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THE B a ( O H ) 2 * 8 H 2 0  PROCESS FOR THE REMOVAL AND 
IMMOBILIZATION OF CARBON-14: FINAL REPORT 

G. L. h a g *  
D. W. Holladay 
W. W. P i t t ,  Jr. 
G. C. Young 

ABSTRACT 

The a i rbo rne  release of I4C from var ious  nuc lear  f a c i l i t i e s  
has been i d e n t i f f e d  as a p o t e n t i a l  biohazard due t o  the  long 
h a l f - l i f e  of 14C (5730 years )  and t h e  ease wi th  which i t  may be 
a s s imi l a t ed  i n t o  t h e  biosphere. A t  ORNL, technology has been 
developed f o r  t h e  removal and immobilization of t h i s  radio- 
nuclide. P r i o r  s t u d i e s  have ind ica t ed  t h a t  14C w i l l  l i k e l y  
exist  in t h e  oxidized’form as C 0 2  and w i l l  c o n t r i b u t e  s l i g h t l y  
t o  the  bulk C 0 2  concent ra t ion  of t h e  gas stream, which is  
a i r - l i k e  in na tu re  (-300 p p q  C02). 
developed u t i l i z e s  t h e  CO+a(OH) 2*8H 20 gas-solid r eac t ion  with 
t h e  node of gas-solid con tac t ing  being a f i x e d  bed. The pro- 
duct,  BaCO3, possesses exce l l en t  thermal and chemical s t a b i l i t y ,  
p r e r e q u i s i t e s  f o r  t h e  long-term d i s p o s a l  of nuc lear  wastes. For 
optimal process opera t ion ,  s t u d i e s  have ind ica t ed  t h a t  an 
opera t ing  window of adequate s i z e  does e x i s t .  When opera t ing  
wi th in  the  window, high C 0 2  removal e f f i c i e n c y  ( e f f l u e n t  con- 
cen t r a t ions  <lo0 ppb,), high r e a c t a n t  u t i l i z a t i o n  (>99%), and an 
acceptab le  pressure  drop across  t h e  bed (3  kPa/m a t  a super- 
f i c i a l  v e l o c i t y  of 13 cm/s) are possible.  Three areas of 
experimental  i n v e s t i g a t i o n  are reported: (1) microscale s t u d i e s  
on 150-mg samples t o  provide information concerning su r face  pro- 
p e r t i e s ,  k i n e t i c s ,  and equi l ibr ium vapor pressures ;  (2) macro- 
scale s t u d i e s  on large f i x e d  beds (4.2 kg of r e a c t a n t )  t o  determine 
t h e  e f f e c t s  of humidity, temperature, and gas flow rate upon 
bed pressure  drop and C 0 2  breakthrough; and (3) design, construc- 
t i o n ,  and opera t ion  of a p i l o t  u n i t  capable of continuously 
processing a 34-m3/h (20-ft 3/min) air-based gas stream. 

The technology t h a t  has been 

1 . INTRODUCTION 

The a i rborne  release of I4C from t h e  nuc lear  f u e l  cyc le  has been 

i d e n t i f i e d  as a p o t e n t i a l  biohazard due t o  t h e  long h a l f - l i f e  of 14C 

*Present address: Amoco Production Company Research Center, Tulsa, 
Okla. 
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(5730 years )  and the  ease with which it may be a s s imi l a t ed  i n t b  the  bio- 

sphere.1'20 A t  Oak Ridge National Laboratory (ORNL) technology has been 

developed (as p a r t  of the  Airborne Waste Management Program) f o r  t he  remo- 

v a l  and immobilization of t h i s  rad ionucl ide  which is a weak -emitter.  

P r i o r  s t u d i e s  have ind ica t ed  t h a t  1 4 C  w i l l  l i k e l y  exist i n  the  oxidized 

form as C02 and w i l l  con t r ibu te  s l i g h t l y  t o  the  bulk C 0 2  concent ra t ion  of 

t h e  gas stream, which is a i r - l i k e  i n  na tu re  (-330 ppm,, C02) due t o  var ious 

a i r  inleakages and purges. 

I n  the  development of a technology f o r  c o n t r o l l i n g  the  release of 14C 

from the  nuclear  f u e l  cycle ,  t he  fol lowing cri teria were es t ab l i shed  f o r  

candidate  processes:  

1. acceptable  process e f f i c i ency ,  with a nominal decontamination 

f a c t o r  of 10; 

2. acceptable  f i n a l  product form f o r  long-term waste d isposa l ;  

3. exce l l en t  on-line process c h a r a c t e r i s t i c s ;  

4. process operat ion a t  near-ambient condi t ions;  and 

5. acceptable  process cos t s  (<$lO/man-rem). 

Based upon these  cri teria,  an ope ra t iona l ly  simple process based on 

the  r eac t ion  Ba(OH)2*8H$ + C 0 2  + BaCaO3 + 9H20 and u t i l i z i n g  fixed-bed 

c a n i s t e r s  of barium hydroxide has been developed a t  ORNL. A t  ambient t e m -  

pe ra tu re s  and pressures ,  t h i s  process is capable of removing C 0 2  (330 
pp%) i n  a i r  t o  concentrat ions of <lo0 ppb,. 

i n d i c a t e  equi l ibr ium concent ra t ions  t o  be a t  the  p a r t - p e r - t r i l l i o n  

l eve  1 . 21 9 22 The product,  BaCO 3, possesses  exce l l en t  thermal and chemical 

s t a b i l i t y  s ince  i t  decomposes at 145OOC and is spa r ing ly  so lub le  i n  water 
(0.124 mmol/L a t  25OC). 23, 24 

undergoes 100% conversion, thus ensuring an extremely s t a b l e  material 

f o r  f i n a l  disposal .  Gas throughputs a r e  such t h a t  r e a c t o r  s i z e  remains 

p r a c t i c a l  f o r  t he  t reatment  of a n t i c i p a t e d  process streams. For a design 

s u p e r f i c i a l  ve loc i ty  of 13 cm/s, a r e a c t o r  with a diameter of 0.70 m 

(27 in.)  would be required f o r  t he  t reatment  of a 170-m3/h (100-ft3/min) 

off-gas stream with a C 0 2  content  of 330 pp%. 

s t u d i e s  have not been completed, i n i t i a l  comparative s t u d i e s  with alter- 

n a t i v e  technologies have ind ica t ed  the  process t o  be extremely cost  

competitive. 16, 2os 25-33 

Thermodynamic ca l cu la t ions  

Furthermore, t he  so lub le  r eac t an t  

Although ex tens ive  cos t  

The est imated process cos t  is <$lO/man-rem. 
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For an in-depth review of B a ( O H ) 2  hydra te  chemistry and i t s  reac- 

t i v i t y  toward C02,  r e f e r  t o  re f .  32. The i n t e n t  of t he  next t h ree  sec- 

t i o n s  w i l l  be t o  document the  r eac t an t  used i n  these  s t u d i e s  and t o  

h igh l igh t  t he  r e s u l t s  of t he  micro- and bench-scale experimental  s t u d i e s  

as reported i n  re f .  22. 

2. Ba(0H) 2-8H.9 REACTANT 

Experimental s t u d i e s  concentrated upon t h e  use of f l akes  of 

Ba(OH),*8H20e 

r e a c t i v e  toward C 0 2  than  e i t h e r  t he  tri- o r  mono-hydrate. 

(Fig. 1) i s  a free-flowing s o l i d  and when reac ted  with C 0 2  under proper 

condi t ions,  t he  f l a k e  form remains i n t a c t  upon conversion t o  BaC03. 

Vendor s p e c i f i c a t i o n s  i n d i c a t e  t h a t  t he  material is  subs to ich iometr ic  i n  

water and possesses an o v e r a l l  hydrat ion of 7.0 t o  7.9 H20. Discussions 

wi th  the  vendor ind ica t ed  t h a t  t he  water def ic iency  is i n t e n t i o n a l  so as 

These s t u d i e s  showed t h a t  t h i s  chemical spec ies  was more 

The material 

t o  ensure a free-flowing, .nonst icking.product .  

The f l a k e s  are prepared by d l s t r i b u t i n g  a Ba(OH)2 hydrate  magma 

(-78OC) on a s t a i n l e s s  steel conveyor b e l t ,  which is cooled on t he  under- 

s i d e  with cool ing water. 34 

th icknesses  [an average thickness  -0.10 c m  (1/16 in . ) ]*  The r e s u l t s  of a 

p a r t i c l e - s i z e  a n a l y s i s  on material o r i g i n a t i n g  from two batches are pre- 

sen ted  i n  Table 1. Analysis  of samples obtained from these  batches indl-  

ca ted  s to i ch iomet r i e s  of approximately 7.5 and 7.0 H20,  respec t ive ly .  For 

a given batch, l i t t l e  v a r i a t i o n  w a s  observed in the ex ten t  of hydration. 

X-ray ana lys i s  of t he  two samples f a i l e d  t o  confirm t h e  presence of 

Ba(0H)  2'3H20, t he  next s t a b l e  hydrate  of lower s toichiometry.  However, 

t h e  ex is tence  of a B a ( 0 H )  2.3H$-Ba(OH) 208H2O e u t e c t i c  with an o v e r a l l  

water s toichiometry of 7.19 has been r e p ~ r t e d . ~ ~ , ~ ~  

t h e  t r i h y d r a t e  spec ie s  w a s  not de tec ted  because of i ts  extremely small 

c r y s t a l l i t e  s ize .  Sorpt ion isotherm s t u d i e s  ind ica t ed  t h a t  the  r eac t an t  

displayed n e g l i g i b l e  microporosity (d < 2 nm) o r  r e s t r i c t i v e  mesoporosity 

(2  nm < d < 150 nm). Mercury porosimetry s t u d i e s  ind ica t ed  t h a t  t he  pore 

The r e s u l t i n g  f l a k e s  have va r i ab le  

We speculated t h a t  



ORNL-Photo 6941-81 

Photograph of commercial Ba(0H) f lakes and BaC03 flakc 
product was obtained at  a proceba ‘ d a t i v e  h u d d i t y  <60X. 

(Original photograph: 7.3 by 9.5 CUI, magnification, 16.5 and 13X, 
respect ive ly . )  
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Table 1. P a r t i c l e - s i z e  a n a l y s i s  of commercial B a ( 0 H )  2*8H20 
f l a k e s  obtained from two d i f f e r e n t  batches 

4 +  

8 + 4  

20 + 8 

50 + 2 

120 + 

4.75 

2.36 + 4.75 

0.850 + 236 

P a r t i c l e  s i z e  Weight percent 
Mesh mm Batch 1 Batch 2 

18.5 5.8 

46.9 33.0 

31.6 54.5 

0.300 + 0.85 

0.125 + 0.300 

+' 120 + 0.125 

2.0 

0.4 

0.6 

4.9 

1.2 

0.6 

s i z e  d i s t r i b u t i o n  was bimodal with maxima of 0.17 and 1.0 wn and t h a t  t h e  

f l a k e  poros i ty  was  12%. When a f l a k e  was exposed t o  a water vapor 

pressure  less than o r  greater than t h e  vapor pressure  of Ba(OH)2-8H20, t h e  

material e i t h e r  dehydrated t o  the  t r i h y d r a t e  o r  hydrated t o  t h e  octahy- 

dra te .  Rehydration w a s  observed t o  proceed in one of two regimes and was 

dependent upon t h e  r e l a t i v e  humidity. This f a c t o r  w i l l  be addressed in 

subsequent sec t ions .  The best c o r r e l a t i o n  f o r  p r e d i c t i n g  the  vapor 

pressure  of Ba(0H)  2-8H2O appears t o  be t h a t  presented by Kondakov 

e t  al. : 37 

58230 + 13.238, 19.155T log P = - 
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where 

P = pressure,  Pa or  N/&, 
T = temperature,  K.' 

A comprehensive, chronological  review of t he  published vapor pressure  

da t a  on Ba(OH)2*8H20 is presented i n  re f .  22. 

Operating condi t ions e x i s t  f o r  which the  i n t e g r i t y  of t he  f l a k e  form 

Because of t he  low molar volume of is r e t a ined  upon conversion t o  BaCO3. 

t h e  product as compared t o  t h a t  of t he  r eac t an t  (a  r a t i o  of 0.31) and an 

i n i t i a l  p a r t i c l e  voidage of 12%, one would p red ic t  a f i n a l  product poros- 

i t y  of 73%. Mercury porosimetry s t u d i e s  have shown product p o r o s i t i e s  of 

66 t o  72%. Visual  evidence of t h i s  po ros i ty  m y  be observed by comparing 

scanning e l e c t r o n  micrographs of t he  r eac t an t  and product (Fig. 2). 

The following Ba(OH)2 hydrate  nomenclature will be used i n  the  

remainder of t h i s  paper: The subs to ich iometr ic  f l a k e s  w i l l  be r e f e r r e d  t o  

as commercial Ba(0H) 2*8H$ ( 7 . 5 ) .  

i n  parenthes is  will r e f e r  t o  the  i n i t i a l  hydrat ion s toichiometry.  The 

term Ba(OH)2*8H20 will r e f e r  t o  the  s t a b l e  c r y s t a l l i n e  spec ie s  with 8 

waters of hydration. 

Where i t  is of s ign i f i cance ,  the  term 

3. MICROSCALE STUDIES 

Basic s t u d i e s  were conducted on the  hydrates  of Ba(OH)2 and the  

BaC03  product r e a l i z i n g  t h a t  an understanding (or  a t  l e a s t  an awareness) 

of phenomena which occur on the  microscale is o f t en  required t o  develop 

an understanding of macroscale phenomena. Ana ly t i ca l  techniques con- 

s i s t e d  of: (1) scanning e l e c t r o n  microscopy; (2)  mercury i n t r u s i o n  f o r  

porosimetry determination; (3)  acid-base t i t r a t i o n s  and o v e r a l l  lnass 

balances t o  determine the  ex ten t  of conversion and hydrat ion;  (4) x-ray 

d i f f r a c t i o n  ana lys i s ;  ( 5 )  s ing le -po in t  BET ana lys i s ;  and (6) operat ion of 

a microbalance system whereby s t u d i e s  of a k i n e t i c ,  thermodynamic, and 

su r face  morphological na ture  could be performed on 1 5 0 7  samples (Figs. 3 

and 4). Resul ts  from these  s t u d i e s  were use fu l  i n  the  c h a r a c t e r i z a t i o n  

of the  Ba(0H) 2*8H$ r eac t an t ,  which was reported i n  t h e  preceding sec t ion .  

The i n t e n t  of t h i s  s e c t i o n  is t o  h igh l igh t  experimental  r e s u l t s  from the  

microscale s tud ie s ,  which are as follows: 
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ORNL-Photo 1305-83 

Fig. 2. Scanning electron micrographs of a f lake  of cormnercial 
Ba(OH)2*8H20 (top) and the BaC03 product. 
process humidity <60% (or ig inal  photo, 8.9 x 11.4 cm; magnification, 
5 0 0 0 ~ ) .  

The product was obtained a t  a 
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1. Methods t o  prepare Ba(OH), *H$, Ba(0H)  2-3H20, and Ba(OH)2*8H20 

w e r e  developed, and the  presence of t hese  spec ie s  w a s  confirmed. 

2. 

s u r f a c e  area. 

two regimes. For r e l a t i v e  humidi t ies  <60%, t h e  inc rease  in su r face  area 

was small and the  f l a k e  form remained i n t a c t .  For r e l a t i v e  humidi t ies  

>60%, the  f l a k e  r e c r y s t a l l i z e d  in a manner which r e su l t ed  i n  g r e a t e r  sur-  

f a c e  area, but the  inc rease  in a c t i v i t y  a l s o  r e s u l t e d  in a more f r a g i l e  

product . 

