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REGENERATION OF SULFATED LIMESTONE FROM FBCs 

October 1978--september 1979 

Irving Johnson, D. S. Moulton, F. F. Nunes, 
W. M. Swift, F. G. Teats, and A. A. Jonke 

ABSTRACT 

These studies are concerned with the development of processes 
for the regeneration of sulfated limestone from fluidized-bed com- 
bustors. The results of cyclic combustion/regeneration experiments 
on three limestones are reported. The reactivity of a low- 
reactivity limestone, Germany Valley, did not change significantly 
during cyclic combustion/regeneration. Studies of a high-reactivity 
limestone, Greer, at lower regeneration temperatures (1050°C) indi- 
cated an apparently better performance than at llOO°C. The sorbent 
utilization of type 2203 limestone in a three-cycle experiment was 
similar to that of Greer. The results of studies of a process for 
the recovery of elemental sulfur from SO2 involving reaction with 
fly ash or coal ash-coal combinations are reported. The residual 
carbon in the fly ash was found to be an effective reductant for 
the SO2 and high-purity sulfur was obtained. Regeneration of spent 
limestone sorbent in externally fired rotary kilns was accomplished, 
but only under conditions that resulted in rapid attack of the kiln 
materials by S02. 

SUMMARY 

Task A. Fluidized-Bed Reductive Decomposition Studies 

Cyclic Studies. Cyclic combustion/regeneration experiments on three lime- 
stones have been completed. The tests were performed on the possibility that 
certain unreactive stones might increase in reactivity for sulfur retention 
during the first few utilization cycles, thus resulting in a significant re- 
duction in sorbent requirements in comparison to a once-through process. 
Three-cycle combustion/regeneration experiments have been completed utilizing 
Germany Valley limestone and 2203 limestone at high-pressure combustor condi- 
tions and utilizing Germany Valley limestone at low-pressure combustion con- 
ditions. In addition, cyclic tests were completed with highly reactive Greer 
limestone (conducted at a lower regeneration temperature and longer regenera- 
tion residence times than in previous studies). 

Results of the cyclic combustion/regeneration experiments with Germany 
Valley limestone (at low-pressure combustor conditions) indicate the absence 
of a significant increase in limestone reactivity that had been postulated 
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to occur due to heat and calcination effects in the first regeneration cycle. 
This agreed with poor results obtained utilizing Germany Valley limestone at 
the more reactive high-preGsure combustor conditions. Regeneration of Germany 
valley limestone could probably yield an off-gas with 7-8% SO2 concentration. 
However, the solids circulation rate would be two to three times that for the 
more reactive Greer limestone. Thus, regeneration of Germany Valley would be 
considerably less attractive on an economic basis alone. 

Results of cyclic combustion/regeneration experiments with Greer lime- 
stone are reported. A lower regeneration temperature (1050°C instead of llOO°C 
used in the previous ten-cycle series of experiments with Greer) and longer 
regeneration solids residence times (about 11 min.and about 28 min vs. about 7 
min in previous runs) were used in an effort to determine what changes (if 
any) in the reactivity of Greer limestone would result from changes in these 
variables. The previous ten-cycle study with Greer limestone indicated that 
the reactivity of the sorbent for sulfur retention was gradually lost with 
increasing utilization cycle (regenerability of the sorbent was unaffected 
in the ten combustion/regeneration cycles). 

The present combustion-regeneration experiment with Greer limestone in- 
dicated that at the regeneration temperature of 1050°C and the lower regener- 
ation solids residence time, - i.e., about 11 min, no overall change in reac- 
tivity of the Greer limestone occurred in the first three cycles (sorbent 
utilization for a cycle remaining nearly constant at about 21% in these three 
cycles). This indicates an apparent improvement in the performance of Greer 
limestone over three cycles as compared with the earlier study which employed 
a regeneration temperature of 1100°C (the previous cyclic study showed a de- 
crease in the cyclic sorbent utilization from 30% to 14% in the first 'three 
cycles). At the longer regenerator solids residence time (about 28 min), a 
marked decrease in the sorbent utilization per cycle over the three cycles 
was observed which closely followed the pattern displayed in the first three 
cycles of the previous ten-cycle series of experiments with Greer limestone. 
The effect of the lower regeneration temperature (1050°C vs. llOO°C in the 
previous study) appeared to be beneficial with respect toreactivity of the 
sorbent in three cycles except at the longer regeneration solids residence 
time (about 28 min). The lack of' sintering of the sorbent particles at 1050°C 
and its recurrence when the sorbent particles were exposed for a longer time 
could explain the observed differences in cyclic reactivity of the Greer 
limestones. A more extensive cyclic study with Greer limestone at the lower 
regeneration temperature (1050°C) and short regenerator solids residence time 
(7-11 min) would be required to study further changes in the sorbent reactivity 
beyond three cycles. The regenerability of the sorbent exceeded or closely 
paralleled the predicted values at the regenerator solids residence times and 
temperatures used in this study. 

Results of the cyclic studies with 2203 limestone showed that the'sorbent 
reactivity changed little in three cycles. The sorbent utilization (per cycle) 
was comparable in magnitude to results observed with highly reactive Greer 
limes tone, indicating that the reactivity of the two stones . is similar. . Since 



there'was no apparent loss of reactivity in three cycles, a more extensive 
investigation with 2203 limestone (similar in scope to the previous ten-cycle 
study with Greer limestone) is suggested to further determine the applicability 
of this stone. The regenerability of the stone ranged from 67-86% (based on 
solids analyses) which exceeded or closely paralleled the predicted values. 

Task B. Alternative Regeneration Process Development 

Reduction of SO2 to Elemental Sulfur Using Ash and Ash-Coal Mixtures. 

When spent lime from a fluidized bed combustor is regenerated, the off-gas 
contains sulfur dioxide in a sufficient concentration that it can be used in 
a chemical process to make elemental sulfur, a nonpollutant. Several pro- 
cesses for converting sulfur dioxide to elemental sulfur are applicable to a 
fluidized-bed combustor system. The chemical literature pertaining to these 
processes is reviewed. 

An experimental program was carried out to find a means of producing sul- 
fur from sulfur dioxide, using coal and/or other materials readily available 
at a fluidized-bed combustor. To be useful, the method should result in a 
highly reliable sulfur dioxide reduction reactor (i.e., - not easily plugged), 
and it should produce elemental sulfur which is not contaminated with coal 
volatiles. 

Ash available at a fluidized-bed combustor may have several properties 
useful to the process. The ash from the atmospheric ANL fluidized-bed com- 
bustor contains carbon which can be used as the reductant, but ash from more 
advanced combustors probably will not contain sufficient carbon. However, 
most ash should possess catalytic activity for some of the reactions involved, 
and ash may be useful in preventing reactor plugging. 

In a series of experiments, both ash and ash-coal mixtures were used as 
the reductant in a fixed-bed reactor for producing elemental sulfur. No re- 
actor plugging was found when using ash-coal mixtures containing up to 17% 
coal; however, the sulfur product was contaminated with coal volatiles when 
ash-coal mixtures containing more than about 3% coal were used. 

A different configuration utilizing two separate beds allowed the use of 
a larger overall percent of coal without contaminating the sulfur. The coal 
and ash were placed in the reactor separately, so that the sulfur dioxide 
flowed through the coal bed first, then through the ash bed. The bed contained 
24% coal overall, and a high-quality sulfur product was obtained. 

There was a large pressure drop in the gas stream when it passed through 
a packed bed of ash because of the ash being a fine particulate material. 
Pelletization of ash and ash-coal mixtures was attempted with a laboratory 
pelletizer and with a press, but the pellet quality,was so poor that pellet- 
ization is not an attractive means of preventing a large pressure drop. Use 
of a fluidized bed reactor for sulfur dioxide reduction may be a better alter- 
native, but has not been tried. Based on the experimental results obtained 
to date, producing elemental sulfur in a series of fluidized beds is proposed. 



Rotary.Kiln Regeneration. Previous emission control studies have demon- 
strated that spent limestone ~0~-sorbents can be regenerated with reducing 
agents at high. temperatures in a fluidized-bed reactor. Experimental work to 
evaluate internally fired .rotary kiln? for use as regeneration reactors has 
been completed. . 

In an analysis of the data, predicttons of empirical rate equations were 
found to have limited agreement ,with the kiln experimental results. The . 

studies indYcated that the rate of reaction in the kiln was limited by diffu- 
sion. It could not be determined, however, which diffusion mechanism was 

. . 
controlling. 

The experiments demonstrated that regeneration can be accomplished in 
externally fired rotary kilns, but only under severe conditions. At 1060°C, 
about 85% of the calcium sulfate was converted to calcium oxide. Also, con- 
centrated SU2 in the ott-gas can be obtained--at 1060°C, SO2 coneeatrations 
in excess of 20% were measured. However, the materials of construction used 
in rotary kilns are not sufficiently durable to withstand these conditions. 



TASK A. FLUIDIZED-BED REDUCTIVE DECOMPOSITION STUDIES 

1. Cyclic studies* 
(F- F. Nunes, F. G. Teats, S. D. Smith, A. R. Pumphrey, 
J. R. Falkenburg, and W.. M. Swift) 

Many limestones are less reactive than the two sorbents (Tymochtee dolo- 
mite and Greer limestone) previously tested under cyclic combustion/ 
regeneration conditions at ANL.1 Many of these less reactive stones would be 
required in relatively large amounts for once-through operation, making their 
use undesirable. Depending upon limestone availability, regeneration may be 
more attractive for less reactive stones than for the more reactive stones. 
In the previous studies with highly reactive stones (Tymochtee dolomite and 
Greer limestone), a substantial percentage reduction in limestone requirements 
was seen to be possible by regeneration and recycle of the sorbents. However, 
for reactive stones, the savings from decreased limestone usage (as compared 
with limestone usage in a once-through process) would not equal the cost of 
the regeneration process. 

On the possibility, however, that certain unreactive stones might actually 
increase in,reactivity for sulfur retention during the first few utilization 
cycles (so that there would be a signifi~qnt reduction in limestone require- 
ments in comparison to a once-through process), tests were conducted to eval- 
uate two additional limestones under cyclic combustion/regeneration conditions. 
These tests were reduced in scope considerably' from the ten-cycle series of ex- 
periments utilizing highly reactive stones. In general, each stone was tested 
over three combustion/regeneration cycles at either high-pressure (825 kPa) or 
low-pressure (308 kPa) combustion conditions. 

a. Equipment 

The PDU-scale (process development unit) pressurized fluidized-bed 
coal combustion facility consists of a 15.2-cm-dia fluidized-bed combustor 
that can be operated at pressures up to 1014 kPa, a compressor to provide 
fluidizing-combustion air, a preheater for the fluidizing-combustion air, 
peripheral-sealed.rotary feeders for metering solids into an air stream fed 
into the combustor, two cyclone separators and a filter in series for partic- 
ulate removal from the flue gas, associated heating and cooling circuits and 
controls, and temperature- and pressure-sensing and display devices. A sim- 
.plified schematic flowsheet of the combustion equipment (previously published) 
is presented in Fig. 1. Details on the PDU-scale combustor were presented 
previously .l 

The flue gas (off-gas) is sampled continuously and is analyzed for 
the constituents of primary importance. Nitrogen oxide and total NOx are 
analyzed using a chemiluminescence analyzer; sulfur dioxide, methane, carbon 
monoxide, and carbon dioxide determinations are made using infrared analyzers; 

* The information in this section is also presented in the preceding report 
in this series, ANL/CEN/FE-79-9. 
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Fig. 1. Simplified' Equipment Flowsheet of PDU Fluidized- 
Bed Combustor and Associated Equipment. The 
"additive feeder" is actually a "sorbent feeder." 
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oxygen is monitored using a paramagnetic analyzer; and total hydrocarbons are 
analyzed by flame ionization. Prior to and during each experiment, each 
analytical instrument is calibrated, using standard gas mixtures of flue-gas 
constituents in nitrogen. 

\ 

PRESSURE 
CONTROL 

VALVE 

VENTILATION 

Figure 2 is a schematic diagram (previously published) of the 
regeneration system used in this work. The reactor ID is 10.8 cm (4.25 in.), 
and the height of the fluidized bed (about 46 cm) is regulated by an overflow 
pipe external to the bed. The pressurized fluidized-bed reactor is lined with . 
4.8-cm-thick castable refractory. The coal and the sulfated sorbent are 
metered separately to a common pneumatic transport line which discharges solids ' 
into the fluidized bed above the gas distributor. 

EXHAUST 

Other components of the experimental system are (1) an electrically 
heated line for preheating to about 400°C some of the fluidizing gas and air 
(used in start-up only) and (2) a particulate-removal system for the off-gas. 
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Fi.g. 2. ~x~e~iment.ai Sorbent Regeneratiqn System 

b, Procedure 

Since the capacity of the PDU-scale regenerator is greater than that 
of the combustor by about a factor of ten, sorbent cannot be continuously 
recycled between the reactors. Thus, cyclic sulfation and regeneration exper- 
iments were performed batchwise. In the combustion step of the first cycle, 
virgin limestone (or dolomite) was sulfated for the first time. Following the 
initial sulfation, the batch of limestone was alternately regenerated and sul- 
fated, without fresh sorbent makeup, for the desired number of complete cycles. . 
Each cycle consisted of a combustion step and a regeneration step. at 

. . 
c. Experimental Program 

A listing of the cyclic studies performed and the corresponding 
nominal experimental conditions is shown in Table 1. 

Germany Valley (ANL-9701 limestone) is a higbpurity limestone 
(97.8 wt % CaC0-j) which exhibits a relatively low reactivity for sulfation. 
In TGA sulfation experiments, only 18.7% calcium utilization was achieved when 
a sample of the limestone was precalcined in 20% C02 - 80% N2 at 900 C and 
then reacted at 900 C for 3 h in a simulated flue gas containing 0.3% S02-5% 
02-balance N2. From these results, projections for atmospheric fluidized- 
bed combustion indicated that 1.0 to 1.3 kg of limestonelkg of coal (an exces- 
sive quantity) would be required to meet the EPA requirements for this coal. 
In the cyclic study with Germany Valley limestone, experiments were performed 
at both high and low combustor pressures. 



