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DEVELOPING REGENEIJABLE SO2 SOREIENTS FOR FLUIDIZED BED 
COAL COMBUSTION USING THERMOGRAVIMETRIC ANALYSIS* 

Exiin R escarch and Engineering Compauy, fur;ded by the National Science 
Foundation RANN Program, is usin, * thexmogravimetric analysis as the major 
research tool in a program -to develop for fluid&d lxx3 coal combustion (FEXC) 
regenera%le~SO, sorbents *ti are superior to limestone or dolomite_ In FBCC 
powdered coal is burned in a fiuidized bed of limestone and the SO, produced during 
combnstion reacts with the CaO to form CaSO,. However, only a fi-action of the 
limestone or dolomite reacts (low utilization) and the sulfated limestone is diflklt to 
regenerate because high temperatures (-1ltWC) are required and deactivation 
occurs after repeated cycks of SO, sorption and regeneration, 

A DnPont TGA was modiikd to handle reactive gases. Over 100 tests were 
made in order to compare the relative abilities of different materials to sorb SO2 and 
be &ueratecl_ The Sample, either in the form of a Ike powder or smali pellet, was 
maintained at constant temperature as it reacted in a g& stream of nearly constant 
composition_ Reaction conditions for stialion we& 9W”C, one atmosphere pressure 
and a gas composition of 0_I-025°~ SOz, 5% O,, balance Nz_ Reaction conditions 
for regeneration were usually 1 lOO”C, one akmsphere, and 5 % CO in nitrogen- Tests 
were ma& in which the sample was cycled as many as 50 times between sngation and 
regeneration conditions. Conversion of the sample (to sulfate} was determined as a 
fun&ion of time and number of cyek 

candidate sorbents included simple metal oxides, mixed metal oxides (mostly 
zduminates and titanates], carbonates, composites con$ining CaO and promoters, 
and combinations of CaO and cement. Ali sorbents regerkrated much faster than they 
s&&ted Deactivation was manifested by a decline in the sulf&tios r&e and utiliz&on 
of the sorbeut. Of all mate&Is tested, bkrium and calcium titauates were unique in 
that no measurable loss of activity occurre&Ail othek so&e& deactivated to some 
&tent, although many were superior to liukstone- Cklcium aluminate cement was also 
promising &cans&it h&d- good activil$ kkintenan& tid- could- be made ‘into md 
pelJc?$ that wonIt resiti_attrition in a fiuidized bed.‘-,‘ - -1 _. -- 
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TGA proved to be a very valuable tool for screening Iarse numbers of sorbents 

at reproducible reaction conditions and at minimim cost, FolIow-up testing of the best 
sorbents wiII be conducted in a pilot-pIant scaIe fiuidized bed cornbuster and re&n- 
erator, 

I?rrR0DUcTt0N 

Fhxidized bed coal combustion is a new direct combustion technique which 

promises to provide an environmentalIy and economically acceptable method of 

utilizing hi&suIfur coal. Programs to deveIop this tectique are being carried out ixz 
the US. primarily under the sponsorship of the Ener,o Researc h and DeveIopment 

Administration, the Environmental Protection Agency, and the Electric Power 
Research ktitute- In the process, coal is burned in a fIuidized bed of a ganuku 
material which can absorb SQ- The fluidized bed may be operated either at atmos- 

pheric or eIevated pressure, Retention of SO= by the sorbent depends on a number of 
variables, the most important of which is probably the ratio of sorbent to suifur in the 
feed to the combustor- Retentions of over 90% arc readiIy attainable’. Energy can be 
recovered from heat transfer tubes (e.g. to raise steam) immersed in the fluid&d bed 
and, in pressurized fiuidized bed combustion, also from the hot (SOOT), pressurized, 
flue _W Icaving the combustor, Figure 1 shows a pressurized fluid&d bed coal 

combustion system which includes a sorhcnt regenerator. 
A disadvantage of ffuidized bed combustion is that iarge quantities of sorbcnt 

are required to achieve low SO1 emissions when burning high-sulfur coai. In order to 
minimize the amount of sorbcut needed aad also reduce the amount of waste soIids to 
be d+xx.ed, a practical fiuidized bed combustion system wiil require a sorbent that is 

