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ABSTRACT

One of the important issues reliat e'd to flu id i zd bed combust ion
of fossil fuels is the subsequent i'ndl ing and/or t r".tment of the
part ially sulfated lime material removed from the combust or. One
alternative would be to regener.ite tLe su l fated add it I vu to recover
the sulfur. which would be stored for usL , .Lnd I ime that would be
recycled for reu: : in the combustor. It is the purpose of this
report to review the development of regenerat ion technology which
has progressed rather slowly as compared with th technology relat ive
to tne fluidized bed combustion process. The review covers research
efforts spec if iv:al ly directed toward the regetnerat ion of sulfated lime-
Stones plus those studies which have been made t a invest igaty the
decompositiot of naturally occurring minerals of calcium sulfate.
The report reviews basic thermodynamic and kinetic studies as well
as laboratory, bench, and pilot scale process development studies.
No attempt has been made in the review to evlutcate the engineering,
environmental, or economic merits of regeneration or the various
regenerat ion schemes.

INTRODUCT I ON

The United States Et.vironmental Protect ion Agenev, in keeping with the
intent of the Clean Air Act to keep air pollution within acceptable limits,
has established in its Standards of Performance for New Stat onary Sources
the maximum allowable emissions of sulfur oxides and nitrogen oxides and
particulate solids from new coal-burning power plants.

Emissions of NOx can generally be controlled by modif icat ions of the
combustion process in existing power plants. Control of particulate solids
emissions is a function of the type of solids removal equipment selected.
To meet the limit of 0.6 lb of sulfur per million Btu of heat energy, however,
existing plants have resorted to the following alternat L'ves: the use of
low-sulfur fuel, the use of high-sulfur fuel from which s'me of the sulfur
is removed prior to combustion, or the use of scrubbing de ices for removal
of SO from t h f 1te gas. These and other techniques for reducing the air
pollution problem are being developed for new coal-burning power plants.

A concept that is rapidly gaining recognition as ia potent ally efficient
and economically attractive process for raising steam for electric power
generation or process use is the flui'lized hed combustion of fossil fuels.
In the application of the fluidized bet' principle to fo-si I-fuel combustion,

I



partic les o1 part ialIy suift! ted I imestone or dolom.te ire held in s--sprnsi in
by t fie combust ion a i r, whi h i nt ers through a grid .it 'he hot t oim it t tht
combust or. Coal , or alny oth er c''imblist i 1)1e tue I , is in1 I t eel nlld blrn rlS 1in

the fluidized bed, which is int rl ltd at a tem'eraturt 'f 800 t 60"C.
lit' sulfur dioxide released iLur ing ctImbust ion react s with I ime in tlt fl id -
i/ed he'd and, in the presence ot excess oxygen, forms talet im I ftat e. Fresh,
crushed 1 imestone is Inject 1e*d cont inuously inte the bed .and the sulfated I ime
is removed cont inuouisly to maintain a constant bed level in the combustor.
The process results in great lv reduced em iss ions to ti' :tmosphere of both
sulfur oxide and nitrogen oxide poI llut ants.

An important issue related to fluidized bed combust ion concerns the
subsequent handling and/or treatment of the partially :;u lIfated 1imn l material
removed from the combustor. Seemingly , the simplest alternative would be
to dispose of the sulfated limestone in landfills or at the site from which
the stone was originally mined. This poses potent ial environmtntal problems
due to possible leaching of trace contaminants from the sulfated I imtstone,
which also contains small quantities of residual ash from the combust ible
fuel. A second alternat ive would be to develop useful and environmentally
safe applications foc thi sulfated hy-product.. This alternit ive, as does
the first, requires that Iarge quantities of fresh limestone be used in th-
combustion process. A third alternative, and the subject of this review,
would he to regenerate Ohe sulfated additive to recover sulfur, which would
be stored for use, and lime that would be recycled for reuse in the combh:itior.

Several regent-ration schemes have been cons idered. They, can genera llv
be classified as one-step and two-step regeneration processes.

One-Step Regenerat ion

The most promising one-step regenerat ion process involves the redui t ive
decomposit ion of CaSO(, at 1050 to 11 500 C to form CaO and S02

CaSOS, + CO / Cal) + SO + CO,) (!-a)

CaSOu4 + Hi Ca() + SO, + It)10 (1-b)

4CaS0 + Cu1, 4CaO + ASO + 2H,0 + CO7 (1-c)

The process could he carried out in a fluidized bed reactor, with part it l
combustion of a fossil fuel generating the necessary reducing gases.

An alternat ive one-step regenerat ion process which has been given some
consideration is the straight thermal decimposit ion of CaSO, at elevated
temperatures (>%1200*C) t o form CaO and SO)

(:aSO, - CO + So., + 1/2 o ((2)



This is t he revrst' of the reaction wIi ih oc, urs in the fluI 1dIzed Ied combus-
tor.

Two-Step Rt iwr.pt ic";i

The I it i in the various two-step rugencrat ion schemes proposed is
thu reduct iv >ositio)n of CaS(O, to CaS -it 850 to 9 )0'C

CaS),, + 4CO : CaS + 4C02

C(SO, + 411. CaS + 411:,n

(3-a)

( 3-'>

( 3-d)

CaSOU, + CH4 : CaS + CO; + 2; u

CaSOi + 2C * CaS + 2CO

Thc second step which has been most IavorabIy cons idered is the react for, of
the CaS from the f irst step with CO- and H O at 550 to 700"C to CaCO 3 and
H. S

CaS + CO,) + H)0 + CaCO, + HS (4)

Variations in the second step would be: (1) to subject the CaS from the
first step to an oxidizing roast at 950 to 1100*C to release SO7

CaS + 3/2 0, -+ CaO + S02 (5)

or .) to react the CaS with excess unreduced CaSO to form CaO and S0,

3CaSO4 + CaS : 4CaO + 4S0,) (6)

'Ihe net cif fct of the second v;.r iat ion of the two-step process would be the
same as the one-step reduct ive decomposit ion.

While technology relative to fluidized bed combustion has been advancing
at an ever-increasing pace toward commercialization, technology related to
regeneration has progressed rather slowly. It is the purpose of this report
to review the development of regeneration technology. This review covers
research efforts specifically directed toward the regeneration of sulfated
limestone plus basic and applied studies that may indirectly assist in
furthering regeneration technology. Many of the latter studies are those

3
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which have been made to investigate the decomposition and/or reduction of
gypsum or anhvdrite, naturally occurring minerals of calcium sulfate.

The report, insofar as possible, is divided into reviews of the one-step
and the two-step regenerat ion schemes. The discussions of the two types of
processes are not sharply defined and there is a degree of overlap in the
discussions. It should be emphasized that the report does not attempt to
evaluate the engineering, environmental, or economic merits of the various
regeneration methods.

ONE-STEP REGENERATION

Thermal Decomposit ion

The term, one-step regeneratic:n, is generally used in reference to the
reductive decomposition of calcium sulfate co calcium oxi'e and sulfur
dioxide. The thermal decomposition of calcium sulfate is, however, a logical
int-oduction to the reductive decomposition processes, both technically and
historically speaking. As early as 1903, investigators began to study the
thermal decomposition of calcium sulfate alone and smith addit ives to produce
sulfur dioxide and a cement clinker. By 1916, an experimental plant was
built in Leverkusen, Germany to produce a sufficiently concentrated sulfur
dioxide gas and a good cement clinker by the decomposit ion of calcium sulfate
using a carbon reductant.t The plant operated successfully from 1918 to 1931,
when it was closed for economic reasons. The process, known as the Mueller-
Kuhne process, is the basin for several large plants operating in England and
Western Europe.

Thermodynamics

The thermal decomposition of calcium sulfate is expressed by the follow-
ing react ion:

I /
CaSO4 . Cao + Su, + 1/2 0- ; K - P (P 1 - (2)

p SO) 0;

At equilibrium, sul fur trioxide would also be present and can be accounted
i 'r by the react ion

P 0Sol
SO. + 1/2 0. 7 SO3 ; K * -- - -- (7)

p 1/'0' (P

The theoret ical dec ompo-.t it Ion pressure for react ion (2) has been calculated
a it function of te fmpr.ature from ther.aodynamic data by several auth')rs. e"

A comparison of the calculated decomposit ion preiieures it, graphicnlly shoWN
in Fig. 1. The calculated values of Taschappat and PII'ce* and those of
Vogel ' 'l." agree vry well; the valties reported by Wheelock' are consider-
ably higher.
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The equilibrium decomposition pressure of calcium sulfate has also been
determined experimentally.2,5,6 These results are shown ii 'ig. 2 along
with the theoretical decomposition curve of Vogel et al." Marchal 5 determined
the equilibrium decomposition pressure for dehydrated chemically pure gypsum
between 1273 and 1503'K. The results, included in Fig. 2, are from one to
two orders of magnitude higher than theoretical.

Zawadski6 alba measured the equilibrium decomposition pressure of
calcium sulfate. His values for dehydrated gypsum agreed closely with those
of Marchal. Zawadzki observed, however, that when the calcium sulfate was

001
1200
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heated for an extended period of time at a temperature near 1200*C, the

equilibrium pressure fell to a much lower value which corresponded to that
of natural anhydrite and the equilibrium pressure of sulfur trioxide over
calcium oxide. Zawadzki thus obtained a second set of value (see FLg 2) for
the "transformed" gypsum which agrees well with the predicted values of
Vogel et al.4  Zawadzki's results are in keeping with the fact that all forms
of calcium sulfate, when heated for one hour at temperatures in excess of
900*C, will produce the insoluble anhydrite form.

The equilibrium decomposition pressure of calcium sulfate was also
measured by Taschappat and Piece for samples of naturally occurring gypsum,
anhydrite, and chemically pure gypsum, with similar results. The vaiue,
agreed well with the values of Zawadzki for "transformed" gypsum and the
theoretical values of Vogel 0l al. (see Fig. 2).

Based on the theoretical decomposition pressure of calcium sulfate,
Vogel et al.4 determined the pressures of both sulfur dioxide and sulfur
trioxide as a function of temperature, assuming no oxygen was present other
than that from the decomposition. Their results are given in Table 1 along
with the calculated mole fractions of S02 which would result from carrying
out the decomposition at different total pressures. Very high temperatures
(>1260*C) and very low pressures (<1.0 ttm) would be required to produce
apprecia')le levels of S02 (>7%) by thermal decomposition on the basis of
these calculations.

TABLE 1. Pressures of S03 and SO 2 in Equilibrium with
CaSO4 and Resulting Mole Percent of S02 at
Various Total Pressures

Equilibrium Mole Percent S02 at
Pressure,a mm Hg Indicated Total Pressure in Atm

Temperature, -0
*C/*F SO 3  S02 0.5 1.0 3.0 10.0

927/1700 8.82x10-6 1.10x10-2 2.9x10-3 1.4x10- 2.9x10-4 1.4x10-4

1038/1900 2.24x10-4 1.35x10-1 3.6x10-2 1.8x10-2 3.6x10-3  1.8x10-3

1149/2100 3.28x10-3  1.47 3.9x10-1  1.9x10- 3.9x10-2 1.9x10-2

1260/2300 2.96x10 2  9.12 2.4 1.2 2.4x10-1  1.2x10-1

1371/2500 2.07x10-1  45.4 11.9 6.0 1.2 6.0x10-1

a Assuming no oxygen present other than that from decomposition.

Kinetics

The kinetics of thermal decomposition of calcium sulfate have nct
been investigated extensively. Early work by Hofman and Mostowitsch7 indi-
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cated that thermal decomposition began around 1200"C, with slagging of

the sulfate-oxide mixture at n-1360C. After heating f:r ten minutes at
1200*C, desulfurization was only 0.35% complete. At 1300*C, heating for
ten minutes resulted in only 4.4% desulfurization. Budnikoff and Syrkin8

performed a similar study in which samples of gypsum were heated for three
hours at fixed temperatures between 800 and 1375*C. Their results are sum-
marized in Table 2. Even at a temperature cf 1300*C, decomposition was only
7% compete after heating for 3 hr. At 1375*C, the sample melted and rapid
decomposition of the sample Occurred.

TABLE 2. Data of Budnikoff and Syrkin for the
'ie rmal decomposition of Calcium Sulfate.8

Time of Weight Product Composition
Heating Temperature Loss Decomposition CaSO 4  CaO
(hr) ('C) (%) (%) (wt %) (wt %)

3 800 0.14 0.33 99.9 0.09

3 900 0.27 0.45 99.81 0.19

3 1000 0.30 0.51 99.79 0.21

3 1100 1.60 2.71 98.86 1.14

3 1200 2.30 3.91 98.35 1.65

3 1300 4.10 6.97 97.00 3.00

3 1375 58.50 99.50 1.33 98.67

The above investigations of thermal decomposition were carried out in
an oxidizing (air) atmosphere. The effect of atmosphere on the rate of
thermal decomposition was first investigated by Bischoff. 9 Samples of gypsum

(99.99% pure) were heated tor 4 hr At 1150 and 1200*C in a continuously purged
(2 liters/hr) gas flow of either air or water vapo.. Decomposition of
the calcium sulfate in the water vapor atmosphere was approximately a factor
of ten Sreater than was decomposition in the air environment. Briner and
Knodell subsequently compared the decomposition rates in air and in water
vapor environments by heating samples of anhydrite (97.6% pure) for 4 hr at
1300*C. Decomposition with the water vapor purge was "5 times as great as
with the air purge (84% v8. 17%, respectively).

Briner and KnodellO also investigated the decomposition of anhydrite
in a continuously purged water vapor environment as a function of temperature
and reaction time. Heating for five hours resulted in 95% decomposition at
1300*C, as compared with only 0.4% at 10.0*C. Heating for only 1 hr at 1300C
resulted in decomposition of 42% of the anhydrite.

Wheelock 3 investigated the thermal decomposition of gypsum samples
heated to temperatures in the range ot 1150 to 1315C in experiments in
which pure nitrogen or pare carbon dioxide or products of the decomposition
(sulfur dioxide and oxygen) were passed over the samples. In a nitrogen
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atmosphere at 1225*C, the gypsum sample was 100% desulfurized in 100 min of
reaction time. At higher temperatures, complete desulfurization was obtained
in less Than 1 hr. When a gas mixture containing only 1.8% sulfur dioxide
and 0.9% oxygen in nitrogen was passed over gypsum particles heated to 1150
to 1315*C, the gypsum was only %15% desulfurized after %90 min. Wheelock's
results indicate the adverse kinetic effects of quite low partial pressures
of the reaction products, which either prevented thermal decomposition of
gypsum or at least reduced the rate of decomposition to an impractically
low level.