Commercial Ba(OH)2*8H$ f l a k e s  were found t o  d isp lay  n e g l i g i b l e  

Hydration t o  Ba(OH)2*8H20 was observed t o  proceed in one of 

3. Dehydration of commercial B a ( 0 H )  2*8H20 t o  Ba(0H) 2*3H20 and sub- 

sequent rehydrat ion t o  Ba(0H)  2*8H$ at  r e l a t i v e  humidi t ies  <60% was 

modeled by a shr inking  core model. The r e l a t i v e  rate w a s  found t o  be 

dependent upon the  d i f f e rence  between the  water sorbed on the  su r face  f o r  

a given P/P, value (i.e., f r a c t i o n  of s a t u r a t i o n  pressure  o r  r e l a t i v e  

humidity/100) and t h a t  requi red  on t he  su r face  f o r  B a ( 0 H )  2-8H20 t o  e x i s t  

i n  a s t a b l e  form. 

4. There w a s  evidence of cons iderable  hydrogen bonding wi th in  t h e  

B a ( O H ) 2 * 8 H 2 0  c r y s t a l .  These r e s u l t s  p a r a l l e l e d  the  c rys ta l lography stud- 

ies of Monohar and Ramaseshan in which they c i t e d  d i f f i c u l t y  in d i f f e ren -  

t i a t i n g  the  loca t ion  of t he  hydroxyl ions from the  waters of hydration.38 

5. The vapor pressure  c o r r e l a t i o n  f o r  Ba(OH)2-8H20 c i t e d  i n  the  pre- 

vious sec t ion  w a s  i n d i r e c t l y  v e r i f i e d  a t  two temperatures. 

6 .  A t  low C02 vapor pressures ,  Ba(OH)2*8H20 was observed t o  be th ree  

o rde r s  of magnitude more r e a c t i v e  toward COP than  e i t h e r  Ba(OH)2*3H20 o r  

B a ( 0 H )  2-H20. 

7. For r e l a t i v e  humidi t ies  <60%, the  inc rease  in su r face  area w i t h  

product conversion was  found t o  be a very s t rong  func t ion  of t he  s p e c i f i c  

rate of r eac t ion  and was  not a l i n e a r  func t ion  of conversion. 

8. The su r face  area of B a C 0 3  product w a s  determined t o  be a func t ion  

of r e l a t i v e  humidity. In a manner analogous t o  the  dehydration of commer- 

- c ia l  Ba(0H) 2*8H2O and t h e  rehydrat ion of Ba(0H)  2'3H20, sur face  water 

appeared t o  a i d  in t h e  t r anspor t  of t he  reacttpt and product spec ies ,  thus  

r e s u l t i n g  i n  lower su r face  areas a t  h igher  values  of P/PO. 
authors  f e e l  t h a t  t he  inc rease  in su r face  water could not account f o r  t he  

However, t h e  
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d r a s t i c  d i f f e r e n c e  in C02 r e a c t i v i t y  observed f o r  t h e  various hydrate spe- 

cies. The d i f f e r e n c e  i n  r e a c t i v i t y  appears t o  r e s u l t  from the  a d d i t i o n a l  

water in t h e  c r y s t a l  s t r u c t u r e  and t h e  greater mobi l i ty  of the  hydroxyl 

ions . 
9. Since a n a l y s i s  of n i t rogen  s o r p t i o n  i so therm da ta  gave no ind ica-  

t i o n s  of h y s t e r e s i s ,  i f  c a p i l l a r y  condensation should occur, one would 

specu la t e  i t  would r e s u l t  from t h e  w a l l  e f f e c t s  of nonci rcu lar  pores 

(e.g., V-shaped po in t s  of i n t e r s u r f a c e  contac t ) .  Deta i led  information 

appears in re f .  22. 

4. FIXED-BED MICROSCALE STUDIES 

Over 18,000 hours of experimental  ope ra t ing  t i m e  have been completed 

on f ixed  beds of Ba(OH)2*8H2O0 

l eng th )  t y p i c a l l y  contained 2.9 t o  4.3 kg of reac tan t .  

These beds (10.2-cm I D  x 30 t o  50-cm 

A schematic of t h e  

experimental  system, which has been descr ibed  in d e t a i l  in a previous 

paper,22 is presented in Fig. 5. 

w a s  t o  determine t h e  e f f e c t s  of a i r  flow rate ( s u p e r f i c i a l  gas v e l o c i t i e s  

of 7 t o  21 c m / s ) ,  ope ra t ing  temperature (22 t o  42OC), and water vapor 

pressure  o r  r e l a t i v e  humidity ( 0  t o  80%) on t h e  ope ra t iona l  charac- 

t e r i s t i c s  of t h e  f i x e d  bed, most notably (1 )  t h e  shape of the  breakthrough 

curve and (2) t h e  pressure  drop ac ross  t h e  f i x e d  bed. Since t h e  r e a c t i o n  

is endothermic, t h e  r e a c t o r  was jacke ted  and t h e  temperatures of t he  

i n f l u e n t  and e f f l u e n t  streams were he ld  constant.  

t y p i c a l  breakthrough curve and pressure  drop p lo t .  For t h i s  p a r t i c u l a r  

run, t he  pressure  drop inc rease  w a s  no t i ceab le  and w a s  not s o l e l y  a func- 

tion of bed conversion. 

The i n t e n t  of t h i s  aspec t  of t he  study 

Figure 6 presents  a 

I n  t h e  course of t hese  fixed-bed s t u d i e s ,  i t  w a s  observed t h a t  f o r  a 

given mass throughput, c e r t a i n  process condi t ions  r e s u l t e d  in a greater 

pressure  drop than others.  I n  s e v e r a l  i n s t ances ,  t he  inc rease  in pres su re  

drop during a run behaved in an a u t o c a t a l y t i c  manner and necess i t a t ed  

d i scon t inua t ion  of t h e  run. The inc rease  in pressure  drop appeared t o  

r e s u l t  from two phenomena: (1) a slow gradual  i nc rease  t h a t  was a func t ion  
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of bed conversion and (2) a rap id  i n c r e a s e  t h a t  w a s  a func t ion  of r e l a t i v e  

humidity. The magnitude of t h e  l a t t e r  o f t e n  overshadowed the  former. The 

observed pressure  drop, p l o t t e d  as a func t ion  of r e l a t i v e  humidity at  two 

temperatures (295 and 305 K) and a s u p e r f i c i a l  v e l o c i t y  of d 3  c m / s ,  is 

presented  in Fig. 7. It is s i g n i f i c a n t  t h a t  t h e  da t a  are c o n s i s t e n t  a t  

t h e  two temperatures even though t h e  s a t u r a t i o n  vapor p re s su res  d i f f e r e d  

by a f a c t o r  of 1.8. Furthermore, t h e  dependency upon r e l a t i v e  humidity 

i n d i c a t e s  t he  presence of a su r face  adso rp t ion  phenomenon. For phys i ca l  

adsorp t ion  on su r faces ,  t h e  ex ten t  of adso rp t ion  is dependent upon the  

ex ten t  of s a t u r a t i o n ,  P/Po, o r  in t h e  case of water, t h e  r e l a t i v e  humi- 

d i ty .  The f a c t  t h a t  t h e  p re s su re  drop became more severe  a t  -60% r e l a t i v e  

humidity i n d i c a t e s  t h a t  c a p i l l a r y  condensation is l i k e l y  present.  Since 

no h y s t e r e s i s  was observed during n i t rogen  adso rp t ion  s t u d i e s ,  we can 

specu la t e  t h a t  t he  condensation occurs a t  V-shaped contac t  p o i n t s  o r  

pores. The presence of t h e  condensed water then provides sites of r ap id  

r e c r y s t a l l i z a t o n .  Because t h e  f l aked  r e a c t a n t  was prepared by t h e  rap id  

cool ing  of a magma t h a t  w a s  subs to i ch iomet r i c  in octahydra te  (7.0 t o  7.9 

waters of hydra t ion) ,  t h e  rate of r e c r y s t a l l i z a t i o n  is very l i k e l y  

enhanced by a need t o  reduce i n t e r n a l  energy locked wi th in  t h e  f l ake .  

This energy may be present  as d e f e c t s  w i th in  t h e  c r y s t a l l i t e s  o r  su r f ace  

energy r e s u l t i n g  from t h e  small s i z e  of t h e  c r y s t a l l i t e s  and t h e  presence 

of t h e  B a ( 0 H )  2=3H2Ba(OH) 208H2O e u t e c t i c .  

B a ( 0 H )  2-8H2O f l a k e s  a f t e r  r e c r y s t a l l i z a t i o n  a t  a r e l a t i v e  humidity >60% 
are presented in Fig. 8. For rehydra t ion  a t  lower humidi t ies ,  e x t e r n a l  

changes of t he  f l a k e  were small. 

Photographs of commercial 

The f u n c t i o n a l  dependency of p re s su re  drop upon r e l a t i v e  humidity is 

h e l p f u l  i n  understanding t h e  a u t o c a t a l y t i c  p re s su re  drop behavior observed 

a t  high r e l a t i v e  humidities.  

cen t r a t ion ,  any inc rease  i n  system p res su re  a t  cons tan t  temperature w i l l  

r e s u l t  in an inc rease  in t h e  water vapor p re s su re  and l ikewise  t h e  rela- 

t i v e  humidity, P / P p  Therefore,  as t h e  p re s su re  drop ac ross  t h e  bed 

inc reases ,  so  does t h e  r e l a t i v e  humidity w i t h i n  t h e  bed and each continues 

For a f i x e d  i n f l u e n t  water vapor con- 
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ORNL-Photo 1306-83 

Fig. 8. Top and bottom views of a commerical Ba(OH)2*8H20 flake 
subjected t o  re la t ive  humidity >60%. (Original photograph: 2.85 by 3.75 
in.  ; magnification, 16.5 and 13X, respectively.  
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t o  increase  u n t i l  t h e  run must be terminated. A t  lower r e l a t i v e  humidi- 

ties, the  rate of i nc rease  i n  pressure  drop as a func t ion  of r e l a t i v e  

humidity i s  not s u f f i c i e n t  t o  au toca ta lyze  the  process. 

The pressure  drop dependency upon relative humidity a l s o  restricts the  

upper flow rate t h a t  t he  process  may treat. Increased gas flows r e s u l t  in 

g r e a t e r  pressure drops across  the  bed (i.e., a g r e a t e r  pressure  a t  the  

en t rance  t o  the  bed). Therefore,  t he  r e l a t i v e  humidity a t  the  en t rance  of 

t h e  bed mst be <60%, but t he  i n f l u e n t  water vapor pressure  must be 

g r e a t e r  than the  d i s s o c i a t i o n  vapor pressure  of Ba(OH)2*8H20.  

Extensive modeling s t u d i e s  were performed on the  breakthrough curves 

from the  fixed-bed s tudies .  Because of t he  na tu re  of the  governing par- 

t i a l  d i f f e r e n t i a l  equat ions and t h e i r  r e spec t ive  boundary condi t ions,  

s o l u t i o n s  were of a numerical  nature.  An in-depth review of the  method of 

a n a l y s i s  and of t he  a s soc ia t ed  assumptions is presented elsewhere. 22 

a n a l y s i s  ind ica ted  t h a t  t he  rate expression could be modeled by an 

equat ion of the  form: 

The 

R = KpAo(1 - X)C, 

where 

KF = gas f i l m  mass t r a n s f e r  c o e f f i c i e n t ,  

A 0  = i n i t i a l  su r f ace  area a v a i l a b l e  f o r  mass t r a n s f e r ,  

X = f r a c t i o n a l  conversion of r eac t an t ,  

C = bulk C02 concentrat ion.  

Data ana lys i s  indicated KFAO t o  be a weak func t ion  of temperature and 

a s t r o n g  func t ion  of ve loc i ty ,  i n d i c a t i v e  of gas-film control .  

Considerable d ispers ion  in t he  value of t he  KpAo c o e f f i c i e n t s  was observed 

f o r  a given mass throughput. There were i n d i c a t i o n s  t h a t  the  d ispers ion  

r e s u l t e d  from d i f f e rences  in t he  a c t u a l  area a v a i l a b l e  f o r  mass t r a n s f e r  

and the  poss ib le  presence of l oca l i zed  channeling. Based upon published 

c o r r e l a t i o n s  f o r  the  Kp c o e f f i c i e n t ,  t he  c o r r e l a t i o n  f o r  t he  KpAo 
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c o e f f i c i e n t  possessed a g r e a t e r  func t iona l  dependency upon v e l o c i t y  than 

expected. 

w a s  c h a r a c t e r i s t i c  of reported values i n  t h e  l i t e r a t u r e .  

ies were conducted on f laked  ma te r i a l  wi th  considerable  i n t e r p a r t i c l e  

contact ,  we specula te  t h a t  t he  amount of su r face  area a v a i l a b l e  f o r  mass 

t r a n s f e r  increased as a func t ion  of gas ve loc i ty ,  thus r e s u l t i n g  i n  the  

g r e a t e r  than a n t i c i p a t e d  func t iona l  dependency of KpAo upon ve loc i ty .  

This f a c t o r  m y  a l s o  account f o r  t he  g r e a t e r  than a n t i c i p a t e d  d i spe r s ion  

i n  KFAO as some loca l i zed  packing arrangements would be more conducive t o  

r e s t ruc tu r ing .  

curves are presented i n  Fig. 9. 

However f o r  r ep resen ta t ive  values  of Ao, t he  magnitude of Kp 

Because the  stud- 

Representat ive breakthrough curves and the  model-predicted 

5. PILOT DEVELOPMENT STUDIES 

The next s t e p  i n  t h e  development of t h i s  technology f o r  14C con t ro l  

w a s  t he  design, cons t ruc t ion ,  and opera t ion  of a p i lo t - sca l e  process. 

S p e c i f i c  goals  of t h i s  aspect  of process development were t o  provide: 

1. t he  basis f o r  t he  design of a 14C immobilization module f o r  

f u t u r e  t e s t i n g  under r ad ioac t ive  condi t ions;  

2. da t a  at opera t ing  condi t ions not achievable  with present  

bench-scale equipment, i n  p a r t i c u l a r ,  opera t ion  a t  near -ad iaba t ic  

condi t ions;  

3. necessary sca le -up  da ta ;  and 

4. opera t ing  da ta  on key hardware items and instrumentat ion.  

Figure 10 gives  a flow schematic of t he  14C Immobilization p i l o t  

u n i t ;  a photograph of t he  system is presented I n  Fig. 11. The designed 

gas throughput at  a s u p e r f i c i a l  ve loc i ty  of 13 cm/s i n  the  r eac to r  is 

34 m3/h (20 f t3/min) .  

30.5-cm-ID c a n i s t e r s  loaded with 32 kg (70 l b )  of commercial Ba(OH)2.8H20 

reac tan t .  A second cann i s t e r ,  24.4-cm-ID, enabled process opera t ion  a t  a 

s u p e r f i c i a l  ve loc i ty  of 20 cm/s f o r  t he  previously referenced flow rate of 

34 m3/h. Continuous opera t ion  of t he  process is poss ib le  because of the  

s i z e  of t he  canisters and the  r e l a t h e l y  long loading times p r i o r  t o  CO, 

The system c o n s i s t s  of two r e a c t o r s  which contain 
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breakthrough. This f a c t o r  and i t s  p o t e n t i a l  s ign i f i cance  will be 

addressed i n  a later sec t ion .  I n  the  subsequent s ec t ions ,  var ious aspec ts  

of the  14C Immobilization p i l o t  u n i t  will be discussed. 

are intended t o  descr ibe  the  process i n  greater d e t a i l ,  ci te p o t e n t i a l  

problem areas, recommend process instrumentat ion,  and provide genera l  

design and opera t ing  information. 

These sec t ions  

5.1 GAS FLOW STATIONS 

Blending of the 14C immobilization p i l o t  u n i t  which cons is ted  of a i r ,  

steam, and C02 feed gas was  an important aspect  of t h i s  study (Fig. 10). 

