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Summary 

The sulfation rate of reagent-grade monocalcium silicate is in the 

same order of magnitude as that of limestone and higher than that of 

reagent-grade calcium oxide. It has been confirmed that the sulfated 

monocalcium silicate is more regenerable than the sulfated lime, i.e., 

the regeneration rate is higher with the silicate. X-ray diffraction 

and IR absorption results indicate that silica is chemically bonded to 

the calcium sulfate in the sulfated calcium silicate. Results on 

dicalcium silicates are not definitive at this stage and will be reported 

later. 

Construction of a micro-pilot rotary kiln for regeneration o f  limp 

from the sulfated lime has been completed. The Brookhaven processes for 

regeneration using fly ash from FBC will be tested with this device. 

D&sign and construction of a micro-combustor are underway which will be 

used to test the regenerated lime. 

Studies on sulfarlon of lime continue. Sodium chloride, although 

catalyzing the sulfation,rate, yi.el .ds too much chloride in the gas phase 

(60% NaCl at 300°C) which can chlorinate the metals and metal oxides in 

the combustor. The catalysis by Fe203 and/or coal ash has been established 

and its mechanisms have been studied. Effects of the calcination 

conditions on sulfation are being studied. 

A process flnw diagram for prnilirring csruu~~urclal arrength s c l l l ' u ~ i c  

acid from regenerator off-gas has been prepared. The process would.be 

used in conjunction with BNL's process for regenerating CaO from CaSO 
4 

using carbon as a reductant. A preliminary comparison between a once 



through sorbent system and the combined regenerative/H2S04 system 

indicates that the net energy outputs (useful) of the two systems are 

approximately the same. The quantity of solid wastes generated by the 

once through system is about 2.5 times the quantity generated by the 

combined system. 



Regenerative Process for Desulf.urization of High 
Temperature Combustion and Fuel Gases 

Quarterly Progress Report No. 5 
April 1 - June 30, 1977 

:1. Sulf ation 'and 'Regeneration of 'Calcium 'Silicates 

Rates of sulfation of CaO, Greer lime and CaSi03 (supplied by Research 

Organic/Ino~rganic Company, N. J. ) are compared in Figure 1. This figure 

includes the sulfation 0f.a reagent-grade CaO, the aforementioned CaSi03 . 

and a calcined Greer limestone .under identical conditions. The Ca0,and 

CaSiOg sampleswere. of powder form and the Greer limewas 16/20 Tyler 

mesh size.. Pore structures and surface areas have not been measured. 

Two observations were made from.these results. First, sulfation rate of 

CaSiO is comparable to that of CaO. Second, the sulfation rate of CaSi03 
3 

plateaus at.about.30% completion,, whereas.the,sulfation rate of calcined 

limestones can in ,gener.al :hold to a much higher level of completion. This 

fact appears to. be, at,tributable .to the,changes (reduction) in the pore 
. . 

sizes during.sulfation. . 

Sulfation rate of 16/20 Tyler mesh CaSi03 was also compared with 

results with 4% Fe203 and with 4% Fe 0 15% H20-under identical conditions 2 3 

(Figure 2). It is interesting that with such catalytic environments, 

the rate does not seem to plateau at a low percentage completion as in 

the case with CaSi03 alone. Further discussion on the catalytic effects 

is not pursued here because we are starting to understand such catalytic 

effects on a simpler system, i.e., with CaO, as will be seen presently 

in this report. 



It is desired'to compare the regknerabflities of CaSiO and CaO from 3 

their sulfated'compounds. Preliminary comparisons were made with two 

regeneration reactions; straight thermal decomposition and decomposition with C 

as a solid reductant (Ca/C ratio was controlled at 2). Experiments .of 

the latter case have not been completed in this quarter and will be 

reported later. 

The notion of using calcium silicates to desulfurize hot combustion 

gases was partly based on their probable higher regenerahilities than 

the plain calcium oxide. The thesis of the h i g h e r  regenerability was in 

turn based on the law of nature that the bond to an atom weakens when 

other bonds are formed to the same atom. The atom in question here is 

calcium. 

