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ABSTRACT

Coal and coal-derived liquids and gases constitute an economically attractive alter-
native energy source to liquid petroleum fuels. Ongoing research programs at DOE-
METC are currently examining the potential of inexpensive production of clean liquid
and solid fuels from coal by mild gasification, and of gaseous fuels by countercur-
rent pressurized fixed-bed gasification. The simultaneous release of gaseous sulfur
species (HpS, COS, SO,, SO3) is an inherent environmental limitation to a large-scale
practical application of these processes. A computational technique to estimate the
release of sulfur from coal and subsequent capture by calcium-based sorbents is
presented here, where both processes are assumed to proceed to equilibrium under
devolatilization, gasification (reducing), and combustion (oxidizing) conditions.
A free-energy minimization computer program (PACKAGE) is used here to simulate local
thermochemical equilibria in these reactive atmospheres. Predicted partial pressures
of sulfur species are compared with experimental data on sulfur release and sorption,
and conciusions are drawn regarding the usefulness and limitations of an equilibrium
approach to modeling these processes.

1. INTRODUCTION

Coal use for electric power generation has increased in the past decade, and coal use
for propulsion is a distinct possibility in the near future; however, the economic
conversion of coal to clean fuels still remains a considerable technological chal-
lenge. Coal pyrolysis is perhaps the oldest technique for the derivation of hydro-
carbon fuels from coal. In all coal conversion and utilization processes (including
gasification, combustion, and liquefaction), some form of coal pyrolysis occurs.
Gasification is closely related to pyrolysis in that when coal is gasified by react-
ing it at high temperature with steam and air, pyrolysis is the first stage of the
reaction as the coal is heated to reaction temperature. Similarly, pyrolysis occurs
at the first stage of combustion and in liquefaction because of the high tempera-
tures employed when solvents are reacted with the coal.

1.1 Coal Devolatilization: Current Status of Modeling Efforts

The need to understand devolatilization reaction chemistry is obvious from the above
discussion. Khan (1) has described the experimental procedure used to generate coal
pyrolysis liquids, gases, and solids in the METC Slow Heating Rate Organic Devolatil-
ization Reactor (SHRODR). This unit simulates, to an extent, the heating rates and
residence times of the devolatilization zone of a fixed-bed gasifier. In this 500 ml
fixed-bed reactor, 100 grams of coal (particle size -8 by +100 mesh) were heated to
500°C in 40 minutes and maintained at that temperature for 1 hour. Two high-volatile
coals, Pittsburgh No. 8 (containing 2 weight percent sulfur) and Illinois No. 6, were
tested. A sulfur sorbent, Ca0, was added to the coals by direct mixing of the
components. Product gases were collected and analyzed using gas chromatographs.
Results demonstrated that the presence of lime significantly reduced the yield of
H2S. Total gas yield remained almost unchanged, and the yield of (C,-Cg) hydrocarbon



gases and hydrogen increased significantly. Greater sulfur capture was seen with
smaller Ca0 particles and at higher pyrolysis temperatures.

Typically, correlation techniques (e.g. [2,3]) are utilized to predict product yield
and composition during coal devolatilization. Kinetic schemes proposed to represent
the mechanism of coal pyrolysis range from two independent parallel reactions (4) to
42 reactions of 14 different functional groups in coal (5). Scaroni, et al. (6),
have presented a compromise based on a hierarchy of bond energies in the coal struc-
ture. Serio, et al. (7), have reviewed available models to describe the kinetics of
volatile product evolution in coal pyrolysis. All these approaches suffer to varying
extents from empiricism. The degree of coal devolatilization depends on several
parameters, such as coal type, heating rate, temperature, pressure, residence time
at pyrolysis temperature, etc. The extent of sulfur release depends on several addi-
tional variables, such as the form of sulfur in the coal (inorganic, organic), sulfur
trapped in the pyrolysis liquid, intimacy of contact between Ca0 and the primary
products of devolatilization, etc. Given the uncertainties that unfortunately
detract from any effort to describe the kinetics of these individual processes, an
alternative systematic yet tractable predictive procedure to assess the products of
the basic devolatilization reaction would be of immediate use.