Table 1. Nominal ~x~erimental Conditions of Cyclic Experiments 

Combustion Step Regeneration Step 

Excess 'Combustion Air: %17% Pressure: 136 kPa 
Coal : Sewic kley Coal: Sewickley 
SO2 in off-gas: "~700 ppm Reducing Gas Conc.: 0.5-1.0% 

Combus tor Combus tor Regenerator . Regenerator 
Sorbent Pressure, Temperature, Temperature, Solids Res. . 
Material kPa . OC O C Time, min 

Germany 
Valley 
Limes tone 

Germany 
Valley 
Limes tone 

2203 
Limestone 825 

ANL 8001 (Greer) 
Limestone . 308 

ANL (Greer) 
308 , 85 0 1050 Limes tone. "J28 

Greer limestone (ANL-8001, 80.4% CaC03) and 2203 limestone . 
(ANL-9601, 96.5% CaC03) display markedly higher reactivities for sulfation 
than does Germany Valley. The cyclic study with '2203 limestone was performed 
.at high combustor pressure. The cyclic studies with Greer limestone were con- 
ducted at lower regeneration temperature and longer solids residence times 
than were employed in the previous cyclic study with ~ r e e r . ~  

d. Cyclic Studies with Germany Valley Limestone 

The nominal cxperimenral conditions that applied to all combus.tion 
experiments with Germany Valley limestone (Table 2) were as follows: a bed 
temperature of 900°C, 3% 02 in the dry combustion flue gas, Sewickley coal, 
and an SO2 concentration of about 700 ppm in the dry flue gas (equAvaLent 
to 83% sulfur retention). In each combustion cycle, the limestone feed rate 
was adjusted to obtain this value of the SO2 concentration in the flue gas 



(about 700 ppm). Thus, the amounts of limestone required to achieve 83% sul- 
fur retention during the combustion cycles reflected changes in reactivity of 
the limestone over the three cycles. 

(1) Combustion Cycle Results 

Experiments HP-1, -2, and -3 were performed at high combustor 
pressure (825 kPa); experiments LP-1, -2, and.-3 were conducted at low c o w  
bustor pressures (308 or 412 kPa). In the high-pressure experiments (HP-1, 
-2, and -3), the mass ratio. of sorbent to coal decreased from about 1.23 in 
the first combustion cycle to about 1.06 in the third combustion cycle. The 
low-pressure experiments showed a similar decrease (from 1.24 to 0.98). For 
either high- or low-pressure operation, limestone consumption on a once-through 
basis would be unreasonably high. With recycle, however, limestone consumption 
could be reduced to as little as 20% of that for a once-through system (a 
reasonable estimate based on previous analysis of cyclic tests). Thus, actual 
limestone consumption could be reduced to about 0.25 kg of limestone (0.2 times 
1.24) per kg of coal. 

The first low-pressure cycle (LP-1) with Germany Valley lime- 
stone showed that high temperature and high sulfur retention could not be 
achieved simultaneously (as indicated by the poor sulfur retention and low 
temperature). At the high sorbent feed rate of uncalcined stone, the thermal 
burden on the combustor was too great. Any increase in the sorbent feed rate 
to try to improve sulfur retention decreased the temperature further (this was 
not observed in the first-cycle experim~nt with Germany Valley limestone per- 
formed at 825-kPa pressure because of the higher volumetric heat-release rate 
at the higher pressure). Therefore, it could not be determined during the 
first combustion cycle how pressure affects the performance of Germany Valley 
limestone. 

The sorbent for LP-2 and -3, had been completely calcined as a 
result of intervening high-temperature regeneration experiments. As a result,-' 
the limestone had sufficient reactivity to enable the SO2 emission limit to 
be met. 

Evaluation of the test data for indicated changek in limestone 
reactivity over three combustion cycles gives mixed results. Experiments HP-1 
through -3 reveal that CaO/S mole ratios in both the second and third combus- 
tion cycles were higher than in the first, indicating that the reactivity of 
the sorbent decreases after the first combustion cycle. On the other hand, it 
is observed that sorbent utilization in a cycle (last column in Table 2) in- 
creased from 8.1% in HP-1 to 9.4% in HP-2 and then decreased in the third com- 
bustion cycle. It had been considered possible that an unreactive stone would 
have this type of response. However, the incremental increase in sorbent 
utilization to 9.4% for the second combustion cycle is questionable since it 
is based on an estimate of sorbent utilization in the limestone feed for that 
combustion experiment. 



Table 2. Experimeltal Conditions and Test R&ults of Cyclic 
Combusti~n Experiments with Germany Valley Limestone 

. Coal : Sswickley 
Sorbent Particle Size: 0.3-2.0 mm :(-lo +E.O mesh) . . 

Excess C~mbustion Air: about 17% 

F l u i d i z i n g  
' System Gas Feed Ratas  Sorbent C ~ O / S '  ' 332 i n  Su l fu r  ' Sorbent U t i l i z a t i o n  ' 

Combustion Temp., P r e s s u r e ,  Ve loc i ty ,  Coal, Sorbent ,  t o  Coal Mole F l r e  Gas, Retent ion,  Feed, P r o d ~ c t , ~  A , e  
O c  % b / % ~  % Cycle kPa . d s  kg/h kg/h M a s s R a t i o  Ratioa PPm . % % '  

HP- 1 

=Rat io  of unsu l fa ted  calcium i n  so rben t  feed t o  s u l f i r  i n  coa l  feed.  . . 

b ~ a s e d  on f l u e  g a s  a n a l y s i s :  c a l c u l a t e 3  a s  [ ( s u l f u r  i n  coa l  - s u l f u r  i n  f l u e  g a s ) / a u l f u r  in coa l ]  x 100. 

CCalculated a s  ( so rben t  u t i l i z a t i o n  i n .  product - sorben t  u t i l i z a t i o n  i n  feed)  x CaO!S ra t io . .  Does not  r e f l e c t  t h e  s u l f u r  
r e t a i n e d  a s  unburned s u l f u r  o r  t h e  p o s s i b i l i t y  t h a t  en t ra ined  sorben t  is  more h igh ly  u t iL ized  than i s  sorbent  product.  

d ~ t e a d y - s t a t e  sample of product overf 1o.a from combustor. 
eA. equa l s  so rben t  u t i l i z a t i o n  of product minus sorbetit u t i l i z a t i o n  -of feed.  

. 

f ~ s t i m a t e d  from a n a l y s i s  of s t eady-s ta te  ove,rflow fmm f i r s t - c y c l e  regenera t ion  experiment. 



In  experiments LP-1 t o  -3, eva lua t ion  of the  t e s t  d a t a  f o r  
changes i n  l imes tone  r e a c t i v i t y  i n  t he  t h r e e  combustion cyc le s  i s  complicated 
by t h e  d a t a  obta ined  f o r  the  thermally hindered f i r s t - c y c l e  run. Ignor ing  
t h a t  d a t a ,  we s e e  t h a t  t he  CaO/S mole r a t i o . d e c r e a s e d  from 11.7 i n  t he  second 
cyc le  t o  8.6 i n  t he  t h i r d  cyc l e ,  a n  apparent  i nc rease  i n  t he  r e a c t i v i t y  of the 
sorbent .  However, t h e  sorbent  u t i l i z a t i o n  over a cyc l e  ( o r  i t s  r e a c t i v i t y )  
d i d  no t  i nc rease  from c y c l e  2 t o  cyc l e  3 but remained unchanged. 

On the  b a s i s  of the  above, i t  is  unce r t a in  whether t he  reac- 
t i v i t y  of Germany Val ley  l imes tone  changes i n  t h r e e  u t i l i z a t i o n  cyc le s  a t  
e i t h e r  h igh  o r  low p res su re .  ,It is c l e a r ,  however, t h a t  l imes tone  r e a c t i v i t y  
d i d  no t  . increase  s i g n i f i c a n . t l y  dur ing  t h e  f i r s t  few u t i l i z a t i o n  cyc le s ,  which 
had been pos tu l a t ed  t o  be p o s s i b l e  due t o  hea t  and c a l c i n a t i o n  e f f e c t s  i n  the  
f i r s t  r egene ra t ion  cyc le .  

A t t r i t i o n  l o s s e s  were extremely low f o r  .each of the  t h r e e  com- 
bus t ion  experiments performed i n  e i t h e r  t he  high- o r  low-pressure mode. I n  
HP-1, a t t r i t i o n  was about 4.5% of .the sorbent  feed.  I n  HP-2 and -3, a t t r i t i o n  
of the  .sorbent .feed was o n l y  0.5%. LP-1 and 2 exh ib i t ed  a t t r i t i o n  r a t e s  of 
on ly  0.7% of the  s ' o rben t  feed; LP-3 showed only a s l i g h t  i nc rease  t o  1.7%. 

A s  is  ind ica t ed  above, t h e  high CaO/S r a t i o  requi red  wi th  
Ger.mgny Val ley  l imestone t o  meet t he  EPA SO2 emission s tandard  i s  unrea-' 
sonably h igh  f o r  once-through opera. t ion.  The t e s t  r e s u l t s  i n d i c a t e  t h a t  w i t h  
r e c y c l e ,  t he  l imes tone  consumption could r e a l i s t i c a l l y  b.e reduced t o  as l i t t l e  
a s  0.25 kg .of l imes tone lkg  of c o a l .  However, t h e  low u t i l i z a t i o n  of the  sor- 
bent per  cyc le  (7.0 t o  9.4% i n  v-1 t h r u  -3; 7.7% i n  LP-2 and -3) would have 
adverse economic imp l i ca t ions  f o r  the  r egene ra t ion  ,pro.cess i n  terms o f  regen- 
e r a t o r  r e a c t o r  s i z e ,  SO2 l e v e l s  achievable  from t h e  r egene ra to r ,  and t h e  
q u a n t i t y  of sprbent  t h a t  would have t o  be recyc led .  

( 2 ) .  Regenerat ion Cycle R e s u l t s  
. . -- 

Table 3 desc r ibes  the  experimental  cond i t i ons  and t e s t  r e s u l t s  
of c y c l i c  r egene ra t ion  experiments w i th  Germany Val ley  l imes tone .  Data on both 
c y c l i c  s t u d i e s  a r e  inc luded ,  - i . e . ,  RHP-1 through 3 and RLP-1 through 3, s i g n i -  
fy ing  m a t e r i a l  comb'usted a t  82'5-band 308-kPa system p res su res ,  r e s p e c t i v e l y .  

Regeneration of t he  s u l f a t e d  Germany Val ley  l imes tone  was done 
i n  t he  f luid-bed r egene ra to r  (F ig .  2 ) .  ~ e w i c k l e ~  c o a l  was used a s  bo th  t h e  
f u e l  and the  r educ tan t .  The s u l f u r  concen t r a t ion  i n  t he  s u l f a t e d  so rben t  i n  
both s t u d i e s  was markedly lower than  the  s u l f u r  conten t  of Tymochtee dolomite  
o r  Greer l imes tone  used i n  the  previous  ten-cycle s t u d i e s  ( t h i s  being due t o .  
t he  lower r e a c t i v i t y  of  Germany Val ley  l imes tone) .  The s u l f u r  concen t r a t ion  
i n  the  regenerated product w a s  extremely low s o  t h a t  va lues  f o r  percent  re- 
gene ra t ion  of CaS04 t o  CaO were e x c e l l e n t .  I n  RHP-1 through -3, 91 t o  93% 
regene ra t ion  was achieved (based on s o l i d s  ana lyses ) ;  88% regene ra t ion  was 
obta ined  f o r  runs RLP-2 and -3. The low r e s u l t  f o r  RLP-1 has  l e s s  s i g n i f i c a n c e  
s i n c e  t h e  s u l f u r  concen t r a t ion  of t he  s u l f a t e d  so rben t  feed  was l e s s  than  what 



Table 3. Experimental Ccndit ions and Tes t  Resu l t s  of  Cycl ic  
Regeneration Experiments w i t h  Germany Val iey  Limzstone 

'Coal:  Sewickley 
~ o m i n a l  system Pressure :  136' kPa 
Sorbent Par t ic l ie  Size:  . 0.3-2.0 (-10 +50 rnesL11 

s u l f u r  . Su l fu r  Reducing 
Conc. i n  Conc. i n  02 Conc. Fluidizing-  S o l i d s  Gas Conc. 

-- Sulfa ted  Regen. i n  Feed Gas Resid. 13 Dry Ca a s  CaO SO2 i n  
Regenerat ion Temp., Sorbent , Product .  Gas, Veloci ty ,  Time, Of.€-Gas, . CaSOq, % Regen., Off-Gas 

Cycle OC % '  . % X m/s min ' % FeedIProd. %a %bl%a 

aBased on chemical a n a l y s i s  of  l imes tone  samples. 

b ~ e a d i n g s  taken from i n f r a r e d  SO2 ana lyzer .  

CRHP-l through -3 performed a t  825-kPa system pressure  during combustion s t ep .  

d ~ . a l y s i s  der ived  from feed sample of subsequent combustion experiment. 

eRLP-l and -3 performed a t  308 kPa; LP-2 a t  412 kPa during combustion s t e p .  



would be d e s i r a b l e  t o  produce an  adequate  SO2 concen t r a t ion  i n  the  off-gas 
(only  1.8% SO2 was d e t e c t e d  i n  the  off-gas dur ing  RLP-1). Also, t h e  low 
regenera t ion  f i g u r e  is s u b j e c t  t o  e r r o r  s i n c e  the  s u l f u r  concen t r a t ion  i n  t he  
regenerated product ( f o r  RLP-1) was de r ived  from a n a l y s i s  of t he  feed  sample 
of t he  subsequent combustion experiment. 

The f i n a l  column i n  Table 3 i n d i c a t e s  va lues  of the  SO2 concen- 
t r a t i o n  i n  t he  .off-gas taken d i r e c t l y  from an  i n f r a r e d  SO2 a n a l y z e r ,  a s  w e l l  
a s  va lues  based on chemical ana lyses  of l imes tone  samples. For example, i n  
RLP-2, t he  SO2 concen t r a t ion  va lue  taken d i r e c t l y  from t h e  SO2 ana lyze r  
was 3.0%. This  is  i n  c o n t r a s t  t o  t h e  p red ic t ed  SO2 concen t r a t ion  of 6.8% 
c a l c u l a t e d  from the  88% regene ra t ion  f i g u r e  obtained by chemical a n a l y s i s .  It 
can be seen t h a t ,  i n  g e n e r a l ,  t h e  a c t u a l  SO2 concen t r a t ion  va lues  a r e  sig- 
n i f i c a n t l y  below t h e  c a l c u l a t e d  va lues .  I f  the  s o l i d s  ana lyses  were accu ra t e ,  
t he  SO2 ana lyze r  was reading  low. 

The reducing gas concen t r a t ion  used i n  a l l  runs was ].ow, 
0.2-1.2% i n  the  off-gas i n  comparison t o  prev ious  c y c l i c  experiments (3% 
reducing gas i n  the  off-gas) .  The purpose was t o  a l l e v i a t e  agglomerat ion 
problems encountered a t  the  higher  reducing gas concen t r a t ion .  A s  s t a t e d  
above, e x c e l l e n t  CaO regene ra t ions  were obtained f o r  RHP-1 through 3 and RLP-2 
and 3 d e s p i t e  t h e  lower reducing gas concen t r a t ions  used. 