The first real test of the above thesis has been performed by a 

direct comparison of the rates of thermal decomposition of the sulfated 

monocalcium silicate and of the sulfated calcium oxide, or CaSO The 
4 ' 

rates were measured with the Mettler balance with very small amounts 

(2 20 mg) of powdered materials. The materials were decomposed in a 

flow of dry N at a velocity of about 8 cmlsec; a velocity h i g h  enough.. 2 

to ensure that the partial pressure of SO was zero and there were no mass 
2 

transfer effects on the rate. The CaSi03 was 42% sulfated and the 

CaSO was of reagent grade. Size of the CaSiO was 3251400 Tyler mesh 4 3 

and the CaS04 was fine powder -- its size was probably similar to that 
of the silicate. The rates are shown in Figure 3. Decomposition actually 

started at temperatures below llOO°C. The rate for the sulfated CaSi03 



w a s  c l e a r l y  much h ighe r  than  tha't of ' t h e  CiiS04; roughly a n  o r d e r  of 

magbitude h igher .  Thts. i s  a h igh ly  encouraging r e s u l t  because i t  

8 . ' .  . . 
shows t h a t  t h e  bond b'etheen Ca and SO i s  weaker and more l i a b l e  t o  be 

3 

broken when SiOZ is  a l s o  bonded' t o  Ca, and thus  suppor ts  our  b a s i c  

t h e s i s .  The a r e a  of t h e  molecular a d d i t i o n  compound i s  an a r e a  where 

only ve ry  l i t t l e  and s u p e r f i c i a l  knowledge  exist^.^ For example, i t  

i s  known t h a t  i n  t h e  a d d i t i o n  compounds of BF3, t h e  B-F bonds a r e  
. . 

'7 
apprec iab ly  longer  and weaker than  i n  BF, a lone .  I n  our  ca se ,  we have 

J 

an  a d d i t i o n  compound of CaS04, w i th  s i o 2  be ing  t h e  a d d i t i v e .  More 
. . 

understanding of t h i s  compound and of t h e  compound 2CaS04 SiO ( t h a t  2 

i s ,  t h e  s u l f a t e d  d ica lc ium s i l i c a t e s )  i s  y e t  t o  be obta ined .  
. . 

1.3. X-ray D i f f r a c t i o n  Analyses of CaSiO, - Sul fa t ed  and Regenerated 
J 

The x-ray d i f f r a c t i o n  powder p a t t e r n s  were obta ined  of t h e  CaSi03, . 

t h e  s u l f a t e d '  C = S ~ O  ' and the '  r e g e n e r a t e d  CaSi03. The d-spacings of t h e  
3 

. . 
t h r e e  compounds a r e  presented  i n   a able 1. The s t a r t i n g  m a t e r i a l ,  

CaSi03 xH20, contained-  about 20% (by wt.)  of H20 and i t s  d i f f r a c t i o n  

p a t t e r n  d i d  no t  match any known hydrated s i l i c a t e .  The p a t t e r n  f o r  t h e  

s u l f a t e d  casio3 d id  not  con ta in  l i n e s  of S i02  o r  C ~ S O  4 ' which i n d i c a t e d  
, , . '  

t h a t  ' t he  two were s t i l l  'bonded a f t e r  s u l f a t i o n .  This  p a t t e r n  i s  a new 

p a t t e r n  which does n o t ' e x i s t  i n  any index f i l e .  o t h e r  d i scuss ions  can be 

found i n  t h e  t a b l e .  

1.4. .Sul fae idn  'and 'Regeneration ' o f  'Dicalcitim ' S i l i c a t e s  

Work i n  this 'area i s  underway and t h e  r e s u l t s  w i l l  be  presented  

s h o r t l y .  



1.5. Infrared Spectroscopic Analyses gf the Silicate Systems 

Infrared spectroscopy can provide certain information that would 

compliment the x-ray analyses in understanding the reactions and 

structural changes. For example, the hydrates and the internal hydroxyl 

groups can be readily identified by IR whereas it is very difficult 

with x-ray. The sulfate absorbs IR very strongly at distinct frequencies 

and changes in the environment or to which the sulfate is bonded can 

create shifts in the frequencies. And lastly, IR is a rather quick 

way to identify the chemical groups (but not structure). 

IR spectra of rather pure CaSiO and -Ca SiO were taken with the 
3 2 4 

standard KBr pellet technique. The -Ca SiO was formed from 2CaC03 + SiOZ 
. 2  4 . . 

at 1400-1500~~ with 3% water vapor in the gas phase. The spectra and 

band assignments are summarized in Table 2. The band frequencies for 
. ., 

-2 -4 
SiOj, Si04 are established and will be used for future analyses. Two 

important £,indings from these analyses are noteworthy. First, in . the _. . 