1.2 Coal Gasification: Current Status of Modeling Efforts

The attractiveness of such an interim approach is reinforced by the accumulating
sulfur-sorption data from the METC fixed-bed gasifier, which still await fundamental
analysis. A countercurrent fixed-bed gasifier consists of four overlapping zones
([3]; Figure 1). At the top of the gasifier, the coal is dried and preheated by the
exiting hot product gases. In the second zone, the coal is devolatilized and gases
and tars are released. In the gasification zone, endothermic reactions occur forming
carbon monoxide, carbon dioxide, water, hydrogen, and methane. Combustion of coal
and oxygen occurs in the combustion zone, releasing heat to support the gasification
reactions. Dry or molten ash will form in this zone depending on the maximum combus-
tion temperature. The effects of pressure, calcium/sulfur ratio, and coal and lime-
stone feedstock on sulfur removal efficiency have been investigated in a series of
runs on the METC fixed-bed gasifier. Preliminary results indicate that sulfur cap-
ture decreases as pressure increases, and that recycle of regeneration gases to the
gasifier may be required to obtain significant sulfur capture at higher pressures.

Several computer models (e.g. [3,8,9,10,11]) have been developed to simulate the
chemical and physical processes that occur during steady-state gasification and hot
gas cleanup. In these models, typically, carbon outlet flow and outlet gas composi-
tion and flow rate are predicted, but sulfur chemistry and the effects of additives
are not included in the calculations. In addition, the finite chemical kinetic rate
expressions used by these models require a knowledge of the appropriate activation
energies and rate constant coefficients for various coal types. To obtain a suffi-
ciently comprehensive reliable data base is thus a Herculean task. This problem can
be circumvented to a certain extent by assuming that all chemical reactions proceed
to equilibrium, but this would still require that the individual equilibrium rate
constants be specified. The free-energy minimization procedure developed by White,
et al. (12), is a numerically attractive alternative since it specifies no reaction
paths and has been used to perform the equilibrium thermodynamic calculations pre-
sented in this report.

1.3 Modeling Sulfur-Lime Reaction Kinetics: Uncertain Effect of Pore Structure

The equilibrium approach is also necessitated by the lack (particularly in a fixed-
bed enviromment) of a systematic procedure for the description of the high-pressure
sorptive capacity for SO; (or HyS) removal of a given limestone (or dolomite) start-
ing from basic physical principles and experimental information. The effect of the
initial pore structure of the sorbent, structural changes during the calcination



process, accumulation of a surface char layer on the sorbent particles in their
transit through the (low-temperature) devolatilization and gasification zones in a
gasifier column are among the phenomena that few of the presently available kinetic
models incorporate. Ideally, presently available kinetic codes (13,14) should be
developed to the point where they can describe these phenomena quantitatively; but
in view of the time and effort that would involve, an interim procedure that is
insensitive to these microscopic-level details constitutes a feasible alternative.

These considerations have led to the conclusion that a systematic approach to
describing sulfur release and sorption processes in coal conversion applications is
needed at this stage, even if the approach can only yield (infinite-rate) "limiting'
information on sulfur release, sulfur removal, and lime utilization. While the use-
fulness of the present local thermodynamic equilibrium approach would doubtless be
enhanced by interfacing it with the overall material balance for any specific coal
conversion application, the advancement of understanding attained with the present
preliminary scheme is still considerable. In subsequent sections the fundamentals
of the chemical-equilibrium algorithm used here are described, its ability to deal
with the complex chemistry of coal conversion product mixtures demonstrated, and its
validity evaluated by comparing predicted and measured gas/solid/liquid phase com~
positions in lime-treated coal process streams.

2. THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: METHODOLOGY

Product gas, liquid, and solid phase compositions are estimated here using an
equilibrium-thermodynamic computer program on the premise that the species distribu-
tion predicted by a free-energy minimization algorithm is the one likely to prevail.
Stinnett, et 2l. (15), have previcusly applied the principle of thermodynamic free-
energy minimization to fossil fuel gasification processes to predict the effect of
operating variables on the composition of the product gas (in the absence of a sulfur
sorbent). This approach enables the estimation of the partial-pressure distribution
of all sulfur-bearing species in the gas, as well as the mole fractions of the
sulfur-containing species in the solid and liquid phases; the analysis is thus not
limited to a few user-specified reactions and products. The utility of this method
is limited only by the available thermodynamic data base and its assumption of ideal
solution phases. Due to the demonstrable efficiency of the PACKAGE computer code
(16) in modeling complex phase equilibria in coal conversion gas streams and cleanup
devices, the PACKAGE program has been used to perform the equilibrium thermodynamic
computations presented here. Input to this program consists of elemental composi-
tions of the reactant streams, relative mass flow rates of the reactant streams
(e.g., the fuel/air ratio in a combustion case, [coal+limel/[air+steam] in a gasifi-
cation situation), pressures, and temperatures of interest. In the case of coal
devolatilization, coal composition, devolatilization temperature, and pressure would
constitute the input parameters. Output from the PACKAGE program typically consists
of phase fractions and species mole fractions within each phase as a function of
temperature. The results of exercising the PACKAGE programs under conditions repre-
sentative of coal devolatilization, gasification and combustion are presented in the
next section.

3. THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: FEASIBILITY

In order to demonstrate the suitability of an equilibrium approach to characterizing
coal conversion product streams, illustrative calculations have been performed over
a wide range of operating conditions simulating coal devolatilization, gasification,
and combustion enviromments. The parametric studies presented in this section are
meant to constitute the operating "envelope" for these systems. The results
presented here are mostly qualitative and are intended only to show the feasibility
of the approach without reference to quantitative accuracy; the latter aspect will
be taken up in the next section.




3.1 Devolatilization Products Composition Calculations

The atmospheric pressure devolatilization calculations presented here pertain to
slow-heating pyrolysis of Pittsburgh No. 8 coal over a temperature range 600-1200 K.
In Figures 2 and 3 the effects of temperature on sulfur release and capture during
coal devolatilization are examined. Figure 2 corresponds to untreated coal, whereas
Figure 3 displays calculations made for the lime-added case. Under these (fuel-rich)
conditions, H;S is the dominant sulfur-containing vapor species, with the COS con-
centration being at least an order of magnitude smaller. Both figures show increas-
ing sulfur capture with temperature. Calcium and iron originally in the coal can
capture sulfur to a limited extent, forming CaS and FeS, respectively. Sulfur
sorption by iron oxide is predicted to be possible at lower temperatures than sorp-
tion by CaO, due to the fact that the calcination temperature for CaCOz is relatively
high at atmospheric pressure. Iron and calcium in the coal can recapture close to
30 percent of the released sulfur at temperatures in excess of 900 K. The effect of
varying levels of added lime on HoS mole fraction in the gas phase is shown in Fig-
ure 3 on a semi-logarithmic scale. Clearly, under devolatilization conditions,
calcium oxide is potentially a very effective sorbent for HpS; indeed, the present
equilibrium approach can, at best, indicate the maximum sorption potential of any
additive and enable the evaluation of different sorbents on that basis.

3.2 Gasification and Combustion Products Composition Calculations

Figures 4-6 represent equilibrium-thermodynamic calculations performed under gasifi-
cation conditions. These results simulate the products obtained by reacting together
varying amounts of coal and moist air at atmospheric pressure, over a temperature
range 500-1500 K. The liquid and solid phase fractions in the reaction product
mixture are plotted as a function of temperature and coal/air flow rate ratio in
Figures 4 and 5, respectively. Sulfur elemental concentration in the product gases
is plotted against these variables in Figure 6; no distinction has been made in this
representation of gas-phase sulfur between various sulfur-bearing vapor species (such
as HpS, SO;, SOz, etc.). With increasing temperature the liquids and solids frac-
tions show a non-monotonic behavior for all fuel/air ratios, while the trend for
sulfur elemental concentration is very sensitive to the fuel/air parameter. The
condensed phases comprise principally mineral phases at higher temperatures, and
sulfates and sulfides at lower temperatures. The program cannot simulate the forma-
tion of (thermodynamically unstable) liquid hydrocarbons ("tars"). In the fuel-rich
case, (S) in the gas decreases slightly with temperature, as in the case of devola-
tilization; in the fuel-lean case, CaSO4(s) will form at temperatures below 700 K,
providing a significant "sink" for gas-phase sulfur.

The ability of the PACKAGE program to compute chemical equilibrium compositions under
coal combustion conditions has been demonstrated in previous work. In the analysis
of ash deposition on coal-fired gas turbine blades, the prediction of condensed
liquid ("glue") phase fraction and composition constitutes the first step (17,18).
In Figures 7 and 8, respectively, PACKAGE-predicted effects of added calcium on
gaseous S50z and SO; are presented. For temperatures greater than about 1300 K
(depending on the calcium level), added calcium gets bound up in high molecular
weight vapor and condensed species (e.g., CaAlSizOgls]), and is thus not free to
react with all the sulfur present. Unbound calcium is still sufficient, however, to
absorb nearly all of the S0j3.

In this section, it has been shown that the PACKAGE equilibrium-thermodynamic com-
puter program can estimate the product stream composition in a variety of coal con-
version applications. It remains to be seen whether any of these equilibrium
predictions has a basis in reality or is strictly of academic value. This concern
will be addressed in the remainder of this paper.



4. THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: VALIDITY

4.1 Coal Devolatilization Applications

In order to assess the applicability of an equilibrium-thermodynamic procedure to
estimate the coal-devolatilization product gas composition, PACKAGE predictions have
been compared against in-house SHRODR measurements. Computed and detected molar
concentrations of the major vapor species released during atmospheric-pressure slow=-
heating pyrolysis of Pittsburgh No. 8 coal are presented in Tables 1 and 2. Pre~
dicted and observed effects of Ca0 addition on the composition of devolatilization
products are shown in Table 1. Results demonstrate that the presence of Ca0 during
coal devolatilization significantly reduces the yield of HyS. For example, for this
Pittsburgh seam high-volatile coal, the H,S yield was observed to be reduced from
3.7 volume percent to 0.05 volume percent when 21 weight percent of Ca0 (Ca:S = 6:1)
was added to the coal. The equilibrium code overestimates sulfur sorption in the
no~lime added case, but otherwise predicts the extent of sulfur capture with reason-
able accuracy, especially when smaller lime particles are added. This accuracy is,
at first, surprising because the PACKAGE program does a relatively poor job of pre-
dicting the partial pressures of the major C-H-O species. The code underestimates
gas-phase hydrocarbons (CH4, C2H4, CoHg, etc.) by a factor of 2-5 and CO by a factor
of 2-5 (at 500°C); it overestimates COp by a factor of 1.5-5, H, by a factor of
about 3, and Hz0 by an order of magnitude. The code also, in general, underpredicts
COS formation.

These gross errors in vapor-phase representation by the PACKAGE computer program
would appear to be consequences of an inadequate thermodynamic data base, as well as
an inherent failure of the approach itself to model essentially non-equilibrium
processes, such as tar cracking. Cracking of tar liquids (phenolic compounds in
particular) to lighter products is a primary cause of increased CHy and hydrocarbon
gases (C;-Cg) formation (1). The composition of low-temperature (< 700°C) coal tars
is very complex and strongly dependent on the conditions at which pyrolysis occurs.
Until a comprehensive library of the thermodynamic properties of complex tar liquid
mixtures is developed, and utilized along with the equilibrium code, discrepancies
between observed and predicted devolatilization product composition are bound to
exist. However, the relatively error-free estimation of HyS(v) concentration in the
presence of added lime suggests that the equilibrium approach can serve as a tracta-
ble preliminary scheme for the analysis of sulfur chemistry even in the less reactive
atmosphere of low-temperature devolatilization.

This tentative conclusion is strengthened by additional comparisons between predicted
and observed effects of variations in coal and lime particle size, the devolatiliza-
tion temperature, and the sulfur sorbent employed. Data obtained with smaller coal
particles and smaller Ca0 particles (< 10 micrometers) reveal improved agreement
between predicted and measured sulfur capture (Table 1). This suggests that a better
mixture of coal and CaO components (and, hence, greater contact between Ca0 and
devolatilized sulfur products) is possible when the smaller size fraction is uti-
lized. This increased intimacy of contact also implies closer approach to equilib-
rium; indeed, near-equilibrium sulfur capture may be obtained when hydrated lime is
introduced as a "mist" spray. To investigate the influence of pyrolysis temperature
on product yield and composition, experiments and computations have been performed
at 649°C with and without the presence of calcium compounds. The predicted and
observed percentage of sulfur content (H;S and COS) in the product gases is slightly
reduced at 649°C compared to that at 500°C (Table 1). The increased levels of CO
and Hy and the reduction in CO at higher temperature are also simulated by the
equilibrium code. At both temperatures the influence of Ca0 addition on sulfur
products is seen to be qualitatively similar, as predicted.

The equilibrium model cannot simulate differences in the performance of the same
sorbent (e.g., Ca0) prepared from different sources (e.g., CaCO3, Ca[OH];, dolomite,




