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ABSTRACT 

A pressurized thermogravimetric analysis system, constructed to operate with 
corrosive gases and connected to a programmabIe calcuIator used as a data acquisition 
system, has been used to study the isothermal reaction of sulfur dioxide with limestones 
and dolomites at pressures from 1.01 x 10’ Pa to I-01 x lo6 Pa (1 to 10 atm), and 
temperatures from 750 to 1050 ‘C_ The sulfation reactions have been studied (a) under 
conditions where caIcium carbonate is the stable form of the reacting solid, and (b) 
where calcium oxide is the stabIe form of the sorbent. 

The data show that both sample size and gas fi ow-rate strongIy inffuence the 
observed kinetics. However, the dominant influence on the suifation reaction of 
calcined sorbents is the carbon dioxide pressure in which the stone is originally 
calcined. The results are discussed in the light of previous studies on the suifation of 
lime, and the application of this reaction to pollution abatement by removal of sulfur 
dioxide from hot gases. 

l?iiODUCl-lON 

Sulfur dioxide pollution from coal combustion may be hugely prevented when 
the coal is burned in a fiuidized bed of limestone cr dolomite. More than 90% of the 
fuel sulfur is fixed as solid calcium sulfate, and the process is attractive from the 
energy conservation standpoint because pressurized fluidized bed combustors have the 
potential to increase the efficiency of electric power generation in a combined cycIe 
power plant’ _ 

The range of experimental conditions under which sulfur capture occurs- 
outlined in Table 1, lies outside the range of previous laboratory experimental studies 
of the sulfation of lime2-5. This work is concerned with a study of the sulfation 
reaction at pressures up to 10 atm and temperatures up to IOOO”C- and is principally 
directed at factors which influence the utilization of calcium, or the percent conversion 
to calcium sulfate which occurs under technicahy feasible conditions- The study of the 

*Presented at the 5th North American Thermal Analysis Society Meeting, Peterborough, Ontario, 
June s-14, 1975. 
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sulfation reaction requires the desigu and construction of a thermogravimetric 

ana&sis system which can operate at pressure and can monitor the course of reaction 

of a solid sample exposed to hot flowing corrosive gases. 

-i-ABLE I 

EXPERiMEhTAL COKDITIONS OF INTEREST FOR 
DESULFURiZATION IN FLUIDIZED BED COMBUSTION 

T~peratuX 
Pressure : 
sot I 

02 
Pal-tick size I 
Sorbcnt T 

co= 

73O”C+ 95o”C+ ? 
1 atm-_,lOatm+ISatm 
0.5% + 0.1% 
-3% + 12% 
-300 pm-_, 3 000 pm diameter 
Iimestonez half-calcined doIomite 
cakincd iimestone: cakined dolomite 
‘-lp to I.5 atm 

Previous studies have indicated three interesting features of the sulfation 

reaction_ The primary limit on utilization of the calcium is caused by the space 

availabIe ;-.-irhin pores of (O_ I-2 m radius) for accommodation of the sulfate ion, and 

leads to an upper value of -40% sulfation at a particIe size of 500 micron diameter_ 

However, several laboratory studies have found a very low calcium utilization - 18% 

or 11 o/u at this particle size, using a particular limestone designated as limestone 1359, 

while fluid&d bed tests on the same sorbent have shown a utilization greater than 
30% Further, a temperature maximum in the desulfurizing action has been observed 

in the temperature range 80045O”C, at atmospheric pressure’“-l ‘. Two mechanisms 

have been advanced to explain this behavior, and since one invokes the reducing 

action in oxygen-deficient regions of the fluidized-bed combustor, investigation of the 

effect in an oxidizing atmosphere should assist identification of the actual mechanism. 