It has been e s t ima ted ,  us ing  t h e  ANL r egene ra to r  des ign  code, 
t h a t  the  SC2 concen t r a t ion  i n  a " fu l l - s i ze"  r egene ra to r  off-gas would be 
8.3% and 9.9% f o r  s tones  con ta in ing  2% and 5% s u l f u r ,  r e s p e c t i v e l y .  The aver- 
age  s u l f u r  conten t  f o r  RHP-1 through 3 i s  3.5% and would be even l e s s  i n  a 
cont inuous ly  opera ted  combustor-regenerator (assuming t h a t  p re s su r i zed  
f luidized-bed combustion i s  d e s i r e d ) .  Thus, a 7-8% SO2 off-gas c o n c e n t r a t i o n  
could probably be r e a l i z e d  us ing  Germany Val ley  l imestone.  However, t h e  s o l i d s  
c i r c u l a t i o n  r a t e  would be two t o  t h r e e  t imes t h a t  f o r  Greer l imes tone ,  making 
r egene ra t ion  of Germany Val ley  cons ide rab ly  l e s s  a t t r a c t i v e  on an economic 
b a s i s .  

e.. Cyc l i c  S t u d i e s  w i t h  Greer  Limestone 

Resu l t s  of  c y c l i c  combust ion/regenerat ion experiments w i t h  Greer  
l imestone a r e  repor ted  he re .  A lpwer r egene ra t ion  temperature .(1050°C i n s t e a d  
of 1100°C i n  the  previous ten-cycle s e r i e s  of experiments w i t h  Greer )  and 
longer  r egene ra to r  s o l i d s  r e s idence  t imes (11 min and 28 min vs .  7 min i n  
prev ious  runs)  were used i n  an  e f f o r t  t o  'determine any c h a n g e r i n  the  r e a c t i v i t y  
of Greer l imes tone  wi th  changes i n  thege v a r i a b l e s .  I n  t he  e a r l i e r  ten-cycle 
s tudy  wi th  Greer l imes tone  (llOO°C regene ra to r  temperature,  7-min r egene ra to r  
s o l i d s  r e s idence  time) t h e r e  was a g radua l  l o s s  of r e a c t i v i t y  of t he  so rben t  
f o r  s u l f u r  r e t e n t i o n  wi th  inc reas ing  u t i l i z a t i o n  cyc le .  Regene rab i l i t y  of  
t he  so rben t s  was unaf fec ted  i n  t he  ten  combustio.n/regeneration cyc le s .  Y' 

(1 )  Combustion Cycle R e s u l t s  
. . .  

Resul t s  of the p re sen t  c y c l i c  s t u d i e s  a r e  shown i n  Table 4 .  
Condit ions f o r  t he  combustion experiments were kep t  a s  c l o s e  a s  p o s s i b l e  t o  
those  i n  t he  previous  ten-cycle s tudy.  They were (nominally) a bed tempera ture  



of 850°C, a system .pressure  of 308 kPa, a f lu id iz ing-gas  v e l o c i t y  of 1 .0 m / s ,  
3% 02 i n  the f l u e  g a s ,  and t h e  use  of Sewickley c o a l .  

i n ' t h e  c y c l i c  s t u d i e s  w i th  Germany Va l l ey ' l imes tone ,  i n  each 
three-cyc le  s tudy ,  t h e  l imes tone  feed r a t e  was ad jus t ed  t o  o b t a i n  an  SO2 
concen t r a t ion  of about 700 ppm (corresponding t o  83% s u l f u r  r e t e n t i o n ,  t h e  EPA 
requirement  f o r  Sewickley c o a l ) .  Thus, changes i n  t he  amount of l imes tone  
r equ i r ed  t o  ach ieve  83% s u l f u r  r e t e n t i o n  would r e f l e c t  changes i n  the  reac- 
t i v i t y  o f  the  l imes tone  over  the  t h r e e  cyc l e s .  

During the  combustion s t e p  of  each c y c l e ,  LR-1 through 3 and 
HR-1 through 3 were performed a t  t h e  same cond i t i ons  bu t  d u r i i g  t h e  regen- 
e r a t i o n  s t e p . d i f f e r e n t  s o l i d s  r e s idence  times were used (11 min f o r  LR-1 
through -3 and 28 min f o r  HR-1 through -3).  Thus LR-1 and HR-1 a r e  the  same 
experiment. .  

I n  experiments LR-1 through LR-3, t h e  sorbent  u t i l i z a t i o n  i n  a 
c y c l e ,  ( i . e . ,  - t h e  f i n a l  column of Table 42 decreased t o  19.21 i n  1.R-? (from 
22.72 i n  LA-1) but increased  t o  22;0% i n  LR-3. These observa t ions  L d i c a t e  
t h a t  t h e r e  was no . ove ra l l  change i n  r e a c t i v i t y  of the Greer l imes tone  dur ing  
c y c l e s .  LR-1 t o  -3. - 

The unchanged r e a c t i v i t y  i s  a l s o  seen  by comparing t h e  CaO/S 
mole r a t i o s  f o r  cyc l e s  LR-1 . t o  -3. I n  LR-2, the'CaO/S mole r a t i o  increased  t o  
5.7 (from 4.7 i n  LR-l), i n d i c a t i n g  a s l i g h t  l o s s  of r e a c t i v i t y  i n  the second 
c y c l e .  The CaO/S mole r a t i o  d i d  no t  i nc rease  f u r t h e r  ' i n  LR-3, bu t  remained a t  
5.7, i n d i c a t i n g  no f u r t h e r  change i n  r e a c t i v i t y .  Thus, no s i g n i f i c a n t  change 
i n  r e a c t i v i t y  dur ing  c y c l e s  LR-1 t o  -3 i s  noted by obse rva t ion  of the  CaO/S 
mole r a t i o .  

The r e s u l t s  i n d i c a t e  a b e t t e r  performance of Greer l imes tone  i n  
t h r e e  c y c l e s  t han  i n  t he  previous  s tudy  i n  which the  c y c l i c  so rben t  u t i l i z a t i o n  
decreased Qrom 302 t o  14% i n  the  f i r s t  t h r e e  cyc l e s .  In  a d d i t i o n ,  a t t r i t i o n  
l o s s e s  were low ( ranging  from 6 .O% i n  LR-1 t o  4.3% i n  LR-3 ) i n  comparison t o  
p a s t  d a t a  ( i . e . ,  - ranging from 20.0% i n  the  f i r s t  c y c l e  t o  9.2% i n  the  t h i r d  
c y c l e ) .  

I n  HR-1 through HR-3, however, a marked decrease  i n  sorbent  
u t i l i z a t i o n  (ove r  a c y c l e )  was observed. Through the  t h r e e  c y c l e s ,  t h e  
so rben t  u t i l i z a t i o n  s t e a d i l y  decreased from 22.7% i n  HR-1 t o  13.7% i n  HR-3. 
The CaO/S r a t i o  a l s o  s t e a d i l y  i nc reased  from 4.7 i n  HR-1 t o  6.2 i n  HR-3. This  
dec rease  i n  r e a c t i v i t y  of t h e  so rben t  c l o s e l y  followed t h e  p a t t e r n  d isp layed  
i n  t he  f i r s t  t h r e e  c y c l e s  of the  previous  ten-cycle s e r i e s  of experiments wi th  
Greer  l imestone.  

With the  s o l i d s  r e s idence  time (11 min) during t h e  r egene ra t ion  
s t e p  o f  runs  LR-1 t o  -3 r e l a t i v e l y  c l o s e  t o  t h a t  i n  t he  previous  s tudy  ( 7  min), 
t h e  improved- r e a c t i v i t y  of t he  so rben t  through the  t h r e e  cyc l e s  was appa ren t ly  
a n  e f f e c t  of  t h e  lower r egene ra t ion  temperature (1050°C vs .  llOO°C i n  the  
previous  s t u d y ) .  A t  the  h ighe r  tempera ture ,  s i n t e r i n g  o r t h e  p a r t i c l e s  i n  the 
f  luidized-bed r egene ra to r  may have con t r ibu ted  ' t o  a l o s s  of sorbent  r e a c t i v i t y  . 



Table 4 .  Experimental Condi t ions and Tes t  Resu l t s  of 
Cycl ic  Combustion Experiments w i t h  Greer Limestone 

Coal : Sewickley Nominal F l u i d i z i n g  Gas Veloc i ty :  1.0 m / s  
Nominal Temperature: 850°C Sorbent P a r t i c l e  S ize :  -6 +30 mesh 
Nominal P re s su re :  308 kPa Excess Combustion A i r :  about  17% 
02 i n  F l u e  Gas: 3% 

. . Regenerator 
. . . -. 

Sol ids  
Residence Feed Rates Sorbent CaOIS SO2 i n  S u l f u r '  S o r b e n t U t i l i z a t i o n  

Combustion Time, Coal, Sorbent , to  Coal Mole Flue Gas, Reten., Feed, P r o d ~ c t , ~   AS^ 
Cycle min kg/ h kg/h  ass ~ a t i o  k t i o a  ppm %b/%c % % % 

. .. . aRatio of unsulfated calcium i n  sorbent feed t o  su l fu r  i n  coal feed. 

b ~ a s e d  on f l u e  gas  ana lys i s :  ca lcu la ted  a s  [ ( s u l f u r  i n  coal - su l fu r  i n  f l u e  gas) / su l fur  i n  coal] x 100. 

CCalculated a s  ( su l fu r  i n  product sorbent - su l fur  i n  feed sorbent ) / su l fur  i n  coal.  
d ~ t e a d y - s t a t e  sample of product overflow from combustor. 

e~ equals sorbent u t i l i z a t i o n  of product minus sorbent u t i l i z a t i o n  of feed. 

f ~ a r t l y  derived from second .cycle regeneration overflow ana lys i s  (s teady-state  sample). 



I n  HR-1 t o  -3, t h e  longer  exposure of the  p a r t i c l e s  i n  the  f luidized-bed 
r egene ra to r  ( s o l i d s  r e s idence  about 28 min. vs .  about 11 min i n  LR-1 t o  3 )  may 
a l s o  have caused t h e  so rben t  p a r t i c l e s  t o  s i z e r ,  l e ad ing  t o  t h e  l o s s  of re- 
a c t i v i t y  d iscussed  above. A more ex tens ive  c y c l i c  s tudy  of Greer l imes tone  a t  
t h e  lower r egene ra to r  temperature (1050°C) and s h o r t  r egene ra to r  s o l i d s  r e s i -  
dence time (7-11 min) i s  adv i sab le  f o r .  s tudy  of changes i n  the  r e a c t i v i t y  of 
t h e  so rben t  beyond t h r e e  cyc l e s .  

(2)  Regenerat ion Cycle R e s u l t s  

A s  f o r  t he  r egene ra t ion  of Germany Val ley  l imes tone ,  Sewickley 
c o a l  was used as the  f u e l  and r educ tan t  i n  the  f luidized-bed r egene ra to r .  
Regenerator  cond i t i ons  and performance f o r  t he  p re sen t  c y c l i c  s tudy  wi th  Greer 
l imes tone  a r e  i n d i c a t e d  i n  Table 5.  

A s  s t a t e d ,  t h e  r egene ra t ion  temperature (1050°C) w a s  lower than 
i n  t h e  previous  s tudy  (llOO°C), and t h e  s o l i d s  r e s idence  times were h igher  
(11  min and 28 min v s .  7 min i n  t he  previous  study). The reducing gas cancen- 
t r a t i o n s  were l o w e r ~ h o w e v e r  (1.0% vs .  3.0% used i n  t he  p a s t  s tudy) .  The re- 
g e n e r a b i l i t y  o f  t he  so rben t  dur ing  c y c l e s  RLR-1 t o  -3 ranged from 64 t o  81% 
(based on chemical a n a l y s i s  of l imes tone  samples).  This  is higher  than would 
be expected a t  the  s o l i d s  r e s idence  time and temperature used i n  t h i s  s tudy  
(about  50% regene ra t ion  would be p red ic t ed ) .  Regeneration of the  .sorbent 
dur ing  cyc le s  RHR-1 t o  -3 ranged from 90 t o  93%, which is  c o n s i s t e n t  w i t h  the  
expected va lue  of about  90% a t  28-min s o l i d s  r e s idence  time and a temperature 
of 1050°C. ) 

I n  experiments  RLR-1 t o - 3 ,  t h e  ad jus ted  SO2 concen t r a t ions  
(based on s o l i d s  ana lyses )  i n  t h e  off-gas were low ( ranging  from 4.2 t o  5.8%) 

. i n  comparison w i t h  previous  d a t a .  This  was due t o  g r e a t e r  d i l u t i o n  of t he  
of f -gas ,  i n  t h e  p re sen t  experiments ,  caused by t h e  h igher  gas. t o  s o l i d s  feed 
r a t i o s  ( i . e . ,  longer  s o l i d s  r e s idence  times a t  a f ixed  r e a c t o r  c ros s  s e c t i o n  - 
and bed depth) .  As in t h e  Germany Val ley  experiments ,  t h e  SO2 concen t r a t ions  
determined wi th  the  i n f r a r e d  ana lyze r  were below t h e  va lues  based on chemical 
ana lyses  ( i n  RLR-1 t o  -3).  This  d i screpancy  was not  observed i n  experiments 
RHR-l.to -3, bu t  n e v e r t h e l e s s  t he  c l o s e  c o r r e l a t i o n  of CaO r e g e n e r a b i l i t y  
(based on s o l i d s  ana lyses )  w i th  previous d a t a  l e a d s  one t o  be susp ic ious  of t he  
in s t rumen ta l  SO2 readings .  