calcined dolomite, hydrated calcined dolomite), since these differences are caused
largely by the varying pore structures of the sorbent. Differentiation of additives
generated from various parent compounds and at different treatment conditions neces-
sarily involves kinetic modeling; however, the present equilibrium-rate chemistry
model can still be used to compare the maximum reactivity of the Ca0 additive with
that of other low-cost inorganics (e.g., CaCOjz, Fey03, MgO, SiO;). These observed
and predicted effects on the SHRODR products are listed in Table 2. Adding 35 weight
percent CaCO3 (Ca/S of about 6) to the Pittsburgh coal at 500°C is observed to reduce
HyS from 3.7 volume percent to only about 2.3 volume percent, whereas the PACKAGE
code predicted a greater reduction. This is perhaps a consequence of previously
reported (19) kinetic limitations to the calcination process below 600°C. A
21 weight percent Feg0s significantly reduces the yield of H,S and COS; this reduc-
tion is accompanied by the formation of FeS (troilite, identified by X-ray diffrac-
tion). These observed effects of FeyO3 addition are also predicted theoretically.
SHRODR experiments and simulations were also performed with MgO and Si0; additives.
However, the presence of these inorganics has very little influence on devolatilized
product yield and composition, as predicted by the PACKAGE computer program.

4.2 Coal Gasification Applications

In view of the long residence times (2-3 hours) associated with fixed-bed gasifiers,
the use of an equilibrium approach is well-suited to this environment. Comparisons
between PACKAGE predictions and experimental gas-phase sulfur data obtained under
gasification conditions in the presence of sorbents are presented in Table 3. The
HyoS concentrations reported here were obtained by on-line laboratory analyses of
gases generated during a series of METC fixed-bed gasifier runs. Since water was
removed from all samples subjected to on-line analyses, results are reported on a dry
gas basis; computer predictions are reproduced in Tables 3 and 4 on the same dry
basis. The single-temperature, single gas/solid ratio analysis presented here is
based upon the hypothesis that sulfur sorption in the gasifier column is controlled
by fast chemical reactions that occur in a narrow section of the column, just above
the combustion zone (see Figure 1). Further up in the column, calcination of the
limestone additive is not thermodynamically feasible, implying severely reduced
sulfur uptake by limestone; whereas, below this critical section, the lime is either
saturated (due to absorption of recycle sulfur dioxide) or bound up in the form of
silicates, aluminosilicates, etc., resulting from ash interactions under oxidizing
conditions.

The calculations shown in Table 3 have been performed at a temperature of about
1000 K, and the gas/solids flow rate ratio (approximately 5) consistent with that
temperature in the gasifier. The gas/solids ratio represents the distribution of the
components of the reactive mixture in the two phases, and the temperature has been
chosen on the basis of maximum availability of calcium to react; any temperature in
the "temperature window" of 900-1100 K would have served equally well. These
attempts to predict the observed sulfur capture by means of a simple equilibrium
thermodynamic approach are no more than a prelude to the combined dynamic-
thermodynamic-kinetic analysis planned for the future; yet even these preliminary
equilibrium calculations show good agreement with experimental measurements for all
gas species concentrations, including the hydrocarbons, €O, €O, Hz (Table 4), as
well as HpS (Table 3). In the case of the C-H-O species, the higher temperatures
involved, the relative insignificance of tar-char chemistry, and the close approach
to equilibrium of the water-gas shift reaction, apparently bring about a better
match between theory and practice.

The PACKAGE code is equally effective in simulating the effect of changes in operat-
ing variables on sulfur uptake. At higher pressures (200 psig), calcination is
delayed to higher temperatures, occurring further down in the gasifier column. In
the absence of excess (recycled) sulfur, lime, once it forms, immediately reacts with
the ash mineral constituents and is thus not available to react with the sulfur.



When sulfur is added in the form of a recycle SO, stream, equilibrium favors the
formation of CaS and CaSO4 over calcium silicates and aluminosilicates; this results
in increased sulfur capture efficiency and increased sorbent utilization. Thus, in
high-pressure runs with no SO, recycle, HzS volume percent in the gas is high and
insensitive to Ca/S ratio (calculated with respect to the coal), but low and very
responsive to the same parameter when some sulfur is fed back in. These predicted
trends are consistent with observed gasifier performance. Some observations, such
as the difference in effectiveness of the Germany Valley and Lowellville limestones,
are beyond the capability of this approach to rationalize, but the present method-
ology is still of value in evaluating the limits of performance of gasifiers and
sorbents.

4.3 Coal Combustion Applications

The equilibrium-thermodynamic approach has also been used to analyze the effect on
combustion gas-phase sulfur concentration of adding calcium to a coal-water fuel.
Conditions used in the calculations simulated those occurring in a recent GE IM500
Turbine Simulator run which indicated high sulfur capture (at the cost of increased
deposition). In this experimental study, calcium hydroxide was integrated into
coal-water mixtures and injected in a combustion system which simulates the thermo-
dynamic and aerodynamic environment of a gas turbine. Sulfur capture was determined
by analysis of extracted gas and solid samples. The PACKAGE computer program pre-
dicts 80 percent sulfur capture for calcium-to-sulfur (Ca/S) atomic ratio of 1.5,
fuel-to-air ratio of 0.07, 1100°C, and 10 atmospheres. This compares well with the
reported GE data of 60-70 percent capture (20) for hydrated sorbents. It is intrigu-
ing that even short residence time conditions such as these do not necessarily
invalidate equilibrium modeling. Even though sorbent utilization is certainly time-
dependent, the assumption of instantaneous reaction is probably not farfetched in
the highly reactive, high-temperature combustion environment.