The apparatus as outlined in Fig. 1 consists of a reaction gas manifoid; a 

custom built pressure shell (304 SS) through which the gases are ducted: the shell 

contains a Du Pont 951 thermobalance modified to accept corrosive gases after the 

design of Ruth7; and an exhaust/depressurization system which contains sampling 

ports, and traps. The controller and recorder are supplied by a Du Pont 990 thermal 

analyzer_ l%e bystem has been described previously’ 2_ In addition to the analog 

recorder, the weight and temperature signals are fed to a Fluidyne muhichannel 

interface. The signals are digitized and input to a Wang 2200 calculator with an 8 k 

memory, and cassette tape recorders. The data may be conditioned, or reduced, 

before recording_ After a run, the data are reduced and analyzed through the Wang 

calculator and graphically output on a typewriter plotter which has a precision of 

0.01 in_ in both x and y axes. Development of this system is in an early stage, but it is 

equipped with output relays to enable extension to system control (i-e., pressure 

temperature, gas or flow changes), at a later date. 
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Fig. 1. Diagram of the TG system. 

Because corrosive gases rapidly destroy the thermocoupIe it was sheathed in a 

quartz capillary. The resulting error was found to be minor in two kinds of test The 

Curie point of “specpure” iron (Johnson Matthey), was found to be 773°C at 10 atm 

pressure (literature value 771 ‘C)t3. Cycling experiments on the decomposition 

pressure of CO, over CaCO,/CaO at 0.956 atrn of CO2 gave a value of 892°C in 

relatively good agreement with literature values, (891 “C derived from Cur-ran’s Kp 

dataI and 901 “C derived from Hill’s” data). 

In all the work reported here, the sampies were fully calcined in the TG 

apparatus before sulfation. (Further work on half-calcined dolomites will be reported 

later.) 

Materials 
The materials studied are natural limestones and dolomites, as described in 

Table 2, Their choice was dictated by their extensive use as sorbents in fluidized-bed 

combustion studies*-‘*’ ‘_ The petrographic and mineraIogical properties have been 

described by Harvey’ 6_ SampIes of the material were ground and sieved to the desired 

size range. In view of the small sample size (20 mg of raw stone) eventually studied, 

sampIe homogeneity is of concern- The weight ioss on calcination of limestone 1359 

was 43.59+0.20 (16 samples), indicating that sample variability shouId not affect the 

study. 
Sulfur dioxide, carbon dioxide, oxygen and nitrogen were used as supplied 

from cylinders. The rotameters were calibrated for pressurized operation using a back 

pressure regulator and a Brooks flowmeter calibrator. 
The sample container was a platinum gauze bag which showed no weight 

change on exposure to the sulfating gas mixture in a blank run. 
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TABLE 2 

SORBE?uIS USED TO STUDY THE SULFATlON REACTION 

Sotbent Ca Mg zgnikm 

vx hs 

Principal impurities 

Limestone 1359 
Stephens City, Va- 
Tymochtee Dolornit: 
HuntsviIIe, Ohio 
Glasshouse Dolomite 
(Dolomite 1337) 
Gibsonberg, Ohio 

38.4 

20.5 

21.5 

-04 -53.4 Sika 

II.9 44.4 Silica, pyrites, alumino sikatcs 

12.5 47.7 Silica. pyrites, alumin silicates 

Initial trials on the sulfation of calcined dolomite 1337 at pressure, using 

- 100 mg sampies gave results inconsistent with previous studies: the initial rate of 

reaction was about one-fifth of those reported by Borgwardt’. Further experi- 

mentation using non-isothermaI calcination of limestone as a probe reaction showed 

&at flow-rates over the saiiple of -2 I min- ’ (S.T.P.) at pressure were required to 

replicate atmospheric pressure cakination curves_ Experiments with the sulfation 

reaction show-ed that if a small sample of raw sorbent, 20 mg or less were used, much 

faster sulfation xates were noted as shown in Fig. 2. The sulfation reaction at 

atmospheric pressur es was independent of ff ow-rate in the range 200-600 ml min- ’ 

and the rate of sulfatkon at 5% was close to that reported by Borgwardt3 for the same 

doiomite in a differential bed reactor_ With the small sample size, the rate of sulfation 
at 10 atm was almost independent of fiow-rate in the range 24 1 min- ‘. 