Air  was obtained from an in-house a i r  supply system (dewpoint <-4O"C) and 

back-up a i r  was  provided by a supply system cons i s t ing  of a 

Kellogg-American Model 340 a i r  compressor, an a f te r -cooler ,  and a 

Kellogg-American Kel-Air Model 35 dryer. Steam w a s  obtained from an in- 

house, 100 psig,  process steam l i n e  and C02 w a s  obtained from a gas mani- 

f o l d  with cyl inders .  The flow r a t e s  of a i r  (0-25 f t3 /min) ,  steam 

(0-9.99 L/min), and C02 (0-500 scm) were m n i t o r e d  with Hastings-Raydist 

Model FC-2P mass flow meters. For a i r  flow, pressure  (100 ps ig)  w a s  

reduced via a Masoneilaw pressure regula tor ,  and flow was regulated via a 

1.5-in. ga t e  valve. 

s i o n a l  c h a t t e r  of t he  pressure  r egu la to r  occurred. Hastings-Raydist 

Model FC-2P flow c o n t r o l l e r s  and con t ro l  valves were used f o r  con t ro l  of 

steam and COP flow rates. During the  course of t he  experimental  s t u d i e s ,  

no COP w a s  added t o  the  process stream and hence, t he  C02 flow con t ro l  

system was t e s t e d  only during process shakedown. 

The flow rate was extremely s t a b l e  although occa- 

A s  discussed i n  a preceeding sec t ion ,  r e l a t i v e  humidity is a c r u c i a l  

va r i ab le  i n  the  opera t ion  of t h i s  process. During these  s tud ie s ,  t he  

r e l a t i v e  humidity w a s  con t ro l l ed  by the  metered add i t ion  of steam t o  the  

dry a i r  stream and by con t ro l  of t he  gas stream temperature and pressure.  

A d e t a i l e d  schematic of t he  steam supply system is given i n  Fig. 12. 

Process steam (100 ps ig )  was f i l t e r e d  and coddensate was removed via a 

bucket-type steam t rap .  

p s ig  upon passing through a Masoneilaw pressure regulator .  The 

Steam pressure  was  reduced from 100 ps ig  t o  20 
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superheated steam then en tered  a thermal box (+12OoC) and passed through a 

prehea ter  (13OoC), one of two flow con t ro l  valves,  and one of two mass 

flow transducers.  

as t o  remove or  blow out any condensate t h a t  might be present  i n  the  pre- 

heater .  The metered steam w a s  then routed t o  the  a i r  supply l i n e  where i t  

was i n j e c t e d  a t  the  a x i a l  cen ter l ine .  A l l  external steam l i n e s  were insu- 

l a t e d  and seve ra l  were wrapped and heated with furnace wire. 

box was constructed of aluminum and i ts  top could be removed f o r  access t o  

the  flow tranducers ,  valves,  etc. The box w a s  i n su la t ed  with 3.8-cm 

(1.5 in.) of F iber fax  in su la t ion .  The temperatures of t he  steam prehea ter  

and thermal box were cont ro l led  by Barber-Coleman model 5272 temperature 

con t ro l l e r s .  For the  thermal box, heat  was  suppl ied by a Calrod hea te r  

and a i r  c i r c u l a t e d  by a blower coupled t o  a Eastern Model B-1 motor. 

Because of the  e leva ted  temperature of t he  thermal box (12OoC), t h i s  motor 

and the  two s tepping motors f o r  t he  flow con t ro l  valves  were located 

external t o  the  box as shown i n  Fig. 12. Temperatures throughout t he  

system were monitored with Type K thermocouples and an Omega Trendicator  

d i g i t a l  output. 

A por t ion  of t he  steam from t h e  prehea ter  was vented so 

The thermal 

The steam flow c o n t r o l l e r  w a s  e l e c t r o n i c a l l y  coupled t o  the  a i r  flow 

meter so as t o  in su re  a constant  steam/air r a t i o ,  because of t he  impor- 

tance of r e l a t i v e  humidity as a process var iab le .  Although f l u c t u a t i o n s  

i n  a i r  flow were seldom, t h i s  procedure insured  g r e a t e r  consis tancy of t he  

process relative humidity. The c a l i b r a t i o n  curve f o r  t he  mass flowmeter 

w a s  only used t o  provide an approximate valve,  because of t he  d i f f i c u l t i e s  

a s soc ia t ed  with the  determinat ion of mass flow near  s a t u r a t i o n  o r  dewpoint 

conditions.  A l l  water concentrat ions used i n  the  eva lua t ion  of the  

experimental  da ta  w e r e  obtained by gas stream ana lys i s  v i a  a dewpoint 

hygrometer ( t r aceab le  t o  the  Nat ional  Bureau of Standards). A d e t a i l e d  

d iscuss ion  of t he  gas ana lys i s  ins t rumenta t ion  w i l l  be presented i n  a 

subsequent sect ion.  
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S ign i f i can t  problem areas included: (1) gradual  degradation of thermo- 

couple wires in t he  thermal box, (2) occasional  thermal-related problems 

wi th  the  steam con t ro l  valves ,  and (3) occasional  c h a t t e r  of the  pressure  

reduct ion regula tor  f o r  t he  a i r  stream. 

because of the  per iodic  blow down of t he  bucket-type steam trap.  There- 

f o r e ,  a continuous t r ap ,  such as an o r i f i c e  t r ap ,  is recommended f o r  con- 

densate  removal. No d e t a i l e d  s t u d i e s  were conducted t o  determine the  

long-term s t a b i l i t y  of t he  f ac to ry  c a l i b r a t i o n  of t he  mass flowmeters. 

However, the u n i t s  did opera te  in an acceptab le  manner under r a t h e r  

s t r i n g e n t  condi t ions although high temperature cables  are recommended. 

The seals in the  flow con t ro l  valves  did s u f f e r  thermal degradation, and 

one valve f a i l e d  and complete c losure  of these  valves  w a s  o f t en  d i f f i c u l t .  

Steam flow did f l u c t u a t e  s l i g h t l y  

5.2 PILOT UNIT DESIGN 

The p r inc ipa l  material of cons t ruc t ion  f o r  t he  p i l o t  u n i t  was s t a i n -  

less steel; e.g., s t a i n l e s s  steel 0.75-in. tubing was used f o r  bulk gas 

flow. Flow cont ro l  (on/of f )  was poss ib le  v i a  pneumatically actuated 

0.75-in. Whitey ball valves. The temperature (Fig. 10) of the  process 

stream was cont ro l led  by Wellman 3000 Watt, 240 v o l t  electric hea te r s  

which were connected t o  Barber-Coleman Model 5272 temperature con t ro l l e r s .  

Thermocouples (Type K) t h a t  were connected t o  a Cole-Parmer Model 8388 

scanner and Omega Trendicator  d i g i t a l  temperature output were located 

throughout the  system. Figure 13 shows t h a t  a cann i s t e r  ( e i t h e r  10- or  

12-in.-ID) in s ide  the  14-in.-ID reac to r  ves se l  contained the  Ba(OH)2*8H20 

f laked  reactant .  The two reac to r s  used In t h i s  s tudy were I d e n t i c a l  with 

the  exception t h a t  t he  porous stainless s t e e l  gas d i s t r i b u t o r  p l a t e  was 
not included i n  the  second reac tor .  We speculated t h a t  plugging of t he  

s i n t e r e d  metal f r i t  o r  d i s t r i b u t o r  could be a s i g n i f i c a n t  problem and t h a t  

t he  f ixed  bed would provide adequate d i s t r i b u t i o n  of t he  gas, and the  

la t ter  was  determined t o  be t he  case. The s i n t e r e d  metal d i s t r i b u t o r  

r e su l t ed  in a pressure  drop of 1.37 kPa (0.2 psig).  Although the  r eac to r  

ves se l s  a r e  designed t o  meet the  pressure code a t  150 psig,  the ves se l s  

were not coded because of t he  an t i c ipa t ed  experimental  condi t ions,  t he  

t i m e  involved f o r  coding, and the  cost .  To abide by pressure code 

requirements f o r  uncoded vesse l s ,  a 11.1 ps ig  rupture  d i s c  (Size 3, 

Type CDC, material 316 TEF, Cont inental  Disc Corporation) w a s  i n s t a l l e d  in 

t he  system. 



26 

ORNL DWG 8 5 - 7 5 5  

5 0 x  100 ME 
SUPPORTED 
4 x 4  MESH 

SH 
ON 

Fig. 13. Schematic of the reactor housing and cannister. 



27 

The gas flow through the  r e a c t o r  w a s  upflow. A sc reen  

placed on top  of t he  r eac t an t  t o  minimize bed expansion and 

f l u i d i z a t i o n .  Typical ly ,  t h e  bed depth would inc rease  from 

assembly w a s  

p a r t i c l e  

43.0- t o  

48.3 c m  (17 t o  19 in .  ) during a run. 

d i spe r se r  w a s  monitored wi th  a Jhyer  Photohelix. I n  the  course of these  

s t u d i e s ,  no s i g n i f i c a n t  i nc rease  i n  pressure  drop across  the  d i spe r se r  (an 

i n d i c a t i o n  of plugging) was observed. Pressure  and thermocouple po r t s  a t  

t h e  top and bottom of the  r e a c t o r  enabled the  monitoring of absolu te  and 

d i f f e r e n t i a l  p ressures  and temperatures. The e f f l u e n t  gas passed through 

a HEPA f i l t e r  (Model M6-G, Ultra Aire@ F i l t e r  manufactured by MSA, 

r e s i s t a n c e  of 0.90 @ 50 cfm) i n  the  event of s i g n i f i c a n t  p a r t i c l e  

e l l u t r i a t i o n  from the  f ixed  bed. Dwyer Photohel ix  d i f f e r e n t i a l  p ressure  

sensors  were used t o  monitor t he  pressure  drop across  the  f i l t e r s  and t o  

determine the  ex i s t ence  of s i g n i f i c a n t  p a r t i c l e  loadings on the  f i l t e r s .  

During the course of these  s tud ie s ,  no problems were observed. The 

e f f l u e n t  gas then flowed e i t h e r  through a second prehea ter  and r e a c t o r  

p r i o r  t o  flowing through a Cash Acme Type F'R, 0.75-in. s i z e  back pressure  

r egu la to r  o r  flowed d i r e c t l y  t o  the  back pressure  regulator .  The t y p i c a l  

back pressure  a t  the  r egu la to r  was 109.6 kPa (1.2 psig) .  

The pressure  drop across  the  gas 

The spent r eac t an t  was removed i n  one of two ways a f t e r  COz 

breakthrough and column loading. The c a n i s t e r s  (Pig. 11) may be removed 

from the  r eac to r  ves se l  via a 0.5-ton boom crane manufactured by Contrx 

Indus t r i e s ,  Inc. They can then e i t h e r  be disposed of o r  the  spent  reac- 

t a n t  t r a n s f e r r e d  t o  a l a r g e r  vessel .  A second method w a s  a l s o  used i n  

these  s tud ie s  i n  which the product w a s  d i r e c t l y  t r a n s f e r r e d  from the  

c a n i s t e r  via a vacuum system. 

With respec t  t o  suggested design changes, considerable  pressure  drop 

r e s u l t e d  from the  con t r ac t ion  and expansion of the  gas stream upon en ter -  

i n g  and leaving the  var ious  process ves se l s  and from flow through 0.75-in. 

tubing and f i t t i n g s  at these  flow condi t ions;  it is suggested t h a t  1.5- o r  

2-in. pipe be used on a system of similar s ize .  These s t u d i e s  have ind i -  

ca ted  t h a t  a s i n t e r e d  metal f r i t  is not requi red  t o  d i s t r i b u t e  the  gas. 
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A schematic of a prototype u n i t ,  capable of processing a 170 m3/h 

(100 f t3 /min)  air-based gas stream, is  shown in Fig. 14. The system con- 

sists of: (1)  a c a r t r i d g e  o r  drum housing, (2)  a s l i g h t l y  modified 55-gal 

s t a i n l e s s  steel drum conta in ing  the  reac tan t /product ,  (3) a connection 

cone, (4) a housing cap, and (5) a n c i l l a r y  plumbing hardware. 

Modifications t o  t h e  drum cons i s t  of: (1) s tandard  drum rims a t  each end, 

which are s e a l a b l e  with s tandard  drum l i d s  and con t r ac t ion  bands, and (2) 

a screen  g r i d  at the  base of t he  drum t o  support  t he  reactant /product .  

The drums could be loaded with B a ( O H ) 2 * 8 H #  r eac t an t  f l a k e s  e i t h e r  on or  

of f - s i te .  Upon CO2 breakthrough and loading,  t he  drums conta in ing  the  

B a l k 0 3  product would then be sen t  t o  a d i sposa l  s i t e  f o r  e i t h e r  d i r e c t  

s torage ,  or s to rage  as p a r t  of a concrete  matrix. For gas flow rates 

>170 m2/h, it is recommended t h a t  u n i t s  of s i m i l a r  s i z e ,  s i t u a t e d  in 

p a r a l l e l ,  be used. 

5.3 GAS ANALYSIS AND PROCESS INSTRUMENTATION 

Numerous 0.75- and 0.25-in. Whitey ball  valves  are loca ted  wi th in  the  

system f o r  bulk flow con t ro l  and f o r  gas sampling (Figs. 10 and 11). For 

valve ac tua t ion ,  e l e c t r o n i c  DC s i g n a l s  from a Texas 5TI l o g i c  c o n t r o l l e r  

are converted t o  penumatic s i g n a l s  using modular Humphrey TAC electric a i r  

valves. The Whitey ball  valves  were then ac tua ted  pneumatically via 

Whitey ac tua tors .  Gas samples m y  be rou t ine ly  taken and re turned  from 

any one of f i v e  po in t s  wi th in  the  system. Sampling from these  loca t ions  

may be con t ro l l ed  by the  l o g i c  con t ro l l e r .  The sample gas is f i l t e r e d  and 

a po r t ion  of i t  f ed  t o  e i t h e r  an EGdG Model 660 o r  a General Eastern 

Model 1200 APS hygrometer sensor.  These u n i t s  u t i l i z e  the  "vapor conden- 

s a t i o n  on a mirror"  p r i n c i p l e ,  thus providing a true dewpoint de te r -  

mination. The small sensor  volume and the  r e s u l t i n g  s m a l l  gas throughput 

(0.5 L/min) enables  t h i s  po r t ion  of t h e  gas sample t o  be vented t o  t h e  

atmosphere. 

maintain constant  sensor  pressure  because of the  s e n s i t i v i t y  of the  dew 

poin t  t o  pressure  changes. The pressure  is determined v i a  a Dwyer 

Magnahelix and an abso lu te  pressure  is determined v i a  knowledge of the  

A F a i r c h i l d  Model EB-1824 back-pressure r egu la to r  is used t o  
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barometric pressure.  The remainder of t h e  off-gas sample is pressur ized  

v i a  a metal bellows pump, fed t o  two knockout v e s s e l s  f o r  H,O removal, and 

then  s e n t  t o  a Wilks-Foxboro Miran 1A i n f r a r e d  spectrometer f o r  C 0 2  

ana lys i s .  

l yz ing  C 0 2  over t h e  continuous 100 ppb, t o  330 ppm, C O 2  range. 

throughput is apprec iab le  because of t h e  5.6-L sensor  volume and t o  ensure 

an  adequate response t i m e .  The sample stream is recyc led  t o  t h e  p i l o t  

un i t .  The fac to ry -ca l ib ra t ed  hygrometers are t r a c e a b l e  t o  t h e  National 

Bureau of Standards. The c a l i b r a t i o n s  are r o u t i n e l y  checked via the  

recombination of a 2.58% H20-0.544% 0 2  gas mixture in helium over a Nixox 

c a t a l y s t  (Houdry Chemicals) a t  20OoC; the  r e s u l t i n g  dewpoint is %8.1°C a t  

14.7 psig. The i n f r a r e d  spectrometer w a s  c a l i b r a t e d  and r o u t i n e l y  checked 

wi th  COZ-bearing gas s tandards  obtained from t h e  Bureau of Mines and com- 

mercial vendors. No i n t e r f e r e n c e  from l a r g e  v a r i a t i o n s  in water vapor 

concent ra t ion  w a s  observed. 