A t t r i t i o d  and e l u t r i a t i o n  losses were high dur ing  runs  RLR-1 t o  
-3, ranging from '4.7% t o  29.4% of t he  sorbent  feed .  This  high f i g u r e  was 
obta ined  i n  RLR-3 when, i t  is be l i eved ,  a h igh  gas  v e l o c i t y  blew much of the  
so rben t  feed  i n t o  t h e  cyclone.  A t t r i t i o n  and e l u t r i a t i o n  l o s s e s  were lower 
f o r  runs  RHR-1 t o  -3, ranging .  from 2.9% t o  8.3% of the  sorbent  feed [bu t  s t i l l  
h igh  i n  comparison w i t h  previous  da t a 'wh ich  showed a t t r i t i o n  and e l u t r i a t i o n  
l o s s e s  no g r e a t e r  than  3% ( i n  any one cyc le )  i n  t e n  r egene ra t ion  cyc le s ] .  

f .  Cycl ic  S t u d i e s  w i t h  2203 Limestone 

(1)  Combustion Cycle R e s u l t s  

Resu l t s  of t he  three-cycle  s tudy  wi th  2203 l imes tone  a r e  shown 
i n  Table 6. The nominal exper imenta l  cond i t i ons  were t h e  fol lowing:  a bed 



Table 5.  Experimental Conditions and Tes t  Resu l t s  of 
Cycl ic  .Regeneration Experiments w i th  .Greer Limestone 

Coal: Sewickley Nominal System Pressure :  136 kPa 
Nominal Tempera tu~e:  1050°C Sorbent P a r t i c l e  S ize :  0.6-3.4 mm (-6 +30 mesh) 

Su l fu r  Su l fu r  , Reducing 
So l id s  Conc. i n  Conc.. i n  02 Conc. Fluidizing-  Gas Conc. 
Resid. ,Sulfated Regen. i n  Feed Gas i n  Dry Ca a s  CaO SO2 i n  

Regen. Time, Sorbent  , Product ,  Gas, Veloci ty,  Off-Gas, CaS04, Regen. , Of f-Gas , 
Cycle min % % .% d s  % FeedIProd. %a %b/%a 

' RHR-3 .32 .O 4.70 0.53 22.1 1.24 0.9 15.311.5 90 2.412.3 

aBased on chemical a n a l y s i s  of l imes tone  samples. 

b ~ e a d i n g s  from i n f r a r e d  SO2 ana lyzer .  



t empera ture  of 900°C, a system p res su re  of 825 kPa, a f l u id i z ing -gas  v e l o c i t y  
of 0.75 m / s ,  3% 02 i n  the  f l u e  g a s ,  and the  use  of Sewickley c o a l .  

A s  i n  prev ious  experiments ,  t h e  l imes tone  feed  r a t e  was ad jus t ed  
( f o r  each of t h e  combustion cyc le s )  t o  o b t a i n  an SO2 concen t r a t ion  of about 
700 ppm (cor responding  t o  83% s u l f u r  r e t e n t i o n ,  t h e  EPA requirement f o r  
Sewickley coa l ) .  Thus, changes i n  the  r e a c t i v i t y  of 2203 l imestone over t he  
t h r e e  c y c l e s  would be r e f l e c t e d  by changes i n  the  amount of l imes tone  requi red  
t o  ach ieve  83% s u l f u r  r e t e n t i o n .  

Through t h r e e  cyc l e s ,  t h e  sorbent  u t i l i z a t i o n  (pver  a cyc l e )  
i nc reased  from 20.7% i n  the  f i r s t  c y c l e  t o  23.2% i n  the  t h i r d .  The CaO/S 
r a t i o  increased  i n  the  second cyc le  t o  4.70 (from 3.36 i n  the  f i r s t  c y c l e )  but 
decreased i n  t h e  t h i r d  c y c l e  t o  3.61. The CaO/S mole r a t i o  and so rben t  u t i -  
l i z a t i o n  o b s e r ~ e d ~ r e v e a l e d  l i t t l e  change i n  t he  sorbent  r e a c t i v i t y  over  t h r e e  
c y c l e s .  

It was s u r p r i s i n g  t h a t  sorbent  u t i l i z a t i o n  (over a cyc l e )  f o r  
22U3 l imestone was comparable t o  t h a t  t o r  h ighly  r eac , t i ve  Weer 11mestbne ' 

( i nddca t ing  t h a t  t he  r e a c t i v i t y  of the  two s t o n e s  is  s i m i l a r )  s i n c e  2203 
l imes tone  is a pu re r  s t o n e  than Greer (96.5% CaC03 vs .  80.4% CaC03 f o r  
Gree r ) .  Since poor r e s u l t s  were obtained wi th  the  very pure Germany Val ley  
l imes tone  (98.7 w t  % CaC03), one would ex.pect t h a t  2203 l imes tone  would be 
less r e a c t i v e  than  Greer  l imestone.  However, t h e  r e a c t i v i t y  of 2203 l imestone 
appeared t o  be q u i t e  s i m i l a r  t o  t h a t  of h ighly  r e a c t i v e  Greer.  

I n  a d d i t i o n ,  e l u t r i a t i o n  during t h r g e  c y c l e s  f o r  2203 l imes tone  
was q u i t e  low (6.6,  2.5, and 3.3% i n  cyc l e s  one, two, and t h r e e ,  r e s p & c t i v e l y ) .  
S ince  no apparent  l o s s  of r e a c t i v i t y  occurred i n  t h ree  cyc l e s ,  a more ex tens ive  
i n v e s t i g a t i o n  w i t h  2203 l imes tone  ( s i m i l a r  i n  scope t o  t h e  e a r l i e r  ten-cycle 
s tudy  wi th  Greer l imes tone)  i s  suggested t o  f u r t h e r  determine the  u t i l i t y  of 
t h i ~  otona. 

(2)  Regenerat ion Cycle R e s u l t s  
. . 

A s  i n  t he  r egene ra t ion  of the  o the r  l imes tones ,  Sewickley c o a l  
was used as t h e  f u e l  and r educ tan t  i n  t he  f luidized-bed r egene ra to r .  Regen- 
e r a t o r  performance . for  t h e  three-cycle  s tudy  wi th  2203 l imestone is ind ica t ed  
i n  Table 7 .  

C 

Although t h e  nominal temperature planned f o r  each r egene ra t ion  
s t e p  was 110O0C, tempera tures  were a c t u a l l y  somewhat lower (from a low of 
1073°C i n  cyc l e  2 t o  a h igh  of 1093°C i n  cyc l e  3 ) .  Lack of s u f f i c i e n t  m a t e r i a l  
t o  run  t h e  c y c l i c  combustion-regeneration experiments ( p a r t i c u l a r l y  a f t e r  the  
f i r s t  r egene ra t ion  cyc le  i n  which e l u t r i a t i o n  of the  feed  m a t e r i a l  was 48.5%) 
precluded ob ta in ing  tempera tures  i n  the  regenera t ion  s t e p  c l o s e  t o  t he  nominal 
va lue .  Greer d a t a  a t  1050°C and 1100°C (from d i f f e r e n t  s t u d i e s )  were ex t ra -  
po la ted  t o  t h e  temperatures  and s o l i d s  r e s idence  times u t i l i z e d  i n  t h i s  s tudy  
( i t  being assumed t h a t  Greer and 2203 l imestone behave s i m i l a r l y )  and were 
compared wi th  the  pe rcen t  CaO regene ra t ions  achieved. The l a t t e r  were a s  good 
o r  b e t t e r  than expected.  



Table 6. Experimental Condi t ions and Tes t  Resu l t s  of 
Cycl ic  Combustion Experiments w i th  2203 Limestone 

Coal : Sewickley Nominal F l u i d i z i n g  Gas Veloc i ty :  0.75 m/ s 
Nominal Temperature: 900°C Sorbent P a r t i c l e  S ize :  0.3-2.0 mm (-10 +50 mesh) 
Nominal Pressure :  825 kPa Excess Combustion A i r :  about  17% 
02 i n  F lue  Gas: 3% 

Feed Rates Sorbent CaO / S SO2 i n  . Sulfur Sorbent U t i l i z a t i o n  
Combustion Coal, Sorbent , t o  Coal Mole Flue Gas, Retention, Feed, Product ,a A r e  

Cycle kg/h kg/h Mass Ratio Ratioa PPm %b/%c X a % % 

+ 
aRatio of unsulfated calcium inFsorbent feed t o  su l fu r  i n  coal feed. . w 

b ~ a s e d ' o n  f l u e  gas analysis :  ca lcu la ted  a s  [ ( s u l f u r  i n  coal - su l fu r  i n  f l u e  gas) / su l fur  i n  coal] x 100. 

CCalculated a s  (sorbent u t i l i z a t i o n  i n  product - sorbent u t i l i z a t i o n  i n  feed)  k CaO/S r a t i o .  Does not 
r e f l e c t  s u l f u r  re ta ined a s  unburned s u l f u r  or the p o s s i b i l i t y  t h a t  entrained sorbent is more highly 
u t i l i z e d  than is sorbent product. 

d ~ t e a d y - s t a t e  sample of product overflow from combustor. 

- eA. equals,. sorbent- u t i l i z a t i o n  of product minus sorbent u t i l i z a t i o n  of feed. 



Table 7. Experimental Conditions and Test Results of Cyclic 
Regeneration Experiments with 2203 Limestone 

Coal: Sexickley 
Nominal System Pressure: 136 kPa 
Sorbent Particle Size:. 0.3-2.0 mm (-10 mesh) . . 

Reducing 
Sul fur  Sul fur  Gas 

Conc. i n  ' ~ o n c .  i n  .Oz Conc. Fluidizing-  So l id s  Conc. I n  
Sul fa ted  Regen. . i n  Feed Gas Resid. Dry-Off- Ca a s  CaO , SO2 i n  

Regenerator Temperature, Sorbent , Product ,, - '., Cas, .- Veloci ty,  . Time, ' ' Gas, CaS04, % Regen., Off-Gas, 
Cycle.. O C % . % :  % . m l s  min % FeedlProd. %a , % b ~ % ~  

2 ' 1073 6.53 2.43C 34.9 1.04 11.3 0.5 20.816.9 66.7 6 .OK 1 

3 1093 7.60 1.10 36.4 1.35 10 -4 0 .€a 26.013.7 85.7 6.117.7 
N 
0 

aBased on chemical a n a l y s i s  of l imestone samples. 
h e a d i n g s  from i n f r a r e d  SO2 ana lyzer .  

- 

CAnalysis der ived from feed sample, of subsequent conbustion experiment. 
. . 



Once aga in ,  reducing gas  concen t r a t i ons  were k e p t  low i n  t h e s e  
s t u d i e s  (0.5-1.2%). The problem of  i n a c c u r a t e  r ead ings  of t h e  i n f r a r e d  a2 
ana lyze r  was s t i l l  ev iden t  i n  t h e s e  s t u d i e s ,  a s  shown i n  t he  l a s t  column i n  
Table  7 ( i . e . ,  - t h e  a c t u a l  SO2 concen t r a t i on  r ead ings  were somewhat lower than  
va lues  based on chemical a n a l y s i s  of l imes tone  samples).  As ,p rev ious ly  s t a t e d ,  
a t t r i t i o n  and e l u t r i a t i o n ~ l o s s e s  were h igh  (48.5% of sorbent  feed  i n  t h e  f i r s t  
cyc l e ,  8.4% i n  t h e  second c y c l e ,  no d a t a  a r eA  a v a i l a b l e  f o r  t h e  t h i r d  cyc l e ) .  



TASK B. ALTERNATIVE REGENERATION PROCESS DEVELOPMENT 

1. Sulfur Recovery Process Studies 
(D. S. Moulton and W. M. Swift) 

a. Introduction 

The spent lime sorbent from a fluidized-bed combustor can be regen- 
erated and reused. In the regeneration process, the sulfur is removed as a 
concentrated stream of gaseous sulfur dioxide which must be converted to a 
form posing no environmental hazard. Elemental sulfur at room temperature is 
a solid, nearly inert, and easily stored and transported. Because of these 
properties, studies were made of processes which could utilize the sulfur 
dioxide in the regenerator off-gas to make elemental sulfur. 

Many processes Sor yioduciug sulfur from $02 have been described, 
but most of them are not readily applicable to the fluidized-bed combustor 
system. In fluidized-bed combustion, lime is used as the sulfur-concentrating 
agent, where,as in a number of processes, other sulfur-concentrating agents 
are used which could not withstand combustion. Also, some processes use re- ' 

ductants other than coal, such as natural gas, for converting. the's02 to ele- 
mental sulfur. However, since coal is available for use in the combustor, it 
is the preferred reductant. 

If a bituminous or lower rank coal is used directly as the reductant, 
there will be two major problems: 

1. The swelling and caking properties of many coals result in the 
reactor becoming plugged. 

2. Volatile materials which are driven out of the coal when it is 
heated, later condense with the sulfur to producc an impure 
product. 

These problems can be avoided by gasifying the coal and using the 
coal gasifier effluent.as the reductant for converting SO2 to elemental sulfur. 
Fig. 3 shows the general processing scheme applicable to the fluidized-bed 
combustor system. There is much information in the' literature on processes 
which would fit into this processing scheme. 

In addition to the literature review, some thermodynamic calculations 
were made and experimental work was done. The .thermodynamics of the processing 
steps indicated in Fig. 3 were investigated to see if there are conditions 
allowing simplification of the overall process. 

The experimental work was done to investigate the conversion of SO2 
to elemental sulfur, using both coal and'ash as the chemical reducing agent. 
The experimental objectives were: 

(1) To find a processing method which would yield a high-quality 
sulfur product by the use of only materials available at the 
combustor or sorbent regenerator; 
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Fig. 3. Schematic of a General Form of Processing 
to Regenerate Sorbent and Produce Sulfur 

(2) To demonstrate in laboratory-scale operation of the process 
that there are no problems precluding further scaleup, such 
as a large. pressure drop in the SO2 stream; 

(3) , To make preliminary measurements of the process kinetics; and 

(4) To make recommendations for experimental work .in support of 
further process development. 

b. Literature Survey 

(1) SO2 Reduction Using Anthracite Coal 

. . ReductPon with anthracite coal has recently been developed as 
part of the ~ergbau-~orschung/~oster-wheeler process. A stream containing SO2 
and .steam entkrs the bottom of a coal bed, at 600-6500~2. and cools as it flows 
upward. About 90% of the SO2 is reduced to elemental sulfur, which is carried 
out in the effluent gas stream along with minor amounts of.H2S, COS, and CS2. 
Some of the SO2 is not r e a ~ t e d . ~ , ~  ~. 

Operating parameters control the product composition. As shown 
in Fig. 4, overall conversion of SO2 increases with increasing steam ~ontent;~ 
however, more hydrogen sulfide is formed. Under conditions which yield maximum 
sulfur production, the kinetics are poor. With increasing temperature, the 
kinetics improve markedly, but hydrogen sulfide then becomes the principal 
product. For conditions used in sulfur production,5 the gas residence time 
is 3-8 s, and the coal residence time is 12 to 20 h. I 
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Foster-Wheeler claims that the carbon reduction reactions are 
synergistic--that is, the reaction rate of the coal with both SO2 and steam is 
greater than the sum of the individual rates for reactions 1 and 2. 

c + SO2 = C02 + 1/2 s a  +- (1) 

Products of reaction 2 may be intermediates for increased SO2 'reduction, as 
in 3 and 4: 

Also, both steam and-carbon dioxide are used in treating coal to form activated 
carbon, which has a greatly increased internal surface area and consequently 
much higher reactivity. Either theiformation of reactive intermediates..or the 
formation of activated carbon could explain.the synergistic effect. 