capabIe of beins regenerated many times, is resistant to attrition, and is economicaIIy 
attractive_ The conventionai sorbents which have been used are limestone and 
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dolomite but there are many problems with these natural materiais_~ Only a small 

fraction of the calcium contained in limestone or dolomite is utilized (converted to 
sulfate), attrition rates are high, regeneration requires high temperatures -and de- 
activation occurs after onIy a few cycles of sulfur sorption and regeneration, tid 

merent natural sorbents vary greatly in their reactivity with SO* and in attrition 

resistance_ Improved sorbents are needed which are superior tolimestoneand dolomite 

in all of these respects. 
Our objective is to identify and develop superior sorbents for fluidized bed 

combustion which can be used to remove su.Eur compounds from burning coai in a 

cost effective manner_ The basis for our work was severaJ paper studies in which the 
thermodynamics of a large number of compounds were screened in order to iden?@ 

those compounds which could absorb sulfur at the conditions of temperature, 
pressure, and gas composition which prevail in a fluid&d bed coal cornbuster and be 

easily regenerated 2-4 . About thirty such compounds were identified but experimental 

results to confirm the thermodynamic prediction were .iackin~ Also, there was no’ 

information available on suKation or regeneration rates, or on activity maintenance, 
Since the reactions to be studied produced a weight change, thermogravimetric 

analysis (TGA) was chosen as the basic experimental technique used to determine the 
reactivity of the various potential sorbents. Using this technique, Iarge numbers of 
materials could be screened at atmospheric pressure under_carefulIy controlled and 

reproducible conditions_ 
This paper describes the TGA equipment used in these studies, including the 

way in which we modif%d the equipmint to permit its use with reactive (corrosive) 

gases, and the reaction conditions and procedures used to carry out the tests. The 
outcome of the work WVI.S that two classes of materials were identified as big-hly 

promising sorbents; they appeared to be superior to aU the other materials tested, The 
results section describes these materiaIs. 

ExPERIME?nAL 

TheTGA equipment used was the DuPont 951 TGA and 990 Thermal Analyzer 
(control unit)_ The TGA consists of an ekzironic balance and a furnace capabIe of 

operating at temperatures up to 1200°C; it is used with the 990 Thermal Anal-r, 
which contains a te&perature programmer-controller and an X-Y-Y’ recorder. 
Maximum sex&i&y and capacity of the balance are O-05 mgJii and one _m 

respectively_ This sensitivity wouId permit detection of weight chan_ees corresponding 
to as little as 0.035% conversion of the conventional SO2 sorbent, CaO, to CasO,. 
Mostoftcn,theTGAwaso~~intheiso~~mode,andtherecorderprodu~ 
a graph of sample weight vs time_ Alternatively, the temperature could beprogrammed, 
and a graph of sample weight vs_ sampIe temperature produced. The second pen on 

the recorder was usually used to plot sample temperature, althou& it could be used 
to plot the time derivative of sample weight_ 



F&L 3_ McxEfkhm of DuPont TGA for uv with corrosive 

Figure 2 is a diagram of the TGA, essentially as supplied by DuPont Gas ffows 
lihrough the balance and across the phxtinum sample pan, which is suspended by a 
horizontal quartz beam at the center of the furnace- The sample temperature is 
determined by a chromel-ahrmel thermocouple Iocated about one millimeter above 
the center of the wpIe pan In the form seen in Fig 2, the TGA cannot handIe 
corrosive _w (SO,), which would ruin the baIance 

Our modification of the ?%A to ahow it to be used with corrosive gases is 
shown in Fig 3_ This is essentiahy the same approach usedearlier by Ruth’. A nitrogen 
purge fiows through the bahurce housing and a redesigned quartz furnace tube and 
type 310 stainless steel baffle provide separation between the baiance and reaction 
zones_ The modification sewes two purposes: to keep corrosive gas out of the ba.Iance, 
and to keep purge nitrogen away from the sampIe, so that the composition of gas in the 
reaction zone is not affected by dilution with nitrogen. 