This l a t te r  u n i t ,  described e l s e w h e r e , * l ~ ~ ~  is capable of ana- 

The 

A s  p rev ious ly  c i t e d ,  gas p rehea te r s  c o n t r o l l e d  by Barber-Coleman 

S e r i e s  5272 temperature c o n t r o l l e r s  were loca ted  before  each r e a c t o r  so  as 

t o  provide the  des i r ed  i n f l u e n t  temperatures. The p res su re  drop ac ross  

each column and t h e  gauge p res su re  a t  t h e  base of t h e  column were moni- 

t o red  via Foxboro Model E13DH d i f f e r e n t i a l  p re s su re  cells. 

Photohelix p re s su re  gauges/switches monitor t h e  p re s su re  drop ac ross  t h e  
Dwyer 

gas d i s t r i b u t o r s  and HEPA f i l t e r s .  Thermocouples were loca ted  throughout 

t h e  system f o r  temperature c o n t r o l  and sensing. 

The o v e r a l l  p i l o t  u n i t  may be con t ro l l ed  by a 5TI l o g i c  c o n t r o l l e r  

manufactured by Texas Instruments. The u n i t  is c u r r e n t l y  capable of moni- 

t o r i n g  8 DC and 16 AC input  s i g n a l s  (X p r e f i x )  and provid ing  24 DC and 16 

AC output s i g n a l s  (Y pre f ix ) .  The input /output  r e l a y  des igna t ion  is pre- 

sen ted  in Fig. 15. 

The l o g i c  c o n t r o l l e r  monitors alarm s i g n a l s  from t h e  C02 analyzer ,  

hygrometer, flowmeters, timers, and p res su re  and temperature sensors.  

When proper ly  programmed, t h e  u n i t  is capable of sens ing  an alarm con- 

d i t i o n  such as a C 0 2  concent ra t ion  of 1 ppmv in t h e  e f f l u e n t  gas stream 

and a c t u a t i n g  va lves  in t h e  proper sequence, a t  prescr ibed  t i m e  i n t e r v a l s ,  

such t h a t  flow is d ive r t ed  t o  t h e  second column. Programming f o r  t he  



Inpu t  Assembly No. 1 
Terminal  

j e s i g n a t t o n  Terminal  name and type 

x-0 
x- 1 
x-2 
x-3 
x-4 
x-5 
X-6 
x-7 
X-8 
x-9 

x-10 
x-11 
x-12 
X - 1 3  
X-14 
X-15 
X-16 

X-17 

X-18 

x-19 

x-20 

x-2 1 

x-22 

X-23 

Manual switch/DC 
Manual swi tch/DC 

Air f low meter-low a la rm/DC 
30-h t i m e r / D C  
LO-h t i m e r / D C  
IR-high alarm/DC 
A i r  f low meter-high a l a r m / D C  

llyg r ome t e r -high alarm/ AC 
P h o t o h e l i c  No. 1-low alarm/AC 
P h o t o h e l i c  No. 1-high a l a r m / A C  
P h o t o h e l i c  No. 2-low a l a r m / A C  
P h o t o h e l i c  No. 2-high a l a r m / A C  
P h o t o h e l i c  No. 3-low a l a r m / A C  
P h o t o h e l i c  No. 3-high a l a r m / A C  
Temperature  c o n t r o l l e r a  

Temperature  c o n t r o l l e r  a 

Temperature  c o n t r o l l e r a  

Temperature  c o n t r o l l e r  p rehea te r  

Temperature  c o n t r o l l e r  h e a t e r  A, 

Temperature  c o n t r o l l e r  h e a t e r  B, 

Temperature  c o n t r o l l e r  steam pot 

Temperature  c o n t r o l l e r  thermal box 

No. 8-high alarm/AC 

No. 7-high alarm/AC 

No. 6-high alarm/AC 

No. 5-high alam/AC 

No. 4-high alarm/AC 

No. 3-high alarm/AC 

No. 2-high alarm/AC 

No. 1-high alarm/AC 

a Backup t empera tu re  c o n t r o l l e r s .  

Output Assembly No. 1 

d e s i g n a t i o n  Terminal n a m e  and type 
Terminal 

Y-0 
Y-1 
Y-2 
Y-3 
Y-4 
Y-5 
Y-6 
Y-7 
Y-8 
Y-9 

Y-10 
Y - 1 1  
Y-12 
Y-13 
Y-14 
Y-15 
Y-16 
Y-17 
Y-18  
Y-19 
Y-20 
Y-21 
Y-22 
Y-23 

Relay-air  compressor p o w e r / D C  

Valve 9/DC 
Ins t rumen t  access a i r  valve/W: 

Valves 2S-2R/DC 
Valves 4S-4R/DC 
Valves lS-lR/DC 
Valves 3S-3R/DC 
Valves 5S-5R/DC 
Valves l O / D C  
Valve Backup/DC 
Valve 5/DC 
Valve 3/DC 
Valve 6/DC 
Valve 2/DC 
Valve 8 / D C  
Valve 4/DC 
Valve 7/DC 

Output Assembly No. 2 
Terminal 

d e s i g n a t i o n  Terminal name and type 

Y-24 
Y-25 
Y-26 
Y-27 
Y-28 
Y-29 
Y-29 
Y-30 
Y-31 

Y-32 

Y-33 

Y-34 

Y-35 
Y-36 
Y-37 
Y-38 
Y-39 

A i r  compressor power relay/AC 
30-h timer relay/AC 
10-h timer relay/AC 

Temperature c o n t r o l l e r  

Temperature c o n t r o l l e r  

Temperature c o n t r o l l e r  

Temperature c o n t r o l l e r  

No. 1 power relay/AC 

No. 2 power relay/AC 

No. 3 and 4 power relay/AC 

No. 5 and 6 power relay/AC 
w 
U 

Fig. 15. 5TI System input/output record. 
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l o g i c  c o n t r o l l e r  was not completed because of t i m e  c o n s t r a i n t s  and e a r l y  

program termination. A second area of i n t e r e s t  w a s  t he  use of an Apple 

Plus  I1 minicomputer f o r  da ta  logging. A Techmar Model AD213 

A/D-timer-counter with 14 b i t  r e so lu t ion  over a 0 t o  10 v o l t  range and 

programmable gains  of 1, 10, 100, and 500, and capable of monitoring 26 

single-ended inpu t s  w a s  obtained. Applicable  sof tware may be found in 

r e f .  39. 

With respect  t o  ins t rumenta t ion  recommendations, t he  Miran 1A and the  

EGGG Model 660 Dew Point Hygrometer or  General Eastern Model 12OOAPS are 

h ighly  recommended f o r  CO2 and H20 ana lys i s ,  respec t ive ly .  A Miran I1 w a s  

t e s t e d  and, although the  instrument possessed exce l l en t  s e n s i t i v i t y ,  we 

encountered d i f f i c u l t i e s  in obta in ing  the  des i r ed  r e s o l u t i o n  over the  

a v a i l a b l e  output span. For the  concent ra t ion  range of i n t e r e s t ,  Q3 orde r s  

of magnitude change in t he  output s i g n a l  are required.  The Humphrey TAC3 

electric a i r  valves  and the  Whitey a c t u a t o r s  and ball valves  are highly 

recommended. However, a sp r ing  r e t u r n  on t he  ac tua to r s ,  r a t h e r  than air- 

ac tua t ion  in both d i r e c t i o n s ,  would be p re fe r r ed  .so as t o  reduce the  

number of a i r  supply l i n e s  by a f a c t o r  of 2. The Foxboro Model E13DH d i f -  

f e r e n t i a l  p ressure  sensors  provided e x c e l l e n t  r e so lu t ion  and s t a b i l i t y .  

With respec t  t o  the  l o g i c  con t ro l  and da ta  logging systems, i t  is recom- 

mended t h a t  the  two func t ions  be combined. The 5TI l o g i c  c o n t r o l l e r  is no 

longer  state-of-the-art .  One would l i k e l y  d e s i r e  a combined con t ro l /da t a  

logging system, which could be i n t e g r a t e d  i n t o  t h e  o v e r a l l  process  con t ro l  

system f o r  the  plant .  

6. EXPERIMENTAL PILOT UNIT STUDIES 

A t o t a l  of e igh t  experimental  runs were conducted with the  I 4 C  

Immobilization p i l o t  u n i t  with a t y p i c a l  run l a s t i n g  $260 h. 

t he  t o t a l  opera t ing  t i m e  on t he  p i l o t  u n i t  w a s  ~ 2 1 0 0  h o r  ~ 8 8  d. Data 

from these  experimental  runs are given i n  Figs. 16-23. The i n f l u e n t  gas 

stream temperature w a s  Q27OC and the  i n f l u e n t  C02 concent ra t ion  (Co) was 

assumed t o  be the  nominal a i r  concent ra t ion  (330 ppm~).  

Therefore,  

Re la t ive  humidity 



33 

lo-’ 

ORNL DWG 83-435R2 

- 0-0-6 

lo2 

10’ 

100 

1.25 

s 2 
g 1.00 
Y 

U 
0 
W 

v) 
v) 
W a 

5 0.75 

0. 0.50 

I I I I I I I 

RUN PP-1 

/ 
I / 

I I I I I 1 I 5.0 6 ,.-..\. .NO.\. - 4.5 2 
0” /. \o/ .,o.,.u~.-.. 

Y 

i 0 

(u 

- 
.- 

- 4.0 a - 
- O\. / - 3.5 

W 

3 

W 

I 
- - 3.0 

- v) - 2.5 v) 
FINAL BED DEPTH 48.2 cm (19 in.) 

I I I 1 I I I 2.0 E 
32 

30 

28 

26 

24 

22 

20 

18 

19 [ I I I I I I I I 

I 8. I I I I 1 
- 

BOTTOM OF ! \. 
I k--.- .---- .--+ - 

.( ,A CELL ‘\ ,m-- - 
‘0. 

- 70- \. 0 

j \. 
\. 

- - 

A\. ?‘LA TOP OF CELL - f i ‘4, 
\ I  A... ‘A 
i i  

! I  
- !I 

- 
- - 

- 
A 

I I 1 I I 1 I 

18 

17 

16 

15 

14 

13 

i .  
i 

i % i 
/ 

p”-.-.-o. j 
L. .i 0. 

0 t ‘. 
\ ! SENSOR PRESSURE 1.0 in. H20 
. /  ‘ . PRESSURE TOP OF CELL (avg) 62.31 in. H 2 0  

ATMOSPHERIC PRESSURE (avg) 740.5 mm Hg 
i.-.& 

- 
!? 
v 

W 
a 
3 
I- a a 
W a 
5 
W 
t- 

Fig. 16. Run PP-1 data. 



3 4  

ORNL DWG 83-436R2 

lo3 I I I I I I I 
> >/e-@ e E 
," lo2 - 

9 10' - 

Y loo - 
g 

5 10-2 . I I I 1 I I I 

- 
RUN PP-2 z 

I- 

+ z 
W 

0 
- 

- 
N 

8 lo-' -&@/ - 
k 

21 I I I 1 1 I I 

c5 SENSOR PRESSURE = 1.0 in. H20 - 
Y 

I- 19 - 8' *-----., '\ I "c.". 37.7 in. H20 - 
e--\.. ATMOSPHERIC PRESSURE - 

z 
(L 
0 18 

--* - 

p 20 - 
PRESSURE TOP OF CELL (avg) = 

\ I  - e 
'w,, (avg) = 744.5 mm Hg 

'e----- * 17 f --. 
16 

n 1 1 1 1 I 1 

10.0 I I 1 I I I I 

- *-*-o..-#---. ---- e----.----- -. - 
- 

CI 

,,-.-.r.' 0 
n 
5 7.50 - 

z i 

a 

r 
I - I 

I - n 

0 
W 

3 
v) 

e a 

- f FINAL BED = 48.2 cm (19 in.) 
5.00 - 

I 
4 I 

I 

- 
2.50 - 4 

- #  i 
4 

1 1 1 I 1 I 1 0 
30 I I 1 I I I 1 

40  
c5 

35 ow 

2 5  6 

-15 5 
-10 c 

E 

I 
30 .g 

Y 

20 
W 

v) 

- 5  

0 

Fig. 17. Run PP-2 data. 



35 

I- z 
w 
Y loo s 

,o-' 

t: 10-2 

(u 

k 

17 

16 

1 5 -  Y 
I- 14 

13 

Y 

z 

ORNL DWG 83-437R2 

.- - 

9-.-.-. 0 - 

I I I 1 1 I 1 

I I I I I I 1 

- - 
4, '.Ob,.' 0 8. / ,e 1. 

1. 
0 1. 1. 

0. o.-.o.R*O 0 
- 

9 - /! /- - 
i \ /. '. Li  i' 1. - 

\ 
i SENSOR PRESSURE = 1.0 in. H20 

TOP CELL PRESSURE (avg) 157 in.H20\. 
' l2 
W 

- 
0 

1 1  - ATMOSPHERIC PRESSURE (avg)= '. 3 

3.5 I I I I I I I 

10 I I 1 b l  1 746.0 mm Hg 

n 

a" 3.0 - - 
- 2.5 - 
[L 
0 
2.0 - 

Y - 
- 

; 1.5 - - 
d..--= - ,.A. .OH. 4. 

.-0 
.-. -.-e.-. -0 .-.-. 0 ._._._ v) 3 1.0 - 

f v) 
W 
0.5 -0 .  

[L 0. 

- 
0 '. I I I I I I I 

34 
n I I I I I I 
y 32 

- 
I 

- 
Y 

- 
W 30 - - 

BOTTOM 

0 40 80 120 160 200 240 280 320 
TIME ( h )  

Fig. 18. Run PP-3 data. 



- io3 

- 102 

s IO '  

z loo 

> 

CL 

z 
I- 

I- z 
W 
0 

0 
0 

0 

2 10-1 
k 
X 
W 

Id2 

19 
n 

Y 
Y 

I- 18 z - 
B 
5 17 
0 

16 - 5 1.50 
Y 

1.25 

0 1.00 

5 0.75 

w 0.50 

a 0.25 

a 
W 

v) cn 
a 

36 

O R N L  QWG 8 3 - 4 3 8 R 2  

I I I I I I I 

RUN PP-4 

1 I 1 I I 1 I 

I SENSOR PRESSURE = 1.0 in. H 2 0  
PRESSURE TOP OF CELL 

(avg) = 37.7 in H 2 0  

AT M OS P H E R I C PRESSURE \ 

( O V g )  = 744.5 rnm Hg 
\ 
\ 
\ ' 3\ 
:: b\.- 

34 I I I I I I 1 I 1 
32 

30 

28 

26 

24 

22 i 400 

Fig. 19. Run PP-4 data. 



E
X

IT
 C

02
 C

O
N

C
E

N
TR

A
TI

O
N

 (
 p

pm
v)

 
T

E
M

P
E

R
A

T
U

R
E

 
(

O
C

I
 

P
R

E
S

S
U

R
E

 D
R

O
P

 (
k

P
d

 
D

E
W

 
P

O
IN

T
 (
"C
) 

0
 

P
 

P
, 

:
 
0
 

0
 

0
 P
R

E
S

S
U

R
E

 D
R

O
P

 (
in

. 
H,
O)
 

1 
I 

I 
I 

\ 0
 



38 

103 I 1 1 1 1 I 1 

; e e.-.- 
- 

RUN PP-6 / 
- 

i 

J - 

*e.- - 
k 
X 

lo-* 1 I 1 I I I I 

27 l e  I I 1 I 1 I 
- 

19 

!2 7.75 

8 6.50 a n 
W 5.25 
(L 
2 4.00 
v) 
v) E 2.75 
a 

0 

Y 

1.50 

h 

1 I I I I I I 36 E;, 

z 
- - 31 2 
- 

- - 21 n 

.- 
- 26 

W 

v) 

- 16 5 
- 11 3 

I I 1 I I I 
a 

6 a  

- 

u. - 
4-6 

Y 
Y 

W 
I- 

Fig. 21. Run PP-6 data. 



a a 

L 

39 

ORNL- DWG 83- 44 f R 2  

- 
0 
(1 

3 
n W 

c 
0 

r 
a - 
(1 
0 a n 
W 

c 

Y 
Y 

SENSOR PRESSURE 1.0 in. H 2 0  
PRESSURE TOP OF CELL (avg) 72.6 in. H20 
ATMOSPHERIC PRESSURE (avg) 746.6 mm Hg 

22 

20 

18 

16 

14 

12 

10 

8 
7.50 

5.00 

2.50 

0 

.4--.-.-.-.--. 

