur (0.03%) from HPLC analysis. These data suggest that during
oxidation, pyrite in the coal is oxidized. Part of the pyritic sulfur is converted to a sulfatic
form and part to the elemental form. Perchloroethylene is known to be an efficient solvent
for elemental sulfur extraction. Thus, the elemental sulfur removed by PCE extraction
apparently originated with oxidation of pyrite. This elemental sulfur will be credited as
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"organic sulfur” by the ASTM analysis. This explains why an increase in "organic sulfur”
content was observed by ASTM analysis of the oxidized coal samples, and why over-
estimation of "organic sulfur” removal by PCE desulfurization of highly oxidized coal samples
could occur. Overall, the results of these oxidation studies confirm the hypothesis that
oxidation produces elemental sulfur that complicates the interpretation of data on organic
sulfur removal by PCE desulfurization obtained from ASTM forms-of-sulfur analyses.

CONCLUSIONS

Oxidation of coats was found to affect subsequent PCE desulfurization. Not only pyritic sulfur
but also some of the organic sulfur in coal is oxidized. Elemental sulfur produced from pyrite
oxidation and some oxidized forms of organic sulfur are amenable to removal by PCE
desulfurization.

The uncertainty in an organic sulfur content calculated by the ASTM method includes the
separate errors of the sulfate, pyrite, and total sulfur determinations. A high value for ASTM
organic sulfur results from oxidation of coal. Air oxidation of pyrite in coal produces PCE-
extractable elemental sulfur. This elemental sulfur is interpreted as "organic sulfur” using the
ASTM method for forms-of-sulfur determination.

The data indicate that the ASTM-2492 analytical method for forms-of-sulfur determination is
inadequate for interpreting "organic sulfur" removal by PCE desulfurization.
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Table 1. Elemental sulfur from PCE extraction and ASTM forms of sulfur in short-term and

oxidized coals before and after PCE extraction.

long-term  air

Wt %, moisture-iree, whole-coal basis

Sample Sulfatic Pyritic | Organic Total §°
IBC-104, un-oxidized 0.03 2.44 1.66 4.13

1BC-104, 2 wks oxid, before PCE extract 0.12 2.17 1.68 3.97

IBC-104, 2 wks oxid, after PCE extract and 0.05 2.18 1.75*** |3.98*0% 0.00
dechlorination

iBC-104, >5 yrs oxid, before PCE extract 0.87 1.40 1.84 4.11

IBC-104, >5 yrs oxid, after PCE extract and 0.25 1.40 1.6670* 3.310% 0.07
dechlorination

Oxidized Ohio 5/6, before PCE extract 0.63 0.79 2.08 3.50

Oxidized Ohio 5/6, after PCE extract and 0.28 0.87 1.64' "% 2,79 0.10
dechlorination

"% % of reduction in 1o1al sulfur or organic sulfur; $°, elemental sulfur in PCE extracts by HPLC analysis, in wt%

on moisture-free, whole-coal basis.

Table 2. Analysis of sulfur forms by XANES in three oxidized coals before and after PCE

desulfurization.

Wt %, moisture-free, whole-coal basis

Sample . Pyritic [S°® Sulfide | Thiophenic Oxid Sulfatic
IBC-1 04, 2 wks oxid, before PCE extraction [2.17 0.00 }0.61 1.07 0.00 }{0.12
1BC-104, 2 wks oxid, after PCE extract and {2.18 0.00 [0.61 1.12 0.00 [0.07
dechlorination

IBC-104, >5 yrs oxid, before PCE extract |1.40 0.17 |0.54 0.86 0.13 |1.01
IBC-104, >5 yrs oxid, after PCE extract and| 1.40 0.00 |0.56 0.88 0.07 |0.40
dechlorination

Oxidized Ohio 5/6, before PCE extract 0.79 0.26 |0.50 1.00 0.14 |0.81
Oxidized Ohio 5/6, after PCE extract and 0.87 0.00 |0.54 1.04 0.04 |0.30
dechlorination

" All data were obtained from least-squares sulfur K-edge XANES analysis with the exception of pyritic sulfur

which was obtained from the ASTM analysis; oxid., sulfoxide and sulfone.
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Table 3. The effects of oxidation conditions on the amount of elemental sulfur removed by PCE extraction

Starting coal | PCEH,0 Oxidation Method Time Temp.{ | $° %
{mL/mL) °C)
F-1BC-104 100/0 none - - 0.01
F-BC-104 fong-term ambient-air oxidation >5 yrs Room 0.07
F-IBC-104 10010 bubbling air, 20 mL/sec 2 hrs 24 0.01
F-1BC-104 100/20 bubbling air, 20 mL/sec 2 hrs 20 0.02
0-18C-101 100/0 none - - 0.06
0-1BC-101 100/0 bubbling air, 20 mL/sec 2 hrs 90 0.06
0-1BC-101 100/20 . bubbling air, 20 mL/sec 2 hrs 90 0.10

F-IBC-104, un-oxidized 1BC-104 coal; O-IBC-101, slightly ambient-oxidized IBC-101 coal; §°, elemental sulfur by
HPLC analysis of PCE extracts, in wt%, moisture-free, whole-coal basis.