I 2 3 4 5 6 7 

Tii him!& 

2 Effect of sample size on suIfation of calcined dolomite 1337 in the TG. 
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Fig. 3. Sulfation of calcined dolomite 1337. 
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Fig. 4. Comparison of presurkd sulfation of limestone and dolomite. 
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The sample size exerted a second important influence on sulfation as shown in 

Fig. 3. Aithough suIfation is initiaIIy sIower with the Iarge sample, it does not suffer 

the abrupt decline in reaction rate of the small sample, and a higher calcium utilization 

is obtained. 
The sulfation of cakincd doIomite 1337 -*as then studied and three factors were 

noted. The effect of pressure on the initial rate of sulfation was less than double the 

rate observed at atmospheric pressure. Temperature had a slight effect on the rate of 

reaction at 10% utilization of the calcium. The reaction was first order with respect 

to suIfi.n dioxide concentration, and zero order with respect to oxygen concentration 
in the range 2-l 1% Oz. However, in some experiments, at the 500 micron diameter 

levef, the cakium utilization achievable was -40% and in others about 90%. 

Attention focused on the cakination conditions preceding sulfation. The approach 

taken was to cakine the stone in either an atmosphere containing 1 atm of carbon 

dioxide or in nitrogen. The results are shown in Fig. 4, and demonstrate that slow 

ca!cination in COz greatfy enhances the capacity of limestone and doIomite as sulfur 

sorbents. Slow c&nation in CO2 also increased the capacity of the impure stone, 

Tymochtee dolomite in sulfation. 
In order to show that this activation process was not per se the resuh of 

sulfation at pressure, experiments were carried out at atmospheric pressure on the 

suifation of limestone I359 after calcination undsr different partial pressures of CO2 . 
The results show a strong dependence of sulfation on the carbon dioxide environment 

during cakination, as illustrated in Fig. 5 and Table 3. 

To assess the influence of terqerature, a set of experiments was carried out on 

calcined limestone 1359: the sampies were brought to 900°C under carbon dioxide, 

TG22l 

TGZ6 

TGr.5 - 

Fig. 5. Atmospheric pressure sulfation of limestone 1359-h effect of CdCbxdon histOrY. 
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-TABLE 3 

LIMEST’ONE 1359 SULFAl-lON RUNS 

TG 
IVO. 

Pf CSSIUC 

kPa (arm) 
Particle 
size 

196 
I97 

I98 
199 
215 
216 
220 
221 
229 
230 
231 

1013 (10.0) 420-500 
1013 (lO.Ob 420-500 

1013 (10.0) 
1013 (10.0) 
101.3 (1.0) 
101.3 (1.0) 
10:.3 (1.0) 
101.3 (1.0) 
101.3 (1.0) 
101.3 (1.0) 
101.3 (1.0) 

420-500 
42&500 
42&500 
420-500 
42&500 
42&500 
42&-W 
420-500 
420-500 

Cainination Suifation 

Tem- Atmosphere Time Tem- UtiIiza- 

perature (min) perarure tion 

‘C (‘r) “C (“F) % Ca 

900(1652) N, 4.0 
680-870 Nz -12-o 
(12X-1596) 
930(1706) lo?‘0 COJNz 8.0 
93O(liO6) 10% COz;& s-0 
900(1652) N, 2.5 
900(1652) 30% CO= in Nt 5.0 
871(16Oo) 55-30% CO2 in Nz 80.0 
900(1652) 60% CO2 in Nz 30.0 
954(1749) 15% COz in N1 -1.2 
843(1549) 15% CO= in Nz 34.0 

899(1650) 15% CO2 in X2 3.0 

871(1600) 

871(1600) 

971(1600) 32.0 

871(1600) -37.0 

871(1600) 9.0 

871(1600) 14.0 

871(1600) 34.5 

871(16OO) 42-O 

954(1749) 12.0 

843 (1549) 14.0 

900(1652) 11.0 

14.0 
14.0 

cakined in 0.6 atm of COZ and were then sulfated at temperatures in the range 750 

to 950°C in random order. The-results are shown in Fig. 6. The caIcium utihzation 

noted after 1 h at each temperature, is shown in Fig. 7_ 

DISCUSSION 

Comparison with other data 
The rate of suIfation at atmospheric pressure noted in this study is comparable 

to the fastest rates repo_rted in the literature: there is an order of magnitude spread in 