20 ; 
15 

10 E 
v) 

5 E i  
O E  

I I I I I I I 
- 
- 
- 
- 
- 

I 

0 40 80 120 160 200 240 280 320 

TIME ( h )  

Fig. 22. Run PP-7 data. 



40 

E 2.25 
3 
G 2.00 
W 4 a 

ORNL DWG 83-442R2 

- - 9  

- 8  
@ - @ ~ - o o - e . ~ - e ~  

I 1 I - 7  

I I 1 I I I I 

BASELINE 

I I I I I I I 

I 1 I I I I I I 
18 

- 
Y 
L 

PRESSURE TOP OF CELL (avgl.75.29 in. 
SENSOR PRESSURE = 8.0 in. H20 

PRESSURE ATMOSPHERIC (avg) = 
I b. 74 9.7 

12 

11 

10 

a" 3.00 

a 2.75 

2.50 

r 
Y 

0 

W c 

I I I I I I I I 
- 
Y 
Y 

W 

3 
a 

30 - I I I I I I I 

2 9 -  8 @---e----@ BOTTOM - 
e 
#I I 

?e.. I': 
/ :, I 

I 
I 

I 
- 

=. I' : : 28 e---q , . 
\ I  .. .d @---e I 1  TOP 
t f  

A/A 27 7 3' - 
- 

2 6  c I A f - 
\/ - 

- 
I I 1 I I 1 

0 40 80 120 160 2 0 0  2 4 0  2 8 0  3 2 0  

2 3  

2 2  
120 160 2 0 0  2 4 0  2 8 0  3 2 0  0 40 80 

TIME ( h )  

Fig. 23. Run PP-8 data. 



41 

of t he  i n f l u e n t  gas stream w a s  t he  v a r i a b l e  of i n t e r e s t .  I n  Figs. 16-23, 

t h e  sensor  pressure  and the  pressure  a t  t h e  top of t h e  cell  are d i f fe ren-  

t i a l  pressures ;  t he  re ference  o r  base pressure  is  atmospheric pressure.  

Therefore,  t he  time sensor  pressure  i s  the  sensor  pressure  plus  

atmospheric pressure.  With the  except ion of Run PP-8, t he  s u p e r f i c i a l  gas 

v e l o c i t y  w a s  12.9 cm/s at re ference  conditions.a For Run PP-8, t he  super- 

f i c i a l  gas ve loc i ty  a t  re ference  condi t ions  w a s  18.6 cm/s. Again with the  

except ion of PP-8, each 30.5-cm-diam (12-in0-diam) c a n i s t e r  contained 31.8 

kg (70 l b )  of reac tan t .  The c a n i s t e r  diameter f o r  PP-8 was  25.4 cm (10 

in.)  and it  contained 22.1 kg (48.7 l b )  of reac tan t .  

depth was 44.5 c m  (17.5 in . )  and it  w a s  observed t o  inc rease  by n,3.81 c m  

(1.5 in.)  due t o  bed expansion during a t y p i c a l  run. 

sc reen  was placed over t he  bed t o  prevent p a r t i c l e  entrainment. However, 

no inc rease  i n  pressure  drop across  a downstream'HEPA f i l t e r  was observed, 

thus  i n d i c a t i n g  l i t t l e  i f  any entrainment of f ines .  

The i n i t i a l  bed 

A lOO-mesh wire 

I n  each of the  runs given i n  Figs. 16-23, t h e r e  w a s  a per iod of 

exce l l en t  CO2 removal which w a s  followed by C 0 2  breakthrough. The 

e f f l u e n t  dewpoint was  observed t o  i n i t i a l l y  inc rease  wi th  t i m e  and then t o  

f a l l  t o  the  i n f l u e n t  dewpoint. The gradual  i nc rease  i n  dewpoint r e s u l t e d  

from water being produced by the  CO2-Ba(OH) 2-8H20 r eac t ion  and a po r t ion  

of t h a t  water being sorbed t o  hydrate  the  bed t o  Ba(OH)2*8H20.  

u a l  i nc rease  i n  COP concent ra t ion  r e su l t ed  from t h e  decrease i n  the  

o v e r a l l  carbonation r e a c t i o n  as complete column loading was  approached. 

I n  those cases where t h e  inc rease  i n  pressure  drop is  apprec iab le  (PP2, 

PP6), the pressure drop increase continued as a func t ion  of bed conver- 

sion. In those cases where i t  is not apprec iab le  (PP3, PP4, PP5), the  

bulk of the inc rease  i n  the  pressure  drop occurs during the  i n i t i a l  s t ages  

of t he  run. With respec t  to i n f l u e n t  and e f f l u e n t  temperatures,  t he  tem- 

pera tures  gradual ly  diverge as the  e f f l u e n t  gas temperature decreased due 

t o  the  endothermic r e a c t i o n  and then converged wi th  C 0 2  breakthrough. 

The grad- 

aReference temperature and pressure  def ined as 21. l 0 C  (70'F) and 
101.3 kPa (1 a t m ) .  
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The primary i n t e n t  of runs PP-1, PP-2, PP-3, PP-5, and PP-7 was  t o  

determine the  e f f e c t  of r e l a t i v e  humidity upon the  opera t ing  p rope r t i e s  of 

t h e  system. The CO2-free e f f l u e n t  gases from runs PP-3, PP-5, and PP-7 

were used t o  hydrate the  commercial Ba(0H) 2*8H20( 7.47H20) f l a k e s  t o  

Ba(O€l)2*8H2O f o r  runs PP-4, PP-6, and PP-8, p r i o r  t o  contac t  with C02- 

bear ing streams. These s t u d i e s  were conducted t o  determine i f  p r i o r  

hydrat ion of the  bed at an appropr ia te  r e l a t i v e  humidity would enable sub- 

sequent C02 so rp t ion  a t  m c h  higher  r e l a t i v e  humidi t ies ,  i n  t he  absence of 

s i g n i f i c a n t  pressure drop problems. 

Since the  i n t e n t  of t he  p i l o t  u n i t  s t u d i e s  w a s  t o  provide developmen- 

t a l ,  opera t iona l ,  and experimental  information,  t he  q u a l i t y  of t he  experi-  

mental da ta  was o f t en  not as good as one would des i r e ,  because of problems 

a s soc ia t ed  with the  i n i t i a l  shakedown of t he  process and var ious unsched- 

uled upse ts  during process operation. The e a r l y  terminat ion of t he  

program a l s o  had a de t r imenta l  e f f e c t  on t h e  q u a l i t y  of t he  experimental  

data. Idea l ly ,  one would d e s i r e  a much broader da ta  base. Various 

c h a r a c t e r i s t i c s  of t he  process w i l l  now be addressed. 

6.1 PROCESS THERMODYNAMICS 

Whereas p r i o r  s t u d i e s  on the  10.2-cm-ID r e a c t o r s  were conducted under 

near-isothermal condi t ions  ( the  r eac to r  was jacke ted) ,  s t u d i e s  conducted 

with the  p i l o t  u n i t  were performed under near -ad iaba t ic  condi t ions.  Upon 

s t a r t - u p  of a run, t h ree  thermal-related phenomena occurred wi th in  the  

bed. 

1. Upon process s t a r t - u p ,  t he  i n l e t  gas temperature of 27OC caused an 

inc rease  i n  the  temperature of t he  bed from i ts  i n i t i a l  tempera- 

t u r e  of 22OC. 

The commercial Ba(0H) 2-8Hfl(7.47Hfl) f l a k e s  hydrated (an exother- 

mic r eac t ion )  t o  Ba(OH)2*8H@. 

t i o n  s t e p  is -58.2 kJ/mol-Hfl.21,22 

The r eac t ion  of C02 wi th  B a ( O H ) 2 * 8 H f l  and the  subsequent r e l ease  

of 9 water molecules as vapor is  endothermic. The enthalpy 

2. 

The enthalpy change f o r  the  hydra- 

3. 

change is +36.4 kJ/mol-C02. 21,22 

The nragnitude of the  e f f e c t  of each of t he  preceding thermal e f f e c t s  w i l l ,  

now be discussed. 
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6.1.1 Thermodynamics - Process S ta r tup  

The temperature of t he  i n f l u e n t  and e f f l u e n t  streams rose quickly 

from 22OC t o  -27OC upon process s t a r t u p  as shown by the  precondi t ioning of 

PP-4 ( tha t  is the  contac t ing  of t he  bed with a CO2-free gas). 

s t u d i e s  t o  be d e t a i l e d  i n  a subsequent s e c t i o n  ind ica t ed  t h a t  f o r  t he  pre- 

condi t ioning condi t ions of PP-4, t he  thermal con t r ibu t ion  from the  hydra- 

t i o n  s t e p  was not large.  Since the  gas stream contained l i t t l e  C02, 

thermal effects from the  carbonation r eac t ion  would be negl ig ib le .  

Confirmation of these  experimental  observat ions and the  preceding ana lys i s  

i s  poss ib le  via the  fol lowing argument. 

Experimental 

Assuming n e g l i g i b l e  r e s i s t ance  t o  heat  t r a n s f e r  within the  f l a k e  

(i.e., a uniform f l a k e  temperature) and n e g l i g i b l e  heat  conduction between 

f l a k e s ,  the  fol lowing energy balances and boundary condi t ions may be devel- 

oped: 

Gas Phase: 

So l id  Phase: 

S 
6T 

cs 6t = hA (TG - Ts) 
Boundary condi t ions:  T , P ~ ~ ~ C  t = O  z>O 

where 
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p~ = gas dens i ty  (1.17*10'3 g/cm3), 

Cp = gas s p e c i f i c  heat  (1.01 J/g*K), 

TG = gas temperature (K), 

t = t i m e  (SI, 

G 

z = a x i a l  length (cm), 

h = heat  t r a n s f e r  c o e f f i c i e n t  (J/cm?*K*s), 

A = s p e c i f i c  area (cm2/cm3), 

Ts = s o l i d  temperature (K), 
ps = bulk s o l i d  dens i ty  (0.98 g/cm3), and 

Cs = s o l i d  s p e c i f i c  heat  (-2.30 J/g*K). 

= (1.75*10'2 g/cm2*s) mass flow r a t e / c r o s s  s e c t i o n a l  area, 

Although c o r r e l a t i o n s  e x i s t  f o r  p r e d i c t i n g  heat  t r a n s f e r  c o e f f i c i e n t s  for 
i r r e g u l a r  shaped packings, t he  following approach was used because of d i f -  

f i c u l t i e s  in:  (1) t he  determinat ion of A, t h e  area a v a i l a b l e  f o r  heat  o r  

mass t r a n s f e r ,  and (2) t he  a v a i l a b i l i t y  of mass t r a n s f e r  da t a  f o r  t he  

system of i n t e r e s t .  P r i o r  modeling s t u d i e s  on t he  10.2-cm-ID reac to r  had 

ind ica t ed  mass t r a n s f e r  across  the  gas film t o  be t he  c o n t r o l l i n g  

r e s i s t ance .  For t h i s  system, the  c o n t r o l l i n g  p a r t i a l  d i f f e r e n t i a l  equa- 

t i o n s  f o r  t he  gas and s o l i d  phases were solved numerically. Comparison of 

t h e  model-predicted breakthrough curves with a c t u a l  da t a  enabled an 

appropr ia te  rate expression t o  be developed, which w a s  of t he  form: 

R = I(pAo(l - X ) C  (3)  

where 

KF = gas f i l m  mss t r a n s f e r  c o e f f i c i e n t  (cm/s), 

A, = i n i t i a l  su r f ace  area a v a i l a b l e  f o r  mss t r a n s f e r  (cm2/cm3), 

X = r eac t an t  conversion, and 

c = r eac t an t  concentrat ion (g/cm3). 

The 1-X t e r m  compensates f o r  t he  f a c t  t h a t  t he  area a v a i l a b l e  f o r  r eac t ion  

w i l l  decrease with conversion because of t he  nonuniform th ickness  of t he  

f lakes .  

t h e  breakthrough curves. 

Values of t he  modified mss t r a n s f e r ,  KpAo, were determined from 

Using a r ep resen ta t ive  value of A, f o r  our 
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system (Ao=10.8 cm2/cm3) ,  t he  experimental  Kp value  (0.7 cm/s) was found 

t o  be r ep resen ta t ive  of l i t e r a t u r e  values. 

Based upon the  analogy between hea t  and mss t r a n s f e r  as proposed by 

Chi l ton  and Colburn, one may use the  j - f ac to r  equat ions i n  t h e  fol lowing 
manner: 40,41 

where 

j H  = j f a c t o r  f o r  heat  t r a n s f e r ,  

j M  = j f a c t o r  f o r  mss t r a n s f e r ,  

G = mass flow r a t e / c r o s s  s e c t i o n a l  area [g/(cm2*s)I, 

p = v i s c o s i t y  j1.88 g/(cm-s)l, and 

D = d i f f u s i v i t y  (0.163 cm2/s). 

Rearranging Eqs. ( 5 )  and ( 6 ) ,  we get :  

Mult iplying both s i d e s  by &, the  i n i t i a l  area a v a i l a b l e  f o r  heat  or mass 
t r a n s f e r ,  the  des i red  equat ion f o r  p r e d i c t i n g  the  modified heat t r a n s f e r  

c o e f f i c i e n t s ,  hAo, from the  modified mass t r a n s f e r  c o e f f i c i e n t s ,  KFA~, is 

obtained: 
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hAo = CPPGKFAO 

= 8.93 010' J / c m  *K 0s 

With t h i s  information, an exact so lu t ion  t o  the  c o n t r o l l i n g  p a r t i a l  d i f -  

f e r e n t i a l  equat ions may be obtained by using the  technique of Schumann.42 

From an experimental  perspect ive,  Furnas demonstrated Schumann's so lu t ion  

t o  be appl icable  t o  a system s i m i l a r  t o  t h a t  of present  i n t e re s t . 43  

However, the solut ' ion is r a t h e r  cumbersome and r equ i r e s  use of the  Bessel 

function. For the  purpose of t h i s  ana lys i s ,  such a r igorous approach is 

not required. On a per  u n i t  bed volume, t he  hea t  capac i ty  o r  content of 

t he  gas phase as compared t o  the  s o l i d  phase d i f f e r s  by -3 orders  of 

magnitude. Therefore,  a change of 5 K i n  the  gas phase w i l l  have a negl i -  

g i b l e  e f f e c t  on t he  energy balance and the  term i n  Eq. (1):  

mG 1.18 010 '~  - O G  
PGcp = 6 t  (9) 

w i l l  be dropped from the  gas phase energy balance. Solu t ions  t o  the  r e s u l t -  

i ng  d i f f e r e n t i a l  equat ions f o r  t he  appropr ia te  boundary condi t ions may be 

obtained, again v i a  the  method of S ~ h u m a n n . ~ ~  

so lu t ions  w i l l  not be required s ince  we are only i n t e r e s t e d  i n  an order  of 

magnitude ana lys i s .  Rearranging the  gas and solid phase energy balances 

(Eq. 1 and 2) we get:  

However, as before,  such 

6T hAo(TG - Ts) 

6 t  pscs 
-3 8 = 3.96010-~ (TG - Ts), K / s  
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o r  

S 
6T 

u n i t s  of K, cm, h. - = 28.1 - 
62 6 t  ' 
6TG 

From the  preceding equations,  it appears t h a t  t he  gas phase temperature 

grad ien t  will be sharp and the  s o l i d  phase temperature will r i s e  rap id ly ,  

as compared t o  the  t o t a l  run t i m e  of -260 h. To raise the  temperature of 

t h e  bed from 22 t o  27OC, t he  ne t  energy requirement is 368 kJ. 