In the m&cation, p--e nitrogen enters the end of the balance bell jar and 
30~s through a slot in the balance housing for the beam, Reaction gas enters the inner 

tube of the cxmcentic furnace tube (as seen in Fig_ 3) and passes oyer the sample. 
The reaction gas leaves the inner tube throughslots in the circuku bathe heId in place 
at the end of the inner tube by means of a side arm (not shown in Fig. 3) attached to- 
the bahmce housing- Slots in the bafiie provide for passage of balance beam and 
thermouxxpfe, Reaction gas and nitrogen pass together through the annniar space 
~~inner~outertubesandaredischargedthrou~anopeningneartheendof 
the outer tube_ 
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The bare chromel-alumel sampIe thermocouple supplied with the DuPont TGA 
would be quickly destroyed by exposure to SO,, so that it was necessary to replace 
this thermocouple with a chromel-alumel thermocouple in a 0.159 cm (l/I6 in_) 
diameter shkath fabricated of type 310 stainless steel_ 

Consideration of flow and dif&ion in the vicinity of the slot in the b&.nce- 
hating showed that 800 cm3 (OcC and 1 atm)!m;n would be adequate to keep 
reaction gas out of the balance. Greater concern was feSt as to the possibility that 
purge gas might penetrate the reaction zone_ Hence, data were obtained on weight 

gain vs. time for finely powdered copper exposed at 600% to mixtures of oxygen z%nd 
nitrogen of known composition. These data permitted determination of the penetra- 
tion in runs in which oxygen was used as the “purge gas”, nitrogen as the %zaction 
gas”, and copper powder as the sampIe_ 

Penetration was found to depend on both the rate of fi ow of reaction- gas and 
the ratio of purge gas to reaction gas_ However, at a reaction gas flow of 100-200 
cm3/min, there was negligible penetration at purge gas flows as high as 1000 cm’/min_ 
The reaction gas flow used in the experiments was 160-m cm3/min; the purge gas 
fiow was 800 cm’/min_ 

A gas flow system was constructed to permit us to syntllesize gas mixtIEs that 

woufd be required in the sorption and regeneration tests. Up to five fluegas compoients 
(SO,, O,, Cot, N,, H,O) and six reducing gas components (CO, Hz, SO,, CO,, 
H+O. N2) coutd be blended and sent to the TGA_ Pure gases from cylindei-s were 

metered through rotameters and blended in a g&s mixing tube before entering the 
TGA. Water could be added by metering minute quantities of liquid water with a 
Sage Model 355 syringe pump through a hypodermic needIe and into a heated tu‘be- 
through which the other gaseous components were flowing. The tube was kept hot 
enough for rapid vaporization of the water to occur_ In order to switch between flue 
and regeneration gases, electrical solenoid valves were used_ This was especially 
convenient during studies on activity maintenance when repeated switching between 

the two atmospheres was required. 

SelecZion of remdon conditions 

For carrying out the TGA ex@eriments, it was necessary to choose standard 
reaction conditions that were convenient, could be readily reproduced, and were 
relevant to conditions that would exist in a fluidized bed coal combustor, The tempera- 
tures selected for the absorption tests were 870 and 900°C (1600 and 165OOF) since 
these are typical temperatures at which fluixlized bed combustors operate_ Choosing 

gas composition was more involved, parfly bec&use it was desired to measure the 
performance of sorbents which would be used in both atmospheric and pre!ssurized 
combustors, even though ali work in the TGA was performed at a total pressure of 
one atmosphere_ The TGA was operated as a differential reactor, ix_-gases flowed 
past the solid Sample at a rate sticient to preclude any substantial change in gas 
composition- 

A real flue gas would be expectedto contain smalI amounts of CO, nitrogen 
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oxides and hydrocarbons, in addition to SO,, 02, C02, Hz0 and Nt- However, to 
keep the experiments simple and avoid the possibility of effects which wouId make it 
diflicult to inteeret data, we decided to use a _eas containing only SO, 0, and I$_ 
Five mole percent 0, was chosen since this level is typical of a real ffue gas The level 
of SO, chosen for screening potential sorknts was 1000 ppm (0.1 OA)- For subsequent 
studies to determine the regenerabiIity (activity maintenance) of sorbents, this Ievel 
was increased to 2XM ppm, printiy to speed up the reaction and save time- Therm* 

d_ynamics and reaction rates must be considered in order to reIate the significance &f 
thest SO, levels to the operation of a real combustor at atmospheric and elevati 