Table 4. Results of chiorine removal from PCE-extracted residues of an un-oxidized
{F-IBC-104-PCE} and an oxidized {O-IBC-104-PCE) coal.

Sample Method of washing Total Chiorine
{%)
F-IBC-104 0.03
F-IBC-104-PCE NONE 4.68
F-IBC-104-PCE Water 2.96
F-1BC-104-PCE Proprietary A 0.17
F-IBC-104-PCE Proprietary B 0.03
0-1BC-104-PCE Proprietary B 0.03
0-1BC-104-PCE Proprietary B 0.03

Total chlorine contents are in weight percent, moisture-free, whole-coal basis.
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Table 5. ASTM forms of sulfur in oxidized and un-oxidized IBCSP coal samples.

ASTM forms of sulfur
{weight %, moisture free, whole-coal basis}
Coal Sample R i
Sultatic Pyritic Organic Total
A 0.05 1.20 3.10 4.35
IBC-101 .
€10 B 0.54 0.54 3.30 4.38
A 0.06 2.20 1.00 3.26
IBC-1
c-102 B 1.12 0.81 1.34 3.27
A 0.03 2.40 1.70 4.13
1BC-104
B 0.84 1.33 2.00 4.17
A 0.02 1.80 1.80 3.72
iBC-106
B 0.57 1.00 2.25 3.82

A, un-oxidized, preserved under nitrogen; B, oxidized.

Table 6. Sulfur in an oxidized pyrite before and after PCE extraction.

ASTM forms of sulfur
weight %, moisture-free, Celite-diluted sample

Sample Sulfatic Pyritic Organic Total S "%
Oxidized pyrite”, before PCE 0.32 3.53 0.28 4.13 na
extraction

Oxidized pyrite, after PCE 0.35 3.68 0.01 4.04 0.03
extraction

* Long-term {> 3 years) ambient air oxidized pyrite, 10% in Celite {an inert additive for the purpose of diluting the
sample for analysis); $°, elemental sulfur in PCE extracts by HPLC analysis, in wt% on moisture-free, celite diluted

sample.
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POZZOLANIC REACTIVITY AND COMPRESSIVE STRENGTH OF GASIFIED COAL SLAG
ADDED WITH LIMESTONE FLUX
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Koganei, Tokyo 184 Japan

*1) Department of Industrial Chemistry
Chubu University
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INTRODUCTION

In recent years, an entrained flow gasification of coal, which has several
advantages over other gasification processes including high throughput per
reactor volume and flexibility in coal types, has attracted special interest in many
countries. The gasifier involves wet ash removal. The liquid slag formed has
suitable viscosity for tapping and is withdrawn at the bottom of the reactor without
promoting the corrosion in the reactor insulation. To operate the gasifier stably
and to maintain high gasification efficiency, it is necessary to control ash melting
temperature by adding limestone which causes decrease in ash melting temperature
and slag viscosity(l). The use of the slag/lime mixture as a partial replacement in
slag portland cements is of interest, because of utilization of waste slag. Slag
portland cements with higher slag contents are used for mass concrete because of
their low heat evolution. And those with lower slag content are used as a substitute
of portland cement. Japanese Industrial Standard (JIS) has permitted the addition
of slag or other latent hydraulic or pozzolanic materials to the portland cements.

In this paper, characterization on coal gasification slag loaded with limestone
additive obtained from a laboratory-scale entrained bed gasifier was performed in
order to obtain the relation between the character of the glass phase, pozzolanic
reactivity and compressive strength of the blending component.

EXPERIMENTAL

Two sorts of Blair Athol slag, gasified slag A and B, were obtained from a
lahoratory-scale entrained bed gasifier(2). Limestone was added to the coal as a
flux to control operation temperature of the gasifier. The CaO content of the slag
was relatively high and, therefore, the melting temperature of the slag was much
lower than that of original slag. Important characters of the slag are shown in
Table 1.