Foster-Wheeler uses a 2 to 1 steam to SO2 ratio, but this high 
' a ratio may.be largely due to water originating in their upstream adsorption 

: process5 rather than a choice based .on kinetic consideratiqns . 
~nthracite co,al is ' used for the reduction, avoiding the problems 

.found with lower rank coals; in addition, the anthracite coal or coal ash may 
,possess a catalytic effect. Coals lower in rank than anthracite can.be used if . 
they are devolatilized first .5.,6 . . .  

(2) Coal Gasification 

. . The reducing. gas available from'a coal. gasifier present.s an 
alternative to the use of either anthracite or coke. Several coal gasification 
processes are either c~mmerciall.~' available or under intensive development. 
Generally, steam is fed to, a gasifier along'with air or oxygen, and reaction 



hea t  is suppl ied  by p a r t i a l  combustion. The e f f l u e n t  gas  con ta ins  hydrogen 
carbon monoxide, methane, and minor amounts of o i l  and t a r s , 7 , 8  which can 
be removed between the  g a s i f i e r  and t h e  SO2 reduc t ion  r e a c t o r .  Under s u i t -  
a b l e  cond i t i ons ,  a s  d i scussed  above, SO2 can r e a c t  w i t h  c o a l  t o  produce 
hydrogen s u l f i d e ,  and so  H2S is  a l s o  a  p o t e n t i a l  r educ tan t .  Hydrogen f u l f i d e  
and o t h e r  reducing gases  from c o a l  a s i f i c a t i o n  were used i n  t he  Boliden pro- 
c e s s  once commercialized i n  Sweden.8 The reducing gas is suppl ied  w i t h  t h e  
SO2 t o  a  c a t a l y t i c  r e a c t o r  con ta in ing  a c t i v e ,  high-surface-area c a t a l y s t s .  

I n  addi t ion .  t o  r e a c t i o n s  3 and 4 ,  t h e  fol lowing r e a c t i o n s  a r e  of 
i n t e r e s t  : 

Other r e a c t i o n s  occur ,  forming smal l  amounts of undes i r ab le  products :  

co + 1/2Si  = COS 

C02 + H2S = COS + H20 

d. c h a r a c t e r i s t i c s  of SO2 Reduction C a t a l y s t s  

High-iron baux i t e s  a r e  the  t r a d i t i o n a l  c a t a l y s t s  f o r  Claus processes  
(React ion 6 ) .  They a r e  a l s o  e f f e c t i v e  f o r  o the r  SO2 reduc t ion  r e a c t i o n s .  A 
number of o t h e r  me ta l s  a r e  a c t i v e  but  have not  had much commercial use .  Under 
r e a c t i o n  cond i t i ons ,  t h e  i r o n  o r  o t h e r  meta l  becomes s u l f i d e d ,  and t h e  meta l  
s u l f i d e  is  the  main c a t a l y t i c  agent .  

Chowdhury and ~ a t t a l O  obta ined  evidence t h a t  t h e  alumina a l s o  con- 
t r i b u t e s  t o  t h e  c a t a l y t i c  a c t i v i t y .  Alumina is w e l l  known a s  an a t t r i t i o n -  
r e s i s t a n t  high-surface-area c a t a l y s t  suppor t .  Haas e t  a l . l l  showed t h a t  t h e  
a c t i v i t y  could no t  be due t o  i t s  s u r f a c e  a rea  a lone  and found t h a t  t h e r e  was 
a  sha rp ly  def ined  i r o n  t o  alumina r a t i o  f o r  maximum a c t i v i t y ,  (F ig .  5) .  The 
optimum composition was e s p e c i a l l y  e f f e c t i v e  f o r  d i l u t e  r e a c t a n t  streams. 
This  impl ies  t h a t  alumina is a c a l a l y s t  f o r  SO2 reduc t ion .  



. WEIGHT FRACTION OF IRON I N  CATALYST 

Fig. 5. Carbon Monoxide Reduction of S02. Dependence 
of SO2 removal r a t e  a t  500°C on iron-alumina 
c a t a l y s t  composition. From Haas et a1 -11 

~ e o r g e l ~  showed t h a t  the  Claus r eac t ion  is  ca ta lyzed by bases i n  
the a c t i v i t y  oorder, L i  Na > K. It has been we l l  esta 'bl ished by J?eri13s14 
t h a t  the  dehydrated gamma alumina surface  has exposed oxide ions which a r e .  , 

base s i t e s .  These i n t e r a c t  wi th  the  S02, which is a Lewis ac id .  Ei:zf5 i n  an I R  s tudy of adsorbed SO2 found s t rong evidence t h a t  on alumina, ' .  

t he  SO2 i s  adsorbed on oxide idns ,  forming ~ 0 ~ 2 '  species.. 

In  summary, t o  possess maximum a c t i v i t y ,  a SO2 reduct ion  c a t a l y s t  
should conta in  a metal s u l f i d e ,  commonly i r o n  s u l f i d e ,  and mate r i a l  which is  
chemically a s t rong  base,  and these  should be present  i n  an optimum r a t i o .  

(4 )  Reduction wi th  Const i tuents  of a Coal G a s i f i e r  Ef f luen t  

Reduction wi th  Hydrogen. ~ e ~ s o e , l 6  i n  1938, presented a com- 
prehensive thermodynamic treatment f o r  r eac t ions  3 through 11 with equi l ibr ium 
constants  f o r  s to ich iomet r i c  condi t ions .  Doumani e t  a1.17 a l s o  published 
thermodynamic da ta  on hydrogen reduct ion  of SO2 and described a process. A 
more recent  ana lys i s  by Murdock and ~ t w o o d l 8  included s u l f u r  spec ies  not 
t r e a t e d  i n  e a r l i e r  work. Their  r e s u l t s ,  with Lepsoe's a r e  shown i n  Fig. 6. 



Fig. 6. Equilibrium Gas Compositions for the Reduction 
of SO2 with Hydrogen at 1 atm. Symbols 
(calculated)--Murdock and Atwood; Curves-- 

. . ~ e ~ s o e  .I6 Reprinted with permission from 
Ind. Eng. Chem. Process Des. Dev. 13(3), 254 
(1974 ) . Copyright .by the ~merican?hemical 
Society. 

*.,. 

Murdock and ~twoodl8 . also published kinetic data for reduction 
with hydrogen using an activated bauxite catalyst at 345-390°C. They obtained 
the following rate expression: 

where r is the rate of'sulfur production in mol (g of cat.)-l h-I 
s1 

mol 
exp - 16.3 kcallmol K 

. . kH2 ' 4800(g of cat .) -h0atm RT 

mo 1 and KHZS = 1.5 x 108 34.3 kcal/mol K 
exp - (g of cat.) -h0atm RT 

For large values of space time, a more accurate but much more complex expres- 
sion was obtained by Hsieh and Atwood.19 



Reduction with Carbon Monoxide. In addition to Lepsoe' s work,l6 
others17 s2.0 have .published thermodynamic data for reactions 3 and 9. Maadah 
and ~addox~l and  err^^ give the equilibrium. amounts of CO and COS, from a 
Claus plant as a function of H2S purity. Water hydrolyzes the.toxic COS, 
reaction, 12, but makes the thermodynamics less favorable. Okay and short23 
give equilibrium compositions of COS,for dilute conditions with and .without 
water (Fig. 7). 

2000 I 1 I I I I 1 I 

I000 r COS- DRY - 

- 
Rcoctont Conccntrotion 

W e t  - - O ~ Y  - 
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SO2 0.002% 0.002% 

1015,- Op 3 . 4 % '  3 . 4 %  7 
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Fig. 7. Equilibrium Concent ration of. COS with arid without 
Water in the Reaction System. 

- RCO - (PCO - P. )/2P 
O2 O2 

After Okay and ~hdrt .23 Reprinted (as revised) 
with permission from Ind. Eng. Chem. Process Des. 
Dev. 12(3), 2-91 (1973). Copyright by the American . . 
~hemiGl Society. 

Rate data are available for several catalysts used for reduction 
with carbon monoxide., Haas et al.11 published rate data for several composi- 
tions of iron/alumina catalyst, as shown in Fig. 8 in which the space-time is . 
the catalyst weight divided by the SO2 mass feed rate. The feed.contained 
5% SO2 and '10% CO . Okay and ~hort23' and wynn24 obtained kinetic data for 
alumina catalysts with dilute So2' feeds, and Ryason and   ark ins^^ dbtained 
kinetic data.with copper, silver, palladium, manganese, and nickel catalysts; 
they concluded that copper is the best. . 



SPACE-TIME (r),  mln 

Fig. 8. Carbon Monoxide (10% CO, 5% S02) Reduction of 
S02. Rate data from various ironlalumina catalyst 
compositions. From Haas et al.ll 

Catalytic selectivity is a kinetic effect. A conventional . ,  
bauxite catalyst has little effect on the hydrolysis of carbonyl sulfide, 
reaction 12. Consequently, excess COS in the feed tends to pass through a 
Claus reactor, polluting the effluent.18926 Cobalt molybdate catalysts are 
effective for COS hydrolysis and are used commercially in the first stage of 
Claus sulfur plants when the feed has a high COS content. ~ e o r ~ e ~ ~  published 
kinetic data on the hydrolysis of COS over cobalt molybdate, and Bazes 
et a1.27 published kinetic data on the SO2 reduction reaction with CO, and 
found that the rate was controlled by pore diffusion with a variety of cobalt 
molybdate catalysts. 

When the feed has a low COS content, it is desirable to use a 
catalyst on which the reduction reaction is much faster than the COS-forming 
reactions and so cabalt wolybdafe is not used. Haas and ~halafalla~~ found 
evidence that COS is a reactive Intermediate when the ironlalumina catalyst 
is used. Happel et a1.29 noted that the metallic sulfides participated in 
COS production and looked for catalytic activity among metals which form es- 
pecially stable oxides. Lanthanum oxide-titanium oxide compositions have the 
desired properties and catalyze SO2 reduction at a higher rate than they 



catalyze COS formation. ~undrath3O has alko published kinetic data on this 
system. It should be.noted that the present commercial method of minimizing 
COS production is to operate with a slight excess of SO2 in the feed. Water 
hydrolyzes COS, but it is rarely added in commercial operations because water 
lowers the activity of conventiondl catalysts .23 ,3l 

Reduction with Methane. Methane is a significant product from c. 

many coal gasifiers, .and the reducing reactor should 'be capable of utilizing 
it. Helstrom and ~twood35 found that CH4 and SO2 react on bauxite in the 
500-600°C temperature range and obtained the following rate equation: 

where rcH4 is the rate of methane consumption, L/(kg of catalyst) (min); 
partial pressures, P, are in atmospheres. The parameter n is equal to 1 or 2, 
the number of sites assumed to be occupied by an adsorbed methane molecule. 
The following twp sets of parameters are equally gnnd kinetic predictors: 

Model 
--- -- 

Parameter Single Site Dual Site 

n 1 2 

,'Reduction with Hydrogen Sulfide. ~ e ~ ~ s o e l 6  and Doumani et .a1 .I7 
included H2S in their thermodynamic work. Other authors20-22 933 have made com- 
puter s3tud.ies of extensive 1ists.of reactions and have successfully predicted 
Claus plant product mixtures-. . 

. . . . 

Kerr et a1.34 presented kinetic data for both bauxite .and <ac- , 

tivated alumina catalysts. At about 235°C and w'ith other.conditions approxi- 
mating industrial practice, the following expression was obtained for 2-4 mesh 
bauxite: . . 

f 



where va is the the apparent linear gas velocity in cm/s, x is the distance 
into the catalyst bed, the brackets indicate fractional molar concentrations, 
and the subscript e refers to equilibrium values. For activated alumina, the 
pre-exponential term is about twice as high as for bauxite. ~ e o r ~ e ~ ~  has 
published kinetic data for the cobalt molybdate catalyst. 

It appears that all reducing constituents of a coal gasifier 
effluent can be utilized. Reduction with H2S is probably the most easily 
catalyzed reaction, and reduction with methane is the most difficult to ca- 
talyze. Bauxite and probably other catalysts are effective for all of the 
major coal gas constituents, although a higher temperature may be required.to 
utilize methane than for the other gases .9 $32 

(5) Catalytic Properties of Coal Ash 

In the absence of an expensive clean-up step, the coal gas may 
carry some ash into the catalyst bed. If the ash should block the catalyst 
pores or cause a large pressure drop, it would be unacceptable. However, the 
coal ash may have some desirable catalytic properties.   end ricks on^^ gives 
the following average analysis of U.S. coal ash determined by the Bureau of 
Mines. Silica has little catalytic value, but the alumina and iron oxide are 

Compound % 

Si02 45.7 

important. In addition, bases such as calcium, magnesium, sodium, and potas- 
sium oxides (which are prominent ash constituents) have catalytic value. 
Kaakinen et a1.36 reported the compositions of ashes collected at various 
points in a power plant. Aluminum and iron concentrations showed little vari- 
ation, although trace elements varied considerably. From coal mine to coal 
mine, ash compositions are extremely variable, but it seems likely that some 
ash compositions have catalytic value. 

Measurements show that coal ash has a low surface area. Cabrera 
and ~ r a ~ ~ ~  found surface areas of only About 5 m21g, and when the residual car- 
bon was oxidized, the remaining area was only 0.1 to 1.0 m2Ig. Combustion pro- 
bably sinters the structure. Conventional alumina catalysts are available 
with 200-400 m2/g surface area, and bauxite also has a high surface area. A 
reactor using ash for the catalyst would have to be larger than one using a 
conventional catalyst, but the ash is available at no cost. Catalyst deacti- 
vation would not be a problem because deactivated catalyst could be discarded. 
Furthermore, because of the sintering effect of combustion, ash produced in 
lower temperature processes such as fluidized-bed combustion may have a larger 
surface area. In this connection, ~ e c k m a n ~ ~  reported that incompletely con- 
sumed anthracite coal from the Foster-Wheeler SO2 reduction reactor had good 
adsorption properties, indicative of a high surface area. 



(6) Reduction with Coke 

Foster-Wheeler.states that coke can be used in lieu of anthra- 
cite coal. This method has.been used in Europe for a very long time. 
~ e ~ s o e l ~  discussed the thermodynamics of SO2 reduction with coke. 