Additive Effects

The effects of various additives on the thermal decomposition of calcium
sulfate have been determined. In the very early work by Hof-an and Mostowitsch7
the effects of silica, lead oxide, and ferric oxide on the thermal decomposi-
tion of chemically pure calcium sulfate were examined. Silica additive was
reported to lower the initial decomposition temperature to ^1000C from ^1200*C
for the pure sulfate. The rate of decomposition of the sulfate was propor-
tional to the amount of silica added. Ferric oxide reportedly began to
decompose calcium sulfate at a slightly higher eIuperature than silica
(41100C), but the decomposition proceeded at a more rapid rate.

Results similar to those of Hofman and Mostowitsch 7 were reported by
Cobb.1 1  The initial decomposition of calcium sulfate in ; flow of dry or
moist air (7.2 mole % Ho in air) with no additive present was observed to

occur at ^-1230*C, with the rate increasing gradually up to a temperature of
1380*C (where "rapid" dissociation began). The addition of silica reduced
the observed initial decomposition temperature of the calcium sulfate to
^-1010C, the initial decomposition temperature being independent of the ratio
of sulfate to silica. The rate of decomposition was reported to be propor-
tional to the amount of silica added.

A much later study by West and Sutton12 takes exception to the observa-
tions of Hofman and Mostowitsch7 and Cobb11 regarding additives lowering
the initial temperature at which thermal decomposition takes place. The
study was made using the differential thermal analysis technique. Gypsum
and mixtures of gypsum with silica, alumina, iron oxide, dialyzed kaolin, or
carbon were analyzed in furnace atmospheres of air, nitrogen, carbon dioxide,
and carbon monoxide. The results indicated that thermal decomposition of
calcium sulfate begins at 1225*C, the temperature :,c which beta calcium sul-
fate changes to alpha calcium sulfate. Identical results were obtained for
gypsum in air, nitrogen, and carbon dioxide and for the additions of the
above additives. X-ray analysis of the sample residues after heating to
1250*C (above the 8- to a-anhydrite conversion) identified 2Ca0'Si0 2 after
the addition of silica, and Ca0-Fe203 after the addition of iron oxide. No
reaction of sulfate with additive was confirmed for alumina or kaolinite.

'e effect of additives on the equilibrium decomposition pressure of
calcium sulfate was determined in several early investigations. MarchalP
measured the effects of silica, alumina, kaolin, and iron oxide on the equi-
librium decomposition pressure of calcium sulfate. She reported that alumina
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had a negligible effect and that iron oxide, silica, and kaolin, in that

order, were increasingly effective in raising the decomposition pressure of

calcium sulfate. Somewhat conflicting results were later reported by Terres, 1 3

wh also measured the decomposition pressures of mixtures of iron oxide,
alumina, and silica with calcium sulfate. The decomposition pressure in-

creased with the amount of additive in the mixture; iron oxide, alumina, and

silica (in that order) were reported as having an increasing effect in raising
the decomposition pressure of the calcium sulfate. The results reported by

Terres 13 are shown in Fig. 3.

The effect of silica on the rate of thermal decomposition was investigated
by Bischoff 9 in the following gaseous environments: air, oxygen, nitrogen,
argon, sulfur dioxide, moist air, and water vapor. After heating samples of
anhydrite mixed with silica for 4 hr at 1100*C, decomposition was <5% in the
sulfur dioxide, %20% in both the air and oxygen, %30% in both the argon and
nitrogen, and "95% in the water vapor environment. In the absence of the
silica, decomposition of the calcium sulfate was only 4.3% complete after
heating for 4 hr at 1200*C while passing water vapor over the sample.

Briner et al.1" passed a 65% 1120 - 35% N2 gas mixture over heated samples
of calcium sulfate containing additions of silica or kaolin or one of three
types of bauxite. Measurable decomposition ("4%) of the pure calcium sulfate
was reported in the water-nitrogen gas mixture after heating for 1 hr at a
temperature of only 600*C. The additives increased the rate of decomposition
significantly at all temperatures studied between 600 and 900*C. Decomposi-
tion was complete after heating a mixture of calcium sulfate and kaolin [CaSO4
+ 1/3(25102, A1 203)) at 900 C for %4 hr.

Hedvall et ul. 1 5,16 also investigated the effect of additives on the
thermal decomposition of calcium sulfate at low temperatures. They found
that the decomposition of calcium sulfate at 1000C in the presence of quartz,
kaolin, feldspar, and .:cke ash was increased by the addition of 3% sodium
chloride, as well as by the use of a stream of moist air to remove the
generated gases. Oxides Lf manganese, chromium, iron, and zinc were also
found to be beneficial in the decomposition. Decomposition of 99% was reported
as a result of heating mixtures of calcium sulfate and sodium chloride with
either quartz or kaolin at 1000C for 24 hr in moist air.

The thermal decomposition of by-product calcium sulfate from the wet
process for the production of phosphoric acid was studied by Stinson and

Mumma. 1 7 In the investigation, the by-product calcium sulfate was pelletized
with silica. The rate of decomposition was measured as a function of SiO2 :S
mole ratio, temperature, retention time, pellet size, iron-aluminum oxide
content, and particle size of silica. When the pellets were heated for 2 hr
at 1250*C, the extent of desulfurization increased from 73% to 95% as the
SiO2 :S mole ratio was increased from 0.7 to 1.1 The rate of desulfurization
increased with an increase in temperature and a decrease in the size of the
pellets. 4t 1250*C and with a Si02 :S ratio of 1.0, all sizes of pellets
(1/4 in. ti 1 in.) were ti90% desulfurized within 60 min. The addition of
iron-aluminum oxide strongly increased the rate of decomposition. As the
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iron-aluminum oxide content was increased from 0.7 to 4.1%, the proportion
of sulfur volatilized in 15 min from pellets with a S102 :S mole ratio of 1.0
at 1250C increased from 77 to 100%.

Bench-ScCa 1. Invest ia it ons

In 1951, Bollen attempted to thermally decompose gypsum in a bench-scale
shaft furnace in which natural gas was burned with an excess of air in the

bed of particles. Under the oxidizing conditions in the furnace, it was found
that the thermal decomposition of calcium sulfate was extremely slow, evkn at
temperatures as high as 2450*F. At those temperatures, fusion of particles
occurred in the bed, preventing the flow of solids through the furnace.
Bollen1 H subsequently attempted to thermally decompose gypsum in a fluidized
bed reactor operated at temperatures below fusion. The bed was fluidized with

the combustion products of natural gas and air. By changing the natural gas
to air ratio, conditions: were varied from oxidizing to neutral to reducing.
As in the shaft furnace, oxidizing conditions resulted in unacceptably low
desulfurization rates.

RLductive Decomposition

The one-step reductive decomposition of calcium sulfate is complicated
by the large number of reactions which occur and the variety of end products
which can be produced. Depending upon the reductant, the desired decomposi-
tion can he considered to proceed according to the reactions

CaSO, + CO + CaO + S02 + CO 2  (1-a)

CaSOt + H 2  CaO + S02 + H20 (1-b)

4C(aS0, + CH,, 4CaO + 4502 + C0 2 + 2H 20 (1-c)

2CaSO, + C * 2CaO + 2502 + C02 (1-d)

In the same system, however, several other reactions can occur which lead
to the formation of undesirable products (for the purposes of the one-step
regeneration) such as calcium sulfide, hydrogen sulfide, carbonyl sulfide,
and elemental sulfur. For reduction by carbon monoxide and/or hydrogen,
these products can be accounted for by the following postulated reactions

CaSO + CaS + 4C 2  (3)

2 2
SO 2 + 2C0 1/2 S2 + 2C0

/2H2  2H2O (8)

1/2 S2 + HO HO 9
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In terms of the one-step regeneration of calcium sulfate, calcium sulfide
formation is the most serious because its formation reduces the quantity of
calcium available for sulfation upon recycle of the sorbent to the combustor

('. the recycle mass flow rate is increased). Its formation also reduces

the level of sulfur dioxide obtainable in the off-gas from the regeneration
unit. The principal objectives of the one-step regeneration process are,
therefore, to minimize calcium sulfide formation in the regenerated solids
and to maximize the sulfur dioxide concentration in the off-gas from the
regenerator.

Process Thermodynamics

The thermodynamics of the reductive decomposition have been studied by
several investIgators.3,4,19,20 Equilibrium constants for the one-step
reductive decomposition reactions are plotted in Fig. 4 as a function of
temperature. Heats of reaction for the decomposition reactions are given
in Table 3. The desired reduction reactions are seen to be endothermic and
exhibit increasingly favorable equilibrium constants with increasing tempera-
ture.

Several attempts have been made to quantify the effects of temperature
and ratio of calcium sulfate to reductant on the equilibrium compositions
for both the solid and gas phases. Whelock 3 observed that the equilibrium
expression for the solid-solid reaction of calcium sulfate with calcium
sulfide

3CaSO 4 + CaS -+ 4CaO + 4502 (6)

is simply:

Kp -(PS02)4 (10)

Thus, the partial pressure of sulfur dioxide in equilibrium with a mixture
of calcium sulfate and calcium sulfide is a function of temperature only.
From the equilibrium curve in Fig. 4 for this reaction, the equilibrium
partial pressure of sulfur dioxide reaches 1 atm at 2120*F (Wheelock3 reported
a temperature of 1990*F). He concluded that a mixture of the reactants heated
above this temperature in a closed system at atmospheric pressure would pro-
ceed to react (with a corresponding increase in the system volume) until one
or the other or both of the reactants was used up.

Wheelock 3 further concluded that if calcium sulfate and a reducing gas
such as carbon monoxide were reacted at atmospheric pressure in a closed
system at a temperature above 1990*F

(1) for a CO:CaSO4 mole ratio of one, the sulfate would be almost
entirely converted to calcium oxide with no sulfide formation,

(2) for a CO:CaSO4 mole ratio between 1 and 4, the reaction product
would contain both calcium oxide and calcium sulfide, and

(3) for a CO:CaSO4 mole ratio of 4 or greater, the sulfate should
be entirely converted to sulfide.
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TABLE 3. Heats of Reaction for the One-Step Reductive
Decomposition of Calcium Sulfatea

Heat of Reaction (kcal/mole CaSO,,)

Reaction 1200 K 1400*K 1600*K

CaSOt + CO - CaO + So 2 + CO2  42.6 39.8 36.4

CaSO4 + H 2 - CaO + S02 + H20 50.5 47.3 43.4

4CaSO4 + CH4 - 4CaO + 4S0 2 + C02 + 2H 20 62.1 59.0 55.2

2CaSO4 + C - 2Ca0 + 2S02 + C0 2  62.8 59.8 56.0

a Table prepared from data given in References 4 and 20.

Wheelock and Boylan 21 then calculated equilibrium conversions at one--
atmosphere pressure in a closed system for different ratios of either carbon
monoxide or hydrogen to calcium sulfate at two temperature levels (1125 and
1325*C) and at two levels of carbon dioxide or steam to calcium sulfate
(1.0 and 4.0). The results of their calculations are shown in Figs. Sa and
5b. The upper halves of the figures represent the conversion to calcium
oxide and calcium sulfide, while the lower halves represent the region in
which calcium oxide and calcium sulfate are present. The results are
interesting in that at atmospheric pressure and within an appropriate range
of reducing conditions (as limited by temperature and C0 2 :CaSO4 mole ratio),
it should be possible to completely convert calcium sulfate to calcium oxide
with no calcium sulfide being formed.

Vogel et aZ.4 performed a somewhat similar analysis for the reduction
of calcium sulfate by carbon monoxide at 10-atm pressure. Their calculations
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resulted in the phase diagram reproduced in Fig. 6 The line extending from
the lower left to the upper right of Fig. 6 represents the coexistence line
of calcium sulfate and calcium sulfide. To the left of the line, the gas
mixture is so rich in carbon dioxide that calcium sulfide would be completely
oxidized to calcium sulfate. In the area to the right of this line, the
gas is so rich in carbon monoxide that calcium sulfate is completely reduced
to calcium sulfide. The diagram assumes, of course, that the equilibrium is
not reactant-limited in the solid phase.
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The following interesting observation was also made concerning the
isobars of constant pressure in the phase diagram. In area A, the isobars
slant down to the right; in area B, they slant down to the left, meeting
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those of area A at the calcium sulfate-calcium sulfide coexistence line. At

any temperature, therefore, the sulfur dioxide pressure is at a maximum at
this junction. Maximizing sulfur dioxide and minimizing calcium sulfide

formation at any given temperature would seem to require, therefore, operating

just to the left of the coexistence line.

Skopp et al.; 9 in order to quantify these effects of temperature and
gas composition, determined equilibrium compositions for both the solid and
gas phases for a series of hypothetical regeneration systems. The calculations
were made by use of a computer program which minimizes the free energy of a
system subject to material balance restraints. Table 4 presents the results

reported.19

TABLE 4. Equilibrium Compositions for the Reduction of Calcium Sulfatea

Inlet Gas Composition Outlet Gas Composition % of Reacted CaSO4
(mole %) (mole %) Converted to

Temp. F CO H2 CO 2 H20 N2  SO2  CO2  H20 N2  CaO CaS

1880 5 0 10 0 85 0 15 0 85 0 100
1880 0 5 0 10 85 0 0 15 85 0 100
1880 10 0 20 0 70 0 30 0 70 0 100
1880 0 10 0 20 70 0 0 30 70 0 100
1880 15 0 30 0 55 0 45 0 55 0 100
1880 0 15 0 30 55 0 0 45 50 0 100

2060 5 0 10 0 85 4.0 14.4 0 81.6 95 5
2060 0 5 0 10 85 4.0 0 14.4 71.6 95 5
2060 10 0 20 0 70 7.7 27.7 0 64.6 95 5
2060 0 10 0 20 70 7.7 0 27.7 64.6 95 5
2060 15 0 30 0 55 11.1 40 0 48.8 95 5

2240 5 0 10 0 85 3.9 14.4 0 81.7 94 6
2240 0 5 0 10 85 3.9 0 14.4 81.7 94 6
2240 0 10 0 20 70 7.5 0 27.7 64.8 94 6
2240 15 0 30 0 55 10.7 40.2 0 49.1 94 6
2240 10 15 0 30 55 10.8 0 40.2 49.0 94 6
2240 ----- 100% CH4 ------- 0 33.3 66.7 0 0 100

a Data from reference 19.