Infrared spectrum of vq stretching vibration of Si-O bond in slag was measured by
FT-IR method. 30% Ca?OH)z and 10% CaS0y'2Hy0 as activator were added_to each
slag. The slag was mixed with water solid ratio of 0.5 and cured at 313K for 1, 7 and
28 days. Hydration reactivity of the blending component was evaluated from its
hydration degree, amount of combined water and reacted Ca(OH)Z. Hydration
degree of the blending component was determined by XRD after heating and
recrystallizing hydrated sample at 1273K for half an hour. Amount of combined
water and reacted Ca(OH)z was measured by ignition loss and TG method,
respectively(3). Compressive strengths of the blending component and the slag
cements containing 25 to 75wt% of portland cement were measured in conformity to
the JIS (Japanese Industry Standard) method.
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RESULTS AND DISCUSSION

Condensation Degree of Silicate Ions in Glass Phase

Most slag and melted ash are more complex than vitreous Si0y. Glass phase results
from co-melting silicate with other oxides, some of which provide elements with
coordination numbers generally of 3 or 4 {e.g. Al, Fe, etc.), which are capable of
replacing Si in the polymeric network, known as network modifiers(4). As CaO is
introduced into a silica melt, the resulting slag formed on quenching became
increasingly depolymerized, relative to the parent coal slag.

The averaging phenomena for heterogeneous assemblages of melted glass phase
containing Ca0 was observed by the FT-IR method. Typical infrared spectra of
ash-Ca0 mixture slag showed a number of characteristic bands which are seen to
vary with the origin of the slag, which can be compared with other similar mineral
species. It is well known that vy stretching vibration of Si-O bond makes strong
absorption at 1100cm”! in IR spectrum and this absorption peak shift towards high
wave number as the condensation degree of silicate ions increases(5). The peak
position each slag component by IR is shown in Figure 1. Gasified slag A and B and
blast furnace slag had a peak at about 950 to 940cm~l. While Blair Athol slag and fly
ash had a peak at about 1060cm™l. The condensation degree became larger in the
order of high calcium slag.

Pozzolanic Reactivity of Slag

The amount of combined water and reacted Ca(OH)z and hydration degree are shown
in Figure 2. Since the glass phase has higher level of free energy than the
crystalline phase, the glass phase is corresponded with the reactivity of the
blending component more deeply. Content of glass phase in slag was above 99%.
Hydration degree and combined water of the gasified slag B were almost equal to
those of the blast furnace slag at 28 days. Those of the gasified slag A with less
than 1% crystalline phase, however, were small. The pozzolanic reactivity of slag
is considered to correspond to Ca0 content and the condensation degree of silicate
ions, i.e. a network with a lower degree of connectivity. Onthe other hand, amount
of reacted Ca(OH)Z could not estimated in case of slag rich in CaO.

Compressive Strength of Slag

Figure 3 shows the compressive strength of the blending component. As expected,
blast furnace slag and gasified slag B gave the highest strength development after
28 days. However, gasified slag A resulted in significantly lower strength due to
the low pozzolanic reactivity.

The effect of portland cement content on the compressive strength developed by
the slag shows in figure 4 and 5. Blending cements containing 25wt% of the slag/
75wt% portland cement show higher strength from 7 days onwards. The strengths
of the gasified slag B cement were found to exceed the JIS value. The improved
strengths are more likely to be due to the speeding up the pozzolanic reaction.

CONCLUSIONS

The pozzolanic reactivity of the slag was enhanced with increasing basicity and Ca0
content in slag and decreasing of the degree of condensation of silicate ion in the
glass phase. Hydrated products from the slag cement were not basically different
from those from blast furnace slag cement. The compressive strength of high
calcium slag cement (gasified slag B) was almost equal to that of blast furnace slag.
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Table 1| Characteristics of slags used in this study

Gasified Gasified Blast Fly ash
slag A slag B furnace
slag

Sio (%) 46.5 39.46 32.67 54.10
Al 3 (%) 21.68 14.61 12.43 21.03
Fe,04 (%) 2.12 2.94 0.56 4.71
Ca (%) 17.34 35.56 44.50 10.41
MgO (%) 0.24 0.32 5.56 1.24
ST (K 1610 1540 - -
HT (K) 1660 1580 - -
FT (K) 1700 1610 - -
C/S 0.37 0.90 1.36 0.19
(C+M) /S 0.38 0.91 1.53 0.22
(C+M)/ (S+A) 0.26 0.66 1.11 0.16
(C+M+A) /S 0.84 1.28 1.91 0.60
Content of glass
phase (%) 0.99 0.99 0.99 0.70

A:Al,0q, C:Ca0, M:Mg0O, S:5i0,

Condensation degree of silicate ion

S0z 5> S0
polymer monomer
Blair Athol slag O
Gasified slag A 0o )
Gasified slag B O
Blast furnace slag O
Fly ash @)
1100 1000 900
Wave number [cr')
Figure 1 Peak position of infrared absorption spectrum of blending component
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Figure 5
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