- 2 sulfated CaSi03, the Si03 bands remained, that means Si02 was still 

chemically bonded to the calcium cation. This s ~ i p p n r t s  the foregoing 

x-ray analyses (or vice versa). Also in this sample, it appears that 

both s0i2 and s ~ o - ~  are bonded to calcium and if this is true, the 3 

stretching frequencies should be lowered while the bending modes should 

be increased based on first principles. Such careful analyses have 

not been made. The second f;inding ic that, in the sulfated CaSiO L;llerc 3 ' 
was a sharp and strong band formed at 790 cm-l. The origin of this 

. . 

band is not understood at this.point. 



2. The Brookhaven Regeneration Process 

This process has been described in various publications by the 

authors and will be briefly summarized here again. Partially sulfated 

limestone and fly ash, both from fluidized-bed combustors, are mixed 

and roasted in a kiln-type regenerator. The ratio of the amounts of 

these two materials is based on the stoichiometry of the following 
. 3 

reaction, which is also th& major react ion: 

CaS04 + 1/2C + CaO + 1/2C02 + SO2 

The major advantage 'of this process over the other regeneration 

processes being developed is that the SO2 concentration in the off gas 

is thermodynamically controlled, whereas it is kinetically controlled 
. , 

in other processes. 
. . .  

Calcium silicates will also be formed in the regenerator, but it 

is not known how much and what types are actually formed. 

A small, batch-wise regenerator has been constructed. Capacity of 

this device is about 5-10 grams of solid sample. The regenerator can 

be rotated at various speeds and the contents can be heated up rapidly 

from room temperature to the desired regeneration temperature, e. g. , 
1000oC. Samples (sulfated stones and fly ash) from Argonne National 

Laboratory and Exxon Research and Engineering Company have been 

obtained and analyzed and will be tested in the device. Gas samples 

can be intermittently withdrawn from the exit gas of the reactor and 

will be analyzed mass spectrometrically. The solid samples will be 

analyzed and the results will be used to determine the kinetics in 



this device. Special attention will be.paid to the analyses of the 

silicates formed in this reactor. 

The regenerated samples will be subject to further sulfation/reactivity 

tests. At the present time, such tests will be conducted with the same 

micro-rotary/kiln. The sulfation kinetics in the tumbling bed should 

be closer than the TGA experiments to that in an FBC. The reactivity 

will also bettested in a small fluidized-bed combustor/sulfator in the 

future. 

3. Sulfation Kinetics 

3.1. Pate nf  NAI:~ f n  a Simulated Gsmbuotor 

Sodium chloride has been used as a catalyst in both sulfation 

(absorption of sulfur) and regeneration (decomposition of calcium 

sulfate). However, little information exists on the effect of sodium 

chloride additive on corrosion/erosion of boilers under combustion 

conditions. Such problems are causes for s e r i n ~ ~ s  roncern in exioting 

and planned coal conversion systems. Data simulating fluidized-bed 

combustion environment are needed for the purpose of economic and 

environmental considerations. 

It has been reported that hydrogen chloride content of the off gas 

did not go up and a negligible change in chlorine content was found in 

the bed material as a result of salt addition to a pilot-scale fluidized 

1 
bed combustor. Where the sodium chloride goes in the combustor, is 

still not clear. Experiments were performed to understand whether the 

sodium chloride reacts with the walls or reactors and the immersed 

~ubings or exits with the fly ash. The tests described below were 

designed to elucidate these questions. 



A schematic diagram of the experimental device is shown in Figure 

4 .  All the experiments were performed at 9000C with a simulated com- 

. bustion gas (0.3% SO2, 17%:~0~, '5% 02, 3% H20 and balance N2) flowirig 

through the packed bed. Greer limestone.'and 3% analyticai reagent 

. . - .  sodium chloride (Mallinckrodt) were packed in the bed. The chlorine was 

, . 
collected by bubbling the off-gas through NH40H solution for a certain 

, , . period o'f time. In the first experiment only quartz tubings were Jsed 

(a blank test). In the second experiment, 304 stainless steel tubes 

and Sauereisen No. 75 (mainly calcium aluminate) were packed on top of 

' .the ~reer Iime'stone and sodium chloride, and the quartz tbbings were 

replaced by the 304 stainless steel tubings. A trap was used to collect 

the deposited chlorination products. Sauereisen No. 75 was used because 

it has.been used as the lining of combustors. After collecting the 

chlorine-containing gas in the NH OH solution, the chlorides were . . 4 

analyzed calorimetrically with a Technicon Auto Analyzer. Chlorides 

-were determined via formation of the ferric-thiocyanate complex. Chlorine 

.reacts with undissociated mercuric thiocyanate to release an equivalent 

amount of thiocyanate ion. This immediately reacts with the ferric 

ion present to form the red-brown complex, whkh was measured at 480 mu. 