At 1880*F, conversion of the sulfate was entirely to calcium sulfide.
At 2060*F and 2240*F, the equilibrium product compositions were essentially
identical in those cases in which the inlet gas composition was the same.
There is no indication in the report, however, to explain whether the remain-
ing calcium sulfide at 2060 and 2240 F (particularly for the case of 100%
methane in the inlet gas at 2240*F) could have been eliminated by increasing
the calcium sulfate to reducing gas ratio as the material balance constraint
in the equilibrium calculation. The results did indicate that sulfur dioxide
concentrations as high as 11% could be obtained at equilibrium conditions.
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The investigations of Vogel ot (21." and Skopp i C. '. 1 both tended to dis-
count the presence of signify icant amounts of elemental sulfur, carbonyl sulfide,
and hydrogen sulfide. Vogel et al. did demonstrate that at the temperatures
considered for the reduction of calcium sulfate, calcium sulfite could not

exist at equilibrium in the presence of carbon monoxide-carbon dioxide mixtures.

Process Kinetics

Under nonequilibrium conditions, calcium sulfide may be produced during
the rEductive decomposition, regardless of theoretical considerations. Efforts
have been made, therefore, to determine the effects of operating conditions
on conversion rates and sulfide formation. Of primary interest is the rate

of desulfurization since it is related to the production of the desired
products, sulfur dioxide and calcium oxide.

A very thorough investigation of the effect of operating conditions on
desulfurization rates of calcium sulfate was carried out by Wheelock.3 The
results of this work have also been summarized in two publications by Wheelock
and Boylan.2 1,2 2 In the study, a sample of coarse gypsum (-7+8 Tyler mesh)
suspended from a triple beam balance was placed inside a small reaction tube,
which in turn was inside a gas-fired muffle furnace. The sample was brought
to the desired experimental temperature in an atmosphere containing sulfur
dioxide and air to prevent the gypsum from thermally decomposing. When the
desired temperature was reached, a selected reducing gas mixture was passed
over the sample and the loss in weight of the sample was recorded as a
function of time. Using the total desulfurization calculated from the
composition of the sample residue at the conclusion of a run and assuming
that the instantaneous desulfurization was proportional to the weight lost
by the gypsum charge, desulfurization was determined as a function of time.

Wheelock3, 2 1,2 2 observed essentially two types of desulfurization curves.
When the feed gas contained mixtures of carbon monoxide and nitrogen, the
curves were characterized by a single constant rate period which prevailed
for practically the entire run. When sulfur dioxide was present in the feed
gas, the curves were characterized by two relatively constant-rate periods,
the initial and the maximum. The initial rate was relatively slow and very
little desulfurization occurred during this period. After the initial
induction period, the rate rapidly increased to its maximum value, and the
greater part of the desulfurization occurred. It was possible to correlate
both the initial and the maximum desulfurization rates with operating con-
ditions. The results obtained by Wheelock 3 and subsequent investigators
are summarized below.

Temperature Effects. Wheelock observed that the effect of temperature
on desulfurization rate varied with the feed gas composition. With a gar:
composition of 3% CO, 20% C02 , and 5% SO 2 in nitrogen and a reaction tempera-
ture of t2100*F, the gypsum passed through an initial induction period when
little or no decomposition occurred. The reaction rate then increased to a
relatively constant and rapid desulfurization rate of s62/ruin. After 50 min,
the reaction ended with approximately 87% desulfurization .nd 11% calcium
sulfide in the sample residue. At 2200*F, the initial reaction rate was
much higher but the maximum reaction rate remained relatively unaffected
(%62/min). After 45 min, the sample was completely desulfurined.
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With a gas composition of 4% CO, 10% Ct'; and 5% St; In nitrogen, both
the initial and maximum reaction rates increased with temperature. At 2100 *F
Lhe maximum desulfurization rate was ,-7%/min, and at 2200*F it was ti14%.

Particle Size Effects. Wheelock and Boylan 2 reported that with a gas
composition of 3% CO, 20% CO?, and 5% SO in nitrogen and at temperatures

of 2160*F to 2220 F, the maximum desulfurization rate decreasd from "9.5%/min
for "0.05-in. particles to '3.5%/min for "0.20-in. particles. The initial
desulfurization rate (^l7/min) was unaffected by particle size, indicating
that similarly to the effect of temperature on the initial and maximum
desulfurization rates, the mechanism controlling the maximum desulfurization
rate is independent of the mechanism controlling the initial desulfurization
rate.

Mehra'; also studied the desulfurization of calcium sulfate by passing
reducing gases over solid particles in a combustion boat placed in a horizontal
electrically heated furnace. He observed that when reacted under the same
conditions for the same length of time, the coarser particles reacted less
and had less tendency to form sulfide than did finer particles.

Gas Composition Effects. Wheelock and Bcjyland2  observed that both
the initial and maximum desulfurization rates varied linearly with carbon
monoxide concentration in the feed gas. In the temperature range of 2140 to
2220*F .'nd with 20% CO ana 5% SO; in the reactant gas, increasing the
carbon v.onoxide concentration from 2% to 5% increased the maximum desulfuri-
zation rate from ,1%/min to 14p/min. With more than 5% CO in the reducing
gas, the desulfurization rate began to level off with increasing CO concen-
trationt due to increasing calcium sulfide formation.

At carbon ,monoxide levels below 4%, eliminating sulfur dioxide from
th, reactant gas resulted in increased desulfurization rates. When 4% or
mor- carbon monoxide was present, the desulfurization. rate was only very
slightly affected by sulfur dioxide concentrations up to 7% in the reactant
gas. The desulfurization rate was also influenced to only a very small degree
by the presence of carbon dioxide in the reactant gas. Wheelock did report,
however, that in decomposition experiments at 2140-2210*F and with 54 SO in
the reactant gas, a CO,/CO mole ratio between 5 and 6 was required to prevent
the formation of calcium sulfide. "

Wheelock also reported that when hydrogen was used as a reductant the
desulfurization rate was two to three times that obtained wh:t carbon monoxide
was used, but that the level! of calcium sull ide formation was about equal for
both reductants.I

Skopp , t zl. investigated the decomposition of anhydrite in a small
(2-in. II) batch fluidized bed reactor. The effluent sulfur dioxide concen-
tratiens obtained at 10 and 1%. reducing gas concentrations and various tem-
peratures were compared with quilibriaam predictions. For all reductants
tested (hydrogen, carbon monoxide, and methane), the sulfur dioxide was found
to have a first order dependence on the concentration of tne rductant at the
inlet . For carbon monoxide and hydrogen, the reduction was equilibrium-limited.

Maies Velocity _'.i. An interest inj effect of gas velocity on desul-
tir izat ion rate .as observed by Wheelock.2 Although an increase in the



maximum desulfurization rate was noticed as expected, when the gas mass

velocity was increased, the initial desulfurization rate decreased signifi-
cantly with increased gas mass velocity. Since initial desulfurization
rates were observed only when sulfur dioxide was present in the feed gas, it

would appear that the initial rate of desulfurization observed by Wheelock2 3

is controlled by the effective concentration of sulfur dioxide in the bulk

gas phase surrounding the reacting gypsum particles.

Reduction b Carbon. As previously indicated, the decomposition of

calcium sulfate using a carbon reductan* in the presence of additives is a
process used by several large plants operating in England and Western Europe
to produce sulfur dioxide and a cement clinker.) The results of an excellent
recent investigation by Turkdogan and Vinters 2 4 help outline the basic prin-
ciples that govern the preferential reductio-a of calcium sulfate to either
sulfur dioxide and calcium oxide or to calcium sulfide.

Experiments were made using a reagent-grade calcium sulfate or powdered
natural gypsum. Graphite, charcoal, char, coke and coal were the five types
of carbon used in the investigation. Mixtures of sulfate and carbon in
various proportions (contained in a platinum crucible) were suspended from
an automatic recording balance in a vertical furnace. Oxygen-free dry
helium was passed through the reaction tube during the experiments.

Principal conclusions of the work were: (1) compleLe conversion to

sulfur dioxide is achieved by adjusting the molar C/S ratio in the charge to
0.5; for conversion to calcium sulfide with less than 1% loss as sulfur
dioxide, the molar C/S ratio should be slightly greater than the stoichio-
metric value of 2.0, (2) for the minimum C/S stoichiometric ratio of 0.5,
approximately one-fourth of the sulfate is converted to sulfide, which
subsequently reacts with unconverted sulfate to form the oxide and sulfur
dioxide, (3) the rate of conversion of calcium sulfate to calcium sulfide is
controlled by the rate of oxidation of carbon by carbon dioxide (from the
direct reaction of carbon with calcium sulfate) to carbon monoxide, and
(4) coal, char, and charcoal were suitable sources of carbon for the reduction;
reduction by graphite was unacceptably slow.

For coal, which was the most reactive of the types of carbon tested,
conversion of gypsum to calcium sulfide was 1%95% complete after only 8 Pin
at 1000*C and with a C/S ratio somewhat greater than 2.0. At the same
temperature and with a C/S ratio of "0.5, conversion of the gypsum to
calcium oxide was L90% complete after 90 min and was 95% complete after 120
min. At 1100C and with a C/S ratio of 0.5, reduction of gypsum to calcium
oxide was "90% complete in ti35 min.

Reaction Mechanism

Reactions of gases with solids are very complex and involve several
steps which occur successively. Depending on the particular system and the
set of conditions, any one of the steps can control the overall rate of the
reaction. A mechanism for the reductive decomposition of calcium sulfate was
proposed by Robbins.2 5 The mechanism iL based on gas adsorption studies which
he made and on Wheelock's3 desulfurization rate data. The general steps in
Robbin's reaction mechanism are as follows:



20

1. Diffusion of gaseous reactants to solid reactant surface.

2. Adsorption of gaseous reactants on solid reactant surface,
3. Surface reaction at solid reactant surface,
4. Desorption of gaseous products directly co gas phase,
5. Adsorption of gaseous reactants on solid reactant-product interface,

6. Surface reaction at solid reactant-product interface,
7. Desorption of gaseous products from solid product surface.

Steps 1 through 4 represent a nucleation process with the formation of

solid product nuclei within the reacting particle. Steps 1 and 5 through 7
represent the growth of solid product nuclei. The implication here is that
if the nucleation rate is markedly lower than the growth rate, the decomposi-
tion reaction could be characterized by an induction or initial rate period,
followed by a more rapid or maximum rate period, as observed by Wheelock. 3

Details of Robbins' 2 5 proposed mechanism are presented in the following
paragraphs.

Calcium oxide formation. Since carbon monoxide does not adsorb appre-
ciably on calcium sulfate, the carbon monoxide reacts directly at the calcium
sulfate surface. The product, according to Robbins 2 6 theory, is a compound
of sulfur dioxide and carbon dioxide adsorbed on calcium oxide as follows:

CaSO4 + CO = Ca0-SO2 'C02  (11)

Robbins further contended that since the presence of carbon dioxide does not
appreciably affect the initial reaction rate as determined by Wheelock, 3

it probably desorbs rapidly according to the reaction

CaO'SO2'CO2 = CaO-SO2 + CO2  (12)

The final step in the formation of calcium oxide nuclei then involves the
direct desorption of sulfur dioxide as expressed by the reaction

Ca0-SO2 = CaO + S02 (13)

A similar mechanism has been proposed by Pechkovskii and Ketov,2 6 who
suggest that the formation of calcium oxide occurs in two steps as follows:

CaSO4 + CO - CaSO 3 + CO2  (14)

CaSO3 - CaO + S02 (15)

The calcium sulfite intermediate in reactions (14) and (15) has also been
observed by Marier and Ingraham2 7 and Low et al. 28 during investigations of
the reverse reactions. However, these obse-vations were made at relatively
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low temperatures (up to 600*C). Vogel et al.,4 in their thermodynamic
investigation, proved that calcium sulfite can not exist at equilibrium
at elevated temperatures.

Robbins 2 5 correlated the initial desulfurization rates determined by
Wheelock3 against the degree of supersaturation of the sulfur dioxide

adsorbed on calcium oxide. Supersaturation was determined to be the dif-
ference between the equilibilum pressure of sulfur dioxide above calcium
oxide and the partial pressure of sulfur dioxide in the bulk gas stream
surrounding the reacting calcium sulfate particle. The data correlated
very well, indicating that the nucleation rate is considerably more depen-
dent on supersaturation at the lower concentrations of carbon monoxide. In
fact, at carbon monoxide levels of 4 percent or greater, the initial desul-
furization rate is independent of the degree of supersaturation. This does
not negate the possibility that the rate of desorption or diffusion of sulfur
dioxide is still the rate-controlling step in the reductive decomposition
reaction.

Robbins 2 5 further contended that once sufficient nuclei are formed, the
rate of decomposition increases to its maximum rate, presumably because the
surface of the nuclei provides a more rapid route for the desorption of
sulfur dioxide than does direct desorption. Evidence that the rate is still
desorption-controlled is provided by Skopp et al.19 They observed that if
reductant flow to their reactor was stopped, sulfur dioxide was observed in
the off-gas at its peak steady-state value for a period of time approximately
seven times that of the gas holdup time in the system (from the point of feed
gas introdu-tion to the point of off-gas analysis).

The fact that increased mass flow rate decreased the initial desulfuri-
zation rate is consistent in that the increased concentration of sulfur dioxide
at the particle surface further hindered the desorption of sulfur dioxide
during the formation of calcium oxide nuclei.

Calcium sulfide formation. Robbins 2 5 proposed that calcium sulfide for-
mation occurs in two steps. First, sulfur dioxide adsorbed or calcium oxide
is reduced to elemental sulfur by the reaction

Ca0'SO2 + 2CO = Ca0-S + 2CO2  (16)

The sulfur can then be further reduced to calcium sulfide as follows:

CaO'S + CO = CaS + CO2  (17)

Pechkovskii and Ketov2 6 have also proposed a two-step mechanism for calcium
sulfide consisting of reactions (8) and (18) as follows:

S02 + 2CO (H2) - 1/2 S2 + 2C02 (H20) (8)

2CaO + 3/2 S2 - 2CaS + SO2 (18)



Robbins'2 5 mechanism seems more plausible, however, since reaction (17) would
not require the complicated and improbable molecular interaction expressed in
reaction (18).

Laboratory and Bench-Scale _Investigations

Several research and development studies have been made of the one-step
reductive decomposition process. Inasmuch as possible, these investigations
will be reviewed in the following paragraphs in chronological order and under
the investigators' affiliation at the time each study was made.

Early Work at Iowa State University. Mention has already been made of
the early bench-scale investigations by Bollen1 8 and Wheelock. 3 Bllenl8

first attempted to decompose natural gypsum thermally in a bench-scale shaft

furnace in which natural gas was burned with an excess of air directly in the
bed of gypsum particles. He subsequently utilized a fluidized bed reactor
in which small amounts of gypsum or anhydrite were fluidized by the high-
temperature combustion products of natural gas. When combustion was stoichi-

ometric, desulfurization was fairly rapid and complete; when excess air was
used for the combustion, the rate of desulfurization was considerable lower;

when excess natural gas was used in the combustion, considerable calcium
sulfide was found in the decomposition products.