P-- 
The sorption reaction can be written as 

MO i so= t I/2 O2 = MSO: (1) 

where MO represents a metal oxide sorbent Sorption can occur if the level of SO, 

prevailing in the ffue gas is higher than the equilibrium IeveI of SO=, which can be 
shown to be proportional to I/P312, u-here P is the total pressure, Incrcasi ng pressure 
Favors sorption; for exampIe, if IO00 ppm is the Iowest concentration of SO, which 
reacts with a sorbent at one atmosphex, then ICN0,003’2 zz 30 ppm SO, could react 
at ten atmospheres. 

The EPA emission standard appIicabIe to fiuidized bed combustors is 1.2 lb. 
SO, emitted per milIion Btu of fuel burned_ For many coals, this standard corresponds 
to ahut 600 ppm SO2 emitted in rhe flue _m Hence, a sorbent reacting with SO, 

IeveIs above IO00 ppm in the TGA would not quite be capabIe of reducing emissions 
below the standard in a combustor operating at atmospheric pressure, Emissions 

would be below 600 ppm, however, for a combustor operating pressure above about 
I_4 arm_ 

Reaction rates are, of course, also al&c&xi by SO, IeveI. The TGA experiments 
were conducted with loo0 ppm SO= at a total pressure of one atmosphere_ This 
represents the same concentration (partial pressure) of SO2 as 100 ppm at ten atmos- 
pheres- Reaction rates wouId be expected to be comparable for both cases, provided 
that the reaction mechanism remains the same. 

Reaction conditions for regeneration were 1100°C (2012°F) and a gas atmos- 
phere co&sting of 5 mole% CO in nitrogen_ The reaction which occurs during 
regeneration is 

xiso, + CO=MOtCO,tSO, (2) 

I One shonld note that the products of reaction (2) are not present in significant 
amounts when regeneration is carried out in the TGA_ Thus, the reverse of reaction 
(2) does not occur and equiIibrium is not a factor, However. &I a real regenerator- 
CO2 and SOz are present and small amounts of t&se products may stop the regenera- 

tion, In fzt, high temperatures of about lloOcC are required to regenerate *ated 

limestone (CaSO,) in order to produce IeveIs of SO= !jufkieutIy high to permit 
recovery of sulfur from the regenerator off-gas_ 
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The initial evaluation of the sorption and regeneration properties of the 
compounds and materials selected for suifation screening was performed on fine 
powders_ In fluidized bed combustion, the bed is granular in nature consisting of 
particles about I-5 mm in diameter. The use of powders was prcferrcd for the initial 
screening, however, as powders (I) minimize Sample variability, (2) permit control of 
particle size (ah samples were screened through -UIO mesh), and (3) ailow direct 

comparison of different types of materials. The use of powders also eliminated 

variation which might be introduced by di&rent pehet-forming methods and P 
different binder types used in forming the pellet, We believed, and subsequently 

demonstrated, that the results obtained for powders would predict directionaify the 
results obtained for pellets fabricated from that powder- 

The ability of SO2 to diffuse into the complete sorbent sample being evaluated 
was the prime criterion in determining the quantity of sample powder which could be 

evaluated at one time. For samples larger than g-l0 mg, it was found that the percent 
sulfation achieved in a given time was iu part an inverse function of the quantity of 
sample utilized_ The larger the sample, the lower the percent Mation level achieved 
for a specific sorbent- Below the 8-10 mg level for most substances, the percent 
sulfation was found to be invariant for a given time and SO, IeveL The infiuence of 
diffusion was also observed for pellets_ However, in this case most pekts were 
prepared with sufkient uniformity so that pellets of a given sorbent poskssed sin&r 
mass and size thereby permitting direct comparisons within one p&et type_ 