Tests were run for six. hours. In the first blank test, 60.1% total 

chlorine from the added sodium chlordde were collected. In the second 

experiment with 304 stainless steel and Sauereisen, only 2.67%'chlorine 

was collected in the NH4 OH solution. Figure 5 shows the accumulative 

chlorine in MI OH solution for several periods of operations. However, 
4 

there was 41.27% chlorine c'ondensed in the 304 stainless steel line 



(washed w i t h  d i s t i l l e d  water )  from t h e  c h l o r i n a t i o n  depos i t .  This  

added up t o  43.94% t o t a l  c h l o r i n e  recovery. Some c h l o r i n e  s tayed  i n  

t h e  304 s t a i n l e s s  s t e e l  tubes.  The 41.27% c h l o r i n e  condensed on coo le r  

w a l l s  downstream of t h e  r e a c t o r  and i t  was a  dark  green,  water-soluble  

m a t e r i a l .  This  m a t e r i a l  i s  being analyzed by our  a n a l y t i c a l  chemistry 

group. The corroded 304 s t a i n l e s s  s t e e l  tub ing  is  a l s o  being analyzed. 

The r e s u l t s  w i l l  be a v a i l a b l e  s h o r t l y  and a  complete mass ( o r  ch lo r ine )  

ba lance  w i l l  be  made. 

3.2. C a t a l y s i s  by Fe and Coal Ash 

For t h e  s u l f a t i o n  of  CaO, r e g a r d l e s s  of t h e  t r u e  mechanisms of t h e  

r e a c t i o n ,  theva1enc.e  of s u l f u r  is  changed from +4 t o  +6 o r  SO .is 
2 

oxid ized  t o  SO The fol lowing r e a c t i o n s  can be w r i t t e n  t o  r ep re sen t  3  ' 

t h e  process:  

=1 2 
CaO + SO2 + 112 O2 -CaO SO3 +CaSO 

11 

For t h e  s u l f a t i o n  of CaO being ca t a lyzed  by Fe 0 which i s  phys i ca l ly  
2 3  

separa ted  from t h e  CaO, the  fol lowing r e a c t i o n s  may desc r ibe  t h e  sequences: 

r 
3 

SO3 CaO + Fe203 + SO2 + 1 / 2  0 -C CaO + Fe 0 
2 2 3 

React ions (1) and (2) a r e  both  r a t e - l imi t ed  by t h e  ox ida t ion  s t e p ,  

o r  l i m i t e d  by r l  and rg ,  r e s p e c t i v e l y .  

From Figures  6 and 7, r can be expressed by: 
1 



. . ; ,  2 "' 
The work d f  ~ D r e i k o b  and Sokolova and of ICawaguchi3 showed t h a t  

Here, based on our  experimental  conditions, ' :we assumed t h a t  P - . i . , '  . 0, 
L 

cpns tan t  and t h a t  P is smal l  and a l s o  cons tan t .  . : .. . . .  . .  . , SO3 

While i t  i s  d i d f i c u l t ,  i f  no t  meaningless ,  t o  compare d i r e c t l y  r 1 

and r on  a pe r  mass of s o l i d  b a s i s  from Boreskou's.,.and our d a t a ,  t h e  f a c t  
. 3  

tha t :  Fe 0 does c a t a l y z e  t h e  s u l f a t i o n  of CaO i n d i c a t e s :  that:r i s  
. , '- . 2 3  . 3 

g r e a t e r  than  r Furthermore, from Figures  8 and 9 ,  t he  o v e r a l l  r a t e  of 1' .. . .: 

t h e  ca t a lyzed  s u l f a t i o n ,  wi th  4% Fe203 i n  CaO, can be expressed by 
. . 

Comparing Equations: (.3), (4) and (5), i t  may b e ' q u a l i t a t i v e l y  

c o n c l u d ~ d  t h a t  t h e  r a t e  of t h e  Fe 0 '  c a t a lyzed  r e a c t i o h  i s  con t r ibu ted  by 
2 3 

. . 
! . bo th  r e a c t i o n s  ~ ( 1 )  and (2) and t h a t  r a t e s  of t h e  two r e a c t i o n s  'are  no t  

:. g r e a t l y  d i f f e r e n t .  

From t h e ,  r e s u l t s  on t h e  effeicts  of t h e  s i z e  (Figure 10)  and of t h e  
? .  . . . . 

amount (Figure 11) of Fe203, t h e  o v e r a l l  r a t e  i n c r e a s e s  only  s l i g h t l y  

w i t h  t h e  t o t a l  s u r f a c e  a r e a  of t h e  Fe203; no t  a t  a l l  p ropor t iona l .  