Wheelock 3 in 1958 reported attempts to again decompose calcium sulfate
in a s.aft furnace. Although he was somewhat more successful than Bollen
(89% desulfuri Ation, 2.8% sulfurous gases, and a by-product calcium oxide
containing 3.1% calcium sulfide), the results were less than encouraging.

Bureau of Mines. The decomposition of gypsum in a fluidized bed reactor
was later investigated by Martin et a7. 2 9 Objectives of the investigation
were to decompose gypsum in a fluidized bed to produce a gas rich in sulfur
dioxide and a lime or portland cement residue.

After preliminary screening tests were performed in a 4-in.-ID fluidized-
bed reactor, a 10-in.-ID reactor was constructed and operated. The larger
vessel consisted of a silicon carbide tube 6 ft long. Feed was introduced
by means of a screw feeder just above the bottom of the bed, and the product
was withdrawn at the opposite side of the vessel through a silicon carbide
overflow tube. The bed depth could be maintained between 2 and 3 ft.
Fluidizing gas was introduced into a cone-shaped bottom section which served
as the gas distributor and combustion chamber when natural gas was used
as the reductant. External heat was supplied by natural gas burners in the
annular space between the reaction vessel and a firebrick-lined shell.

A high-purity gypsum was used in the investigation. Reductants included
three types of coke, a lignite char, coal, and natural gas. Additives
included quartz, pyrite, and kaolin.

The results obtained were quite favorable. With cement mixtures (gypsum
plus additives) containing 0.6 mole of fixed carbon per mole of sulfate, an
average of 98% desulfurization was obtained at 1200*C. Sulfur dioxide con-
centrations in excess of 7% (dry basis) were also reported. The gas velocity
was quite low, ti2 ft/sec, and the solids residence time quite high, "1.5 hr,
for the tests.
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All of the solid carbon redtictants gave results comparable to those
presented above; a single test using natural gas resulted in only 85% desul-

furization.

Exxon. In the late 1960's, several reports related to the one-step
reductive decomposition of calcium sulfate began to appear in the literature.
Many of these investigations were specifically related to the regeneration
of ca' ium oxide which had been sulfated at high temperatures in either
simul. ed flue gas streams containing sulfur dioxide or in experimental
fluidized bed combusturs.

Reference has already been made to the work of Skopp et al. 19 relative to
the thermodynamics of the one-step reductive decomposition process. The
report also presented the results of experimental regeneration studies which
were made in a small fluidized bed reactor. The reactor consisted of a
2-in.-ID alumina tube, the inlet section of which was packed with alumina
cylinders to serve as a gas distributor. The reactor was situated in a
small vertical muffle furnace that permitted operation of the reactor at
temperatures in excess of 2150*F. Connections to the reactor were made
through the gasketed ends of the reactor tube, which extended outside the
muffle furnace.

Initial batch experiments with anhydrite were performed at atmospheric
pressure, using a reducing gas (carbon monoxide plus hydrogen) concentration
of 10 or 15%, a 1:2 ratio of reductant to its oxidized state (carbon dioxide
or water) in the reactant gas, a fluidizing gas velocity of 0.8 to 1.6 ft/sec.
and a bed temperature of %1850*F to ,2150*F. Conversion appeared to be equili-
brium-limited, and sulfur dioxide concentrations in the reactor effluent were
5 to 10%.

Regeneration studies were performed by first sulfating batch samples of
limestone or dolomite by reaction with simulated flue gas. During inves-i-
gations of the cyclic capacities of sorbents, a batch of the material was
subjected to repeated cycles of sulfation and regeneration in the regenerator
unit. The following observations were reported.

1. The rate of sulfur dioxide removal from simulated flue gas was
greater for once-regenerated particles than for freshly calcined
particles.

2. Addition of as little as 3 to 5% fly ash to a batch of material
prior to regeneration was sufficient to cause agglomeration
problems at 2000*F.

3. Self-agglomeration of sorbent particles could occur at temperatures
between 2000 and 2100'F.

4. Samples of limestone and dolomite were found to retain their
reactivity for sorption of sulfur dioxide over eight full cycles.
It was theorized that the cyclic capacity of a sorbent is limited
by its exposure time to the high regeneration temperatures (^-2000*F)
rather than the number of cycles.
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5. Regenerability of the sorbents remained essentially constant over

the eight cycles. Sulfur dioxide concentrations in the effluent

gas were '9% and the calcium sulfide level in the regenerated
sorbent remained low (1-2%).

6. The amount of attrition was a function of the particular sorbent
tested and was not considered representative of what would happen
in larger systems.

A later report by Hammons and Skopp 30 presented the results of a series
of cyclic experiments in which limestone was alternately sulfated in a 3-in.-
dia batch fluidized bed coal combustor and regenerated in the 2-ln.-dia hatch

fluidized bed regenerator described above. 'These units were operated inter-
mittently, and solids were manually transferred between the reactors. Bed tem-

peratures in the combustor and regenerator were 1600*F and 2000*F, respectively.
Superficial gas velocities in the combustor and regenerator were 3 and 2 ft/sec,
respectively. The reductant gas for regeneration contained 10 mol % carbon
monoxide and 20 mol % carbon dioxide.

The sulfur dioxide concentration in the effluent from the regenerator
was relatively constant over a single regeneration cycle, decreasing slightly
with time. The maximum sulfur dioxide concentration during each cycle was
constant during the seven combustion/regeneration cycles and was essentially
the thermodynamic equilibrium value (%7.5%).

In 1974, Hoke et al. 31 reported the results of additional studies at
Exxon which were directed toward the development of the one-step regeneration
process. A small 1-in.-dia ceramic reactor was used to study the reductive
decomposition of calcium sulfate in fixed beds at temperatures up to 2000*F
and pressures up to 9.5 atm. A larger, 3.25-in.-II) batch fluidized bed regen-
erator was also constructed for investigating one-step regeneration at elevated
pressures. The fluidized bed unit consisted of a 12-in. carbon steel pipe,
refractory lined to accept an inner lining of a 3.25-in.-ID alumina tube. The
height of the unit above the fluidizing grid was ,16 ft. A burner section was
located under the grid. Air and fuel required for regeneration entered the
regenerator at the bottom of the burner. For some experiments, secondary air
and part of the fuel were injected directly into the bed above the fluidizing
grid.

A few regeneration runs were made in the ceramic tube fixed-bed regen-
eration unit at pressures between 1 and 9.5 att. Temperatures were held at
1900 and 2000*F. Either anhydrous calcium sulfate or sulfated limestone was
used as bed material. Carbon monoxide and carbon dioxide concentrations in
the feed gas were varied from 10 to 30% and 10 to 20%, respectively. Ga3
velocity through the bed was varied from 0.16 to 1.45 ft/sec. When the
anhydrous calcium sulfate was used at 1 and 3 atm pressure, sulfur dioxide
concentrations in the effluent reached 17%, corresponding to 35 and 50%,
respectively, of the theoretical equilibrium concentrations. At 9.5 atm,
the sulfur dioxide concentration dropped to 1.6% cr 34% of the equilibrium
concentration. When the sulfated limestone was used, the measured sulfur
dioxide concentration at 9.5 atm was only 0.5%, or 10% of equilibrium, and
agglomeration problems were experienced at the 2000 F reaction temperature.
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In a series of tests in the 3.25-in.-ID fluidized bed regenerator, the
following observations were made:

1. Over the pressure range of 3-10 atm, no significant effect of

pressure on sulfur dioxide concentration was reported. However,
since the equilibrium partial pressure of sulfur dioxide decreases
with increasing pressure, the sulfur dioxide concentration increas-
ingly approached equilibrium as the pressure was increased. Sulfur
dioxide levels were generally between 1 and 3% (or %50 of equili-
brium) at 10-atm pressure.

2. Over the temperature range of 1800 to 2080*F, both the sulfur
dioxide concentration and the approach to equilibrium increased
with increasing temperature.

3. Reducing the space velocity increased the extent of regeneration,
. ., the sulfur dioxide concentration in the effluent gas approached

equilibrium more closely.

4. No significant effect of the concentration of reducing gases on
the concentration of sulfur dioxide was apparent. The data were
insufficient to indicate whether increased ratios of reductants
to oxidized species caused increased formation of calcium sulfide.

5. Adding part of the fuel above the fluidizing grid directly into
the bed of solids (so that there would be an oxidizing flame at
tiie grid) resulted in more uniform bed temperature profiles,
reduced bed agglomeration, and higher permissible bed temperatures
at a given fuel consumption.

6. The injection of auxiliary air into the bed at a point 12 in. above
the fluidizing grid drastically reduced the calcium sulfide content
of regenerated solids--from typical values of 40 to 70 mole % to
less than 1 mole %.

Kent Feeds, Inc. The design and operation of an atmospheric pilot plant
for demonstrating the reductive decomposition of anhydrite was reported by
Hansen et U1.32 The reactor was patterned after the Bureau of Mines combustor
discussed above. The unit consisted of a 10-in.-ID silicon carbide tube
surrounded by a gas-fired heating chamber to provide operating flexibility
and reduce heot losses. The solids were fed to the reactor by a rotating
valve and screw feeder and were continuously removed through a silicon car-
bide overflow tube. A flat plate distributor of castable refractory was
used, as compared with the Bureau of Mines cone-shaped distributor. Air and
natural gas were mixed and entered the bed through the gas distributor where
partial combustion of the fuel and reductive decomposition of the anhydrite
occurred.

The unit was tested over the following ranges of operating conditions:
anhydrite particle size, 1/8 in. or smaller; solids residence time, between
1 and 10 hr; temperature, 2000 to 2300*F; and unspecified ranges of gas and
air feed rates. It was claimed that operating conditions were identified



which provided up to 90% desulfurization and a product gas containing between

5 and 10% sulfur dioxide. It was claimed that the effluent gas contained over

14% sulfur dioxide intermittently. Calcium sulfide in thlU reacted solids was

reported to vary from "not detectable" to "appreciable" concentrations and was

closely related to the reducing characteristics of the system (ratio of reducing

agents to calcium sulfate).

Consol. Zielke et a1.33 investigated the combustic:. of coal or low-
temperature coal char in a continuous bench-scale unit, using excess air

in a fluidized bed of dolomite. Continuous regeneration of the sulfated

dolomite using partial combustion of carbon monoxide gas was also demonstrated.

The experimental unit consisted of a continuous, fluidized bed reactor

with an inside diameter of 4 in. he bed, 36-in. deep, was supported on a

perforated plate above a plenum chamber through which the fluidizing gases

were introduced. During combustion studies, dolomite and either coal or

char could be pneumatically fed to the reactor. For the cyclic studies (6.5

cycles of alternate sulfur dioxide absorption anO regeneration), the reuse of

dolomite was explored. During the tests, sulfur dioxide gas was added with

the fluidizing air as a major source of sulfur during the absorption cycles;
coal was burned to supply heat and a minor amount of sulfur. The regeneration

portion of each cycle was conducteJ at 1950*C with carbon monoxide the reducing

gas. Excess carbon monoxide was burned with air to supply the heat. At a
gas velocity of 1.5 ft/sec, a solids residence time of t1.8 hr. and a carbon
monoxide to sulfate ratio of %1.0, desulfurization was as high as 937 with
less than 0.5 wt % sulfide in the regenerated sorbent. Sulfur dioxide con-
centrations in the off-gas ranged from t3 to 7% as compared with a calculated
equilibrium value of 12%. The optimum ratio of carbon dioxide to carbon
monoxide in the effluent gas was reported to be 23 to 30, as compared with

the equilibrium ratio of ,46.

Pope, Evans, and Robbins. Researchers at Pope, Evans, and Robbins have
long been involved in research and development on fluidized bed boilers. In
a report by Gordon et al,3T they also report the results of limited investi-
gations into the regeneration of sulfated sorbent.

The equipment consisted of a combustor, a carbon burnup cell, and a
regeneration unit. The combustor consisted of a 18-in. by 72-in. combustion
space over an air distributor. Air entered through a plenum chamber below
the distributor and up through a grid of bubble caps into the combustion
chamber. Coal (or other fuel) and limestone were pneumatically injected into
the bed. The fluidized bed was contained in a rectangular enclosure in which
each wall was a row of vertical boiler tubes seal-welded to form a gas-tight
enclosure.

Appended to the combustor was a fluidized bed carbon burnup cell. It
operated in parallel with the combustion chamber, at a higher temperature but
with a common bed (i.e., bed material was free to circulate between the two
chambers through slots in the dividing water-tabe wall). Fuel for the carbon
burnup cell was fly ash generated by the combustor, plus its own fly ash and'
additional coal if required.

A second appendage to the combustor was a regeneration unit which,
similarly to the carbon burnup cell, operated in parallel with the combustor
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but at a higher temperature. The regenerator grid area was 10-in. by 10-in.

Coal was the fuel used in the regenerator.

Initial regeneration tests were made using first the fluidized bed

combustor and carbon burnup cell in tandem. The theory of operation was to

operate the combustor section under conditions favorable to sulfur acceptance

by lime (bed temperature <1550'F, excess oxygen >2%) while operating the
carbon burnup cell at conditions favorable to sulfur rejection (bed tempera-

ture -1800'F, excess oxygen <4%). In a test with the combustor at a 1600*F

bed temperature and 5% oxygen in the flue gas and with the carbon burnup cell

at 1850'F, the level of sulfur dioxide in the flue gas from the burnup cell

varied from 1.6% to 2.4% as the oxygen level decreased from 1.3% to 0.5%.
A subsequent test after modifications of the burnup cell resulted in similar

regeneration results.

Tests were then made with the three-module system: combustor, burnup

cell, and regenerator. During a 156-hr test over an 8-day period, sulfur

dioxide levels of 4 to 8% were obtained in the effluent from the regenerator
module. The combustor temperature was "4500'F; the burnup cell temperature
was '2000*F; and the regenerator bed temperature was t2000*F with <1% oxygen
in the flue gas.

A subsequent test was made in which only the combustor and regenerator
modules were used. A sulfur dioxide content of 10% in the regenerator flue
gas is reported; no details of the test are provided.

Argonne National Laboratory. Argonne National Laboratory, like Exxon
and Pope, Evans, and Robbins, has had an extensive research program directed
toward the development of fluidized bed combustion. Initial results of
investigations into the one-step regeneration process were reported by Vogel
et a1.3 Experiments were performed in 1-in., 2-in., and 3-in.-dia units.

The 3-in.-dia fluidized bed regenerator, rated for operation at 10 atm
and 2000*F, consisted of a refractory-lined 8-iii -dia pipe enclosed by a
12-in.-dia pressure shell. Fluidizing gas entered through a plenum ana
bubble-cap type distributor. The solids inlet line entered through the top
flange of the unit and terminated above the bed. A solids overflow line
passed through the gas distributor and the bottom flange of the pressure
shell. The fluidizing gas consisted of oxygen and nitrogen, metered separately
and then mixed. Carbon monoxide and kerosene entrained in carbon dioxide
were injected into the bed as the fuels and reductants for regeneration.