Test procedures 
In preliminary experiments to screen various materials for their ability to 

absorb SO,, about &lo mg of &rely powdered sample was spread out on the pIatinum 

sampie pan of the TGA, Later, sorbent pellets weighing from 15 to 40 mg flFere tested. 
In ali cases, the sampIe was heated in nitrogen at 2O”C/min from room temperature 
to 9OO’C, which was the usual temperature at which suEation tests were carried out. 
The gas atmosphere was then quickly changed to the sulfating (flue) gas mixture, and 

sulfadon proceeded at constant temperature while a record of sampIe weight vs. time 
was plotted. The sulfating reaction was usua11y ahowed to continue for 150 min, or 
75 min if regeneration was to follow, In the latter case, the gas atmosphere would be 
again changed to nitrogen, temperature raised at 20”C/min to the normal regeneration - 
temperature of 1 lOO”C, and regeneration begun by changing the atmosphere to the 
COFT, mixture, Regeneration at 1100°C was much faster than sulfalion at 9OO”C, 
and was usuahy compIeted in i-15 min. For runs in which the sorbent was cyckd 
between sulfating and rcgeneratingconditions, nitrogen was readmitted afterregenera- 
tion and the temperature reduced to 900°C 

The compounds and materials screened for suKation and regenemtion response 
were those (1) se&ted from the thermodynamic screenkg noted earlier, (2) compounds 
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with structures similar to those of compounds selected from thermodynamic consid- 
erations, and (3) other compounds and materials sckcted by Iiterature review. The 
compounds selected inch&d simple oxides, carbonates, and complex oxides such as 
titanateq aluminates and silicates. Also tested were *‘cornposit&‘, mixtures of CaO 
and Al,O, and/or SiO, with or without sodium, as well as combinations of CaO with 

Portland or calcium aluminate cement In general, the compounds and materiak 
tested contained at least one element from Groups IA or IIA of the periodic tabk, 
and emphasized those containing Ba, Sr, Ca, and Na. The substances evaluated for 
sorption and the testing outcome are shown in Table 1. 

The sorption/regeneration properties of a&most 40 potential sorbcnts were 
cvahrated with the TGA, The criteria which we used to evaluate ah @en&l so&e& 
tested inch&d: sulfation rate (as measured by the percentage of the theoreticaliy 
possibk quantity of sorbent which could be sulfated, determined for a spezified time 
period), the mass of SO, sorbed per mass .of sorbent, ease and completeness of 
regeneration and activity maintenance Over the 75 min sulfation period utilkd, the 
sulfation Icvels attained ranged from 20 to 90% for the best sorbents. Regeneration 
was considerably faster, requiring only Z-5 min for CompIete regeneration_ 

The sorbems we found to be the best and most compatible with FBC operation 
were the titanates of barium and caicium as well as calcium aiuminatet cement (CAC). 
In addition, certain composites of CaO/AlzO,/SiO, performed well and served to 
ilhistrate important fundamentals of the sul.fatior.@g,eneration macti0n.s. 

The composites were combinations of CaO with A1,Os and/or SiOt and in 
certain cases, sodium The composites were prepared by coprecipitation_ For example, 
materials with the empirical formula (CaO),-(SiO, * A120& were prepared by 
adding solutions of sodiaum silicate and sodium hydr&i&+sodium akminate to a 
cakium nitrate sohxtion. The resuhing slurry was filtered, washed, dried at lsO”C, 
sieved, peIle_ and heated to 1 ICWC, Samples with two diffiint levels of sodium 
were prepared by varying the thorou@ess of washing the f&x cake- 

The composites were sekcted for screening (1) to- evahrate the effect of 
combining CaO with mate&Is commonly used as supports in the cata.Iyst industry 
which could make CaO more attrition msistant, and (2) to determine the effect of 
alkali metals as promoters on the sorption and vtion rcaczions. In addition, 
the evaluation of composites seemed to emphasize the acid-base nature of the SOa- 
sorbentrcaction. 