6.1.2 Thermodynamics - The Carbonation Reaction 

Thermodynamic ana lys i s  of the  CO2-Ba(OH)2.8H20 gas-solid r eac t ion  has 

ind ica t ed  the  r eac t ion  t o  be endothermic (AHR = 364.4 kJ/mol-C02), when 

t h e  water product is re leased  as vapor. However, i f  t he  gas stream 

should be sa tu ra t ed  i n  water vapor, t he  water product must exist as a 
l i q u i d  and the  r eac t ion  becomes exothermic (AHR = -3.17 kJ/mol-C02). 

Assuming: (1)  t he  r eac t an t  is f u l l y  hydrated, (2) t he  C02 sorp t ion  occurs 

under near-adiabat ic  condi t ions,  (3) t he  e f f l u e n t  C02 concentrat ion is  

zero,  (4) t he  water product is re leased  as vapor, and ( 5 )  t he  process is 

pseudo-steady-state (dTG/6t, -o2/ &PO); the  temperature drop of t he  gas 

stream may be ca lcu la ted  via a gas phase energy and mhss balance. 

Energy Balance of Gas Phase: 

CO2 Mass Balance of Gas Phase: 
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where 

G = mass flow r a t e / c r o s s  s e c t i o n a l  area [g/(cm2*s)l ,  

k o 2  = molar rate of r eac t ion  (mol-C02/cm3-s), 

MW = molecular weight of a i r  (28.95), and 

ko2 = m o l  o r  volume f r a c t i o n  of C02, 

The i n f l u e n t  Cog mol f r a c t i o n  is  t h a t  of a i r  (0.00033) and the  e f f l u e n t  

w i l l  be 0.0 because of complete C 0 2  removal (%o2 = Xco2). It w i l l  be 

assumed t h a t  G, Cp, k o 2 ,  and AHR are weak func t ions  of temperature and 

t h a t  G w i l l  remain constant  because of t he  d i l u t e  C 0 2  concentrat ions.  

Rearranging and combining Eqs. (13) and (14), one would p red ic t  a t e m -  

pe ra tu re  drop i n  the  gas stream of: 

= (364,400)(0.00033) I 4.11 - %%o2 
ATG - Cp (MW) (1.01) (28.95) 

6.1.3 Thermodynamics - The Hydration Reaction 

The reac tan t  used i n  these  s t u d i e s  w a s  commercial Ba(OH)2-8H20 f l a k e s  

which possessed a water s toichiometry of 7.47 H$. 

r eac t an t  c h a r a c t e r i s t i c s  was presented i n  Sect. 2. Since experimental  

s t u d i e s  ind ica ted  Ba(OH)2*8H$ t o  be the  d e s i r a b l e  spec ies  f o r  C 0 2  sorp- 

t i o n  [3 orders  of magnitude g r e a t e r  r e a c t i v i t y  than e i t h e r  Ba(OH)2*3H20 or  

Ba(OH)2-H20] and the  p i l o t  u n i t  w a s  operated under condi t ions which 

favored the  formation of Ba(OH)2-8H20, one would expect t o  observe a tem- 
pera ture  e f f e c t  from the  exothermici ty  of the hydrat ion s t e p  

[AHH = -58.2 kJ/(mol-Hfl)l. 

t h e  e f f l u e n t  gas stream temperature would then be dependant upon the  rate 

of hydrat ion and COP sorpt ion.  The pseudo-steady-state, gas-phase energy 

balance is of t he  form: 

A desc r ip t ion  of t he  

The magnitude of t h i s  hydrat ion e f f e c t  upon 
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where RH is t he  molar rate of hydrat ion (mol/(cm3 o s ) ]  and AHH is t he  hea t  

of hydrat ion (J/mol). 

e n t i r e  c a n i s t e r  of r eac t an t  (32 kg) is 

The t o t a l  enthalpy change f o r  t he  hydrat ion of an 

where 

M = i n i t i a l  r eac t an t  mass (32 kg), 

MWR = molecular weight of r eac t an t  (= 305.5 f o r  Ba(OH)2*7.47 H20) ,  and 

S = hydrat ion s toichiometry of t he  r eac t an t  (7.47 H20) ;  or 

(-58.2) (32,000) 

(305.5) 
A H =  (8.0 - 7.47) = -3,231 kJ  

Using the  preceding equat ions der ived from a gas phase energy balance 

(Eq. 16) and assuming a given rate of hydrat ion,  the  r e s u l t i n g  temperature 

change of the  e f f l u e n t  gas may be ca l cu la t ed  (Eq. 15). The r e s u l t s  of 

t h i s  ana lys i s  with and without an accompanying carbonat ion r eac t ion  with 

330 pp- COP and assuming an i n i t i a l  bed temperature of 295 K is presented 

i n  Table 2. 

The quest ion as t o  whether the  rate of hydrat ion is cont ro l led  by 

mass t r a n s f e r  across  the  gas f i l m  o r  by chemical r eac t ion  k i n e t i c s  

r equ i r e s  f u r t h e r  ana lys i s .  P r i o r  s t u d i e s  €or  t h i s  system have ind ica t ed  

t h a t  t r a n s f e r  of C 0 2  ac ross  the  gas f i l m  is t he  c o n t r o l l i n g  r e s i s t a n c e  i n  

t h e  o v e r a l l  carbonat ion reac t ion .  Employing an analogy between the  mass 

t r a n s f e r  of COP and H f l ,  t h e  rate equat ion f o r  hydrat ion would be of t he  

form: 
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Table 2. Eff luen t  gas stream temperature as a 
func t ion  of hypothe t ica l  t i m e  f o r  t he  
complete hydrat ion of Ba(0H) 2*7.47H20a 

Time 
(h) 

Temperature change (K) 
Hydration with Cop r eac t ion  

Hydration 
alone (330 PPm, CO2) 

0.1 

1.0 

5.0 

10.0 

16.9 

100.0 

OD 

36.83 

24.95 

10.24 

5.90 

3.72 

0.68 

0.00 

36.6 

23.5 

7.2 

2.411 

0.0 

3.35 

4.11 

a I n i t i a l  bed assumed t o  be 295 K. 

%Ao(L-X) [%20 - %I$ (E)]% 

where 

+Ao = modified mass t r a n s f e r  c o e f f i c i e n t  (-8s-1 f o r  t he  system of 

i n t e r e s t ) ,  

X = s o l i d  conversion, 

XH,O = pH20/Ps, m o l  o r  volume f r a c t i o n  of H20 vapor, 

P H ~ O  = water vapor pressure,  

P, = system pressure,  

XH~O(E)  = Q 2 0 ( ~ ) / P s ,  equi l ibr ium m o l  o r  volume f r a c t i o n  of H20 vapor, 

PH 20 (E 1 = water vapor pressure  i n  equi l ibr ium with Ba(OH)2*8H20, and 

CB = bulk gas water vapor concentrat ion,  m o l  H20/L. 

When consider ing the  experimental  da ta  presented i n  Figs. 16 t o  23, it is 

i n t e r e s t i n g  t o  note  t h a t  i n  no case did the  water vapor pressure  i n  t h e  
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e f f l u e n t  gas decrease s u f f i c i e n t l y  so as t o  approach the  equi l ibr ium vapor 

pressure  of 1.29 kPa (9.6 mm Hg) (or  t he  corresponding dewpoint of -10.7'C 

a t  1 a t m )  of Ba(OH)2*8H$. Therefore,  assuming a r ep resen ta t ive  d i f -  

fe rence  in the  bed between water vapor pressure  i n  t h e  bulk gas and the  

equi l ibr ium vapor pressure  of Ba(OH)2*8H20 t o  be 533 Pa (4 mm Hg) and 

assuming neg l ig ib l e  r eac t an t  conversion (X-01, t h e  fol lowing rate 

expression may be obtained: 

R = 0.0017 mol Hfl/(L*s).  

The t i m e  required f o r  t he  complete hydrat ion of a t y p i c a l  c a n i s t e r ,  assum- 

i n g  mass t r a n s f e r  cont ro l ,  would be 0.27 h. Therefore,  based upon the  

da t a  presented i n  Table 2, an inc rease  i n  e f f l u e n t  gas temperature of 

-34 K would be predicted.  

i n  Figs. 16 t o  23. 

Such an inc rease  was not observed as ind ica t ed  

Upon f i r s t  ana lys i s ,  t h i s  observat ion would appear t o  be i n  c o n f l i c t  

wi th  p r i o r  s t u d i e s  on the  hydrat ion of Ba(OH)203H20 t o  Ba(OH)2*8H20.  

Those s tud ie s  were conducted using a microbalance and e l abora t e  pressure  

con t ro l  instrumentat ion and are reported elsewhere. 22 

t i o n  was examined i n  t h e  absence of a d i luen t  gas (only water vapor). 

Ind ica t ions  were t h a t  both the  dehydration of commercial B a ( O H ) 2 0 8 H 2 0  

f l a k e s  t o  B a ( O H ) 2 * 3 H f l  and the  subsequent rehydrat ion could be modeled v i a  

a shr inking  core-type model based upon p lanar  geometry. 

conducted a t  two temperatures and the  rate of hydrat ion w a s  observed t o  be 

propor t iona l  t o  r e l a t i v e  humidity. D a t a  a n a l y s i s  showed tha t  the rate w a s  

dependent upon the  d i f f e rence  between the  water present  on the  p a r t i c l e  

su r face  f o r  a given r e l a t i v e  humidity, and t h a t  requi red  f o r  B a ( O H ) 2 * 8 H 2 0  

t o  be s tab le .  I n  t h e  regime s tudied  ( r e l a t i v e  humidi t ies  of 30 t o  60%) 

t h e  number of l aye r s  of su r f ace  water inc reases  near ly  l i n e a r l y  with rela- 

t i v e  humidity. An in-depth review of t h i s  a n a l y s i s  is presented 

elsewhereO3* 

samples, ind ica ted  the  rate of hydrat ion ot dehydration t o  be dependant 

upon the  system r e l a t i v e  humidity and the  B a ( O H ) 2 * 8 H 2 0  vapor pressure.  

The hydrat ion reac- 

The s t u d i e s  were 

As previously s t a t e d ,  t h e  s t u d i e s ,  conducted on 150 mg 
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Assuming a s i m i l a r  rate of rehydrat ion f o r  t h e  c a n i s t e r  beds of i n t e r e s t  

and assuming a n e g l i g i b l e  r e s i s t a n c e  t o  mass t r a n s f e r  through the  gas 

f i lm,  one would p red ic t  t he  t i m e  requi red  f o r  bed hydra t ion  t o  range from 

0.17 t o  6.4 h. Hence, i n  the  absence of a carbonat ion r eac t ion  and based 

upon t h e b n a l y s i s  presented in Table 1, a temperature inc rease  of t he  

e f f l u e n t  gas stream of 8.49 t o  33.8 K would be predicted.  

Figs. 16 t o  23, such a temperature inc rease  was  not observed. Therefore,  

t h e  au thors  specu la t e  t h a t  t h e  k i n e t i c  rates of hydrat ion of Ba(OH)2*3H20 

t o  Ba(OH)2*8H20 and Ba(0H)  2-7.47820 t o  Ba(OH)2*8H20 d i f f e r  by a t  least an 

order  of magnitude. Such is not t o t a l l y  s u r p r i s i n g  as the  hydrat ion of 

Ba(0H)  2-3H20 w a s  modeled via an advancing in te r face- type  model ( shr inking  

o r  expanding core model appl ied  t o  p lanar  geometry) and one might expect 

t h e  formation of such a d i s t i n c t  i n t e r f a c e  t o  be less favored f o r  t he  more 

fully-hydrated Ba(0H) 2.7.47H20. Hence, it appears t h a t  t he  hydra t ion  

mechanism is l i k e l y  a l t e r e d  o r  impeded. 

As i nd ica t ed  i n  

7. CHARACTERIZATION OF PRESSURE DROP PHENOMENA I 

The condi t ions f o r  t h e  t reatment  of high volumetr ic  flow rates of air  
are r e s t r i c t e d  because of accompanying inc reases  in t h e  pressure  drop 

ac ross  the  f ixed  beds. P r i o r  s t u d i e s  conducted under near-isothermal con- 

d i t i o n s  l ed  us  t o  believe t h a t  the  inc reases  in pressure  drop r e s u l t e d  

form t w o  phenomena. 22 

subs to ich iometr ic  r eac t an t  are of t e n  such t h a t  rap id  r e c r y s t a l l i z a t i o n  

takes  place and the p a r t i c l e  curls as shown in Fig. 8. This  c u r l i n g  then 

r e s u l t s  i n  greater turbulence and an inc rease  in pressure  drop. Second, 

upon conversion t o  BaCO3, t he  f l a k e s  are -70% porous and are s u s c e p t i b l e  

t o  degradation and subsequent plugging of pore spaces by f i n e s ,  thus 

causing an increase  in t he  pressure  drop. Based upon t h e  pressure  drop 

da ta  as presented in Fig. 7, we concluded t h a t  f o r  success fu l  process 

operat ion,  the  condi t ions  of hydrat ion must be such t h a t  t he  e f f l u e n t  

r e l a t i v e  humidity remains <60%. Furthermore, i t  was specula ted  t h a t  t he  

inc rease  in pressure  drop l i k e l y  r e s u l t s  from the  c a p i l l a r y  condensation 

of water in V-shaped pores,  a phenomenom t h a t  would become s i g n i f i c a n t  a t  

F i r s t ,  condi t ions  f o r  t he  hydrat ion of t he  



53 

-60% r e l a t i v e  humidity. 

t i v e  humidi t ies  s i g n i f i c a n t l y  >60% might be poss ib l e  by use of a p r i o r  

hydrat ion of the  bed a t  r e l a t i v e  humdities <60%. However, t he  r e s u l t s  of 

t h e  p i l o t  u n i t  s t u d i e s  conducted under near -ad iaba t ic  condi t ions indica-  

ted:  

It w a s  a l s o  speculated t h a t  C02 so rp t ion  a t  rela- 

(1)  P r io r  hydrat ion of t h e  bed had minimal e f f e c t  upon pressure  drop 

during subsequent C 0 2  so rp t ion  a t  humdities >>60%. 

(2) The c o r r e l a t i o n  of pressure  drop da ta  obtained under near-adiaba- 

t i c  and near-isothermal condi t ions  was bes t  when the  c o r r e l a t i o n  was based 

upon i n f l u e n t  r e l a t i v e  humidi t ies  (Fig. 24). 

Pressure drop da ta  and i n f l u e n t  and e f f l u e n t  r e l a t i v e  humidi t ies  f o r  

t h e  e igh t  runs are presented in Table 3. The system pressure  used f o r  

r e l a t i v e  humidity c a l c u l a t i o n s  was the  average pressure  which ex i s t ed  

wi th in  the  bed p r i o r  t o  terminat ion of the  run. 

Therefore,  based upon Fig. 24 and Table 3, i t  appears t h a t  hydrat ion 

condi t ions  may a f f e c t  t he  pressure  drop, but the  p r i n c i p a l  e f f e c t  is asso- 

c i a t e d  with the  condi t ions  of the  COz-Ba(OH) 2-8H2O reac t ion .  

t a n t l y ,  those condi t ions which e x i s t  during process s t a r t - u p  a t  the  

f r o n t a l  edge of the  mass t r a n s f e r  zone when the  C 0 2  concentrat ion is 

g r e a t  and the  bed conversion is near  un i ty  appear t o  be very important. 

This f a c t o r  w i l l  be addressed in t he  conclusion t o  t h i s  sect ion.  

More impor- 

In order  t o  develop a better understanding of the  flow charac- 

terist ics of the  gas stream through the  f ixed  bed, the  pressure  drop 

ac ross  the  bed w a s  determined as a func t ion  of gas ve loc i ty  f o r  unreacted 

Ba(OH)2*8H20 and BaCO3-product beds; t he  r e s u l t s  are given in Table 4 .  

The pressure drop f o r  both the  unreacted and reac ted  beds var ied  with V 

( t h e  s u p e r f i c i a l  v e l o c i t y  a t  system condi t ions)  t o  the  0.94 t o  1.22 power. 