Both batch and continuous experiments were performed at bed temperatures
ranging from 1300 to 1900*F, a pressure of ti2 atm, and gas velocities of
2.3 to '6 ft/sec. All tests but one, which was made with sulfated dolom'.te,
were made with pure calcium sulfate. Although high sulfur removal rates
were reported (as high as 85% during continuous operation with pure calcium
sulfate), sulfur dioxide levels in the flue gas were quite low, ranging
between 1 and 4%. Regeneration at the higher temperatures investigated
resulted in less residual calcium sulfide in the reacted sulfate.

In addition to the bench-scale experiments, the one-step reductive
decomposition was investigated at low temperatures (1200-1650'F) in sanzll
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1-in. and 2-in.-dia, batch fluidized bed reactors. A bed of pure calcium

sulfate was reacted with a gas mixture of two or more of the following gases:
carbon monoxide, carbon dioxide, water, oxygen and nitrogen. Conclusive

results were not obtained, but some observations made were:

1. Regeneration appeared to be most effective when conditions of

temperature and carbon dioxide concentration favored calcium
carbonate formation over calcium oxide formation.

2. A stated observation was that the sulfur dioxide concentration

increased with oxygen concentrations. Checking tabulated and
graphical presentations of experimental data (Appendix C, Ref. 35)
suggests that the observation should have read that the sulfur

dioxide concentration increased with increasing carbon dioxide con-

centration and decreasing oxygen concentration in the regenerator

effluent gas.

3. The maximum concentration of sulfur dioxide obtained was approxi-
mately equal to the theoretical equilibrium concentration.

4. Small quantities of elemental sulfur were produced.

5. Small concentrations of carbonyl sulfide were detected.

The results of more recent regeneration studies performed at Ar onne
are available in reports by Vogel et al. 36 ,37 and Montagna -t aZ. 38' , In
experiments with the Argonne 3-in.-dia regenerator described above, sulfated
dolomite (containing "10.2 wt % sulfur as calcium sulfate) from the fluidized
bed combustion process was regenerated to Ca0-Mg0 by reductive decomposition
at 1100*C. 36 ,3 8 Methane was combusted in the fluidized bed to generate the
heat and the reducing gases required. The effects of temperature, fluidizing-
gas velocity, fluidized-bed height, solids residence time, and total reducing-
gas concentration in the effluent on the regeneration of calcium oxide and the
formation of calcium sulfide were evaluated.

For the study, nitrogen and oxygen were mixed in the desired proportion
and introduced through the gas distributor to establish a highly oxidizing
zone in the bottom of the fluidized bed. Methane was introduced through
multiple injection points rather than one injection point (to reduce hot
spots), ranging from 15 to 25 cm above the gas distributor; thus, a reducing
zone was established in the top portion of the fluidized bed and an oxidizing
zone was established in the bottom portion of the bed. (This concept is
similar to the addition of auxiliary air as used by Hoke et al. 31 and Swift 2 0

to create separate oxidizing and reducing zones during regeneration. The
work of the former investigator has been discussed above, and a discussion of
the latter's work follows.)

The results of the study can be summarized as follows:

1. Increasing the fluidized-bed height at a constant additive feed
rate was not beneficial to regeneration. The bed eight was
increased from 1.5 ft to 2.5 ft with a drop in regeneration from
62% to 54% and a drop in the sulfur dioxide concentration from
5.7% to 4.4%. Poorer fluidizing and mixing in the deeper bed
were the suggested causes for the decreased regeneration.
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2. Increasing the fluidized-bed height at a constant residence time

also resulted in poorer regeneration. Comparable experiments at

1.5 ft and 2.5 ft resulted in regenerations of 57 and 40%, respec-

tively.

3. Increasing the gas velocity from 2.2 to 3.0 ft/sec while the other
variables were fixed resulted in a decrease in sulfur regeneration

from 65% to 38%. The proportion of gas bypassing in the bubble
phase with increasing velocity is a suggested cause for the observed

effect.

4. Increasing the temperature from 1010*C to 1100C increased regenera-

tion from %20% to ,90% in experiments performed under similar con-
ditions. The sulfur dioxide level increased from 0.8% to 7.3% on
a dry basis.

5. Very small amounts of sulfide were found in the steady-state
regenerated products of all experiments. With n3% total reducing

gas in the effluent, <0.1% sulfide was formed. With ,15% reducing
gas in the effluent, the sulfide only increased to 0.3 and 0.7% in

two experiments. The use of separate oxidizing and reducing
regions was offered as the explanation for tho low calcium sulfide
formation.

6. Approximately 5 to 15% of the sulfated dolomite feed was decrepitated
in the regenerator.

7. Agglomeration of the bed was experienced at temperatures of 1100C
under highly reducing conditions (i.e., 15% reducing gas in the
effluent).

In the more recent reports by Vogel et al.37 and Montagna et al., 39 the
results of regeneration experiments in which the necessary heat and reducing
gases were provided by coal combustion in the bed were reported. For these
experiments the inside diameter of the regenerator was increased to 4.25 in.

The effects of solids residence time (7-35 min), regeneration temperature
(1000-1100*C), and pressure (1.1-1.5 atm) on the extent of regeneration and
the sulfur dioxide concentration in the off-gas were investigated. Significant
results were

1. The extent of regeneration improved with increasing bed temperature
and increasing solids residence time.

2. The sulfur dioxide concentration in the flue gas increased with
increasing temperature, decreasing solids residence time, and
decreasing pressure.

3. A maximum sulfur dioxide concentration of "'8% was obtained at '70%
regeneration.

4. The presence of reducing and oxidizing zones in the fluidized bed
resulted in negligible (<0.1 wt %) calcium sulfide in the regenerated
sorbent.
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5. A mass and energy balance constrained model was developed using

the experimental results for preliminary process evaluation.

6. Favorable preliminary results were also presented of a cyclic
study (first three utilization cycles) to evaluate the reactivity
of the sorbent over several cycles.

Later Work at Iowa State University. reports L)y Swift r in 1971 aInd
Swift and Wheelock'W in 1975 present the results of experiments invest igating

the two-zone reactor for the decomposition of calcium sulfate. A small 4.75-
in.-ID reactor made by installing a refractory lining in an 18-in. pipe was

used in the investigation. A fixed solids overflow line was 16 in. above the

ceramic bed-support plate. Bed height was varied by placing layers of alumina

balls on the surface of the distributor. Solids were introduced pneumatically
through a dip-leg penetrating the top of the reactor and extending below the

surface of the bed.

Two reaction zones were achieved by limiting the ratio of air to natural
gas which entered through the gas distributor. Secondary air was introduced
as the transport gas conveying the solids feed into the combustor. A reducing
zone was established in the lower portion of the fluidized bed and an oxidiz-
ing zone in the upper portion of the bed, as verified by measured concentra-
tion profiles.

Both gypsum and anhydrite were tested in the reactor. In a number of
tests made at temperatures from ^1900 to ^,2200*F, the effect of the two-zone
reactor was demonstrated. In most instances, the overflow solids were well

desulfurized (95-99%) with very little calcium sulfide formed (<0.57).

TWO-STEP REGENERATION

Two-step regeneration of sulfated additives (dolomite or limestone)

depends upon first reducing the calcium sulfate to calcium sulfide and
subsequently recovering the sulfur from the sulfide by cn acid-base reaction,
by roasting, or by a solid-solid reaction between the calcium sulfide and
excess calcium sulfate from the first step.

For the reduction step, several reducing agents may be involved as
indicated by the reactions

CaSO 4 + 4CO CaS + 4C0, (3-a)

CaSO,, + 4H 2 * CaS + 4H20 (3-b)

CaSO4 + CH4 : CaS + CO2 + 2H 20 (3-c)

CaSO4 + 2C 4 CaS + 2CO2 (3-d)
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Once calcium sulfide has been formed, rcalcium carbor.ae can later ie regen-
erated by the acid-base reaction:

CaS + H-0 + CO2  CaCO1 + 1TSh (4)

Alternative regeneration reactions include roasting of the sulfide to "ieldc

calcium oxide and sulfur dioxide,

,:aS + 3/2 07 : CaO + SO:, (5)

or the solid-solid reaction of calcium sulfide with calcium sulfate,

3Ca:04 + CaS + 4CaO + 4S0S. (6)

Reduction of Calcium Sulfate to Calcium Sulfide

The rmodynamic s

The free energy changes and heats of reaction for the reduction reac:.:ons
of calcium sulfate to calcium sulfide as calculated by Zadick et al."I are
presented in Table 5. It can be seen that the free energy change favors all
the reduction reactions at temperatures of ,200*C and higher, with reduction
by hydrogen and CO favored at temperatures below 25*C. Reduction by carbon
monoxide and hydrogen is highly exothermic and reduction by carbon and
methane is highly endothermic.

Equilibrium constants for the reduction reactions have been compiled
from a number of sources (references 3, 20, 35, 41, 42, and 43), and repre-
sentative values are plotted in Fig. 7. The relatively large values of the
equilibrium constants indicate that high equilibrium conversions of sulfate
to sulfide should be achievable with all the reductants at stoichiometric
conditions.

It should be emphasized, however, that mixtures of calcium sulfide and
calcium sulfate have an equilibrium partial pressure of sulfur dioxide as
indicated by the regeneration reaction:

3CaSO4 + CaS = 4CaO + 4502 (6)

As indicated in the discussion of the one-step reductive decomposition
kinetics, reductive decomposition of calcium sulfate results in either a
mixture of calcium sulfate and calcium oxide or a mixture of calcium oxide
and calcium sulfide, depending on the temperature and reducing gas concentra-
tions (see Fig. 5a, 5b, and 6).4'21 Calcium sulfide formation is favored
over calcium oxide at low temperatures (1600-1800*F) and high reducing gas
concentrations.4,21
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Kinot ics

A very early work by Ilofman and Mostowitsch"" investigated the reductive
decomposition of pure calcium sulfate by carbon and carbon monoxide. Reduc-
tion by carbon was carried out in a nitrogen-purged environment, and reduction
by carbon monoxide in a pure carbon monoxide purged environment. The r,?sults
of the work are summarized in Table .6. The results indicate an expected
higher rate of reaction with carbon monoxide. Even at 900 C, however,
approximately 1 hr was required to reduce the sulfate to sulfide in a pure
carbon monoxide reactant stream.

TABLE 6. Reduction of Calcium Sulfate by Carbon Monoxide and Carbona

Time of Reduction of Calcium Sulfate (%)
Temperature Reduction Carbon Monoxide Carbon

( C) (hr)

700 1 1.0 0.4

750 1 3.3 1.7

800 1 3.6 9.3

850 1 92.0 67.0

900 1 100.0 90.0

1000 1 - 96.0

a Data of Hofman and Mostowitsch.c'

O'Neil et al.4",46 performed thermogravimetric analysis experiments in
which sulfated dolomites were reduced to calcium sulfide. The experiments
were performed in the temperature range of 750 to 850*C with 80 to 90% con-
version. At 10 atm and 820*C, 85% conversion of the sulfate to sulfide was
achieved in "65 min using a reactant gas containing 20% carbon monoxide,
40% carbon dioxide, and 40% nitrogen. The sulfidation reaction was indicated
to be first order in sulfate concentration."C,

A thermogravimetric analysts of the suilt Idation reaction with hydrogen
was pertormed by Vogel t al. Results reported were that temperatures of
900C were required for complete reaction and that the presence of water
vapor had no effect on the rate of reaction. No details of the tests are
given.

The catalytic reduction of calcium sulfate to calcium sulfide was
investigated in a small fluidized bed reactor by Zadick et al. 41  Of the
catalysts tested, ferric oxide, stannous sulfate and vanadium pentoxide were
found to have the greatest effect. When the bed was fluidized at 4 ft/min
with pure carbon monoxide at 700C and with no catalyst present, conversion
of calcium sulfate to sulfide was N5% after %50 min. With the addition of
12.5% ferric oxide, conversion was ti97% after only 45 min. In addition,
calcium sulfide was found to autocatalytically favor its own rate of formation.
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Regeneration by Acid-Base Reaction

Thermodynamics

For regeneration by the acid-base reaction,

CaS + CO2 + H20 t CaCO 3 + H2S (4)

thermodynamic data has been used to calculate values for equilibrium con-

stants. 4,42,43 The equilibrium constants reported by different investigators

agree well with each other, as evidenced in Table 7. The equilibrium constants
indicate that increases in temperature have an adverse effect on equilibrium

conversion. This effect can ba seen in Table 8, in which calculated theoretical
concentrations of hydrogen sulfide are presented as a function of temperature."

Calculations by Squires42 indicate that at temperatures below %1100 F and
pressures above "4 atm, the acid-base regeneration reaction should yield

a product gas containing hydrogen sulfide at concentrations which permit
recovery of elemental sulfur in a Claus system.

TABLE 7. Equilibrium Constants for the Acid-Base Regeneration Reaction

Temperature Equilibrium Constant Kp (atm1)

(*F) Vogel et al. 4  Squires42 Curran et al. 3

1000 0.153 0.200 -

1100 0.058 0.070 0.082

1200 0.023 0.030 0.030

1300 0.010 0.015 0.013

1400 0.0055 0.007 0.006

1500 - 0.004 0.004

TABLE 8. Hydrogen Sulfide Concentrations at Equilibrium in Dried and
Undried Product Gas Stream as a Function of Temperature for
the Acid-Base Regeneration Reactiona

Hydrogen Sulfide Concentrationb at Equilibrium
Temperature

(*F) Undr

23.

11.

4.

2.

(%)

ied Dried

0 37.0

0 20.0

7 9.9

7 5.1

1400 1.4 2.8

a Data of Vogel et a(."
h Assumes 10-atm total pressure, 50% H.O and 50% CO. inlet gas.

1000

1100

1200

1300
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Kinetics

Experimental work reported by Squires42 verified the high equilibrium

yield of hydrogen sulfide predicted by thermodynamics. Fully calcined
dolomite was first converted to calcium sulfide at atmospheric pressure and

%1100*F, using a gas mixture of 85% N9, 10% H 2 S, and 5% H2. The sulfided
dolomite was then regenerated at x220 psia and 1000-1100*F to obtain a dry
effluent gas containing 20-24% hydrogen sulfide. This is very close to the

predicted equilibrium concentration for hydrogen sulfide (20 to 37%) given in

Table 8 for temperatures between 1000 and 1100*F.