5. CONCLUSIONS AND RECOMMENDATIONS

An attempt has been made in this paper to illustrate and justify the use of an
equilibrium-thermodynamic approach to modeling the distribution of sulfur species in
the product streams of coal conversion processes. It has been demonstrated that
equilibrium calculations simulate the qualitative effects of various sulfur sorbents
and gas cleanup conditions (temperature, pressure, sorbent-to-sulfur ratio) with
good accuracy, especially in reactor configurations that ensure close mixing of the
components. The extent to which equilibrium estimates of sulfur capture and sorbent
utilization are quantitatively realistic has been evaluated on the basis of compari-
sons with data obtained under coal devolatilization (in the METC SHRODR), gasifica-
tion (in the METC fixed-bed gasifier), and combustion (in the GE turbine simulator)
conditions. Preliminary indications are that equilibrium composition predictions are
in surprisingly good quantitative agreement with measured data for all species
included in the extensive thermodynamic data base employed. This tentative conclu-~
sion will be verified by repeated comparisons of model predictions with other sulfur-
removal data as it becomes available. The unexpected success of the present
preliminary computational model for sulfur sorption bodes well for the more compre-
hensive theoretical analyses planned for the future. The anticipated failure of this
simple algorithm to simulate transport and:kinetic limitations to the sulfur-lime
reaction notwithstanding, the most attractive features of the equilibrium approach
remain the elimination of the uncertainties surrounding more detailed gas/solid
interfacial kinetic models, and the relative ease and convenience of its application.




6.
(1)
(2)

(3)

(4)

(5)
(6)

(7

(8)

(9)

(10)

(11)

(12)
(13)
(14)
(15)

(16)

(17)

(18)

(19)

(20)

REFERENCES
Khan, M.R., Fuel Sci. Technol. Intl., 5, 185-231, 1987.

Landers, W.S., et al., U.S. Bureau of Mines, Report of Investigation No. 5904,
1961.

Wen, C.Y., Chen H., and Onozaki, M., Final Report, DOE/MC/16474-1390
(DE83009533), January 1982.

Nsakala, N.Y., Essenhigh, R.H., and Walker, Jr., P.L., Combustion Sci.
Technol., 16, 153, 1977.

Anthony, D.B., and Howard, J.B., AIChE J., 22, 625, 1976.

Scaroni, A.W., Khan, M.R., Eser, S., and Radovic, L.B., in Ullmann's Encyclo-
pedia of Industrial Chemistry, 5th Edition, Vol. A7, 245-280, 1986.

Serio, M.A., Hamblen, D.G., Markham, J.R., and Solomon, P.R., Energy Fuels J.,
1, 138-152, 1987.

Yoon, H., Wei, J., and Denn, M., Electric Power Research Institute Report
AF-590, Vol. 1, 1977, Vol. 2, 1978.

Denn, M., Wei, J., Yu, W.-C., and Cwiklinski, R., Final Report prepared for
Electric Power Research Institute (EPRI AP-2576), September 1982.

TRW Systems and Energy Group; Report prepared jointly with Morgantown Energy
Technology Center, October 1978.

Joseph, B., Bhattacharya, A., Salam, L. and Dudukovic, M.P.; Final Report to
U.S. DOE-METC, January 1984.

White, W.B., Johnson, W.M. and Dantzig, G.B.; J. Chem. Phys., 28, 751, 1958.
Simons, G.A., Garman, A.R., and Boni, A.A.; AIChE J., 33, 211-217, 1987.
Sotirchos, S.V., in press, Chem. Eng. Sci., 1987.

Stinnett, S.J., Harrison, D.P., and Pike, R.W., Environ. Sci. Technol., 8,
441-444, 1974.

Yousefian, V., Weinberg, M.H., and Haimes, R., Aerodyne Research, Inc., Report
No. ARI-RR-177, 1980.

Ross, J.S., Anderson, R.J., and Nagarajan, R., in press, Energy Fuels J.,
March 1988.