P r i o r  s tud ie s  on the  10.2-cm-ID r e a c t o r  had ind ica t ed  the  pressure  drop 

ac ross  reac ted  beds t o  be propor t iona l  t o  V l o 4  (Table 5).22 Data obtained 

on unreacted beds f o r  these  s t u d i e s  are of ques t ionable  q u a l i t y  because of 

ins t rumenta t ion  l imi t a t ions .  
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Table 3. Data t a b u l a t i o n  from p i l o t  u n i t  s t u d i e s  

I n f l u e n t  E f f luen t  
S u p e r f i c i a l  re l a  t i v e  re la  t i v e  Pressure  
v e l o c i t y  humidity humi d i  t y drop KFA p 

Run ( c d s  1 (%) (kPa/m) (s- 1 
PP 1 13.8 46.9 77.4 2.19 5.0 

PP2 13.8 63.6 85.5 18.9 5.0 

PP3 13.8 49.4 79.2 2.51 5.0 

PP4 13.8 54.9 77.6 2.24 5.0 

PP5 13.8 57.8 90.1 3.83 5.0 

PP6 13.8 65.2 91.9 13.7 8.0 

PP7 13.8 57.4 97.2 7.92 5.0 

PP8 20.1 69.9 94.4 4.37 8.0 

Table 4. Pressure  drop c o r r e l a t i o n ,  M/L = BVn, (kPa/m), 
f o r  f i x e d  beds of Ba(OH)2*8H20 and BaC03  

Cor re l a t ion  
Sample -ln(B) na c o e f f i c i e n t  

Ba(0H)  2*8H20: 

PP5-A 2.5716 1.145 0.9983 

-B 2.0391 0.975 0.9986 

PP6 

BaCO 3 : 

PP4 

PP5-A 

-B 

PP6 

2.3365 0.943 

2.0974 1.012 

1 . 5246 1.219 

1 . 3857 1.116 

-0.5644 1.117 

0.9933 

0.9972 

0,9999 

0.9999 

0.9999 

aAverage value of n = 1.075. 
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Table 5. Appl ica t ion  of t h e  model AP/L = BV", (kPa/m), f o r  
c o r r e l a t i n g  pressure  drop ac ross  converted beds of 

commercial B a ( 0 H )  2*8H20 f l akes .  
(V has u n i t s  of c m / s )  

S u p e r f i c i a l  
COM Re la t ive  v e l o c i t y  
run humidity VO Temperature Cor re l a t ion  
NO (%I (cm/s) ( K) na -ln(B) c o e f f i c i e n t  

54 
50 
53 
52 
56 
49 
55 
48 
46 
57 
40 
45 
47 

47.8 
48.5 
53.1 
54.2 
54.8 
54.9 
59.1 
60.2 
61.2 
62.6 
63.3 
66.4 
69.6 

13.65 
8.73 
8.89 
8.66 
14.16 
13.94 
9.08 
8.65 
17.50 
9.08 
13.88 
18.50 
8.93 

317.5 
296.3 
303.9 
296.2 
316.2 
305.3 
304.0 
296.3 
299.7 
304.0 
305.2 
296.1 
296.0 

1.35 
1.40 
1.46 
1.38 
1.35 
1.48 
1.34 
1.42 
1.48 
1.41 
1.44 
1.29 
1.41 

2.55 
1.98 
1.92 
2.22 
1.59 
1.65 
0.245 
0.225 
1.68 
0.335 
0.315 

-1.05 
-0.415 

0.992 
0.997 
0.998 
0.993 
0.997 
0.998 
0.999 
0.998 
0.998 
0.999 
0.999 
0.999 
0.999 

c/ 

%(average) = 1.40, u = 0.058. 

In t h e  p r i o r  study, a t tempts  t o  model t h e  p re s su re  drop via a form of t h e  

Ergun equation, AP/L = AV + BV2 in which A and B are phys ica l ly  cons i s t en t  

wi th  the  system'of i n t e r e s t ,  f a i l e d .  In t h e  Ergun equation, t h e  AV and 

t h e  BV2 terms gene ra l ly  account f o r  t he  p re s su re  drop con t r ibu t ions  of t h e  

shea r  and tu rbu len t  o r  i n e r t i a l  forces .  Hence, because of t h e  decreased 

f u n c t i o n a l  dependancy of s u p e r f i c i a l  v e l o c i t y  on pres su re  drop f o r  t h e  

present  s t u d i e s  (n = 1.08 versus  1-40), t h e  gas stream f low'pa t te rns  in 

t hese  s t u d i e s  appear t o  be less tu rbu len t  than those of t h e  preceding 

s tud ie s .  One poss ib l e  f a c t o r  con t r ibu t ing  t o  t h i s  dev ia t ion  is t h a t  t h e  

r e a c t a n t  was cons t ra ined  i n  t h e  p r i o r  s t u d i e s  and bed expansion was nomi- 

n a l ,  whereas considerable bed expansion (-1.5 in.) d id  occur during a 

t y p i c a l  run with  t h e  p i l o t  un i t .  The e f f e c t  of t he  d i f f e r i n g  flow pat-  

t e r n s  upon the  mass t r a n s f e r  c h a r a c t e r i s t i c s  w i l l  be d iscussed  in t h e  next 

sec t ion .  
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8. MASS TRANSFER PROCESS MODELING 

The modeling of mass t r a n s f e r  processes  occurr ing  wi th in  f ixed  beds 

has been s tudied  ex tens ive ly  by i n  a preceding publ icat ion.  I n  

t h a t  work, a mass t r a n s f e r  model of the  B a ( O H ) * 8 H 2 0  process f o r  COP 

so rp t ion  under near-isothermal condi t ions w a s  developed. The i n t e n t  of 

t h i s  s ec t ion  w i l l  be t o  review t h a t  model and t o  extend i t s  app l i ca t ion  t o  

the  present  system of i n t e r e s t .  

8.1 MODEL FORMULATION AND SOLUTION 

Based upon an a n a l y s i s  and comparison of t h e  Thie le  Modulas, t he  

Damkoler number, and the  Biot number and observed t rends  i n  the  experimen- 

t a l  data ,  lnass t r a n s f e r  of C 0 2  through the  gas f i l m  surrounding the  f l aked  

p a r t i c l e s  w a s  considered the  most l i k e l y  c o n t r o l l i n g  r e s i s t ance .  

Furthermore, upon an examination of t he  Pec le t  number and the  observed C 0 2  

concentrat ion p r o f i l e s  w i th in  the  beds, t he  assumption was made t h a t  the  

e f f e c t  of d i spers ion  would be nominal. Based upon these  assumptions, the  

con t ro l l i ng  p a r t i a l  d i f f e r e n t i a l  equat ion f o r  t he  gas phase is: 

6C dC 
6 - + V - 6t 62 - S A C ,  

wi th  the  fol lowing boundary condi t ions:  

c - 0  t = o  z > o  

c = co t > o  z = o  

The con t ro l l i ng  p a r t i a l  d i f f e r e n t i a l  equat ion (PDE) f o r  t he  s o l i d  phase 

is : 

with a boundary condi t ion of X = 0, t = 0, z > 0. 
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where 

E = bed voidage, 

c = concentrat ion (mol/cm3), 

Co = i n f l u e n t  concentrat ion,  

t = t i m e  (SI, 
V = s u p e r f i c i a l  gas ve loc i ty  (cm/s), 

z = axial d i s t ance  (cm), 

KF = gas f i l m  mass t r a n s f e r  c o e f f i c i e n t  (cm/s), 

A 

p 

MW = r eac t an t  molecular weight (-3081, and 

X = f r a c t i o n a l  r eac t an t  conversion. 

= area a v a i l a b l e  f o r  mass t r a n s f e r  (cm2/cm3), 

= bulk dens i ty  of s o l i d  (g/cm3), 

The r eac t an t  used i n  these  s t u d i e s  w a s  f l ake - l ike  i n  na ture  and the  par- 

t i c l e  thickness  var ied  by a f a c t o r  of two o r  grea te r .  A shrinking-core 

model, assuming p lanar  geometry, was  used f o r  modeling purposes. The 
fol lowing empir ica l  equat ion w a s  used s i n c e  the  su r face  area a v a i l a b l e  f o r  

mass t r a n s f e r  would vary with f r a c t i o n a l  conversion due t o  the  varying 

p a r t i c l e  thickness  and because of t he  complexities i n  developing an exact  

c o r r e l a t i o n  [i.e. A = f (X)] :  

where A. = i n i t i a l  area a v a i l a b l e  f o r  mass t r a n s f e r ,  and n = a r b i t r a r y  

constant.  A numerical s o l u t i o n  w a s  required because of t he  nonl inear  

na tu re  of the  preceding par t ia l  d i f f e r e n t i a l  equations.  However, the  

complexity of t he  s o l u t i o n  and the  computer t i m e  required t o  obta in  a 

s o l u t i o n  w a s  reduced by the  following change of va r i ab le s :  

The transformed par t ia l  d i f f e r e n t i a l  equat ions were then of t he  form: 
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- c = 1  s = o  0 > 0  - 6E = -K&(l-xn)c , 
6S 

= S A  ( 1  - Xn)c, x = o  s >  
Mw 60 0 

25 

Solut ions t o  these  equat ions were obtained v i a  the  app l i ca t ion  of f i n i t e  

d i f f e rence  techniques. Because of s t a b i l i t y  problems in obtaining a solu- 

t i o n  t o  the  o r i g i n a l  PDE's ( funct ions of t and z ) ,  t he  preceding t rans-  

formation i n t o  the  8 and s planes reduced the  required computer t i m e  by 3 

t o  5 orders  of magnitude. 

a func t ion  of 0 and S is presented in Fig. 25. For l a rge  values of 0, 

0 = t  

The development of t he  concentrat ion p r o f i l e  as 

(i.e. 0 = t - 7 €2 t >F). 
Upon the  development of a concentrat ion p r o f i l e  wi th in  the  bed, a pseudo- 

s teady  state condi t ion e x i s t s  and the  concentrat ion and conversion prof i -  

les then advances through the  bed e s s e n t i a l l y  unchanged f o r  a l l  l a r g e r  

values  of 0 o r  t (Figs. 25 and 26) .  The conversion p r o f i l e  within the  bed 

behaves i n  an analogous manner. Comparison of t he  developed concentrat ion 

and conversion p r o f i l e ,  func t ions  of 0 and S, respec t ive ly ,  ind ica ted  t h a t  

they are e s s e n t i a l l y  i d e n t i c a l .  The developed conversion and con- 

cen t r a t ion  p r o f i l e s  a r e  shown i n  Fig. 27 as a func t ion  of K F A ~ ,  s, and 

assuming A = AO(l-X). 

a f i t  of the model-predicted breakthrough curves f o r  var ious A=f(X) with 

the  experimental  breakthrough curves.) With knowledge of the  con- 

cen t r a t ion  p r o f i l e  wi th in  the  bed o r  as a func t ion  of s, the  breakthrough 

curve m y  be determined f o r  a given zo and to value via the  equation: 

(The empirical expression f o r  A was determined v i a  

z - Zo = V(t-to) 
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Fig. 25. Development of the concentration, and the natural logarithm 
of the concentration, profiles as a function of 0 and S. 
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1.0 

0.1 

X 
0.01 

0.001 

0 0.5 1 .o 1.5 2 .0  2.5 
s = z / v  (SI 

Fig. 26. Development of the conversion, and the natural logarithm 
of the conversion, prof i l e s  as a function of 0 and S. 
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Fig. 27. Developed concentration or conversion, and natural logarithm 
of developed concentration or conversion, profiles as a function of the 
KpAo coefficient and S. 
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where 

V = r a t e  of movement of mass t r a n s f e r  zone (cm/s) = (Mw)(V)(Co/p). 

The r e s u l t s  of t h i s  t ransformation f o r  varying values of K F A ~  a r e  provided 

i n  Fig. 28. The func t iona l  dependancy of s u p e r f i c i a l  ve loc i ty  upon the  

breakthrough curve appears  only i n  the  magnitude of KFA,,, not i n  the  

t ransformation because of t he  terms involved i n  the  transformation. This 

is  not the  case f o r  t he  conversion p r o f i l e  wi th in  the  bed whose length 

i s  a l i n e a r  func t ion  of ve loc i ty  s ince  S = z/V. 

80 2 DETERMINATION OF KFA 0 COEFFICIENTS 

Values f o r  t he  K F A ~  c o e f f i c i e n t s  were determined (Figs. 29 t o  32) and 

are presented i n  Table 2 by overlaying the  model-predicted breakthrough 

curves developed i n  the  preceding s e c t i o n  onto the  experimental  

breakthrough curves. 

KpAo a5 t o  8 s-l. 

(a13.8 cm/s) on the  isothermal  10.2-cm-ID reac to r  had ind ica ted  the  KpAO's 

of 7 t o  10 s-l. 

less than f o r  t he  isothermal  system at similar conditions.  This obser- 

va t ion  is cons is ten t  with p r i o r  pressure  drop s t u d i e s  from which it  was 

speculated t h a t  t he  decreased pressure drop dependency upon s u p e r f i c i a l  

ve loc i ty  f o r  the  a d i a b a t i c  system (as  compared t o  the  isothermal  system) 

r e s u l t e d  from the  expansion of t he  bed i n  the  former case. 

dependancy upon ve loc i ty  is an ind ica t ion  of t he  t o r t u o s i t y  of the  

flowpath of the  gas stream through the  bed and hence the  ex ten t  of tu r -  

bulence. 

KpAo, is cons is ten t  with less turbulance and the  observed reduct ion i n  

pressure  drop dependancy with ve loc i ty  (1.e. AP/L a V o g 5  t o  V1*20 for 

a d i a b a t i c  s t u d i e s  as opposed t o  AP/L a V1040 f o r  i so the rma l - s tud ie s ,  

see Sect. 7). 

The da ta  was reasonably cons i s t en t  and ind ica ted  a 

P r i o r  s t u d i e s  a t  a similar s u p e r f i c i a l  ve loc i ty  

Hence, values  f o r  t he  a d i a b a t i c  system are not iceably  

Pressure drop 

Thus, a lower value of t he  modified &ss t r a n s f e r  c o e f f i c i e n t ,  
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9. OBSERVATIONS FROM PILOT PLANT OPERATIONS 

Successfu l  ope ra t ion  of t h e  B a ( 0 H )  2-8H20 process has been 

demonstrated under near -ad iaba t ic  and near-isothermal conditions.  When 

ope ra t ing  a t  water vapor pressures  where B a ( O H ) 2 * 8 H 2 0  is s t a b l e ,  high C02 

removal e f f i c i e n c i e s  and high r eac t an t  u t i l i z a t i o n s  were rou t ine ly  

observed. A major f a c t o r  of concern i n  t h e  success fu l  opera t ion  of t h i s  

process has been t h e  observed increased  i n  p re s su re  drop a s soc ia t ed  wi th  

inc reases  i n  t h e  the  r e l a t i v e  humidity of t h e  process stream. 

Studies  on t h e  10.2-cm-ID r e a c t o r  under near-isothermal condi t ions  

ind ica t ed  t h a t  an ope ra t ing  envelope ex is ted .  The lower cons t r a in t  

r e s u l t s  from t h e  requirement t h a t  t h e  i n f l u e n t  water vapor pressure  must 

be greater than t h e  d i s s o c i a t i o n  vapor pressure  of Ba(0H)  208H20, e.g., 

775 Pa (5.8 mm Hg) a t  22OC and 1.64 kPa (12.3 mm Hg) a t  32°C. With 

r e spec t  t o  t h e  upper limit of t he  envelope, i so thermal  s t u d i e s  a t  22 and 

32OC ind ica t ed  t h a t  t h e  onset of s i g n i f i c a n t  i nc reases  i n  pressure  drop 

could be co r re l a t ed  wi th  r e l a t i v e  humidity of t h e  i n f l u e n t  o r  e f f l u e n t  as 

opposed t o  water vapor pressure  which is i n d i c a t i v e  of a su r face  adsorp- 

t i o n  phenomenon. For t h e  i so thermal  s t u d i e s ,  t he  e f f l u e n t  r e l a t i v e  humi- 

d i t y  d i f f e r e d  from t h e  i n f l u e n t  value by t h e  con t r ibu t ion  from the  water 

r e a c t i o n  product ( r e l a t i v e  humidity increased  -6.3% a t  32OC, -11.4% a t  

22OC). 

e i t h e r  i n f l u e n t  o r  e f f l u e n t  r e l a t i v e  humidities.  However, we observed re- 

c r y s t a l l i z a t i o n  and c u r l i n g  of the  sub-stoichiometric f l a k e s  when hydra- 

t i o n  occurred and a l s o  t h e  onset of apprec iab le  pressure  drop at -60% 

r e l a t i v e  humidity, poss ib ly  a t t r i b u t e d  t o  t h e  c a p i l l a r y  condensation of 

water i n  pores and rap id  r e c r y s t a l l i z a t i o n .  Therefore,  we specu la t e  t h a t  

t h e  c o n t r o l l i n g  condi t ion  is t h e  e f f l u e n t  r e l a t i v e  humidity which is when 

t h e  bulk of t h e  bed hydra t ion  has occurred. It w a s  hypothesized t h a t  t h e  

f l a k e s  which hydrated a t  r e l a t i v e  humidi t ies  >60% were more f r a g i l e  and 

degraded upon conversion t o  BaCO3. 