Experimental work by other investigators, however, seems to indicate

that such high yields of hydrogen sulfide may not be obtainable in actual
operation. The results of cyclic sulfidation-regeneration experiments per-
formed in a small, 2-in.-dia fluidized bed reactor have been reported by
Vogel et al.4, 3 5 A sample of dolomite was sulfated, reduced to calcium

sulfide at 10 atm and 1600*F (using pure hydrogen or carbon monoxide), and
then regenerated at 10 atm and 1000*F with a C02 /H20 mixture. The peak

concentration of hydrogen sulfide in the effluent gas during the regeneration
step decreased from 13% for cycle 1 to 0.5% for cycles 5 and 6. The percent
sulfide regenerated decreased from 9.7% to a very low indeterminant value.

Experiments were also performed in which calcium carbonate was reacted
directly with hydrogen sulfide and then reacted with C0 2/HO at 1000-1200*F.
Again the sulfur removal was poor, generally 50% or less. In cyclic studies,
the peak hydrogen sulfide concentration in the effluent gas stream steadily
decreased with each regeneration.

The decrease in the ability to regenerate calcium sulfide during cyclic
operation has also been reported by Curran et al.48 In the cycling of dolomite
between a hydrogen sulfide absorption unit and a regenerator, the level of
calcium sulfide in the sorbent gradually increased due to poor conversion in
the regenerator.

An additional interesting observation was made in a report by O'Neill
et al.45 Regeneration of calcium carbonate from calcium sulfide produced by
the reduction of sulfated dolomite was quite rapid initially. After ti25%
conversion (in 10 min), however, the rate became extremely low. In contrast,
yields greater than 70% (ti18 min) were achieved when the calcium sulfide
was formed by the direct sulfidation of the dolomite with hydrogen sulfide.

Laboratory and Bench-Scale Studies

Very little development work has been done that is directly related to
the two-step regeneration of calcium oxide from calcium sulfate materials
produced in fluidized bed combustors. The process studies cited above L3948

for the regeneration of calcium sulfide formed directly from the reaction
between calcium oxide and hydrogen sulfide during coal gasification indicate
that poor kinetics limits the hydrogen sulfide concentration in the off-gas,
as well as the extent of regeneration. The results of O'Neill et al.4 5 (TGA
experiments) cited above indicate that calcium sulfide produced by the reduc-
tion of calcium sulfate is even less reactive.
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Vogel et al. 35 have reported the results of a preliminary investigation
of the two-step regeneration process in which the acid-base regenerat ion
method was used. The experiments were performed in the 3-in.-dia, bench-
scale regenerator described previously in this report. In the experiments, a
batch of pure calcium sulfate was reduced at '1700*F with carbon monoxide,

which served as both the fuel and the reductant. Following reduction, the
bed was cooled to %1000*F and then a mixture of carbon dioxide and steam was

passed through the bed. The pressure of the system was varied between t2

and 10 atm. The final samples contained large amounts (54 to 77%) of calcium

sulfate, indicating poor reduction during the first step. The final samples,
with the exception of the experiment at 10 atm, also contained residual sul-
fide (17 and 26%), indicating that regeneration was incomplete in the second

step. No hydrogen sulfide was detected in the reactor effluent.

The results of the limited kinetic and bench-scale efforts investigating
two-step regeneration by the acid-base regeneration step have not been

encouraging. It has been suggested that more favorable kinetics at higher

temperatures may make the process acceptable if special techniques are used

to recover the low hydrogen sulfide content that would be present in the

reactor effluent.

Regeneration by Air Oxidation

Regeneration of calcium oxide from calcium sulfide by oxidation is
expressed by the reaction.

CaS + 3/2 0, : Cao + SO: (5)

A competing and undesirable reaction is the oxidation of the sulfide to
sulfate, as expressed by the reaction.

Ca S + '! 0 Ca SO,, (19)

Hofman and Mostowitsch,"" cited earlier for their investigation of the reduc-
tion of calcium sulfate with carbon monoxide and carbon, also investigated
the air oxidation of calcium sulfide. Air was passed over samples of calcium
sulfide heated to temperatures between 350 and 9500C. Decomposition became
noticeable at --500*C and active at .800OC. The calcium sulfide was completely
oxidized to a mixture of calcium oxide and calcium sulfate, with the Indica-
tion that evolution of sulfur dioxide increased with increasing temperature.

The rmod vnam Ic s

Equilibrium constants and heats of reaction for the calcium sulfide
oxidation reactions reported by Swift-") are presented in Tabie 9. The values
agree well with those also reported by I.oebach."' The react ions are highly
exothermic and exhibit highly favorable equilibrium constants, which decrease
slightly with increasing temperature.



Tl'AIWE 9. .qu iii br ium Cons t ants and lieat s of Reac t i on for
Oxidation Reactions of Calcium Sulfide with Oxygen

Log1 OK }heat of React ion
- - -- 1' -- -(kcal mole CaSO,

Reict ion 120 0 "K 14000 K 1600I K 12000 K 1400 K 1600*K

CaS + 1/2 0 . Cao) + So 15.7 13.0 10.9 -109.1 -109.4 -109.6

Cas + 20. f CaSO1, 23.0 17.3 13.2 -219.1 -216.4 -213.1

Data of Swit t

An interesting analysis of the roasting of calcium sulfide was made in
a report by Vogel ' H. The equilibrium constant for reaction (5) which
is expressed as

K-

indicates that at any given temperature, the partial pressure of sulful
dioxide increases with the partial pressure of oxygen. It also follows from
the equilibrium constant for reaction (19)

K = -(21)
p 0 )0?

that above some definite oxygen partia pressure given by equation (21) for
any given temperature, calcium sulfide is no longer stable and is converted
to calcium sulfate. Thus, the maximum sulfur dioxide partial pressure
obtainable is along the coexistence line of calcium sulfide and calcium
sulfate.

Kinet icy

Very little kinetic information has been found relative to the reaction
of calcium sulfide and oxygen. Loebach" carried out some experiments in :.
small 2-in.-dia fluidized bed reactor in which n solid product (from the
reductive decomposition of anhydrite) containing high percentages of calcium
sulfide and calcium oxide and a small percentage of calcium sulfate was
oxidized. Oxidation was carried out at temperatures ranging from 1700 to
2000'F, using mixtures of oxygen with either nitrogen or carbon dioxide. He
reported that the oxidation reaction was extremely rapid, with calcium oxikc
and sulfur dioxide the favored products. Oxidation to calcium sulfate was
found to increase, however, with decreasing temperatures and with increasing
oxygen levels in the oxidizing gas stream. The rate of reaction increased
with the level of oxidizing ag-nt in the reactant gas. Conversion in the
reactor was reported to be equilibrium-controlled.
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Swift,( performed similar experiments except that the reactor was operated
at steady state by the continuous feeding and removal of solids. These
experiments were also performed in a 2-in.-dia reactor. Conversion of calcium
sulfide was quite high, ranging from 52 to 99%, but desulfurization (rejection

of sulfur as sulfur dioxide) ranged from 15 to 86%. Conversion of the sulfide
to sulfate was enhanced at low temperatures and high 0',/CaS molar feed ratios.
At a 1.5 0 /CaS mole ratio, increasing the temperature from x'2000*F to K2100 F
increased the conversion from 52 to 80% and the desulfurization from 39 to
76%. Increasing the 0./CaS mole ratio to 3 at 2000*F increased the conversion
to 84% but the desulfurization decreased to only 15%. The mean solids resi-
dence time for the solids in the reactor ranged from 7 to 32 min.

Kea i rns . . have reported the resUI ts of thermograv imet r is
experiments in which sulfided limestones and dolomites were oxidized at low
temperatures with the intention of forming calcium sulfate. Results reported
were:

1. Oxidation became perceptible at x,750*F when air was used.
2. Isothermal runs made with sulfided limestone at "930"F, 1290*F,

and X165 0*F, yielded conversions to the sulfate of 3.5% in 750 min,

8% in 35 min, and ',%, respectively. In the experiment at 1290*F,
"50% of the sulfide was oxidized in only 150 sec and ti65% was
oxidized after 50 min.

3. Oxidation of suifided dolomite at 1290*F was 70% complete in
50 sec, after which oxidation ceased.

4. Oxidat ion of part ial lv sul fided dolom'.t e was performed at tempera-
tures between 1020*F and 1470*F. The degree of oxidation attained
before the reaction rate essentially ceased was 16% at 1020"F, 60%

at 1200*F, and 92% at 1470*F.
5. Residual sulfide, after oxidation, was concentrated in a thin band

at the outer edges of the stone.
6. The oxidizability of sulfided limestones and dolomites increased

with decreasing calcium content of the original stone.

The report fails to indicate the relative degree of conversion to the oxide

or sulfate for each of the oxidation experiments performed.

clinch_ and ii 1 ct -Sea I Inves t iba ti ions

The Esso Petroleum Co., England, has developed a process known as the
CAFB (chemically active fluidized bed) for the gasification and desulfuriza-
tion of oil and coal. The process uses a fluidized bed of calcium oxide,
which reacts with the hydrogen sulfide released during gasification to form
calcium sulfide. The spent bed material, rich in calcium sulfide, is then
trinsferred tI a fluidized bed regenerator where the calcium sulfide is air
oxidized to lime (for recycle to the gasifier) and sulfur dioxide. Results
of batch bench-scale and continuous pilot-plant experiments of the air-
oxidation regeneration process hav, been reported.

The batch, bench-scale experiment ' were on both a single-cycle and
muIlt iple-cycle basis. Hatches of I imes: nnes were first sul ided by the
subs to i chi Iometr ic combustion of fuel oil .'irectIy in the bed. Upon com-
plet ion of the sulfidat ion cycle, the fuel .-upply to the fluidized bed was
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discontinued, allowing air alone to contact the bed. When the supply of fuel
was discontinued, the temperature of the bed was generally between 900 and
1000*C. During oxidation of the calcium sulfide, the bed temperature would
rise to between 1000 and 1100C and then decrease rapidly as oxidation decreased.
The concentration of sulfur dioxide during the tests was as high as 15%.

Batch cyclic tests were also performed in which beds were alternately
sulfided and then regenerated by air oxidation for up to 80 cycles. ThF
maximum temperature during regeneration was 1050*C for most of the tests,
with sulfur dioxide levels (maximum) ranging around 7 to 9%.

Results in the pilot plant -ere just as encouraging. When sorbent was
continuously recycled between the gasifier and regenerator during a ten-day
test, sulfur dioxide concentrations in the regenerator off-gas were consis-
tently between 6 and 8%.

Keairns et al.52 have issued a design report for a demonstration gasifi-
cation facility based on the CAFB process. The design calls for a 4.5-ft-dia
regenerator operated at 2000*F (1090*C), a maximum bed depth of 4 ft, and a
gas velocity of 6 ft/sec. Expected sulfur dioxide concentration in the
regenerator effluent is 8%.

Thus, regeneration by air oxidation may be a viable process for the two-
step regeneration. It should be tested, however, since (as in the case of
regeneration by the acid-base reaction) the oxidation of calcium sulfide from
reduced sulfate may be considerably different from the oxidation of calcium
sulfide from the sulfidation of limestone.

Regeneration by Sulfide-Sulfate Reaction

Thermodynamics

Regeneration by the solid-solid reaction of calcium sulfide with calcium
sulfate is expressed by the reaction

3CaS0 + CaS ' 4CaO + 4SO4  (6)

The thermodynamics of the reaction have been considered by several investi--
gators.4 ,4 1,43 Table 10 lists values for the free energy change, heat of
reaction, and equilibrium constant for the reaction as a function of tempera-
ture, as presented (or derived from data presented) by different investigators.
The published values are generally in good agreement.

The equilibrium constant values derived from data presented by Vogel
et al.4 are plotted in Fig. 8 along with both the theoretical equilibrium con-
centration of sulfur dioxide at 1 and 10 atm total system pressure. The
curves indicate that a gas containing "%10% sulfur dioxide should be obtain-
able at temperatures of ti1000C and Q150C at system pressures of 1 and 10
atm, respectively.
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Equilibrium constants for the solid-solid reaction have also been
determined experimentally. In a very early work by Zawadzki,' the partial
pressures of sulfur dioxide and sulfur in nitrogen over calcium sulfide

TABLE 10. Thermodynamic Values for the Solid-Solid Reaction of Calcium

Sulfide with Calcium Sulfate as a Function of Temperaturea

Zadick et al."1  in p

Temp. AFr AHr Vogel Curran
(*K) (kcal/mole) (kcal/mole) In Kp x '. Swift 0  t .

298 65.3 * -110.2 * * *

500 52.8 83.6 - 53.2 * * *

1000 21.8 80.0 - 11.0 -11.5 * *

1200 * * * - 4.9 -4.91 -5.78

1400 * * * - 0.3 -0.66 -1.12

1500 - 9.1 * + 3.5 + 1.4 * *

1600 * * * + 2.90 +3.02 *

a Reaction expressed as CaSO4 + 1/3 CaS = 4/3 CaO + 4/3 SO?.

were determined, using static and dynamic methods. Curran ct al.'' also
experimentally measured the decomposition pressure of sulfur dioxide over a

mixture of calcium sulfide and calcium sulfate. The latter experimenters
used a thin-walled stainless steel reactor (1-in.-D by 6-in. long) contained

along with its heating furnace in a high-pressure autoclave. The reactor
internal pressure was balanced by adding sulfur dioxide from an external
source to the autoclave. A sulfur dioxide-nitrogen mixture of known compo-

sition and pressure was used to fluidize a mixture of calcium sulfide and
calcium sulfate. The effluent gas was throttled to atmospheric pressure and

passed through a thermal conductivity cell where the feed gas served as a
reference gas. The thermal conductivity cell was able to detect a change

in sulfur dioxide concentration of +0.01%. The solid phases were heated to

the temperature anticipated to correspond to the sulfur dioxide partial
pressure imposed on the system. The temperature was then cycled at a maximum
rate of 5*F/min below and above the anticipated equilibrium temperature. The
effluent gas then showed a deficiency or excess of sulfur dioxide, as compared
with the inlet gas. The temperature corresponding to the equilibrium sulfur
dioxide pressure was recorded at the point where the effluent gas showed zero
change in composition. The theoretical equilibrium values determined by
Curran at a?. 3 and Zawadzki( are also shown in Fig. 8. The experimental
results, which exhibit good agreement with each other, indicate somewhat lower
equilibrium constants than those predicted from theory.