the published data. For limestone calcined and suIfated at 850°C and atmospheric 

pressure, the calculated rate is 1.92 x lo- ’ mol SO,g calcined dolomite- ’ set- ’ in 

agreement with the value of -2.1 read from Borgwardt’s graphs3. The comparison 
with data reported by the National Coal Board (U-K.) investigators’ is more in- 

teresting- They reported an initial rate (at 4.6% caicium utilization) of 0.112 m3 kg-’ 

set-‘, compared to the value obtained here of 0.45 m3 kg- r set- r , under comparabie 

conditions. However, they suspected that SOZ stagnation in their apparatus had 

limited the rate to a maximum value of O-131 m3 kg- ’ set- ‘_ It is, therefore, 

appropriate to compare the rates at higher utilization. For TG107 at atmospheric 

pressure, the rate at 22% calcium utilization was 1.1 x lo- ’ m3 kg- ’ set- ‘. For 

NCB run 53 at 23% utilization, the rate was 9.77 x IO-’ m3 kg-’ set-‘. 

The eflect of pressure 

The direct influence of system pressurization on reaction rate in the sulfation 

of lime or caicined doiomite is reIativeIy minor: it is the sorbent capacity which may 
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Fig_ 6. The effect of tempemure on iimestone sulfation. 
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Fig. 7. The cffat of temperature on CaO utilization in sdfation. 
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be most directly affected. McKewan” noted that increasing system pressure from I to 

10 atm increased the rate of reduction of magnetite with hydrogen by a factor of 1.88. 

The study by Borgwardt and Harvey4 shows clearly that large pores which can 

accommodate the sulfate ion govern the capacity of caIcium oxide to react with sulfur 

dioxide. Sorbents which form pores of fine radii may have high initial rates of 

reaction: however, the entrance to these pcres rapidIy becomes clogged Ieaving a 

sulfated shell which prevents further utilization of the stone’s theoreticai capacity_ 

If this picture is accepted then it means that when limestone is calcined under a high 

partial pressure of CO, relative to the equilibrium partial pressure of CaCOJCaO, 

there is sufEic5ent time for the oxide Iattice to adjust so that large pores grow at the 

expense of smali pores, and while the initial rate of reaction may be somewhat lower, 

the ultimate capacity of the stone is increased. (A 500 micron particle of limestone 

caIcines in 2 min at 900°C under a fast nitrogen fiow: in 60% CO,, the limestone 
cakines in about 90 min.) 

This may expIain the data shown in Fig. 3. Because the 100 mg sample is 
refatively bulky and consists of a heap of dolomite particles, its calcination is retarded 

by the relativeiy poor ability of the nitrogen ff ow to remove the CO2 : thus an active 

dolomite with high pore volume capacity for sulfate is created. When exposed to the 
SO,-containing stream, the reaction is slow because of poor mass transfer to the stone 

surface. However, the decline in reaction rate is not abrupt as it is with the fast 

caIcined 10 mg sample which sulfates initially at a high rate but has a low pore volume 

capacity for caIcium sulfate. 

The overall rate of reaction of the sulfating gas with dolomitic calcium oxide 

is typified by Fig. 8. It shows an initial reaction rate in the region A which is probably 
limited by mass transfer from the gas to the stone surface. The apparent activation 

ener_gy for this phase of the reaction is 5 kcaI moI_ I. The rate is virtually independent 
of the substrate stone @me&one or dolomite), and while the reaction is first order 

with respect to suh’ur dioxide, increasing the system pressure to 10 atm increases the 

rate by a fador of two, not ten. This latter change in rate is of the order predicted by 

c&iunfnxtimreacted cakiun fmctim reacted 

Fig. 8. The decline in rate of reaction (calcium fraction reacting per minute) as ca(cine~l dolomite 
sulfates. 

Fig. 9. The effect of pressure on suIfation of cakincd dolomite 1337 (420 m; 0.5% SO1/4% Oz ; 
871 ‘C). 
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mass transfer to the surface of a sphere using standard correlations for the reactor and 
gas ffow conditions used. 