These . . r e s u l t s  ,agree we.11 wi th  t h e  for.egoing d i scuss ion .  ..I.t may a l s o  be 
. .  . . 

noted t h a t  CaO indeed , . i s  a 1 s o . a  good h igh  temperature " c a t a l y s t t '  f o r  

t h e  ox ida t ion  of ,SO t o  SO It may be p red ic t ed  t h a t  c e r t a i n  s a l t s  
. . . .  2 3 ' 

inyolv ing  CaO., and which do no t  bond SO i n  t h i s  high temperature range,  .. . . :  . . , . .  . . 3 

*are good . . h igh , t empera tu re  . . : c a t a l y s t s  f o r  t h e  ox ida t ion  of SO 
2 ' 



Figure  12  a l s o  shows r e s u l t s  on t h e  s u l f a t i o n  r e a c t i o n s  w i t h  5% 
. . . :. . .- , 

water  vapor i n  t h e  gas phase. The c a t a l y s i s  of s u l f a t i o n  of CaO wi th  

. . .  
water  vapor has  been d iscussed  previous ly .  4 '5  The i n t r i g u i n g  r e s u l t  

. . .  . 

he re  is  t h a t  whi le  both water  vapor and Fe203 c a t a l y z e  t h e  s u l f a t i o n ,  

t h e  s y n e r g e s t i c  e f f e c t  i s  lower than '  t h a t  wi th  ~e  0  a lone .  ' However, 
2 3 

t h i s  f a c t  can a l s o  be exp la in id  i n  l i n e  wi th  t h e  forego& d i scuss ion .  

It is  known t h a t  water  vapor combines very  r a p i d l y  'with SO t o  form 
3 

s u l f u r i c  ac id .  . Thus, water 'vapor here  simply a c t s  a s  a  s c a v a n b r  and 

reduces  t h e  c a t a l y s i s  e f f e c t  by Fe 0 Of course ,  s u l f u r i c '  a c i d  a l s o  
2  3 '  

r e a c t s  wi th  CaO, bu t  perhaps a t  a  slower r a t e  than  SO3. 

The e f f e c t  of c o a l  ash  on s u l f a t i o n  r a t e  i s  'shown i n  ~ i g i r e  13. 

I n  t h i s  experiment,  19Z coa l  a sh  was used so t h a t  t h e  amount of Pe203 

i s  about 4% of CaO. The ca ta lyzed  r a t e  was s u r p r i s i n g l y  s i m i l a r  t o  

t h a t  wi th  4% Fe20j a lone .  This  r e s u l t  sugges ts  t h a t  perhaps Fe'O ' i s  
2 3 

t h e  only  a c t i v e  c a t a l y s t  e x i s t i n g  i n  t h e  I l l i n o i s  No. .6 coal. ash f o r  

t h e  s u l f a t i o n  of CaO. However, wi th  5% water vapor co-existi.ny, i n  t he  

system, t h e  o v e r a l l  r a t e  is higher than  t h a t  with (:on1 acli:'al.ciie. Thi~: 

r e s u l t  obviously r e p r e s e n t s  a very  complex system wherein s y n e r g e s t i c  

e f f e c t s  involv ing  t h e  o t h e r  c o n s t i t u e n t s  i n  t he  coa l  a sh  i r e  

ope ra t ive .  
. .  . .  

It was a l s o  intended t o ,  a s s e s s  t h e  e f f e c t s  of o t h e r  i ron-conta in ing  

compounds i n  coa l  and l imes tone  bn the  sd l f a t j . on  rate  under the 

f luidized-bed combust i on '  cond i t i ons  .' The compounds under cons ide ra t ion  

were FeO, Fe 0  and p y r i t e .  An &$eriment was'performed to  s e e  if t h e s e  3 4 

compounds could main ta in  t h e i r  chemical forms in '  t h e  envirbnment of a  



.. .(,.\ . . . .  . ' .  .. . : . C '  

simulated combustion gas. The '=esul'ts ar'e shown in Figure 14. The 
. . . >, . .  ., . , , 

percentage oxidat.ion to Fe 0 wak measured gravimetrically as a function 
2 3 

. . . .. 

df temieiature at coktant heating.i-ate$. It is obvious that all of 

the compounds convert 'to Fe 0 ' very rapidly (much more rapidly than the 
2 3  

. .~ ' 

Ca0 sulfation rate) at 9000C. ~ktailed kinetic data of oxidation can 

b e  readily calculated from the dynamic TG results,6 although we have 
5. 

not done so. The conclusion from this experiment is that all the iron 
. . 

compound& being considered are oxidized into Fe 0 rapidly and it subsequently 2 3  
. . 

catalyzes the sulfation of CaO i n  the manner already discussed. 