Vogel et al." made the observation that the solid-solid reaction can be
expressed as the sum of the reactions:
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Fig. 8. Theoretical and Experimental Equilibrium Constants for
CaS04 + 1/3 CaS - 4/3 CaO + 4/3 SO2 and Theoretical
Sulfur Dioxide Concentrations at 1 and 10 atm
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CaSO4 + CO . VaO + S09 + CO:> (1-a)

and

1/3 CaS + CO2 W 1/3 CaO + CO + 1/3 S02 (22)

Thus, the sulfur dioxide partial pressure for the solid-solid reaction (Eq.
No. 6) must be that calculated from either reaction (1-a) or reaction (22)
at the coexistence line for calcium sulfide and calcium sulfate (see Fig. 6
and refer to the discussion of one-step reductive-decomposition thermodynamics).
The presence, therefore, of both calcium sulfide and calcium sulfate determines
an oxidizing potential for the atmosphere with which it is in equilibrium, and
this oxidizing potential determines the carbon monoxide/carbon dioxide ratio
of the atmosphere. The resulting conclusion is that although the presence of
the reducing agent does not increase the equilibrium concentration of sulfur
dioxide over calcium sulfide-calcium sulfate mixtures, the gas phase components

may serve as a facile route for the production of sulfur dioxide so that rapid
reaction rates for mixtures of the rwo solids are possible.

Kinetics

Several investigators24,43,' 3 have proposed that the actual mechanism
of the reaction between calcium sulfate and calcium sulfide involves first
the thermal decomposition of calcium sulfate

CaS04 Z CaO + SO 2 + 1/2 02 (2)

followed by the oxidation of calcium sulfide

1/3 CaS + 1/2 02 ? 1/3 CaO + 1/3 S02 (23)

Turkdogan and Vir.ters 24 observed during tote reductive lecomposition of
calcium sulfate that the carbon reacted rapidly to convert ":ome of .he sulfate
to sulfide and that subsequently the sulfide reacted with excess sulfate to
release sulfur dioxide. They also performed experiments in which a :.'.xture
of reagent grade calcium sulfate and calcium sulfide were mixed in a ':1 molar
ratio and heated in a stream of helium at temperatures of 1050 and 11)0'C and
helium pressures of 0.03 and 1 atm. The results of these experiments, expressed
as the percent sulfur dioxide evolved as a function of time, are reproduced in
Fig. 9. At 1100C and 1 atm, between 85 and 90% of the sulfur wns evolved as
SO2 in 20 min.

If the :eaction follows the mechanism suggested by reactions (2) an'
(23), the kinetics might logically be expected to be limited by the kinetics
of the thermal decomposition step. However, the kinetics of the solid-solid
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reaction appears to proceed considerably faster than the thermal decomposition
of calcium sulfate would permit. As previously stated, Wheelock 3 attempted
to thermally decompose calcium sulfate in nitrogen atmospheres in the tempera-
ture range of 1050 to 1315*C. Even at a temperature of 1225*C and a pressure
of 1 atm, t100 min was required to completely decompose the sample of calcium
sulfate. Wheelock 3 did observe, however, that even the slightest impurity of
oxygen (0.5%) in the nitrogen atmosphere resulted in a significant reduction
in the rate of thermal decomposition. The rapid removal of the oxygen from
the thermal decomposition step by oxidation of the calcium sulfide present
probably accounts, therefore, for the kinetics of the solid-solid reaction
being better than the kinetics for the straight thermal decomposition.

A very early work by Neumann 54 investigated the kinetics of the
reaction of calcium sulfate with calcium sulfide. Samples of a mixture
containing 82.8% calcium sulfate, 15.6% calcium sulfide, ani 1.6% calcium
oxide were heated in either air or nitrogen for 0.5 hr at temperatures
between 800 and 1100C. The molar ratio of sulfate to sulfide was
'%2.8, indicating a slight excess of calcium sulfide according to the
stoichiometry of the solid-solid reaction. The results of the experi-

s

3

0
Fig. 9. Evolution of Sulfur Dioxide

from 3:1 Stoichiometric
Mixture of Calcium Sulfate

to Calcium Sulfide. (Based
on Fig. 7 from Ref. 24,
Reproduced by permission of
the Institution of Mining
and Metallurgy.)
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ments are noted in Table 11. Heating of the solid mixture in air apparently
resulted in oxidation of the calcium sulfide with little or no decomposition
of the calcium sulfate. Increasing the temperature increased the sulfur
release since the calcium sulfide was increasingly oxidized to calcium oxide,

instead of being oxidized to calcium sulfate. When samples were heated in

nitrogen, however, the solid-solid reaction went to completion when heated at

1000*C for 0.5 hr (the product contained a small percentage of the excess

calciu.. sulfide present in the original mixture).

In comparison with the results of Turkdogan and Vinters-) (see Fig. 9),
the results of Neumann 54 indicate a somewhat higher rate of decomposition. The

rate of decomposition, however, is undoubtedly a function of the reactant

particle sizes and the degree of mixing of the sulfide-sulfate mixture, which

could easily account for the apparent variation in decomposition rates in the

two investigations.

Table 11. Decomposition of a Calcium Sulfate-Calcium Sulfide Mixture Heated
for 0.5 hr as a Function of Temperature and Gaseous Environment

(Data of Neumann 54)

Heated in Air Flow _ Heated in Nitrogen Flow
Sulfur Product Composition Sulfur Product Composition

Temp Expelled CaS CaSOt, CaO Expelled CaS CaSO4 CaO
(C*) (%) (%) (%) (%) (%) (%) (%) (%)

800 0.9 14.0 85.1 0.9 2.1 15.3 81.0 3.7

900 2.1 5.8 92.5 1.7 17.0 14.2 75.4 10.3

1000 9.7 0 93.7 2.3 100.0 2.2 0 97.8

1100 18.0 0 94.5 5.5 -- -- -- --

Vogel et al. have also reported results of experiments investigating the
feasibility of the solid-solid reaction for regenerating sorbent material in
the fluid'zed-bed combustion process.3,'55,56,57 Results are also presented
in separate reports by Hubble of zl. '8,59 In two particularly interesting
experiments, dolomite which had been sulfated in the Argonne National Labora-

tory, 6-in.-dia combustor was reacted with an excess of calcium sulfide in a
small fixed-bed, tubular quartz reactor.5 5  In one experiment, the sulfateu
dolomite was in the half-caicined condition (CaSO4 , CaC0 3, MgO), and in the
other experiment, the sulfated dolomite was preheated to the fully calcined
state (CaSO4, CaO, MgO). The mixture was heated to 1025*C Ina purge stream of
nitrogen gas. The off-gas was monitored continuously for sulfur dioxide
content.

Very little reaction was observed between the half-calcined sulfated
dolomite and calcium sulfide. The explanation offered was that the calcium
sulfide was oxidized by the carbon dioxide released from the partially calcined
dolomite. The reaction of calcium sulfide with the fully calcined sulfated
dolomite produced much more favorable results. Figure 10 illustrates the
concentration of sulfur dioxide produced (and hence the rate of sulfur
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Fig. 10. Concentration of Sulfur Dioxide i., Nitrogen Purge Gas as
a Function of Nitrogen Purge Flow Rate in the Solid-Solid
Reaction of Calcium Sulfate with Oalrium Sulfide at 1025C.
(Data of Vogel et 37.55)

dioxide production) at 1025C as a function of the nitrogen purge rate. The
concentration of sulfur dioxide in the reactor off-gas varied from a high of
10.5% at 12 cm 3/min nitrogen purge to a low of 3.3% at 1000 cm/min nitrogen
flow. At zero nitrogen flow, the equilibrium curves of Fig. 8 indicate a
maximum sulfur dioxide concentration of %18% at 1-atm total pressure. Thus,
the reaction appeared to be approaching equilibrium as the nitrogen purge
rate approached zero. The reaction rate, however, was highest at the highest
nitrogen purge rate due to the reduction of sulfur dioxide concentration in
the bulk gas flow. This strongly indicates that the rate of the reaction is
mass-transfer limited.

The kinetic results of Vogel ot al. S5 can be compared with the results
of Turkdogan and Vinters.'2 At it nitrogen purge rate of 500 cm /min, the
concentration of sulfur dioxide in the off-gas reported by Vogel ct al.
was -5.2% (see Fig. 10). This corresponds to a fractional rate of conversion
of the calcium s-ilfate of ti4.0 x 10- 3/min. At the same purge rate of 500
cm/min of inert gas, the data of Turkdogan and Vinters (by extrapolation to
1025*C of their data taken at 1100 and 1050C) indicate a fractional rate of
calcium sulfate conversion of t2.2 x 10-2/min (corresponding to a sulfur
dioxide concentration of -l% in the purge gas). The slow kinetics reported
by Vogel ".t al." were obviously due to the considerably larger initial
charge of solid reactants. This further emphasizes the mass transfer limi-
tations on the rate of conversion.

i



Vogel , I ?'. h;'ve also reported the results of TCA experiments primarily
designed to investigate the et fects of varying the composition of the start-
ing material for the solid--solid reaction. '"'' The general procedure
for the TGA experiments has been to half-calcine a high-purity dolomite, to
sulfate the stone using a simulated off-gas mixture containing 4% SO? and
5' 0. , to reduce a fraction of the sulfate to sulfide at 380*C using a reducing
gas mixture of 3% H, in helium, and then to allow the solid-solid reaction to
proceed in an atmosphere of helium at 950C. It was reported on the basis of
these experiments that a starting material containing greater than 25 mol %
sulfide (tI.e s tochiometric percentage for the solid-solid reaction) was
nc('Lssir\ to permit consumption of most of the sulfide and sulfate before
the reaction ceased. When the starting material contained 25 mol %, the
calcium sulfide was completely consumed while a substantial amount of calcium
sulfate remained unreacted.

An explanation of the requirement for excess calcium sufide in the solid-
solid reaction is found in reports by Fleck 0 and by Hull ot al.II They
both report that in addition to the desired solid-solid reaction to yield
sulfur dioxide, an undesirable side reaction can occur in which sulfur vapor
is formed. Hull .t '1.61 suggest the following overall stoichiometry to
account for the formation of elemental sulfur:

3CaS + CaSOi, 4CaO + 2 S (24)

Fleck suggests that a more likely mechanism for the formation of elemental
sulfur is the reaction:

2SO7 + CaS - CaSO4 + S (25)

where the sulfur dioxide could be generated by both te thermal decomposition
of calcium sulfate (Eq. 2) and the oxidation of calcium sulfide by oxygen from
the thermal decomposition (Eq. 23). Another mechanistic possibility for the
formation of elemental sulfur is the gas-phase reaction:

2SO; r S. + 20 (26)

Both 7.awadzki,' whose work was cited above for the experimental determination
of the sulfur dioxide partial pressure over calcium sulfide-calcium sulfate
mixtures, and Schenck and HammerschmidtC? measured the partial pressure of
sulfur over calcium sulfide-calcium sulfate mixtures. FleckF' extrapolated
the data of Schenck and Hamnerschmidt and calculated the equilibrium ratio of
cl4,r nt .11 *u Il'ir to tot.11 mil t r is a funct ion of temperature and total
pressure. His results are presented in Fig. 11. The curves of Fig. 11
represent tOe equilibrium relationship for reaction (25) and do not consider
the presence of oxygen or calcium oxide at equilibrium. Although the presence
of the additional phase and compounds at equilibrium would certainly alter
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Fig. 11. Effect of Temperature and Pressure on
the Ratio of Sulfur Vapor to Total Sulfur
in the Gas Phase over Calcium Sulfide-
Calcium Sulfate Mixtures (from Fleck6 0 )

the sulfur to sulfur dioxide ratio and reduce the thermodynamic degrees of
freedom, Fig. 11 does serve to indicate that as the system temperature is
reduced, the fraction of elemental sulfur to total sulfur in the gas phase
can become quite significant.

Zawadzki 6 also reported that at a temperature of 900*C, the partial
pressures of elemental sulfur and sulfur dioxide were one-third and two-thirds,
respectively, of the total system equilibrium pressure. Thus, at equilibrium,
elemental sulfur could account for a significant proportion of the sulfur
released from a mixture of calcium sulfate and calcium sulfide. The fact that
the formation of elemental sulfur requires an excess of calcium sulfide over
the stoichiometric amount required to produce only sulfur dioxide is consistent
with the observations of Vogel et al. that a starting material containing
greater than 25 mol 2 calcium sulfide is necessary to permit consumption of
both the sulfide and the sulfate.37'

5 5' 56 ,57

Hull et al. 6 1 also reported that the rates of reactions which produce
sulfur dioxide and elemental sulfur have about the same order of magnitude
between 900C and 1000 C. At higher temperatures, the kinetics are favorable
to the formation of sulfur dioxide.

1050

900
U

9. 00
4

*750
W
I-

N
TOTAL PRESSURE OF

601 + S1 - ATM.

s O- -

7001-- -- --

I IUU T

Imn"- - - w r . r --

oso

o.
o as

----

-- -



48

REFERENCES

1. W. Q. Hull, F. Schon, and H. Zirngibl, "Sulfuric Acid from Anhydrite,"
Ind. Eng. Chem. 49, 1204-1214 (1957).

2. Ch. Taschappat and R. Piece, "Etude theorique et experimentale de
l'equilibre de dissociation du sulfate de calcium pur et naturel aux

temperatures elevees," Helv. Chim. Acta 39, 1427-1438 (1956).

3. T. D. Wheelock, "Desulfurization of Gypsum," Ph.D. Thesis, Iowa State

University of Science and Technology, Ames, Iowa (1958); University
Microfilms L.C. Mic 59-1152.

4. G. J. Vogel, E. L. Carls, J. Ackerman, M. Haas, J. Riha, C. B.
Schoffstoll, J. Hepperly, and A. A. Jonke, "Reduction of Atmospheric
Pollution by the Application of Fluidized-Bed Combustion and Regeneration

of Sulfur Containing Additives," Argonne National Laboratory, Annual
Report, July 1972 - June 1973, ANL/ES-CEN-1005 (1973).

5. G. Marchal, "Thermal Decomposition of Calcium Sulfate," .. Chim. Phys.
23, 38-60 (1926).

6. J. Zawadzki, "Zur Kenntnis des Systems Calcium - Schwefel - Sauerstoff,"

Z. Anorg. u. Allgem. Chem. 205, 180-192 (1932).

7. H. 0. Hofmin and W. Mostowitsch, "The Behavior of Calcium Sulfate at
Elevated Temperatures with some Fluxes," Transactions American Institute

of Mining and Metallurgical Engineers 39, 628-653 (1909).

8. P. P. Budnikoff and J. K. Syrkin, "Uber die Dissoziation des Calcium-
sulfats bei h6heren Temperaturen," Chemiker-Zeitung 47, 22 (1923).

9. Friedrich v. Bischoff, "Uber den Einfluss von Freindgasen auf die
Thermische Zersetzung von Calciumsulfate in Gegenwart von Kieselsaure,"
Ziet. Anorg. Ch. 250, 10-22 (1942).

10. E. Briner and Ch. Knodel, "Sur la decomposition thermique du sulfate
de calcium en presence de vapeur d'eau," Helv. Chim. Acta 27, 1406-1414

(1944).