In Fig. 7, we could not d i s t i n g u i s h  a unique dependency upon 

Consistency of t h e  p re s su re  drop da ta  from t h e  p i l o t  s t u d i e s  per- 

formed under near -ad iaba t ic  condi t ions  was poss ib l e  only when i n f l u e n t  

r e l a t i v e  humidities were compared (Fig. 33). Table 2 shows t h a t  t h e  
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i n f l u e n t  and e f f l u e n t  r e l a t i v e  humidi t ies  could be d i s t ingu i shed  s i n c e  t h e  

l a t te r  were 30% grea te r .  Furthermore, i f  t he  preceding hypothesis,  based 

upon e f f l u e n t  r e l a t i v e  humidity and hydra t ion  of r e a c t a n t  w a s  co r rec t ,  

one could then prehydrate a bed a t  r e l a t i v e  humidi t ies  <60% and then 

opera te  the  C 0 2  s o r p t i o n  process a t  r e l a t i v e  humidi t ies  >>60%. 

experimental  s t u d i e s  on t h e  p i l o t  u n i t  i nd ica t ed  t h a t  p r i o r  hydration had 

l i t t l e  i f  any e f f e c t  upon pressure  drop; pressure  drop w a s  nominal f o r  

e f f l u e n t  r e l a t i v e  humidi t ies  >>60%. Furthermore, consistency of i s o t h e r -  

m a l  and a d i a b a t i c  p re s su re  drop da ta  was  poss ib l e  when t h e  a n a l y s i s  was 

based upon i n f l u e n t  r e l a t i v e  humidity. The r ami f i ca t ions  of these  obser- 

va t ions  a r e  s t r i k i n g  s i n c e  t h e  regime of process o p e r a b i l i t y  is g r e a t l y  

increased. The regime, based upon i n f l u e n t  r e l a t i v e  humidity, is l imi t ed  

on t h e  lower s i d e  by t h e  d i s s o c i a t i o n  vapor p re s su re  of Ba(OH)2*8H20 and 

on t h e  upper s i d e  by -60% r e l a t i v e  humidity. 

But 

From a mechanistic perspec t ive ,  t hese  observa t ions  are more d i f f i c u l t  

t o  expla in  than the  previous r e s u l t s  s i n c e  t h e  po r t ion  of t h e  unreacted 

bed contac t ing  t h e  gas stream a t  i n f l u e n t  r e l a t i v e  humidity condi t ions  is 

small. However, t h e  fo l lowing  hypothesis is presented: In Sect. 8, t h e  

process model p red ic t ed  a period of t i m e  during which a pseudo-steady- 

state conversion and concent ra t ion  p r o f i l e  developed wi th in  t h e  bed. 

Based upon an a n a l y s i s  of t h e  breakthrough curves, t h e  rate of r eac t ion  

wi th in  t h e  bed was modeled via on express ion  of t he  form: 

where 

K F A ~  = modified mass t r a n s f e r  c o e f f i c i e n t  ( -5  s-l), 

Co = i n l e t  CO2 concent ra t ion  (-1.35*10'5 mol CO*/L), 

X = Ba(0H)  2-8H20 f r a c t i o n a l  conversion, and 

Xc02 = COP f r a c t i o n  remaining. 

Af t e r  development of t h e  conversion and concent ra t ion  p r o f i l e s  wi th in  the 

bed, t h e  model p r e d i c t s  t h a t  t he  f r a c t i o n a l  conversion of gas and t h e  

f r a c t i o n  of s o l i d  r e a c t a n t  (1-X) w i l l  be approximately equal. 
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Therefore, t he  nraximum rate of r e a c t i o n  under those  condi t ions  would occur 

a t  X = 0.5 and Xco, = 0.5 or: 

k o 2  = (5)(1.35)(10'5)(0.5)(0.5) = l.69*10'5 mol C02/ (L*s)  

However, %o2 = 1.0 and X = 0.0 upon t h e  s t a r t - u p  of a run and t h e  

corresponding rate of r e a c t i o n  is: 

or fou r  times greater than t h e  maximum observed during t h e  normal opera- 

t i o n  of t he  bed; i.e., in t h e  presence of developed concent ra t ion  and con- 

ve r s ion  p r o f i l e s .  Perhaps t h e  condi t ions  e x i s t i n g  wi th in  t h e  bed during 

process s t a r t - u p  are c r u c i a l  wi th  r e spec t  t o  s i g n i f i c a n t  i nc reases  in 

pres su re  drop. Therefore, t h e  i n f l u e n t  r e l a t i v e  humidity, t h e  hea t  

requirement t o  raise t h e  bed t o  process condi t ions  (-AS"C), t h e  exothermic 

hydra t ion  r eac t ion ,  and t h e  endothermic carbonation r e a c t i o n  appear t o  be 

important f a c t o r s  during t h e  formation of t he  developed conversion and 

concent ra t ion  p r o f i l e s .  I f  t h i s  is t h e  case, one would expect t he  

p re s su re  drop ac ross  downstream columns s i t u a t e d  in series, which would 

only experience developed conversion and concen t r a t ion  p r o f i l e s ,  would be 

expected t o  be considerably less. Unfortunately,  t e s t i n g  t h i s  hypothesis 

is not poss ib l e  as a l l  runs f o r  a given s u p e r f i c i a l  v e l o c i t y  were per- 

formed on a bed us ing  a similar s t a r t - u p  procedure (Xco2 = 1.0 and X = 0.0) 

and possessing s i m i l a r  length. I n  these  s t u d i e s ,  t h e  t o t a l  p re s su re  drop 

ac ross  t h e  bed w a s  monitored (not t h e  p re s su re  drop ac ross  bed segmenes). 

However, t he  phys ica l  c h a r a c t e r i s t i c s  of t he  BaC03  product support,/the 

hypothesis. Typica l ly ,  t h e  lower po r t ions  of t he  bed ( t h e  zone' of r a p i d l y  

developing conversion and concent ra t ion  p r o f i l e s )  were s e v e r e l v d e g r a d e d  

and i n  s e v e r a l  cases a porous plug formed; but t h e  ex ten t  of dev ia t ion  

from the  i n i t i a l  flake-form decreased f u r t h e r  up t h e  bed. The inc rease  in 

pres su re  drop was not continuous with conversion, but occurred l a r g e l y  

1 

,- 
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during t h e  e a r l y  po r t ion  of t h e  run. Therefore,  t h e  inc rease  in pressure  

drop at -60% r e l a t i v e  humidity may not be observed f o r  success fu l  process 

opera t ion  with developed conversion and concent ra t ion  p r o f i l e s .  For those  

condi t ions ,  t h e  upper l i m i t  of process o p e r a b i l i t y  (as presented in 
Fig. 33) would be re laxed  ( increased) ;  but a d d i t i o n a l  s t u d i e s  would be 

r equ i r ed  t o  v e r i f y  t h a t  hypothesis. 

10. CONCLUSIONS 

Process technology f o r  t h e  removal of 14C02 from air-based gas 

streams via the  Ba(OH)2*8H$ process has been demonstrated a t  the  bench- 

and p i l o t -  scales. The process is capable of high C02 removal e f f i c i e n -  

cies ( e f f l u e n t  concent ra t ions  <lo0 ppb), high r e a c t a n t  u t i l i z a t i o n s  (>99X 

conversion), and possesses acceptab le  ope ra t iona l  p r o p e r t i e s  a t  near- 

abmient conditions.  Although a comprehensive cos t  a n a l y s i s  was not con- 

ducted, t h e  technology is cos t  competit ive wi th  o t h e r  suggested 

technologies f o r  14C0 2 removal and d isposa l .  

inc lude  (1) t h e  double a l k a l i  process (NaOH sc rub  wi th  C a ( O H ) 2  backscrub), 

( 2 )  t h e  Ca(0H)  s l u r r y  r eac to r ,  and (3)  C 0 2  s o r p t i o n  on molecular s e i v e  

wi th  subsequent f i x a t i o n  via C a ( O H ) 2  s lu r ry .  Therefore,  based upon cos t  

ana lyses  f o r  t he  above processes f o r  14C02 removal and d i sposa l ,  we esti- 

mate a process cos t  of <$lO/man-rem f o r  t h e  treatment of t h e  air-based 

off-gas stream a t  a 1500 MTHM [45 GW(e)*yl LWR f u e l  reprocess ing  plant.  

Assuming a 500 f t3 /min  air-based gas stream, 14 CuriesDTHM, a dosage of 

400 t o  590 Curie/man-rem, the  r eac t an t  cos t  ($0.43/lb, June, 1981) would 

be -$O.lO/man-rem o r  -$88/day. 

(131 lb/day) or 0.093 m3/day (3.3 f t3 /day )  of BaCO3. 

from air-based streams, which are used to a g i t a t e  process ves se l s  and 

purge process cells, t h e  waste handling and process c o s t s  could be s ign i -  

f i c a n t l y  reduced. Experimental s t u d i e s  have shown no d i f f i c u l t i e s  in 

ob ta in ing  a process decontamimation f a c t o r  of 100 f o r  an i n f l u e n t  gas 

stream of 10 ppm, s i n c e  e f f l u e n t  concent ra t ions  of <lo0 ppb were r o u t i n e l y  

observed during experimental  s tud ies .  However, abso lu t e  measurement of 

Those process a l t e r n a t i v e s  

The process would genera te  -60 kg/day 

By p r i o r  C02 removal 
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concentrat ions <lo0 ppb were not poss ib l e  because of ins t rumenta t ion  l imi- 

t a t ions .  Thermodynamically, no r e s t r i c t i o n s  were predic ted  f o r  con- 

c e n t r a t i o n s  down t o  the  p a r t - p e r - t r i l l i o n  leve l .  

The f laked  r eac t an t  used i n  t h i s  s tudy w a s  purchased from the  Sherwin 

Williams Company and manufactured a t  t h e i r  Cof feyv i l l e  P lan t ,  Coffeyvi l le ,  

Ks. W e  were n o t i f i e d  t h a t  the  product w a s  being discont inued because of a 

lack  of demand and they were unce r t a in  as t o  t h e  p o s s i b i l i t y  of a com- 

p e t i t o r  producing the  f laked  product o r  of eventua l ly  resuming 

production.34 

discussed in d e t a i l ;  i t  is extremely simple and appears t o  r equ i r e  minimal 

cont ro l .  

s t a i n l e s s  steel conveyor b e l t ,  which is 1 m (40 in.) wide and -5 m (16 f t )  

long. The underside of t he  belt is cooled wi th  process  water such t h a t  

t h e  magma s o l i d i f i e s  p r i o r  t o  f a l l i n g  off  t he  conveyor belt ,  whereupon it  

f a l l s  i n t o  a hopper and is conveyed with augers. The f l a k e s  are v a r i a b l e  

i n  th ickness  with an average th ickness  of 3 uun (1/8 in.) .  

dards  f o r  the  process  were not s t r i n g e n t .  I f  a f laked  form is not commer- 

c i a l y  ava i l ab le ,  we envis ion  no major d i f f i c u l t y  o r  apprec iab le  inc rease  

in cost/man-rem i n  us ing  p a r t i c u l a t e  B a ( O H ) 2 * 8 H 2 0  and con t r ac t ing  the  

flake-forming opera t ion  t o  a second party.  

r e a d i l y  a v a i l a b l e  in commercial q u a n t i t i e s  and experimental  s t u d i e s  have 

ind ica t ed  the  p rec i se  hydrat ion s to ich iometry  of the  f l a k e  t o  not  be 

extremely critical. Sherwin-Williams s p e c i f i c a t i o n s  i n d i c a t e  r eac t an t  

s to i ch iomet r i e s  of Ba(0H)  2.7.1H20 t o  Ba(0H)  2*7.8H20. 

t h e i r  material ind ica t ed  Ba(OH)2*7.5H2O0 

-1,000 l b s  of t he  f laked  r eac t an t  remain at ORNL from t h i s  study. 

G. L. Haag v i s i t e d  the  p l an t  and the  p l an t  process was 

It c o n s i s t s  of d i s t r i b u t i n g  a B a ( O H ) 2 * 8 H 2 0  magma (-78OC) on a 

Safe ty  s tan-  

P a r t i c u l a t e  B a ( 0 H )  208H2O is 

Our a n a l y s i s  of 

For f u t u r e  t e s t i n g  purposes, 

Operation a t  s u p e r f i c i a l  v e l o c i t i e s  >>13 c m / s  must be approached with 

caut ion  because of p o t e n t i a l  p ressure  drop problems and a d d i t i o n a l  bed 

expansion and gas channeling. S tudies  were not conducted as t o  the  e f f e c t  

of i n f l u e n t  C02 concent ra t ions  >330 ppm. 

and conversion p r o f i l e s  w i th in  t h e  bed and t h e  r e s u l t i n g  breakthrough 

curves may be predic ted  by using the  process  model developed during these  

s tud ies .  From an ope ra t iona l  s tandpoin t ,  we should consider  t he  possibi-  

l i t y  of s a t u r a t i n g  the  gas stream wi th  water vapor, because of t he  

The shape of the  concent ra t ion  
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increased  r eac t ion  rate and the  accompanying decrease i n  water content a t  

s a t u r a t i o n  (because of a reduct ion i n  gas stream temperature causing 

greater ne t  endothermicity).  Furthermore, the  p o t e n t i a l  f o r  a s i g n i f i c a n t  

i nc rease  i n  pressure  drop during the  i n i t i a l  s t a r t - u p  of the  process,  

p r i o r  t o  the  formation of t h e  pseudo s teady-s ta te  conversion and con- 

c e n t r a t i o n  p r o f i l e s ,  must be evaluated. No d e t a i l e d  s t u d i e s  were conducted 

on the  e f f e c t s  of process  opera t ion  under water-saturat ion conditions.  

However, e f f i c i e n t  C 0 2  removal from an 80% C02 gas  stream was observed 

even though the  r eac t ion  w a s  exothermic and water condensed wi th in  t h e  

bed. Based upon the  specu la t ion  in t he  preceding s e c t i o n  and the  . 
i nc rease  i n  pressure  drop assoc ia ted  with condi t ions  during process start- 

up (most notably f o r  i n f l u e n t  r e l a t i v e  humidi t ies  >60%), pressure  drop 

problems probably would inc rease  f o r  C02 concent ra t ions  >330 ppm and 

decrease f o r  concent ra t ions  <330 ppm. 

An a l t e r n a t i v e  novel technology under development by Ontar io  

Hydro-Canada using a high humidity, ambient temperature,  C02-Ca(OH) 2 

gas-solid r eac t ion  is of p a r t i c u l a r  i n t e r e s t .  For s e v e r a l  years ,  we have 

exchanged I4C immobilization information with Ontar io  Hydro via a 

DOE-approved exchange agreement. Because of t h e  many analogies  between 

t h e  two systems, t h i s  exchange of information has been h e l p f u l  and con- 

ducted i n  a c o r d i a l  atmosphere. 

recommended. 

Continued monitoring of t h i s  work is 
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