In general, it was found that the reactivity of sorbents decreased in the order 
AlzOs > Al,Os - SiOs > SiO,. The ackiition of sodium had no effect on the sorption 
reaction of the composite containing A&O, but did increase the sorption rates for the 
other conqx&tes Also, the presence of sodium in ail composites prolonged their 
sulfktion/regeneration activity and increased the capacity fork SO, sorption pet mass _ 
of sorb&t. These obscrvations’may be attributable to an acidity effecti the more 
basic the overall sorbent the more rapid the s&at+ reactiot~ This is in line with 



the acid-base nature of the S02-sorhent reaction- It is also possibfe that this phe- 
nomenon may be attributable to a eutectic meit which is formed by caIcium and 
sodium_ The presence of caIcium and sodium in the molten form would enhance the 
reaction rate of tbezse species and should prcmote the practical reversible nature of 

the reaction_ 
However, the presence of sodium in a sorbent has some serious drawbacks_ 

Most important is our observation that some of the sodium volatizes under sulfation 
and regeneration conditions. in a practiml fiuidized bed this would result in the 
hi+iy udesirab!e preswce of sodium which could corrode the qa and be highly 
deleterious to turbine blades in a turbine generator if present downstream, ftWCSSdS0 

observed that at room temperature the presence of sodium tends to reduce the crush 
stren_@h of the composites_ In addition, in our testin& sodium has attacked the balance 
beam of the TGA and the furnace tube, both of which are made of quartz, and has 
necessitated their replacement As a consequence, we have eliminated from considera- 
tion sorbents which contain a!kaIi metal ions_ 

Two sorbents which TGA testing revealed possessed excelent properties were 
the titanates of barium and calcium- Of ali the potential sorbents tested, BdiO, 
sulfated the most rapidly. Not onIy was BaTiOa the most rapidiy reacting sorbent 
tested, but repeated sorption/regeneration revealed that most BaTi03 as well as 
CaliO, samples tested exhibited no activity loss on cycling_ Most sorbent powders 

te%& whether naturaIiy occurring sorbents such as limestone or new sorbents under 

evaluation, deactivated rapidly after the second cycIe. This was especiaiiy true for 
calcium-containing substances. In addition, it was found that BaTi03 could be fully 
regenerated at a lower temperature than the natural sorbents. Thus, regeneration 
using CO may be practical for BaTiO, at temperatures such as I0OO”C or lower. This 
can resuIt in significant energy savings during regeneration. 

Thermodynamic calculations have indicated that the SO2 Ievels which can be 
produced during regeneration are much higher for BaTi03 and CZIi03 than for 
sulfated limestone at a given regeneration temperature. Thermodynamics aIso predict 

that SO, Ievels suitabk for suifur recovery processes can be produced at lower 
e=eneration temperatures for t32e tifanates than for sulfated limestone- Thus, thecost 
of enerw for regenerating and the cost of suIfur recovety could be reduced using these 
titaxl2te% 

Samples of sulfated and regenerated BaTiOs were analyzyl using X-ray 
cUEaction. The products of sulfation were BaSO, and Ti02. After regemzation, only 
BaTiOs was found Thus, the reactions which occur during sulfatior and regeneration 

canbewrittenas 

Bali03 i SO2 + 112 0, = [BaSO* + TlOJ 
@asO.& + liOJ t co = BaTio, t co, + so, 

Similar reactions probabiy occur with CaTiO,. 

(3) 
(4) 
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Fig 4_ Cycling of BaTi& (+ 6% HJFO~) pclkts bebxeu sulfation and rcgama tion exxiitions_ 

A practical fluid&d bed combustor wiII require a granular or pehet-Iike 
sorbent, Pellets of BaTi03 were made by two methods The first method, which 
yielded peIIets that were hard but did not react, involved pressing BaTiOs powder into 
pellets and heating at temperatures ranging from 980 to 1370°C. Pellets formed in the 

lower portion of the temperature range possessed insufficient strength At the higher 
temperatures, gIass formation occurred making the titanate peltet non-reactive. 
In the second method, BaYfiO, powder was mixed with either 6 or I2 wL% H,PO,, 

formed into pehets, pressed at 16,300, 32,600 or 65,200 psig, dried, and heated at 
ulo’C_ This is similar to a technique used in the ceramics industry to pelletire powders, 

Pellets made with 6% acid and pressed at Iower pressure were most reactive. 