As the pow become lined with calcium sulfate, an additional barrier to 
reaction arises-the available exposed surface area of CaO within the solid decreases. 
The su.Ifur gases conducted down the pores no longer react rapidly with the walls and 
eventuahy the pressure of SOa within the pores rises to equal that in the gas stream. 
ConsequentIy the rate of reaction in this phase should be proportionaI to the partial 
pressure of SO2 in the system and an increase in system pressure to 10 atm should 
cause a ten-foId increase in reaction rate, as long as reaction on a CaO surface is the 
dominant reaction path. Figure 9 shows that this effect is observed. In each of three 
cases tested, the ratio of rates at IO and 1 atm total pressure rose to a value greater 
than or equal to 10. In the final phase of reaction, C, when the only route to reaction 
is by diffusion through the product layer pressure shouid exert no effect, since the 
diffusion coefficient of the gas is inversely proportional to the pressure. This effect is 
also noted in Fig. 9. 

If the variation in the sorbent porosity causes the capacity of the limestone in 
suIfation to vary from 7 to 35% of the theoretical value, then the use of quantitative 
models of the rate of reaction as a function of sorbent utilization is made extremely 
difiicuh. Current modeis’*.” require the use of a void fraction or fractional porosity 
in the solid. Before meaningful definition of the rates of suIfation for a particular 
limestone can be made, an experimentaI study of the development of porosity during 
calcination is required_ 

The effect of temperature on the suifation of lime, as originahy observed by 
Moss” is accurately duplicated by the TG experiments as shown in Fig. 7. It is not 
necessary to invoke an oxidizu@educing cycIe in the fluidized bed combustor to 
explain the temperature maximum phenomenon: (however, there is no doubt that 
such an oxidizing/reducing cycle is a characteristic of the bed). Moss found the maxi- 
.mum temperature for efficient SO2 absorption at a given Ca/S moI ratio fed to a 
Buidized bed was 856°C in agreement with the data shown here. It is important to 
note that the CO1 partial pressure generated in a fuei combustion experiment at 
atmospheric pressure (-0.2 atm) is high relative to the equilibrium partial pressure 
over CaCO,/CaO up to - 830 “C: thus when calcination occurs at higher temperatures, 
the sorbent will have a lower capacity for SO-, _ The decline in sulfur removal efficiency 
will be more marked than Fig. 7 shows. 

The reason for the temperature maximum ob.served in fI uidized bed combustion 
may be attributed in part to the calcination conditions of the sorbent. However, since 
the curves in Fig. 6 were obtained on sorbents calciued under uniform conditions, the 
chemistry ofthe reaction must be important. Moss has attributed the maximum to the 
concentration of sulfur trioxide, SOS in the system. However, if the SO3 concentration 
which ranges (at equilibrium), from 20 % of the input sulfur at 750 “C to 6% at 950 “C, 
is dominant, then’its infiuence shouId be evident in the earIy stages of the reaction: 
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in the first 20% of sulfation the reaction increases monotonicahy with temperature. An 
alternative su~estion is that reaction OCCUIS by adsorption of SO, on the surface to 
form re:IativeIy unstabIe calcium suhite CaSOJ (reaction I). The sulfite immediately 
disproportionates to CaS and CaS04. A competition then exists between the 
reaction’4 

&CaS+qCaSo, + Caoiso2 

and oxidation of calcium sulfide 

caS+20, --+ CaSo, 

(2) 

(3) 

As Fig. IO shows, reaction 1 has a rate maximum at 820°C. While reaction (2) 
is as fast as reaction (1) at 89O”C, the sulfide o_xidation reaction would upset the 
equilibrium and cause continued sulfation, but at a lower rate. 

Fig. SO. The effect of temperature on the course of the reaction between SO1 and CaO. 

A high partial pressure of carbon dioxide during calcination of limestone and 
dolomite is a key factor in increasing the sorbent capacity in sulfation. Since high 
partial pressures of carbon dioxide are generated in the fluidized bed combustion of 
fossil fuels at pressure, sorbent util&tion should be enhanced, by pressurized 
operation. The increase in partial pressure of SO2 caused by system pressurization 
leads to modest increases in reaction rate during most (- four fZths) of the sulfation 
reaction. Thermogravimetric s’cudies qualitati-4ely replicate the effect of temperature 
on sulfur dioxide retention in fluidizcd bed combustion. Furher studies on the 
quantitative prediction of ffuidized bed desulfurization from thermogravimetric data 
will be reported. 