Cokes vary greatly in reactivity, with nonmetallurgical cokes 
generally better .39 ~e ~ s o e l 6  investigated the kinetics for a particular 
type of metallurgical coke. One difficulty is an accurate assessment of the 
kinetic effect of-coke surface area while the coke is being consumed. Macak 
and pick40 developed a model to predict the reactive surface area during coke 
consumption and performed several kinetic investigations. Spectrally pure 
carbon and three cokes of differing ash content were investigated. Reactivity 
increased with increasing ash content (Fig. 9). In addition, they investigated 
the effects of individual ash constituents in "synthetic" cokes; each such coke 
concained only one ash constituent. Each synthetic coke was made by mixing a 
powdered metal oxide, powdered low-ash coke, and pitch, and then carbonizing 
the mixture. Ash constituents were categorized i n  .t;hree groups accnrding to 
how each affected the reactivity of coke for SO2 reduction: 

Group 1. The reaction rate was constant and all of the carbon 
was consumed. Activation energies are 40.9 kcallmol ' 
for coke containing FezO3, and 58.2 kcallmol for . 
coke containing CaO. 

Fig. 9. Reactivity of Prepared Carboniferous Materials (in 
terms of mL of unconverted SO2 remaining from a 
3-mL dose).. 1 - metallurgical coke, 14.3% ash; 
2 - 'Stampfmasse' , 7.9% ash; 3 - petroleum coke, 

' ('Pechkoks'), 0.5% ash; 4 - Spectrally pure carbon, 
0.0006% ash. Specific surface area ranged from 
0.7 m21g ('Stampfmasse') to 1.3 m21g spectrally 6 pure, carbon). After Macak and 



Group 2. The reaction rate .fell rapidly in the first part of 
the runs, then became constant until the carbon was 
consumed. The activation energy was 71.6 kcal/mol K 
for MgO . 

Group 3. The reaction rate fell rapidly to zero, and the re- 
maining coke was not consumed. Activation energies 
could not be measured. The group included petroleum 
coke, control samples with no added modei ash constit- 
uent, and cokes containing A1203 and Si02. 

J 

The results were explained in terms of a carbon-deactivating or 
passivating reaction. This results from a direct chemical interaction of SO2 
with the carbon: 

SO2 + C = passivated carbon 'a 
The reaction suggested for sulfur production is a two-~tep reaction, with the 

I SO2 first reacting with the metal oxide: 
I 

SO2 + MO = Intermediate r2 

Interuiediate + C = C02 + 112 S2 + MO r3 

The kinetic results of the different ash constituent groups are consistent with 
the following rate relationships: 

Group 1: minimum r2, r3 >> rl 

Group 2: 'minimum r2, r3 = rl 

Group 3: r2 or r3 = 0 

- In general, the results of this study agree with the results of 
the catalysis studies cited earlier. Of the substances found to enhance coke 
reactivity when incorporated into coke, iron is a well-known SO2 reduction 
catalyst; calcium and magnesium are expected to have reduction catalytic ac- 
tivity because of their basicity., 

I 

(7) Sulfur Condensation 

The kinds of processes considered here produce sulfur in the 
gas phase from which the sulfur is later condensed: The peculiar physical - 
properties of sulfur complicate condensation and recovery. Sulfur vapor is 
composed largely of S2 molecules only at fairly high temperatures and low 
system vapor pressure (Fig. 10) .41 Near the condensation point, sulfur vapor 
consists of Sg rings. This causes.sulfur.to have an unusual equilibrium vapor 

: pressure curve., ~e~er41, gives equilibrium va or pressures (Table 8). Mist 
can form in the condenser, but Sawyer et a1 .44 report that the loss could. 



atrn I 

' SULFUR GAS TEMPERATURE 

Fig.  10. P a r t i a l  P r e s s u r e s  of  S u l f u r  Spec ies  a t  S i x  
P re s su re s  ( a f t e r  Rau, 1976). From ~ e ~ e r  .41 
Each number on a curve  r e f e r s  t o  t h e  number 
of s u l f u r  atoms per  molecule.  A t  t he  upper 
r i g h t  of each graph  is t h e  system vapor 
p re s su re  i n  atmospheres.  

be he ld  t o  less than 0.1% by condensing j u s t  above t h e  me l t i ng  p o i n t  and us ing  
a m i s t  s e p a r a t o r .  The mel t ing  p o i n t s  of  most s u l f u r  a l l o t r o p e s  l i e  between 108 

1 and 130°C. However, t h e  l i q u i d  s u l f u r  has  a v i s c o s i t y  maximum of  93,000 cP a t  
187OC. For t h i s  r ea son ,  s u l f u r  p roces so r s  avoid tempera tures  between 170°C 

. and 230Oc.32 The vapor p r e s s u r e  i n c r e a s e s  sha rp ly  above 230°C, and s o  c a r e f u l  
t empera ture  c o n t r o l  i s  a l s o  necessary  f o r  c o l l e c t i o n  a t  230°C. 



Table 8. Equilibrium Vapor Pressures of Elemen- 
tal Sulfur at Various ~em~eratures41 

P,a 
torr 

psb T, 
atm OC 

a 
1 torr = 133.3 Pa 

c. Thermodynamics for Combined Regeneration and Sulfur Production 

a Following the literature review, some thermodynamic parameters 
were checked to see if the number of required processing steps indicated in 
Fig. 3 could be reduced. 

The calculations were made using a NASA computer program which 
predicts an equilibrium product distribution by minimizing the free energy. 
The input represented a hypothetical regeneration scheme in which spent lime 
sorbent and coal would be put into a reactor, and regenerated sorbent and a 
gas stream containing elemental sulfur would come out. A hydrogen to carbon 
ratio of 0.83 (the value for Sewickley coal) was used, and it was assumed that 
the sulfated lime contained enough CaC03 to maintain the equilibrium vapor 
pressure of C02. Several values of total system pressure were tried, as well 
as variations from the stoichiometric ratio of reductant to calcium sulfate. 
The best obtainable mole fractions of S2 are listed in Table 9, for a total 
system pressure of 5 atm (500 kPa) and the stoichiometric ratio of reductant to 
calcium sulfate. 

Since the gas from a reactor for simultaneous regeneration and 
sulfur production would contain SO2 and reductants in addition to elemental 
sulfur, it is interesting to calculate how much additional sulfur could be 
recovered from the SO2 in the effluent. It would be partiaPly cooled, then 
allowed to react catalytically before entering a sulfur condenser. The equi- 
librium gas composition at 950°C (Table 9) would contain SO2 and the reduc- 
tants H2S, CO, and H2 in almost the stoichiometric relationship. The same 
computer program was applied to the 950°C gas mixture at 5 atm, with the re- 
sults shown in Table 10. The sulfur content would still be very low because 
with so much water in the mix, the SO2 would convert $0 H2S. 



Table 9.  Thermodynamic Equilibrium Mole Fract$ons in the Gas Phase 
for Direct ~eduction of Sulfated Lime with Sewickley Coal. 
Total system pressure, 5 atm. 

Temp, OC C02 CO H2 H20 H2s so2 s2 

Table 10. Thermodynamic Equilibrium Mole Fractions in the Gas Phase 
for a Regenerator Off-Gas. Total system pressure, 5 atm. - --- -- 

Temp, OC C02 CO H2 H2S H20 so2 s2 

To calculate whether different'solids compositions would yield 
significantly better results, the compositions of Occidental Research char and 
of a hypothetical 10.w-hydrogen coke were studied, using the same'computer 

. . 
program and a variety of temperatures and pressures. The results showed that 
only a very slight improvement in gas stream sulfur content could be expected. 
as a result of different solid compositions. The stability of CaS is much 
greater than the stability of CaO, and so'any system containing CaO and sulfur 

. will have' a low equilibrium pressure of sulfur and. sulfur-containing species,. 

Comparing Tables 9 and 10 with Table 8 shows that some of the sulfur 
formed could be condensed out by cooling the gas. However, since the amounts 
condensed out would be small, a gas recycle system would be necessary to desul- 
furize a large amount of lime. Unfortunately, maintaining the temperature 
difference between reaction temperature (900-llOO°C) and sulfur ~onde~sation 
temperature (about 130°C) would be costly, and .only a small fraction would be 
condensed out of the gas stream. There seems to be no evidence that elemental 
sulfur is an intermediate in the reduction of calcium sulfate to calcium 
sulfide, and so it does. not appear likely that sulfur could be produced in a 
non-equilibrium reactor. 



The f i r s t  o b j e c t i v e  of t h e  experimental  work was t o  produce high- 
q u a l i t y  s u l f u r ,  u s i n g  m a t e r i a l s  a v a i l a b l e  a t  t h e  combustor o r  so rben t  regen- 
e r a t o r .  Two chemical reducing a g e n t s  a r e  r e a d i l y  a v a i l a b l e ,  ( 1 )  c o a l  and ( 2 )  
carbon contained i n  t he  a s h  from t h e  combustor. Because t h e  ash  is  a f i n e  
powder, i t  would cause a l a r g e  p r e s s u r e  drop  i n  t h e  SO2 s t ream,  and experiments  
were performed t o  see whether  a l a r g e  p re s su re  drop  could be avoided by pel- 
l e t i z a t i o n  of t he  ash .  Ash o r  ash-coal mix tures  were used a s  t h e  chemical 
reducing agent  i n  a series of  experiments  t o  r e l a t e  t he  s u l f u r  p u r i t y  t o  t h e  
composition of t h e  reducing agen t .  Also, t h e  r e l a t i v e  carbon r e a c t i v i t y  and 
the  SO2 conversion k i n e t i c s  were measured i n  a smal l  l a b o r a t o r y  d i f f e r e n t i a l  
r e a c t o r .  

(1)  Equipment and M a t e r i a l s  

Seve ra l  t ypes  of l a b o r a t o r y  equipment were used i n  t h e  tests. 
P e l l e t i z a t i o n  was a t tempted  i n  a smal l  S tokes  Pennwalt model 511-6 l a b o r a t o r y  
p e l l e t i z e r  and i n  a h y d r a u l i c  p r e s s .  The SO2 r e a c t o r  c o n s i s t e d  of a q u a r t z  
U-tube which held a f i x e d  bed of t h e  reducing agen t .  The feed s t r eam con- 
t a i n i n g  s u l f u r  d iox ide  flowed through t h e  r e a c t o r ,  then  i n t o  a condenser f o r  
t h e  removal of e lementa l  s u l f u r .  A ga s  chromatograph i n l e t  p o r t  was l o c a t e d  
downstream from t h e  s u l f u r  condenser ,  and a bypass l i n e  allowed sampling of 
t h e  f eed  s t ream,  a s  shown i n  Fig.  11. The gas  chromatograph was a Varian model 
1420 f o r  which ope ra t i ng  c o n d i t i o n s  a r e  g iven  i n  Table  11.. An HP 3373 i n t e -  
g r a t o r  was used t o  measure t he  chromatogram peak a r e a s .  

Fig. 11. Schematic Diagram of  S u l f u r  Dioxide Reduction Apparatus 



Table 11. Operating Conditions for Gas Chromatograph. 

Column and packing . 3.4-m by 0.3-cm-OD stainless steel column 
packed with 80/100 mesh treated Porapak QS 
for 2.7 m, followed by 10,0/120 mesh Porapak T 
for 0.7 m. '. 

Column temperature 110°C isothermal 

Carrier gas : Helium at 30 mL/min 

Sample volume 0.1 .mL (atmospheric pressure) 

Detector Thermal conductivity bridge 

Detector temperature ,230 "C 

Detector .current 220 mA 

The main reductant used for converting SO2 to elemental sulfur 
was the carbon'contained ,in ash collected from the atmospheric PDU fluidized- 
bed combustor. The'ash was obtained from the.cyclones during CT-1, a 100-h 
combustor run using Sewickley coal. The ash composition, is given in Table 12, 
and the Sewickley coal composition is given in Table 13. In runs in.which ' .  

Table 12. Composition of Ash Collected in 
the Cyclones during Run CT-1 

Subs tarrce 'wt % 
-- 

Carbon, C .  35 .O 

Ferric oxide, Fe203 15 -7 

" Lime, CaO 8.3 

Sulfur Trioxide, SO3 4.6 

Other 36.4 

coal-ash mixtures were used as reductant, finely powdered Sewickley coal was 
added to the ash. For the carbon reactivity measurements described below, 
a.petroleum coke was ground.to -200 mesh prior to its use as.a reductant. 



Table 13. Composition of Sewickley Coal 

Proximate Analysis Ultimate Analysis 

Moisture 1.11% Moisture 1.11% 

Ash 19.06% Carbon 64.88% 

Volatile matter 36.56% Hydrogen 4.41% 

Fixed carbon 43.27% Nitrogen 1.04% 

Sulfur 5.46% 

Oxygen 4 .OO% 

Chlorine 0.04% 

Ash 19.06% 

In a run in which there were separate coal and ash beds, large 
coal particles of -6 +lo0 mesh were placed in the reactor upstream from the 
catalyst (i.e., - ash) bed. Carbon-free ash for the latter bed was' prepared .by 
oxidation of ash from run CT-1. To avoid sintering of the ash, this oxidation 
was carried out in a low-flow-rate air stream at 750°C. 

The gaseous feed for the carbon reactivity tests and the kinetic 
measurements consisted of 9.55% SO2 in N2. For the run using separate coal 
and ash beds, the gaseous feed was a simulated regenerator off-gas containing 
8% S02, 10% H20, 16X CO2, and 66% N2. This composition was achieved by con- 
trolling the flows through calibrated rotameters and by passing the N2 through 
a water bubbler at 54°C. 

(2) Use of Ash and Ash-Coal Mixtures 

Ash from the ANL atmospheric-pressure fluidizied-bed combustor 
typically contains 30-40% carbon. This carboniferous material consists of 
fine particles of char originating from the coal used in the combustor. They 
are partially devolatilized in the combustion chamber and transported in the 
gas stream to the cyclones without becoming completely oxidized. They are 
collected in the cyclone separators along with mineral ash constituents and 
fines from attrition of the lime bed material. 

The quantities of ash required for reduction of the sulfur di- 
oxide absorbed during two 100-h combustor runs, CT-1 and CT-2, were calculated. 
It was assumed that all sulfur in the bed overflow material would be converted 
to SO2 in a regenerator and that 75% of the carbon in the ash could be utilized 



f o r  conver t ing  SOg.to e lementa l  s u l f u r .  The r e s u l t s  showed t h a t  on ly  25 . t o  
30% of t h e  ash c o l l e c t e d  would a c t u a l l y  be requi red .  However, because t h e r e  
a r e  important economic and s a f e t y  i n c e n t i v e s  f o r  r a i s i n g  combustion e f f i c i e n c y  
above 99%, combustion e f f i c i e n c y  w i l l  undoubtedly be improved i n  more advanced 
f luidized-bed combustors,  and t h e r e  w i l l  be l e s s  carbon i n  t he  ash.  I f  com- 
b u s t i o n ' e f f i c i e n c y  exceeds , abou t  96%, t h e r e  would no t  g e n e r a l l y  be enough 
carbon a v a i l a b l e  i n . t h e  a sh  f o r  conver t ing  t h e  SO2 t o  e lementa l  s u l f u r .  