A BaTiO, peIIet prepared with 6 % HsPO, was subject to sulfation and regener- 

ation cycling Mty times This NII demonstrated ‘the ability of BaTGO to maintain its 
activity even in peIIet form, as is shown in Fi,. * 4. The figure shows the sulfation levels 
after suhation and regeneration for every even numbered cycIe_ The sulfation perform- 
ance of the pellet as measured by the fraction &fated during the 75 min sulfation 
phase of each cycle actualIy increased from about 40% at the start, to about 65 % 

after IO-15 cycks, and remained at this level through the 50th cycle. Swelling of the 
pellet was noted after the test. The use of HsPO, and pressure coupled with the moIar 

volume change which occurs on suIfation of this and virtuahy alI sorbents may be 
responsible for this effect Examination of the pellet by transmission ekctron micros- 
copy reve2Ied that an apparent Ioss in erystahinity had omened during cycIing_ This 
change may contribute to the increase in activity by causing an increase in porosity 
which couid be responsible for pellet sweIIing_ 

Cak&z ahminate cpment 

Calcium ahnina& cement (CAC) has a number of advantages as an FBC 

sorbent CAC is known for its hi_& strength at high temperatures; it can be made into 

pellets by reaction with water; porosity required to accommodate the mokr volume 

Chiillgfi oaxming on sulfation can be ~mcorporated into C_4C peIIets_ Commercially 
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a~abieCACcontainspri~yCaAI,O,,lesseramouotsofothercalcium-zfuminum 
oxides z~~d mirzor quantities of iron oxides, SiO, and TiO,, CAC is available in laqe 

quantities from a number of manufacturers- 
CAC pdets have been prepared using two different methods_ In the first, the 

CAC powder is mixed with water ad the resulting pasfe extruded into p&e& In the 

second, the powder is presxa * into a pekt using ti pilling machine. The tiling pellet 
is then sprayed with a mist of wMer_ With both methods, the peliet is then cured in a 
moisture-saturated environment and subsequently heated. Proper initial curing is 
required if high pellet strength is to result- 

Extruded CAC pcIIets were prcparui using water-to-cement ratios over the 

range of 0.22 (stoichiometric) to 0.5. In general, the higher the water-to-cement ratio, 

the weaker, but more reactive the pellet, This is not surprising since higher porosity is 

obtained as water content is increased, Although pellets prepared by extrusion were 
found to be attrition resistant, cspcciaIIy at the lower water-to-cement ratios, pellets 
+epared using pilling were even more attrition resistant_ Thecompacting action of the 

p&et&r wxs apparently responsible for the increased attrition resistance_ 
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Fig. 5_ Comparison of prasai CAC pdkfs with Grove limesto= 
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In general, CAC pellets possessed better activity and activity maintenance than 
Emcst.one granuIts of comparable size and wei_ght Figure 5, which shows the sorption 

regeneration qding for limestone and a CAC pellet prepared by pilling indicates that 
the rate of sorption for limestone (and for most other Ca-containing substances~ is a 
maximum on the second cycle, and deelines rapidly thereafter_ This is not the case 

for the pi&d CAC, however, probably because much of the porosity which is induced 
during cychng is maintained_ 

Porosity may be added to pellets manufactured by either method by the use of 
burrrabIes_ These inchxde carbon b&k, starch and even puiverized nut shells. The 
bumabIe is mixed with either the cement paste or powder depending on the prepara- 
tive method utilized Porosity is created when the or&c powder has burned off. 
The pore size distribution can also be controlled by adjusting the siz of the combusti- 
ble powder. The activity of CAC pellets has been increased by using carbon black in 
the cement paste_ This is illustrated in Fig. 6 which shows pcRets formed by burnout 
of a water-CAC-carbon black paste compared with similarly formed peUets without 
carbon black. The dashed line for the last cycle indicates that the pellet was not 
regenerated_ 

Advatmges of using TGA 

Our application of thermogravimetric analysis has shown it to be a convenient, 
BexibIe, Iow cost tool fully CapabIe of rapidly evaluating the sorption/regeneration 
characteristics of candidate sorbents in a ~ntroJ.hxi manner_ The advantages of TGA 
ar&ysis in performing this typeof assessment in terms of sample size required, gas 
quantity utilizd, time needed and sampIe type flexibility are noted below- 

The TGA evaluation of potential sorbcnts can be accomphshed usiug minimum 
quantities of materi& We generally used less than 10 mg in performing our evalua- 
tions. The ability to completely determine the sorption/regeneration characteristics 
of a small quantity of material is of iucalcuIable value if only a small amount of a 
sorbcnt is available to the resesrcher_ 