Figure 15 shows the results with the calcined ~reer'limestbne. 

Catalysis by Fe203,H20 and Fe 0 /H 0 is again seen on the sulfation 2 3  2 

rate but is somewhat reduced in magnitude. The many impurities in the 
L l  

Greer limestone would make any further' -discussion on this result 

meaningless. , 

3 . 3 .  Effects 'of Calcination Conditions 

This subject is catching increasing attention due primarily to the 

work done at Wes'tinghouse Labs. We have found. that C02 as well as H20 

have strong posit'itre effects on the reactivity of the calcined lime. 

More work in this area is in progress. Our attention will be focused on 

both chemical and physical (pore structure) aspects. 

4. ~rocess. Design and Evaluation 
. . 

A' process flbw diagram' for producing commercial grade' (99% wt) sulfuric 

ac'id fkom the C ~ O  reginerator off-gases has been completed. The sulfuric ' 

acid process would be used in conjunction with BNL's sorbent regeneration 

process described 'in ~uarterl~ progress ~eport No. 4 (covering first 

quarter 1977). Two process flow diagrams were prepared during Second 



Quarter 1977, one,for a once through sorbent, carbon burn-off cell 
. , 

I 

system (designated SystemI); the other, for a regenerative sorbent 

system based on BNL's carbon reduction of CaSO process (designated 
4 

System 11). The feed to both systems was assumed to be Illinois No. 6 

coal with a sulfur content of 3% wt, and both systems were assumed to 

operate at atmospheric pressure. As mentioned earlier, the sulfuric 

acid process would be used in conjunction with System 11. It is based 

upon existing technology and consists of an air drying tower, a SU2 

(to SO ) converter, an SO absorbing tower and auxiliary pumps, coolers 3 3 

etc. Cost data on the process will be compiled shortly so that a 

preliminary economic comparison between the once through sorbent system 

and the regenerative/~~.~0~ system can be made. The objective of the 

comparison will be to determine an approximate "break-even" selling 

price of the H SO produced by the regenera,tive/H SO process. 
2 4 2 4 

With regard 'to H SO market potential, it is estimated that the . 2  4 

domestic usage of H SO in the year 2000 will be between 75 and 100 x 10 6 
2 4 

tonc por year. Based on an anticipated energy contri.biltinn of 4,h 

6 quadslyear from AFBC systems (MOPPS estimate - ERDA) 15 x 10 tonslyear 

of H2S04 would be produced. The current domestic usage of H SO is 
2 4 

6 
about 35 x 10 tonslyear so that the market.for AFBC generated sulfuric 

looks promising. However, many other factors such as the anticipated 

locations of AFBC units and the locations of sulfuric acid users 

must be carefully examined before a meaningful prediction can be 

made. 

Based ur~ uve~all prvcess heat and Illass balances, the net energy 



output (useful) of a combined regenerativeI~~S0~ system would be 

appr&imately equal to. the net. output- from the once through system, 

a result that may seem surprising in light of the fact that the CaS04 

decomposition reaction: CaS04 + 1/2C = CaO + 1/2CO + SO2 is very 
2 

endothermic. However, with sokbent ' regeneration, less energy is consumed 

in preheating'.and calcining the CaCO fee.d to the AFBC. , The quantity 3 

of solid wastes generated by the once through sorbent system is about 
. . 

2.5 times greater than the quantity generated by the regenerative/H2S04 

During the next quarter the subject flow sheets will be upgraded 
. , . .  ' . . 

based on recently acquired data, and a preliminary economic comparison 

of the subject processes will be made. The flow sheets and comparison 

will be presented in Quarterly Progress Report No. 6. We will also 

be examining processes for converting regenerator SO to elemental 
. .  2 

sulfur rather than to H2S04. A preliminary analysis indicates that 

since the regenerator off-gas will not contain appreciable quantities 

of H2S and/or COY a typical Claus process may not be the best route 

to take. Further on into the future, and provided that the experimental 

results on calcium silicate sorbents look promising, we will begin 

work on the development of processes utilizing silicates as sorbents 

for recycling purposes or for producing a cement by-product. 
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Table 1. - X-ray Diffraction Analyses of Monocalcium Silicate, Its 
Sulfated and Regenerated Forms and y-Dicalcium Silicate. 