To o b t a i n  s u f f i c i e n t  carbon, i t  may be p o s s i b l e  t o  add c o a l  t o  
t h e  ash i n  o rde r  t o  avoid t h e  usua l  problems encountered wi th  the  use  of c o a l  
a lone .  One such problem i s  r e a c t o r  plugging caused by swel l ing  of the  c o a l  
when i t  is  heated,  a p rope r ty  t y p i c a l  of many Eas t e rn  c o a l s .  However, when 
a mixture i s  used,  a sh  may con ta in  a s u f f i c i e n t  volume of voids  t o  o f f s e t  the  
e f f e c t  of c o a l  swe l l i ng  and thereby  prevent  r e a c t o r  plugging. Also, c o a l  
v o l a t i l e s  e v ~ l v e  from coal when i t  ts heated ,  contaminat ing t h e  s u l f u r  product .  
I n  a reduction reaccor  u s ing  c o a l  a lone;  t h e  v o l a t i l e s  a r e  not e l imina ted  by 
r e a c t i o n  wi th  S02. I n  the  presence of t he  a d d i t i o n a l  s u r f a c e  a r e a  provided 
by a sh ,  however, more of t h e  c o a l  v o l a t i l e  ma t t e r  may r e a c t  w i t h  the  sulfur 
d lox ide ,  p revent ing  contaminat ion of t he  product s u l f u r .  A s e r i e s  of experi-  
ments were made a t  550-750°C w i t h  ash and ash-coal mixtures  t o  explore  t h e  
f e a s i b i l i t y  of t h i s  approach, t o  o b t a i n  pre l iminary  k i n e t i c  in format ion ,  and 
t o  measure the  p u r i t y  of t h e  product s u l f u r .  Resu l t s  a r e  presented  i n  f o l -  
lowing subsec t ions .  

(3)  P e l l e t i z a t i o n  

A problem encountered i n  t h e  runs  w i t h  ash was the l a r g e  pres- 
s u r e  l o s s  (which can be a severe  economic r e s t r i c t i o n )  encountered by t h e  gas  
s t ream flowing through the  packed bed, of f i n e  s o l i d s .  F igure  12 shows the  
p re s su re  l o s s e s  encountered a t  v a r i o u s  approach v e l o c i t i e s  by a s t ream of 
S02/N2 flowing through a shal low packed bed of ash .  A t  h igher  tempera tures ,  
t h e  p re s su re  l o s s  would be s l i g h t l y  h igher .  

P re s su re  drops  can  be reduced by us ing  p e l l e t i z e d  m a t e r i a l ,  
and p e l l e t i z a t i o n  of both a sh  and ash-coal  mixtures  con ta in ing  up t o  8% c o a l )  
was at tempted.  The maximum pres su re  of a l a b o r a t o r y  p e l l e t i z e r  was used, bu t  
t h e  p e l l e t s  were not  cohes ive  and broke r e a d i l y .  Subsequently,  t h e  ash  and 
ash-8% c o a l  mixtures  were sub jec t ed  t o  a p re s su re  of 380,000 kPa (55,000 p s i )  
i n  a p r e s s ,  s t i l l  wi thout  cohesion.  

The use  of ash-coal mixtures  con ta in ing  up t o  17% c o a l  d id  not  
cause  t h e  r e a c t o r  (F ig .  11) t o  become plugged. Following each run of t he  
s e r i e s ,  t h e  r educ tan t  bed w a s  examined f o r  s i g n s  of caking.  The m a t e r i a l  was 
f i r m l y  packed, bu t  was e a s i l y  removed.from t h e  r e a c t o r .  

(4)  R e a c t i v i t y  of  t h e  Carbon Contained i n  t h e  Ash 

The ash  used i n  t h i s  s tudy  had h igh  l e v e l s  of the mine ra l s  
. which were observed t o  enhance carbon r e a c t i v i t y  i n  t h e  s tudy  by Macak and 

Carbon r e a c t i v i t y  t e s t s  were performed i n  a l a b o r a t o r y  d i f f e r e n t i a l  



Fig. 12. P re s su re  Loss of a Gas Stream Con- 
t a i n i n g  9.55% SO2 i n  N2 when Passed 
through a 3-cm Packed Bed of Ash a t  600°C. 

r e a c t o r ,  us ing  t h e  carbon i n  ash ,  coke mixed wi th  the  ash  minera l  m a t t e r ,  and 
coke mixed wi th  an i n e r t  m a t e r i a l .  The ash  minera l  ma t t e r  was p rev ious ly  
used a s h  from which n e a r l y  a l l  o f . t h e  carbon had been consumed. The i n e r t  
m a t e r i a l  was a lpha  alumina, a ceramic of low s u r f a c e  a r e a  obtained by hea t ing  
another  form of alumina above 1000°C. 

A s e t  of s tandard  cond i t i ons ,  given i n  Table 14 ,  w a s  s e l e c t e d  
f o r  t h e  carbon r e a c t i v i t y  t e s t s .  A sample was placed i n  t he  r e a c t o r  and was 
heated t o  r e a c t i o n  temperature under n i t rogen  flow. Then the  n i t r o g e n  was 
replaced wi th  t h e  gas  con ta in ing  SO2 t o  measure the  conversion of SO2 t o  pro- 
duc ts .  P e r i o d i c a l l y ,  t h e  temperature was increased ,  and t h e  SO2 conversion 
measurement was repea ted .  

Table 14.  Standard Condit ions f o r  Carbon R e a c t i v i t y  T e s t s  

Sample s i z e ,  carbon concen t r a t ion  3 g, 30-35% carbon 

Gas feed:  9.55% SO2 i n  N2 

Temperature: Various, 450-850°C 

Gas feed  rate: 5.0 x L/S  

Apparent c o n t a c t  time: 12 s 

Carbon d e p l e t i o n  dur ing  each  run: approximately 5% 



The e x t e n t  of conversion i s  ind ica t ed  by t h e  SO2 l e v e l  i n  t he  
gas  s t ream (shown i n  F ig .  13) a f t e r  pass ing  through the  d i f f e r e n t i a l  r e a c t o r .  
The carbon i n  t h e  a sh  r e a c t s  w i th  the  SO2 a t  a s u b s t a n t i a l l y  lower temperature 
than  does the  carbon i n  t h e  coke. A t  a g iven  temperature,  t h e  e x t e n t s  of re- 
a c t i o n  wi th  SO2 of t h e  mixture  of coke and carbon-free ash and t h e  mixture  
of  coke 'and  a l p h a  alumina were about t h e  same. 

W = 4 t  D Coke and alpha alumina -1 

TEMPERATURE ,'c 

Fig. 13. R e a c t i v i t y  f o r  Reduction of SO2 t o  S u l f u r ,  
Measured by SO2 Consumption. 

(5) K i n e t i c  Measurements ' . 

. . 
I n  work done i n  a l a b o r a t o r y  d i f f e r e n t i a l  r e a c t o r ,  it: was d i f -  

f i c u l t ,  t o  o b t a i n  a  r ep roduc ib l e  s t e a d y  s t a t e  cond i t i on  f o r  measurement of the  , 

rate of r e a c t i o n  of SO2 and carbon. When t h e  reductan t  samples were f i r s t  
brought t o  r e a c t i o n  temperature,  t h e  r e a c t i o n  r a t e s  were ve ry  h igh ,  but  they 
decreased  r a p i d l y  whi le  t h e  r e a c t i o n  proceeded a t  cons t an t  temperature.  Con- 
s i s t e n t  r a t e s  were obta ined  only  a f t e r  r e a c t i o n  had proceeded f o r  s e v e r a l  
hours ,  o f t e n  overn ight .  The r a t e s  obta ined  i n  t h i s  manner a r e  shown i n  
F ig .  14 ,  an Arrhenius p l o t  w h i c h . i n d i c a t e s  an a c t i v a t i o n  energy of a b o u t '  
30 kca 1 Imol.. 



Fig. 14. Rate vs. 1/RT for the Reaction between SO2 and 
. the ~ G b o n  in Ash and Ash-Coal Mixtures. Re- 

action rate was measured after devolatilization 
at reaction temperature. 

(6) Composition of Sulfur Made by Reaction of SO2 with 
. Ash and Ash-Coal Mixtures 

The product sulfur was carried by the gas stream into the sul- 
fur condenser (Fig. 11) where. it collected on the walls. Following each run, 
the' sulfur was removed from the condenser by carbon disulfide dissolution and 
placed in sample bottles; then the carbon' disulf ide was removed by evaporation. 
The samples were analyzed by Analytical Chemistry Department personnel,* and 
the results are' summarized in Table 15. 

Commercially available grades of sulfur contain less than 1% 
carbon impurities. Sulfur meeting or approaching this quality was obtained 
in the runs made at temperatures between 650 and 750"~ and with about 3% or 

I less coal in the mixture. 

* R. M. Crooks, E. Street, J. P. Faris, and K. J. Jensen. 



Table 15. Composition of Su l fu r  Made with Ash and Ash-Coal Mixtures 

Run Temp, Bed'Comp, % Product 
No. O C  Ash Coal S ,  % C ,  % H ,  % Na, ppm K ,  ppm Ca, ppm 

aT i n d i c a t e s  t r a c e .  . . 

(7)  Use of coal '  and ~ s h '  i n  Separate Beds 

Coal v o l a t i l e s  contaminating the  s u l f u r  ( repor ted  above) may 
o r i g i n a t e  from c o a l  p a r t i c l e s  o r  from incompletely d e v o l a t i l i z e d  char located  
near  the  e x i t  end of the  reductant  bed. To increase  the  percent coa l  i n  the  
r eac to r  (so  t h a t  the re  is  adequate reductant )  without s a c r i f i c i n g  s u l f u r  
q u a l i t y ,  a run was made using a coa l  bed upstream from a carbon-free ash bed. 
With t h i s  arrangement, a l l  of the  coal  v o l a t i l e s  would e n t e r  the  ash bed 
which would funct ion  a s  a c a t a l y s t  for the  r eac t ion  of v o l o t i l e s  wi th  S02. 

About 16 g of carbon-free ash was placed i n  the bottom of the 
U-tube reac to r ,  and 5 g coa l  was put on top of the  ash on the  in take  s ide ;  
thus ,  the simulated regenera tor  off-gas passed through the coal  bed and then 
through the  ash which *functioned as a c a t a l y s t  f o r  the  r eac t ion  of SO2 wi th  

r t he  coa l  v o l a t i l e s .  To avoid any sudden, excessive evolut ian  of v o l a t i l e s ,  
the  750°C furnace was r a i s e d  slowly t o  surround the  coa l  bed. The composition 
of- t h e  s u l f u r  product from t h i s  run is  shown i n  Table 16. 

Table 16.  Composition of Sul fur  Made wi th  Separate 
Coal and Carbon-Free Ash Beds 

. . 
Temp, Bed Comp, % product 
O C Ash Coal S , , %  C ,  % ' H ,  % Na,'ppm K ,  ppm Ca;.ppm 



I 

This  is  an important  r e s u l t ,  because i t  ind i ca t e ' s  t h a t  high- 
q u a l i t y  product  s u l f u r  can be produced w i t h  c o a l  i n  a  s u i t a b l e  r e a c t o r .  Coal 

- should be f ed  t o  t h e  system cont inuous ly ,  and t h e  SO2 s t ream should c o n t a c t  
t he  f r e s h l y  f e d  c o a l  f i r s t .  The r e s u l t i n g  mixture  of SO2 and c o a l  v o l a t i l e  
ma t t e r  must n e x t  c o n t a c t  c o a l  cha r  o r  ash  t o  e l i m i n a t e  t he  c o a l  v o l a t i l e  m a t t e r  
by r e a c t i o n  wi th  t he  remaining S02. 

It should be p o s s i b l e  t o  develop a  r e a t o r  concept i nco rpo ra t i ng  
these  f e a t u r e s .  A s i m i l a r  problem i s  encountered i n  c o a l  g a s i f i c a t i o n ,  where 
i t  i.s d e s i r a b l e  t o  produce a  g a s  s t ream f r e e  of condens ib le  c o a l  v o l a t i l e  
ma t t e r .  Colaluca e t  a1.43 r epo r t ed  succes s  i n  overcoming t h e  problem by 
g a s i f y i n g  i n  a series o f  f l u i d i z e d  beds. A s i m i l a r  system could probably be 
devised f o r  t h i s  r e a c t i o n .  

e. Conclusions 

Because of  thermodynamic c o n s t r a i n t s ,  i t  is no t  p r a c t i c a l  t o  combine 
t h e  r egene ra t i on  of spen t  l ime  sorbent  w i t h  t he  product ion  of s u l f u r .  

A h igh-qua l i ty  s u l f u r  can be made from t h e  carbon i n  t he  a sh  from 
f luidized-bed combustion runs ,  which is much more r e a c t i v e  w i t h  SO2 than  i s  
a  petroleum coke. However, carbon is  n o t  l i k e l y  t o  be a v a i l a b l e  i n  t he  a s h  
from more advanced f lu id ized-bed  combustors. I f  combustion e f f i c i e n c i e s  can  
no t  be  r a i s e d  above about 96% wi thout  r e s o r t i n g  t o  r e c y c l e ,  s u f f i c i e n t  carbon 
w i l l  be a v a i l a b l e  i n  t he  ash; i f  a s h  r e c y c l e  would be necessary ,  a  p o r t i o n  of 
t he  r e c y c l e  s t ream could probably be withdrawn f o r  s u l f u r  p roduct ion .  

When mix tu re s  o f  Sewickley c o a l  and Sewickley c o a l  a s h  a r e  used,  
r e a c t o r  plugging does n o t  occur  i f  m ix tu re s  c o n t a i n  no more than 17% coa l .  
However, t h e  s u l f u r  product  is  poor when 17% c o a l  i s  used. High-qual i ty  su l -  
f u r  can be made w i t h  ash-coal mix tu re s  o n l y  i f  t he  c o a l  f r a c t i o n  i s  about  3% 
o r  less. When a  l a r g e r  c o a l  f r a c t i o n  was used t h e  s u l f u r  product  was contam- 
i n a t e d  w i t h  c o a l  v o l a t i l e s  which condensed wi th  t h e  s u l f u r .  