Nagarajan, R., and Anderson, R.J., to be presented at the Intl. Gas Turb.

Aeroeng. Congr. Expo., 33rd, Amsterdam, The Netherlands, June 5-9, 1988.

Franklin, H.D., Ph.D. Thesis, Massachusetts Institute of Technology, 1980.

Staughter, D., Spiro, C., Lavigne, R., and Kimura, G., to be presented at
the EPA/EPRI Comb. FGD and Dry S0, Control Symp., St. Louis, Missouri,
October 25-28, 1988.

4B:2-11-88:pf:5a




S48 ¥-6980-80L §49  €-6980-981

suoIsRWI] A Kuswien 44} o
SUCISEWI BIIANIOMOT J}

eg'0 ve’o iz oot
660 L0 ue [ a0t
sto 80 (s) teioy e e 4 o
5000 - $02
vE0 80 S*H o ) .
404 LR 4d N v 1 ' 0ok
8y'vT 1102 H
sk zzs1 ‘09
Tt we 02 es0 M H 09 00z
w 682 HO @0 * !
£5°0 150 w
EE0 €0
oro 0e0 o
wo ZE0
o ZE0
pejdipald sopeds
SeD U| Juadiad swnjop paidIpasd |ejuawsadx3 sfed ‘oney ) {Bsd)
$ED 8yl U) SPH JO JUBIIAY SWNOA 1NNG-01-WNIo|BY 08 O_U>UDK eainssald
Z = s/ed ‘y/q) 0L = 9|vhdey *0s ‘Bisd 00t = d Jaiy1sen pag-paxid DLIW dY) Jo sasen) (mey) 1oNpold ay)
:uonisodwo) sen janpoud uoneaYISED (eo) g "ON YBingsind b sigeL Ul UONIEBAIUBOUOD INYNS UO sajgelep Bupesado o 1033 ‘¢ elqel
Sa8  Z-6080-981 548 1-6980-991
(891313494 09D wrt 01 > Yim wivg )
00'E ov'e 0o¢ o0e'c S'H
[1¥¢4 - 81T el O'H 000 BEO vz ore SH
85°CE 08'04 (2211 0904 H 8z'9 wo 20°T) 050 O°H
£6'0 0§'s €68 0oL ‘00 8TzL Sv'6z 0§19 00'02 ‘H
5000 - - - 50D i6'0 L0 Vs oy 02
9} 06'¢ 19°} 08¢ 03 - z0°0 si00 o $02
[274 06'gy [1%14 oLy "HY cv's 56°¢C 08z} 09’8 02
E68'TL 99'9v 568 os'er *HO
*01S 1uedied Iubiem 1Z + | OBW Wedled Blem Lz + 2,608 = eImuIedwer
v0'0 1o 20 o5z ov'h [ SH «l0) g0 Aloze)

562 - oTve - 1092 - O'H 00’0 §0°0 190 o (-4 oLe SH
ozee orgl 0622 006 oree 0zob H €Sl ve'o vsez = Lz sz0 OH
oz's 59 C6'StL 08'L €oe ore 0D 0Ty OP'EY 86°8€ 0zTL 19'EE 09°LL ‘M

- - - — — — $0D oLk oz'o 1144 otk [ or's ‘03
£0's 08T €S os'y [TAY oL'E 02 - €00 40000 oKo vr00°0 660 $02
18z 085y ov'Lh 06'2p 09'vZ 06'9p "HO 990 e e 06'¢ BO'L 06'¢ 09

816¢ ores vioe - j-1814 o086y "HD
3005 = wimuisdwey
poldjped | |euatwpadx3| pajoipesd | (Rluewiedx3| pajaipaid | jeiuswpadxg saiadg
Q%34 yusdiad B1am 12 + [F0DRD UBIBY IUBIdM SE + |'ODBD JUsdiad IUBIeM 12 + ——re——t
SE5 U) 1uadiag BWINOA paidipaid | (muewedxy | papipalg Ieyuawsadxy | paroipaid | [mvewpsdxy saoadg
08D 1uediad blam 1z + [0eD Juadied WBiam o1 + aw|7 peppy oN
SED U| Juadiad awn|op

INNG uo seAllppy diuebiou| jo Joolg

"HOOYHS 8y} ut D006 1t |eod g ‘ON ybanqgsnid jo
uofiez|nejorsqg Bupesy-mo|s 2unssaid-ouaydsowly Jo Sjanpoid 'z dlgel