The evafuation procedure itself is rapid. Because of the relatively small mass and 
volume of the heated area of our TGA, initial heating and changes in temperature 
could be accomplished rapidly, As the TGA is a very sensitive instrument, minute 
weight changes can bc monitored routinely. This means that the sorbent evaluation 
period need not be prolonged in order to reach a workable conchrsion regarding the 
efficacy of the candidate ~sorbent Typicaliy, 2-3 h were required for a complete 
sorption/regeneration cycle, with sorption being perforned for a uniform 75 min 
period, and regeneration requiring no longer than IO min In addition, simulated 
combustor gas can be generau9 relatively easily using gas cylinders and rotameters. 
Bemuseofthesmall~oftheTGAeeli,relativeJysmallquantitiesofgasare~~ 
Thus, because the TGA can evaluate a smaii sample in a reIativeIy brief time using 
minimal quantities of ga& it can be considered to be a cost effective technique 



The fkxiiility of the TGA permits the cvahation of both powdered and 
peUe&ed sorbents_ Evaluation of a sorbent as a powder permits the determination 
of the “p-u&’ sorbent properties of the mate&L This may not be possibie when 
pellets are used_ The preparative method and/or binder utilized couId infiuence the 

sabera czbaactcristics being determined. 

cost of new smbellts 

Any sorbent not obtained from natural sources wiIl surely cost far more than 
Iimestone on a Sfron basis_ However, on& through a compIete anaiysis of the total 
costs of using a sorbenr in fluidized bed combustion can it be possibIe to determine if 
that sorbent is competitive w<th limestone. The cost factors which must be taken into 
account., in addition to the cost for fresh sorbent are 

(I) Quantity of fresh sorbent actdy needed- (This wiIl depend on the number 
cycks of suffation and regeneration which are practical for a sorbent), 

(2) Regeneration cost, pa.rticuIarIy eneqgy cost_ 
(3) SuIfur recovery cost- 
(4) Waste sorbeni disposal cost- 
As a first step in determining the overall costs of new sorbents, the preparation 

cost of barium and calcium titanates, and CAC, have been estimated_ ?3arium titanate 
can be prepared by heating BaCO, with li0, in a kiln- Caicium titanate can be 
prepared similariy by heating CaCOB mith TIO~. Based on the current cost of these 
raw materials, plus the costs associated with manufacturing the sorbent in the form 
of pellets snitabIe for ffuidized bed combustion, we have estimated that BaTiO, and 
=liO, wouid cust S1000-1500 per ton_ It may also be practical to form BaTiOa 
from B&O4 and TiO, using CO at an elevated temperature_ Solid raw materials cost 
about SXH/ton and an ultimate sorbeut cost in the S5OCMiW range is not unreasouabIe_ 

CAC is commerciaHy avaiIabIe in quantity at Sl50 per ton, The cost of prepariag 
peIIets and cakiuing was estimated at S30 per ton. Thus, the total cost of producing 

pellets from CAC would be about SlSO/ton- 

Our efforts are now being directed toward improving the properties of @Jets 
of the titanates and CAC and preparing to evaitiate them in a coal burning fiuidized 
bed combustor and regenerator_ 

The attrition properties of barium and calcium titanate pellets will be improved_ 
The activity of CAC pellets and their attrition resistan= will aiso be improved through, 
reqxctivefy, the use of new formulations of bumabks and a-gates. TGA wiU 
continue to be used as the primary eqxximental tool in assesing sorbent activity. 
TGA evaluation will assure that attrition properties of sorbe&pelletsarenotimproved 
at the expense of sorbent activity_ 

Pellet attrition resismnce determinations wiIl shift from the use of a small room 
temperature fluidized bed to the nse of a similar bed operated at FBC temperatures. 
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It is anticipated that the use of a high temperatnre test will provide a more realistic “- 
evahration of p&et attrition r&stance_ 

Evaluation of only the best all-around sorbents will occur in a coal burning 
pilot scaIe fluid&d bed combustor and rqenerator- Correlations will be established 
between sorbent performance as measured usin, Q the pilot-scaIe FBC and the large 
body of sorbent performance data obtained using the TGA_ _. 
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