11. John W. Cobb, "The Synthesis of a Glaze, Glass or Other Complex Silicate:
The Interaction of Lime and Silica," Society of Chemical Industry 29,
69-74 (1910).

12. Richard R. West and Willard J. Sutton, "Thermography of Gypsum," J. Amer.
Cer. Soc. 37(5), 221-224 (1954).

13. Ernst Terres, "Gips als Rohstoff fur die Chemische Industrie," Ztschr.
Angew. Chem. 44, 356-363 (1931).

14. E. Briner, G. Pamm, and H. Paillard, "Recherches sur la vitesse de
dissociation thermique des sulfates de calcium, de potassium, et de
sodium, seuls ou en presence d'adjuvants; action fortement acceleratrice
de la vapeur d'eau," Helv. Chim. Acta 32, 635-46 (1949).



49

15. J. A. Hedvall, S. Nordengren, and B. Liljcgwe1 , "Thermal Decomposition
of Calcium Sulfate at Low Temperatures," Acta Polytech., Chem. Met
Series 4, No. 7: 17 pp (1955). (Original not available, abstracted in
Chemical Abstracts 50, 6238d, 1956.)

16. J. A. Hedvall, S. Nordengren, and B. Liljegren, "The Thermal Decomposition
of Calcium Sulfate at Low Temperatures," Trans. Chalmers Univ. Technol.
Gothenburg No. 158: 17 pp. (1955). (Original not available, abstracted
in Chemical Abstracts 49, 87191, 1955.)

17. J. M. Stinson and C. E. Mumma, "Regeneration of Sulfur Acid from By-

Product Calcium Sulfate," Ind. Eng. Chem. 46, 453-457 (1954).

18. W. M. Bollen, "Thermal Decomposition of Calcium Sulfate, Ph.D. Thesis,
Iowa State University, Ames, Iowa (1954).

19. A. Skopp, J. T. Sears, and R. R. Bertrand, "Fluid-Bed Studies of the
Limestone Based Flue-Gas Desulfurization Process," Final Report, May 15,
1967-Aug. 27, 1969, Exxon Research and Engineering Co., Government
Research Div., Report No. GR-9-FG5-69 (1969). (Available from National
Technical Information Service as PB-189-495).

20. W. M. Swift, "Desulfurization of Calcium Sulfate in a Multiple Zone
Reactor," Ph.D. Thesis, Iowa State University, Ames, Iowa (1973).

21. T. D. Wheelock and D. R. Boylan, "Production of Sulfur Dioxide and Lime
from Calcium Sulphate," Industrial Chemist 36, 590-594 (1960).

22. T. D. Wheelock and D. R. Boylan, "Reductive Decomposition of Gypsum
by Carbon Monoxide," Ind. Eng. Chem. 52, 215-218 (1960).

23. N. K. Mehra, "Conditions for Limiting Sulfide in the Reductive Decompo-
sition of Gypsum," M.S. thesis, Iowa State University, Ames, Iowa (1964).

24. E. T. Turkdogan and J. V. Vinters, "Reduction of Calcium Sulphate by
Carbon," 'ransactions/Section C of the Institution of Mining and

Metallurgy 85, C117-C123 (1976).

25. L. A. Robbins, "Gas Absorption and Polymorphism in the Reductive Decom-
position of Calcium Sulfate," Ph.D. Thesis, Iowa State University, Ames,
Iowa (1966).

26. V. V. Pechkovskii and A. N. Ketov, "Characteristics of Sulfate Reduction
by Solid and Gaseous Reducing Agents," Sbornik Nauchnykh Trudov Permskii
Politeknicheskii Institut No. 10: 3-32 (1960). (Original not available,
abstracted in Chemical Abstracts 57, 16120f, 1962.)

27. P. Marier and T. R. Ingraham, "Mechanism of the Absorption of SO 2 by
Limestone," J. Air Poll. Cont. Assn. 21, 347 (1971).

28. J. D. Low, A. J. Goodsel, and N. Takezawa, "Reactions of Gaseous
Pollutants with Solids I. Infrared Study of the Sorption of S02 on CaO,"
Env. Sci. Technol. 5, 1191-1195 (1971).



50

29. D. A. Martin, F. E. Brantley, and D. M. Yergensen, "DIcomposition of

Gypsum in a Fluidized-Bed Reactor," U.S. Bureau of Mines Report of
Investigations No. 6286 (1963).

30. G. A. Hammons ind A. Skopp, "A Regenerative Limestone Process for Fluid-

ized Bed Coal Combustion and Desulfurization," Final Report, Exxon Research
and Engineering Co., Government Research Division (1971). [Available
from National Technical Information Service as Rept. No. PB-198-822].

31. R. C. Hoke, M. S. Nutkis, L. A. Ruth, and H. Shaw, "A Regenerative
Limestone Process for Fluidized-Bed Coal Combustion and Desulfurization,"
U.S. Environmental Protection Agency Rept. No. EPA-650/2-74-001 (1974).
[Available from National Technical Information Service as Rept. No.
PB-231-374/0].

32. A. M. Hansen, G. F. Rotter, W. R. Brade, and T. D. Wheelock, "Reductive
Decomposition of Anhydrite: Pilot Plant Development," Preprint of paper
presented at American Chemical Society Meeting, New York, N.Y., September
1969.

33. C. W. Zielke, H. E. Lebowitz, R. T. Struck, and E. Gorin," Sulfur Removal
During Combustion in a Fluidized Bed of Dolomite," J. Air. Poll. Cont.
Assoc. 20(3), 164-169 (1970).

34. J. S. Gordon, R. D. Glenn, S. Ehrlich, R. Ederer, J. W. Bishop, and A.
K. Scott, "Study of the Characterizacion and Control of Air Pollutants
from a Fluidized-Bed Boiler - The SO2 Acceptor Process," U.S. Environ-
mental Protection Agency Rept. No. EA-R2-72-021 (1972).

35. G. J. Vogel, M. Haas, W. Swift, J. Riha, C. B. Schoffstoll, J. Hepperly,
and A. A. Jonke, "Reduction of Atmospheric Pollution by the Application
of Fluidized-Bed Combustion," U.S. Environmental Protection Agnecy Rept.
No. EPA-650/2-74-057 (1974).

36. G. J. Vogel, P. Cunningham, J. Fischer, B. Hubble, S. Lee, J. Lenc, J.
Montagna, A. Panek, C. Schoffstoll, S. Siegel, G. Smith, S. Smith, R.
Snyder, S. Saxena, J. Stockbar, W. Swift, G. Teats, I. Wilson, and A. A.
Jonke, "A Development Program on Pressurized Fluidized-Bed Combustion,"

Annual Report, July 1, 1974 - June 30, 1975, Argonne National Laboratory
Report No. ANL/ES-CEN-1011 (1975).

37. G. J. Vogel, I. Johnson, P. T. Cunningham, B. R. Hubble, S. H. Lee, J. F.
Lenc, J. Montagna, F. F. Nunes, S. Siegel, G. W. Smith, R. B. Snyder,
S. Saxena, W. M. Swift, G. F. Teats, C. B. Turner, W. I. Wilson, and A.
A. Jonke, "A Development Program on Pressurized Fluidized-Bed Combustion,"
Annual Report, July 1975 - June 1976, Argonne National Laboratory Report
No. ANL/ES-CEN-1016 (1976).

38. J. C. Montagna, J. F. Lene, G. JI. Vogel, G. Thodos, and A. A. Jonke,
"Bench Scale Regeneration of Sulfated Dolomite and Limestone by Reductive
Decomposition," Proceedings of the Fourth International Conference on
Fluidized-Bed Combustion, Mitre Corp., McLcan, VA., (1976).



51

39. J. C. Montagna, W. M. Swift, G. W. Smith, G. J. Vogel, and A. A. Jonke,
"FUildized Bed Regeneration of Sulfated Dolomite by Reductive Decompo-
sition with Coal," Paper presented at the 69th Annual Meeting A.I.Ch.E.,
November 28 - December 2, 1976.

40. W. M. Swift and T. D. Wheelock, "Decomposition of Calcium Sulfate in a
Two-Zone Reactor," Ind. Eng. Chem. Process Des. Dev. 14(3), 323-327
(1975).

41. T. W. Zadick, Ronanth Zavaleta, and F. P. McCandless, "Catalytic Reduction
of Calcium Sulfate to Calcium Sulfide with Carbon Monoxide," Ind. Eng.

Chem. Process Des. Dev. 11(2), 283-287 (1972).

42. A. M. Squires, "Cyclic Use of Calcined Dolomite to D(sulfurize Fuels
Undergoing Gasification," American Chemical Society Advances in Chemistry
Series No. 69, 205-229 (1967).

43. G. P. Curran, J. T. Clancey, C. E. Fink, B. Pasek, M. Pell, and E. Gorin,
"Development of the C02 Acceptor Process Directed Towards Low-Sulfur
Boiler Fuel," Annual Report, September 1, 1970 - November 1, 1971,
Consolidation Coal Company (1971).

44. H. 0. Hofman and W. Mostowitsch, "The Reduction of Calcium Sulphate by
Carbon Monoxide and Carbon and the Oxidation of Calcium Sulphide, A.I.M.E.
Bulletin No. 47, 763-784 (1910).

45. E. P. O'Neill, D. L. Keairns, and W. F. Kittle, "Kinetic Studies Related
to the Use of Limestone and Dolomite as Sulfur Removal Agents in Fuel
Processing," Proceedings of the Third International Conference on Fluid-
ized-Bed Combustion, U.S. Environmental Protection Agency Report No.
EPA-650/2-73-053 (1973).

46. D. L. Keairns, D. H. Archer, J. R. Hamm, R. A. Newby, E. P. O'Neill,
J. R. Smith, and W. C. Yang, "Evaluation of the Fluidized-Bed Combustion
Process, Volume 1 - Pressurized Fluid Bed Combustion Process Development
Evaluation," U.S. Environmental Protection Agency Report No. EPA-650/2-
73-053 (1973).

47. G. J. Vogel, P. T. Cunningham, B. Hubble, J. Lenc, J. Montagna, A. Panek,
R. Snyder, W. M. Swift, G. Teats, I. Wilson, and A. A. Jonke, "A
Development Program on Pressurized Fluidized-Bed Combustion," Quarterly
Report, October 1, 1974 - January 1, 1975, Argonne National LAboratory
Report No. ANL/ES-CEN-1009 (1975).

48. G. P. Curran, B. Pasek, M. Pell, and E. Gorin, "Low-Sulfur Producer Gas
via an Improved Fluid-Bed Gasification Process," Proceedings of the Third
International Conference on Fluidized-Bed Combustion, U.S. Environmental
ProteLLion Agency Rept. No. EPA-650/2-73-053 (1973).

49. D. V. Loebach, "Oxidation of Calcium Sulfide," M.S. Thesis, Iowa State
University, Ames, Iowa (1969).



52

50. D. L. Keairns, D. H. Archer, R. A. Newby, E. P. O'Nei 11 , and E. .1. Vidt,
"Evaluation of the Fluidized-Bed Combustion Process Vol. IV - Fluidized-
Bed Oil Gasification/Desulfurization," U.S. Environmental Protection
Agency Report No. EPA-650/2-73-048d (1973).

51. Esso Petroleum Company Limited, "Study of Chemically Active Fluid Bed

Gasifier for Reduction of Sulfur Oxide Emissions," FiL <l Report, Esso
Research Center, Abingdon, England, OAP Contract CPA 70-46 (1972).

52. D. L. Keairns, R. A. Newby, E. J. Vidt, E. P. O'Neill, C. H. Peterson,
C. C. Sun, C. D. Buscaglia, and D. H. Archer, "Fluidized-Bed Combustion
Process Evlauation (Phase I - Residual Oil Gasification/Desulfurization
Demonstration at Atmospheric Pressure), Volume II - Appendices," U.S.

Environmental Protection Agency Rept. No. EPA-650/2-75-027-a (1975).

53. C. P. Curran, C. E. Fink, and E. Gorin, "CO 2 Acceptor Gasification
Process," American Chemical Society Advances in Chemistry Series 69,
141-165 (1967).

54. Bernhard Neumann, "Gewinnung von schwefliger Saure aus Gips," Zeitschrift
fur angewandte Chemie 39, 1537-1564 (1926).

55. G. J. Vogel, P. Cunningham, J. Fischer, B. Hubble, S. Lee, J. Lenc, J.
Montagna, S. Siegel, R. Snyder, S. Saxena, W. Swift, I. Wilson, and A.
A. Jonke, "A Development Program on Pressurized Fluidized-Bed Combustion,"
Quarterly Report, July 1, 1975 - September 30, 1975, Argonne National
Laboratory Report No. ANL/ES-CEN-1013 (1975).

56. G. J. Vogel, P. Cunningham, J. Fischer, B. Hubble, I. Johnson, S. Lee,
J. Lenc, J. Montagna, S. Siegel, R. Snyder, S. Saxena, W. Swift, I.
Wilson, and A. A. Jonke, "A Development Program on Pressurized Fluidized-
Bed Combustion," Quarterly Report, October 1, 1975 - December 31, 1975,
Argonne National Laboratory Report No. ANL/ES-CEN-1014 (1976).

57. G. J. Vogel, I. Johnson, P. Cunningham, B. Hubble, S. Lee, J. Lenc, J.
Montagna, S. Siegel, R. Snyder, S. Saxena, G. Smith, W. Swift, G. Teats,
I. Wilson, at. A. A. Jonke, "A Development Program on Pressurized
Fluidized-Bed Combustion," Quarterly Report, January 1, 1976 - March 31,
1976, Argonne National Laboratory Report No. ANL/ES-CEN-1015 (1976).

58. B. R. Hubble, S. Siegel, L. H. Fuchs, and P. T. Cunningham, "Chemical,
Structural, and Morphological Studies of Dolomite in Sulfation and
Regeneration Reactions," Proceedings of the Fourth international Con-
ference on Fluidized-Bed Combustion, Mitre Corp., McLcai,, VA., (1976).

59. B. R. Hubble, Stanley Siegel, and P. T. Cunningham, "On the Feasibility
of the CaSO4-CaS Reaction for Regeneration of Sulfated Dolomite or Lime-
stone in Sulfur Dioxide Pollution Control Processes," APCA Journal _25(12)
1256-1257 (1975).

60. Alexander Fleck, "The British Sulphuric Acid Industry," Chemistry and
Industry, No. 71, 1184-1193 (1952).

61. W. Hull, F. Schon, and H. Zirngibl, "Sulfuric Acid from Anhydrite," Ind.
Eng. Chem. 49(8), 1204-1214 (1957).



53

62. R. Schenck and F. Hammerschimdt, Z. anorg. allgem. Chem. 210, 305-312
(1933).