HAOUHS au) ul 1eod g "oN ybingsnig Jo
nejoaaq BunesH-mols 84nssald-ouaydsowly Jo spnpold *t 9|gel




reaesen 180D g "ON y6ingsiig jJo uoyesyisen
aunssaig-ouaydsowny jo aimpxiy onpoid ayl
ui uopoead spinbi jo asuapuadeq (y/4) oney

aley mold SSe 11y-o)-jand pue -auntesadwal p anbig

(M) 2amesodway
oos1 ooct oot 006 ooL 008
L L . ! L L
e
" / -z
_.oa«.on‘
313
e’
- zz
-z
748 v-600-0m
sasen ]oNpPoid uonezitneloAaq ainssald
-suaydsouwly ay} uj JnYng uo [ec) g ‘ON
yBinqsiiid Ul wnjoje) pus uol| jo 1993 g ainbiy
(5t) aamjesadway
oozt 001l oool 006 oog 00z
i 1 1 1 1

(0L X) WeaNg 19npo.y
UOIIBIJISEY L) UOIIIRIY ISBYY Pinbi

880

60

960

oL

{pPazileuIoN) 958Yd SBG U G ZH JO UONDR I BION

oot

rda 8-6989%
1e0o g *oN Ubingsiid
JO uonezjyeloARQ dINSsald-ouaydsouny
ul 1nyIng aseyd-seD Uo 3w PAPPY 4o 19943 € aanbiy
(M) 2injesaduia )

006 QoL

aoot
L

awr pappy oN

LZLRE T

(€) 1ay1sen) pag-paxid jo onewayag °L aanbiy

uabhxp uoqed
04y padessun
+ +
weayg — 9 ysy
Juuayjexy
(se6 yo uabixo) 2
AU0Z UoRSNqWo) e
g
]
auayiopuy m_
2

{ueBAxo ou 10 sy}
auoz uopedysen

rennaN Aewuayy
(110 uaaup 10 pue e} ‘seb j2oa)
8uoZ LojIe2YINIBIOA3g

suRyepus
{119 uaapp dnisjow)
auoz bujhig

< @ —
19nposy

€0

{8seyq sep ui uondel4 OW g2 H) 6o




S ———

€d8 B-5Lse9 €dd J-5TS¥W
1200 8 "ON 1e0) 8 "ON
yBanqsiid Jo uonsnquo? ainssaig-opaydsouny ybingsiid Jo uonsnquod anssalg-ouaydsouny
JO S3SEX) 1ONPOId Y} Uj UONBUIIUOD APIXOYI] JO S3Ser) 19NPOId Y} Uf UOREIIUIDUOD IPIXOIQ
InjIng uo Wi pappy pue ainjesadway jo a3 g ainbiy InjIng uo 3w pappy pue asnjesadway Jo sy *Z anbi4
() @amesadwa) {3} aanjesadwa)
0002 0081 0091 oorL 0oz 0001 oog 0002 0081 0091 oorL 00Z1 oooL oog
1 t 1 1 1 1 i 1 1 1 1 L
0o
2 =
5 =
2 o
& 2
- zo 3 3
2 3
=) &,
J o
) Y H
Fvo 2
2 H 5
¢ y 2
) 3 8
W
4 g0 N
= =
z
@ o
4 o
e g
g 03 [enloz = [e0) m..
3
oL
vea 3eoem 1209 @ “ON yBiNGsid JO UoyEdl vea oeavem 1209 8 "oN ybingsiiid jo uonesyjises
-IseD) aINSSaId-211aydsounly jo sasen) Jonpold ay) ainssaid-dueydsouny Jo ainixily 1onpo.d ayl
U] UoNEIIUAILOY JNYING |BJo] jo aouapuadaq (v/4) u) uoydely spljog jo aduapuadaq (v/4) oney
oljey aley Mmoj4 SSB Jly-ol-jand pue -ainjesadway g ainbiy4 ajey mo|d SSel Jiy-o)-[and pue -ainjesadwa) g ainbiy
(M) esmesadwe (1) asmesadwo )
005t ootk ooLL 006 00L 005 0051 oogk [ 006 00z 005
L 1 1 1 ] 1 L 6l — = e
0
- =] -
Fa @ nuwo.ouv\m [~}
L= re g8
| e m 295105V I Fo
b1} @ “. m
o m yeLzo=vrd L -8¢a
e 2 d%
m - =
! g2
-2 he S5
L g 28
Leg T r x5
[7] c3
£2200 - & Le 535
ke 3 2
1910 g L
- @
yeLzos vid L. & L -