Y 0 
Sample . Reactants Products d,.A Intensity Remarks 

. - - - - . .- - .. . - . . , .- - 

Calcium Metasilica ~ea~ent: 'Grade :: B-CaSi03.xH20 . 2;-83 Strong : Unknown Hydrate 
Hydrate 2.00 Strong Diffraction pattern 
(ROCIRIC, 99.75%) 5.21 Medium 

3.06 Medium 
1.63 Medium 

. , 1.26 Weak 

Partially Sulfated - fI-CaSiO3. 8-CaSO4*SiO2 2.66 .Strong Unknown pattern 
,, xH20 + 4.77 Medium *SiO is chemically 
so2 + 1120~ 1.63 Medium boded to CaSO4 

8-CaSi03 2.98 
3.31 . . 
3.51 
3.84 
3.10 
2.48 
2.18 
1.835 
1.760. 
1.720 

. .  . 

**~e~eneratkd partially 8-CaSO Si02 CaSO 4 Si02 2.65 
guliated Bcalciurn + 112 8 4.7 
Metasilica' : 1.63 

. . CaS. Si02 2.60 
, . 1.87 

Strong 
Strong 
Strong 
Medium 
Medium 
Medium 
Medium 
Medium 
Medium ,. ,, 

Medium 

Strong 
Medium 
Medium 

Strong 
Strong 

Anhydrous reactant 
8-CaSi03 

Regeneration not 
complete 

Unknown pattern 

8-CaSi03 3.3 Strong Regenerated product 
3.5 Strong and unreacted 

Y . .. ' ,  . .. . . 2.97 . Strong starting material 
3.09 Medium 

. . 2.48 Medium 
1.75 Medium 

yCalcium ~rthosilicate CaC03 Y-Ca2Si04 2.72 Very strong Formed at 1500°C 
(Chems tone) 1.91 Strong 

. . :. +. Si02) . . . 2..99 Strong 
: . (Silica Gel) ..-. - ' 1.80 - -Strong 

1.63 : Medium 
1.68 Medium 
1.75 Medium 

* 0 

The distinguished strongest CaS04 d line 3.49 A does not exist here. 

**s~o is chemically bonded to CaS04 because the distinct stronge t 2 d lines do not exist here for the reaction products CaS (2.846 ) and 
C~SO, (3.49 81, e.g. 

Si 

CaSO + 2C + CaS + 2C02 
4 

.3CaSO4 + CaS + 4Ca0 + 4S02 
0 0 0 

and the possibae products Ca(OH)2 (2.63 A) and CaC03 (3.40 A, 3.04 A) 
v-CaC03 (2.73 A). - 15 - 



Table 2. In f r a red  Absorption Frequencies of S i l i c a t e s  and Sul fa ted  . 
S i l i c a t e s .  

Compound Chemical Group Frequency ~cm-') I n t e n s i t y  Remarks 

-2 
Sul fa ted  CaO S04 

1130 VS, b  
3  

680 s v 1 
620 m V2 

Su l f a t ed  CaSi03 

-2 sio3 975 m, b  

925 m ,  s h ,  b 

495 m 

- 2  
S04 

si03..2 
sio3-2 

??  

so4-2 

so4-2 

sio3-2 

s i o  3-2 

S t r e t ch ing  

S t r e t ch ing  

Not 
measured 

k 
vs = very s t rong ;  s = s t rong ;  m = medium; w = weak; vw = very weak; 
b  = broad; s h  = shoulder ;  u3 = asymmetric s t r e t c h i n g ;  u = symmetric 

1 s t r e t c h i n g ;  v2 = deformation. 



, . TIME. min 

. .  . 

- ,F igure  1. S u l f a t i o n  r a t e s  a t  850°C wi.th 0.25% SO2 and 
: 5% O2 i n  N2. 0 Greer CaO (Tyler  16/20) ; Powdered 

CaSiOg (ROC/RIC, 99.75%) ; Powdered reagent  CaO 
(Mall inckrodt)  . 

.. . . 

0 .  4 0 -  80 . 120 , 160 200 
TIME (min) 

Figure 2. S u l f a t i o n  r a t e  of CaSiO3 (ROCIRIC, Tyler  
16/20) w i th  0.25% SO2 and 5% O2 i n '  N2 a t  850°C. . 

CaSi03; . CaSiOg -and 4% Fe203 (Baker, Tyler  
2001325); 0 CaSi03, 4% and Fez03 and 5% steam. 

. . . . TIME, min 

Figure 3. Regeneration ( thermal  decomposition) r a t e s  
a t  1100°C i n  N2.  X Powdered reagent  CaSO,l (Baker) ; 

42% Su l f a t ed  powdered CaSi03 (ROCIRIC). 