A much h igher  o v e r a l l  c o a l  f r a c t i o n  can be used f o r  t he  product ion  
of  a  high-qual i ty  s u l f u r  i f  t he  c o a l  and a s h  are i n  s e p a r a t e  beds ( r a t h e r  than 
mixed), w i th  t he  a sh  u t i l i z e d  a s  a  c a t a l y s t  bed f o r  t he  r e a c t i o n  of SO2 w i t h  
c o a l  v o l a t i l e s .  

The use of a  packed bed of a s h  r e s u l t s  i n  a  l a r g e  p r e s s u r e  drop  i n  
t h e  g a s  s t ream t h a t  would be v e r y  c o s t l y  t o  ma in t a in  on a commercial s c a l e .  
S ince  t he  a s h  does n o t  p e l l e t i z e  r e a d i l y ,  o t h e r  means of  reducing t h e  p r e s s u r e  
l o s s  need t o  be found. 

f .  Recommendations and F u t u r e  Work 

It may be p o s s i b l e  t o  u t i l i z e  c o a l ,  a s  t h e  r educ t an t  f o r  high- 
q u a l i t y - s u l f u r  p roduct ion  i n  a  series o f  f luidized-bed r e a c t o r s .  Both c o a l  



and t h e  r egene ra to r  off-gas would e n t e r  the  f i r s t  r e a c t o r ,  where c o a l  devola- 
t i l i z a t i o n  wou ld~occur .  With a long c o a l  res idence  time i n  t h i s  r e a c t o r ,  f r e s h  
c o a l  would be qu ick ly  d i l u t e d  i n  the  f l u i d i z e d  bed (which would c o n s i s t  most ly 
of  d e v o l a t i l i z e d  c o a l  o r  c h a r ) ,  and t h i s  d i l u t i o n  might prevent  agglomeration. 

The char  and/or c o a l  a sh  and t h e  gas  stream would t r a v e l  t o  addi- 
t i o n a l  f luidized-bed r e a c t o r s  downstream where, i n  the  presence of a sh ,  t h e  
SO2 would r e a c t  w i th  c o a l  v o l a t i l e s  picked up i n  the  f i r s t  r e a c t o r .  Carbon 
conta ined  i n  t h e  cha r  would a l s o  be u t i l i z e d .  It might be necessary  t o  use  
sand i n  t h e  bed t o  h e l p  r e t a i n  the  ash.  This  system of r e a c t o r s  would be 
similar t o  t h e  r e a c t o r s  used f o r  g a s i f y i n g  coa l  wi thout  producing coa l  l i q u i d s  
which was descr ibed  by Colaluca e t  a1.43 

' In  any f u r t h e r  development of t h i s  s u l f u r  recovery process ,  i t  is  
recommended ghat .labora.tory-sc.aJ.e experimento be performed to tesl: .the feasl- 
b i l i t y  of conver t ing  SO2 t o  elemental  s u l f u r  w i th  c o a l  i n  a s e r i e s  of small  
f l u i d i z e d  beds w i t h  cont inuous  feeding  of c o a l .  

Fur ther  development of s u l f u r  recovery processes  i n  t h i s  l abo ra to ry .  
i s ' t o  be d e f e r r e d  u n t i l  i t  can be shown t h a t  r egene ra t ion  is  j u s t i f i e d  on 
economic o r  environmental grounds. Recent ly,  t h e  development 'of processes  to.  
enhance t h e  r e a c t i v i t y  of l imes tone  f o r  use  i n  f luidized-bed combustors has  
made s i g n i f i c a n t  progress .  A s  smyk44 h'as shown, enhancement of l imes tone  
r e a c t i v i t y  and of.  once-through usage a r e  economically p r e f e r a b l e  t o  regenera- 
t i o n .  As a r e s u l t ,  e f f o r t s  i n  t he  immediate f u t u r e  a r e  t o  be concent ra ted  on . 

enhancement of l imes tone  r e a c t i v i t y .  

2. A l t e r n a t i v e  Regenerat ion P roces s  Develo~ment  

a.  Rotary K i l n  Regenera t ion  
(D. C a  b b u l t ~ i l  alJ F. P. Nun@s) 

previous  emission-control  s tud ie s46  have shown t h a t  spen t  l imes tone  
s o r b e n t s  can  be regenera ted  by t h e  use  of reducing agen t s  a t  h igh  temperatures .  
Rotary k i l n s  a r e  being eva lua ted  f o r  use a s  r egene ra t ion  r e a c t o r s .  E x t e r n a l l y  
f i r e d  r o t a r y  k i l n s  a r e  capable  of producing a concent ra ted  SO2 stream, which 
can be economically converted t o  e lementa l  s u l f u r ,  a d e s i r a b l e  f i n a l  form 
because i t  is e a s i l y  handled and s t o r e d .  It i s  much more expensive t o  conver t  
a d i l u t e  than  a concen t r a t ed  SO2 stream. 

S tud ie s  were conducted wi th  two l a b o r a t o r y  k i l n s .  A sma l l  k i l n  was 
cons t ruc t ed  from a 26-mm-ID tube  of fused s i l i c a  surrounded by a n  annular  
e l e c t r i c  furnace .  Mixtures  of c h a r  and s u l f a t e d  l imes tone  were heated i n  a 
r o t a t i n g  k i l n ,  w i th  t h e  f low of n i t r o g e n  c a r r i e r  gas  c o n t r o l l e d  t o  o b t a i n  the  
maximum SO2 concen t r a t ion  i n  t he  off-gas.  A more d e t a i l e d  d e s c r i p t i o n  i s  
g iven  i n  a previous annual  repor t .45  The second k i l n  is a l a r g e  labora tory-  
s c a l e  k i l n ,  a Bartlett-Snow 16.5-cm-ID i n d i r e c t  gas - f i r ed  k i l n  made of HH a l l o y  
s t a i n l e s s  s t e e l .  The experimental  work wi th  both k i l n s  has been completed. 



(1) Data Analys is  

Analysis  of t he  d a t a  has been completed, and d e t a i l s  a r e  in- 
cluded i n  a t o p i c a l  repor t .47  Seve ra l  empi r i ca l  r a t e  equat ions  were found 
t o  have l i m i t e d  agreement w i t h  the  k i l n  r e s u l t s .  Appl ica t ion  of the  shrinking-  
co re  r e a c t i o n  r a t e  model t o  t he  r o t a r y  k i l n  d a t a  provided f a i r l y  good agreement 
over t h e  e n t i r e  range of ope ra t ing  cond. i t ions.  

The empi r i ca l  r a t e  equat ions  ind ica t ed  t h a t  the  r a t e  cons t an t  
had no s i g n i f i c a n t  temperature dependence. Chemical r e a c t i o n  r a t e  cons t an t s  
have stro-ng temperature dependence, whi le  phys ica l  processes  such a s  d i f f u s i o n  
have v e r y  l i t t l e  temperature dependence. It appears  t h a t  the  r a t e  o f r e a c t i o n  
was l i m i t e d  by d i f f u s i o n .  

Appl ica t ion  of the  shrinking-core model l e a d s  t o  d i f f e r e n t  
mathematical forms, depending on the  assumptions made. D i f f e r e n t  assumptions 
can be t e s t e d  by see ing  how we l l  t h e i r  mathematic p r e d i c t i o n s  ag ree  w i t h  the  
da t a .  I f  d i f f u s i o n  i s  l i m i t i n g ,  i t  i s  of i n t e r e s t  t o  know whether the  l i m -  
i t i n g  d i f f u s i o n  occurs  w i t h i n  the  p a r t i c l e  o r  e x t e r i o r  t o  the  p a r t P c l e .  I f  
d i f f u s i o n  e x t e r i o r  t o  the  p a r t i c l e  is  impor tan t ,  t h e  r egene ra t ion  r a t e  can be 
increased  by b e t t e r  gas-so l id  mixing. 

The shrinking-core model was appl ied  t o  t h e  r o t a r y  k i l n  f o r - e a c h  
of t he  fo l lowing  assumptions: 

1. The r e a c t i o n  r a t e  was e n t i r e l y  due t o  d i f f u s i o n  w i t h i n  the 
p a r t i c l e  ( i n t e r i o r  d i f f u s i o n ) .  

2. The r e a c t i o n  r a t e  was e n t i r e l y  due t o  d i f f u s i o n  between 
the  p a r t i c l e  and the  surrounding c a r r i e r  g a s  s t ream 
( e x t e r n a l  d i f f u s i o n ) .  

Unfor tuna te ly ,  t h e  two r e s u l t i n g  mathematical express ions  ag ree  e q u a l l y  w e l l  
wi th  the  r e s u l t s .  I n t e r i o r  d i f f u s i o n  is  g e n e r a l l y  a slow process  because mol- 
e c u l a r  motion w i t h i n  the  s o l i d  i s  hindered.  However, t h e r e  is  evidence t h a t  
e x t e r n a l  d i f f u s i o n  was a l s o  s i g n i f i c a n t  because changes i n  ope ra t ing  parameters  
which would reduce the  e x t e r n a l  d i f f u s i o n a l  r e s i s t a n c e  caused a r educ t ion  i n  
t he  observed o v e r a l l  d i f f u s i o n a l  r e s i s t a n c e .  For example, i n c r e a s i n g  t h e  k i l n  
r o t a t i o n  r a t e  t o  g i v e  b e t t e r  so l ids -gas  mixing decreased t h e  d i f f u s i o n a l  re- 
s i s t a n c e .  An increased  r o t a t i o n  r a t e  would be expected t o  decrease  e x t e r n a l  
d i f f u s i o n a l  r e s i s t a n c e  but  would have no e f f e c t  on i n t e r n a l  d i f f u s i o n a l  r e s i s -  
t ance .  

(2)  Ma te r i a l s  of Cons t ruc t ion  

During the kiln experiments ,  i t  became apparent  t h a t  t h e  m a t e -  
r i a l s  o f  c o n s t r u c t i o n  were not  compatible  w i t h  the  r e a c t i o n  cond i t i ons .  When 
s t a i n l e s s  s t e e l  t e s t  specimens were placed i n  a s imulated k i l n  atmosphere,  
t h e r e  w a s  very  r a p i d  chemical a t t a c k .  A s c a l e  developed t h a t  conta ined  n i c k e l  
ox ide  and n i c k e l  s u l f i d e  and which p a r t i a l l y  f l aked  o f f  when the  t e s t  specimens 
were cooled.  During k i l n  ope ra t ion ,  t h e  H. H. a l l o y  k i l n  tube w a s  s e v e r e l y  



damaged--the i n n e r  s u r f a c e  became s u l f i d e d  and f l aked  of f  i n t o  the  product .  
The mixing f i n s  (made of type 316 s t a i n l e s s  s t e e l )  became warped, then  covered 
w i t h  s c a l e ,  and e v e n t u a l l y  broke i n t o  p i eces .  

(3) R e s u l t s  and Conclusions 

Regenerat ion can be accomplished i n  e x t e r n a l l y  f i r e d  r o t a r y  
k i l n s ,  bu t  s eve re  c o n d i t i o n s  a r e  requi red  f o r  h igh  r egene ra t ion  l e v e l s .  . A t  
1060°C, about 85% of the  calcium s u l f a t e  w a s  converted t o  calcium oxide ,  but  
a t  1000°C, less than  50% was converted; a t  960°C, conversion w a s  l e s s  than  25%. 

Also, a concent ra ted  SO2 s t ream can be obta ined ,  but  o n l y  a t  
h igh  temperatures .  A t  1060°C, SO2 concen t r a t ions  were i n  excess  of  20%. 
Less  concent ra ted  s t reams were obta ined  a t  lower temperatures .  For example, 
a t  1000°C, S02.  conc.e.ntrati.on was laoo than 7 X  a d  by exlrapolaf3.nn, t h e  l i m i t  
appeared Cu be below 11%. 

High convers ion  of calcium s u l f a t e  tn rnlcium oxida and a con 
cencra ted  SO2 s t ream could not  be achieved s imultaneously.  High s u l f a t e  
convers ion  r equ i r ed  a low s o l i d s  t o  gas  feed r a t i o ,  but  a concent ra ted  SO2 
s t ream requ i r ed  a h igh  s o l i d s  t o  gas  feed r a t i o .  

The shrinking-core r e a c t i o n  r a t e  model .can be used t o  c o r r e l a t e  
t h e  k i n e t i c  d a t a .  It appears  t o  be u s e f u l  i n  pred. ic t ing s u l f a t e  conversion and 
percent  SO2 i n  the  off-gas under v a r i o u s  ope ra t ing  cond i t i ons .  Data from t h i s .  
model can be used a s  a b a s i s  f o r  comparing assumptions 'about the  r eac t ion .  It 
can a l s o  be used t o  compare d i f f u s i o n a l  r e s i s t a n c e  t o  t h e  , r eac t ion ,  which i 

changes when t h e  ope ra t ing  cond i t i ons  o r  the feeds tock  i s  changed. 

Use of  t he  shrinking-core model d id  no t  he lp  t o  d i s t i n g u i s h  the  
r a t e - c o n t r o l l i n g  s t e p .  I n t e r i o r  d i f f u s i o n  w i t h i n  the  p a r t i c l e  seems l i k e l y  t o  
be t h e  r a t e - c o n t r o l l i n g  s t e p ,  bu t  t h e r e  is a l s o  evidence t h a t  e x t e r i o r  di.ffu- 
s i o n  between the  p a r t i c l e  and t h e  nearby gas  s t ream i s  important .  I f  e x t e r i o r  
d i f f u s i o n  is  s i g n i f i c a n t ,  t h e  k i n e t i c s  can  be improved by b e t t e r  mixing--i.e., - 
by more r ap id  r o t a t i o n - o r  by us ing  a d i f f e r e n t  r e a c t o r  des ign  (such a s  a f l u -  
i d i z e d  bed, which has e x c e l l e n t  mixing c h a r a c t e r i s t i c s ) .  

The m a t e r i a l s  of c o n s t r u c t i o n  a r e  woefu l ly  inadequate .  The , 

H. H. a l l o y  has  e x c e l l e n t  r e s i s t a n c e  t o  reducing gases  a t  high temperature,  
but chemical  a t t a c k  by SO2 i s  v e r y  r a p i d .  No o t h e r  m e t a l s  appear  t o  be s ign i f -  
i c a n t l y  b e t t e r .  Use of a nonmetal would be an  u n s a t i s f a c t o r y  a l t e r n a t i v e  
because poor h e a t  conduct ion would cause a l a r g e  drop  i n  e f f i c i e n c y .  
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