220 

ACKSOWLEDGMENTS 

This work was tied out under Contract No. 68-02-0217 for the Control 
Systems Laboratory of the Environmental Protection Agency. We thank Mr. P. 
Turner, the EPA project officer, for permission to present this paper; Dr. C. R. Wolfe 
and Mr. A. Manhardt for their work on the design of the pressurized TG apparatus, 
and Dr. David Archer under whose direction the work was performed. 

REFERENCES 

1 D. H. Archer. D. L. Keairns. J. R_ Hamm, R A. Newby and W. C. Yang, EraIaation of the 

Fhddized %ed Combasfion Process. U.S. National Technical information Service Report No. 
APTD-1165. 1972 

2 J. D_ HatEeId, Y. K. Kim, R. C. Mdlins and G. H. McCIellan, Incestigafion of the Reacti~ities 

of Limesrone fo Remote Surfur Dioxide from FIUC Gas. Air Pollution Control 05ce, Tennessee 
Vaiiey Authority, 1971. 

3 R_ H. Borgsardt, fir_ Sci. Tech., 4 (1970) 59. 
4 R. H. Borgwardt and R. D. Harvq, Enr. Sci. Tech., 6 (1972) 350. 
5 K_ S. Murthi, D_ H arrison and R. K. Ghan, Enc_ Sci. Tech., 5 (1971) 776. 
6 M-H- and R W_ Coughlin, I& fig_ Chem_ Process Des_ Dee_. 13 (1974) 248. 
7 L. A. Ruth, Ph. D. Dissertation, City University of New York, New York, N-Y., 1972 
8 D. G. Cox, 3. Highley, et al.. Redacrion of Atmospheric PolKation, Environmental Protection 

Agency, National Coal Board, London, England, September 1971. 
9 G. A. Hammons and k Sko pp. A Regeneratire Limestone Process for Nuidized Bed Coal Combas- 

Iion aad Desalfkrization. Environmental Protection Agency, Report to A.P.C.O. Exxon Research 
and Engineering Co., Linden N-J., February 1971. 

lo_ G_ MOSS. Chem. fig_ (Birmingham L’nicersify), 23 (1972) 24. 
11 A_ A. Jonke, G. J. Vogel. et aI_, Reduction of Atmospheric Pollution by the Application of Fhddized 

%ed Combustion, Environmental Protection Agency, Argonne National Laboratory, Argonne, 
llIinois ANL/ES-CEN-1002, June 1970. 

12 E P_ O’Neill, D. L- Keairns and W_ F. Kittle, Proc- 3rd Int. Conf. Fhddked %ed Combustion, 

Hueston Woo&_ Ohia, 1972. EPA 650,2-73-053, December 1973. 
13 A. E- Gray, American ZNIirure of Physics Hamibuok, McGraw-Hill, New York. 3rd ed., 1972, 

p. 144. 
14 G. P_ Curran. C. E- Fii and E_ Gorin. Adc. Chem. Ser_, 69 (1967) 141. 
15 A. W. D- Hills. Trans- INS. Min. Mefall., C, 76 (1967) C241. 
16 R. D. Harvey and J. C. SteinmeQ, Pcrrographic Properties of Gubonate Rocks Related ro Their 

Sorprion of SuZfur Dioxide, Environmental Geology Notes No. SO, Illinois State GeoIogical 

sulves’, 1971_ 
17 W_ M. McKeaan, in G. M. Schwab (Ed.), 5th InternafionaZ Symposiwn on the Reacticify of 

Sob?&, Elsevier, New York, 1965. p_ 623. 

I8 C. Y. Wcn and M_ lshida, En&on Sci. Technol., 1 (1973) 703. 

19 R. L- Pigford and G. sliger, Ind Ens_ Chem_ Process Des. Deu., 12 (1973) 85. 