3 0 4  S.S. -- & 

SAUEREISEN 

QUARTZ ,WOOL 

GAS WASH 

N 2  + SO2 l NLET 

TEMP. GAS PREHEATER 
9 0 0 ° C  ALUMINA CHIPS fi . .  

GAS 

7 N ~ + S O ~  (5.7 %) 25 cm3 

. 3 .  

Figure  4. Schematic diagram of c h l o r i n e  t e s t  equipment. 

0 . O V  
0 1 I I I I I 

60 120 :.I80 240 300 360 

TIME, min 

Figure  5. Cumulative c h l o r i n e  c o l l e c t e d  i n  NH40H 
s o l u t i o n  v s .  t i m e ;  

I I 
'0.01 ; 0.1 ' - ~  I 

SO2 CONCENTRATION (g-rnole/cm3) x lo6 
(5% o,a BAL N,) 

. . 

Figure  6. E f f e c t  of concent ra t ion .  on s u l f a t i o n  of 
powdered reagent  CaO ( ~ a l l i n c k r o d t )  a t  850nC. 



Figure 7 .  Ef fect  of  temperature on su l fa t ion  of 
powdered reagent CaO (Mallinckrodt) with 0.25% 
SO2 and 5% 02 i n  N2. 

Figure 8 .  Ef fect  of  temperature on s u l f a t i o n  o f  
powdered reagent CaO (Mallinckrodt) and 4% Fe203 
(Baker, Tyler 2001325) with 0.95% SO2 and 5% O2 
i n  N2. 



SO, CONCENTRATION ( g  -mole/cm3) x 106 

( 5 % 0 2 8  BAL N z )  

Figure  9 .  Effecr: of conct?llLr.aLlun oh s u l f a t i o n  4f 
powdered reagent  CaO (Mall inckrodt)  andb4% Fe2O3 
(Baker, Tyler  2001325) a t  850°C. 

5 0  l ~ l l l l l l l l l r  
Z . . .  . . .  . . ,.. 
2 

2 0 0 / 3 2 5  - 

TIME. min 

Pigu rc  10." ~ f i c c ' t  of s i x o  of 'Fe20i  (Rake r ,  4%) Dn 
s u l f a t i o n  rate o t  pnwdered reagene CaO (MaPl inckrud~)  
w j t h  0 . 2 5 2  S02 and 52 i n  N? a t  BSO°C. 

z 
2 I I 

I I 4 

m 

- 

2 

. . . . 
I I 

w LL 0 5  10 15 2 0 25 

PERCENT Fe2O3(BAKER 200/325 TYLER MESH) 

. . . . . . . . .  . . 
Figure  11.. EffecL :u.I cul lcei~Frat ion of Fez03 (Ealtcr , 
Tyler  2001325) on s u l f a t i o n  r a t e  of powdered reagent  
CaO wi th  0.25% SO2 and 5% O2 i n  N2 a t  850°C. 



4 % F e p O j  

4 %  Fe203 
8 5 %  STEAM 

5 % STEAM 

T I M E ,  min 

Figure  12. S u l f a t i o n  r a t e  of powdered reagent  CaO 
(Mall inckrodt)  w i th  Fez03 (Baker,  Tyler  2001325) o r  

. ., steam a t  850°C (0.25% S02.and 5% 02 i n  N2); 

19% COAL ASH 

. TIME.  min 

Figure  13.  S u l f a t i o n  r a t e  of powdered r eagen t  CaO 
. . .  . . . (Mall inckrodt)  w i th  Ill., No. 6 c o a l  a sh  (0% C ,  Tyler  

. . 2001325) o r  steam a t  8 5 0 ' ~ .  (0.25% SO2 and 5% 02 i n  
N2). 



TEMPERATURE ( O C )  

F i g u r e  14.  P e r c e n t  o x i d a t i o n  t o  Fe2O3 v s .  Ce~opera tu re .  
' FeO ( B i o c l i n i c a l  Labs ,  T y l e r  200/400) ;  0 P y r i t e  (R ico ,  

' c o l o r a d o ,  T y l e r  2 ~ ~ / 4 0 ~ j ;  re3u4 (u.P. Goldsmith Meta l  
Corp. ,  < 5 p ) .  

TIME,  m i n  

F i g u r e  15.  S u l f a t i o n  r a t e  o f ' c a l c i n e d  Greer  l ime  w i t h  
Pe203 (Raker ,  T y l e r  2001325) o r  s t eam aC 850°C (0 .25% 
SO2 and 5X O2 i n  NZ). 
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