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SUMMARY 

I n  t h i s  i n v e s t i g a t i o n  t h e  s u r f a c e  a r e a ,  b u l k  and  

p a r t i c l e  d e n s i t y ,  p o r e  volume and  a s h  c o n t e n t  o f  a c t i v a t e d  

c a r b o n  made from p e a n u t  h u l l s  were  c h a r a c t e r i z e d .  T h i s  

c a r b o n  was s i e v e d  t o  30/45 mesh and  u s e d  i n  a  packed bed t o  

a d s o r b  s u l f u r  d i o x i d e  from a  n i t r o g e n  c a r r i e r  s t r e a m .  The 

e f f l u e n t  s t r e a m  from t h e  bed was c o n s t a n t l y  m o n i t o r e d  f o r  

s u l f u r  d i o x i d e  w i t h  a  Beckman I n f r a r e d  A n a l y z e r .  From t h i s  

m o n i t o r i n g ,  b r e a k t h r o u g h  c u r v e s  were  g e n e r a t e d  f o r  e a c h  t e s t  

s o  t h a t  t h e  o u t l e t  c o n c e n t r a t i o n  w a s  known a s  a  f u n c t i o n  o f  

t ime.  T e s t s  were c o n d u c t e d  a t  a t m o s p h e r i c  p r e s s u r e  w i t h  

c a r r i e r  f l o w  r a t e s  o f  100 ,  1 7 5 ,  250, 3 5 0 ,  500, and  700 c u b i c  

c e n t i m e t e r s  p e r  minu te  and t e m p e r a t u r e s  o f  298, 3 2 3 ,  3 4 8 ,  and 

398 d e g r e e s  K e l v i n .  

By d e t e r m i n i n g  t h e  amount o f  s u l f u r  d i o x i d e  a d s o r b e d  

p e r  gram of  c a r b o n  from b r e a k t h r o u g h  c u r v e s ,  a  r e l a t i o n s h i p  

of  t h e  form 

was s e e n  t o  e x i s t  between t h e  a d s o r p t i v e  c a p a c i t y  and  t h e  

t e m p e r a t u r e  o f  t h e  bed .  



CHAPTER I 

I N T R O D U C T I O N  

In  r e c e n t  y e a r s  t h e r e  has  been a  sha rp  i n c r e a s e  i n  

t h e  number o f  c o a l  burning power p l a n t s  and o t h e r  s u l f u r  

d i o x i d e  e m i t t i n g  s o u r c e s .  , I 8 ¶  35 9 36 , 3s A growing concern 

over  t h e  environmental  impact  o f  p o l l u t a n t s  i n  t h e  atmosphere 

has accompanied t h i s  r i s e  i n  s u l f u r  d iox ide  emis s ions .  There 

a r e  s e v e r a l  major problems i n  c l e a n i n g  up t h e s e  emis s ions .  

The main d i f f i c u l t y  i s  t h e  l a r g e  q u a n t i t i e s  o f  gas envolved 

and t h e  r e l a t i v e l y  low c o n c e n t r a t i o n  of t h e  s u l f u r  d i o x i d e  

which must be removed. Three g e n e r a l  approaches t o  minimizing 

t h e  p o l l u t i o n  from t h e s e  s o u r c e s  a r e :  ( a )  remove t h e  s u l f u r  

from t h e  o r i g i n a l  f o s s i l  f u e l ,  (b)  g a s i f y  t h e  f u e l  t o  r e l e a s e  

t h e  s u l f u r  compounds b e f o r e  burning,  and ( c )  burn t h e  f u e l  

and r ecove r  t h e  s u l f u r  ox ides  a f t e r  fo rmat ion .  Of t h e s e ,  

removing t h e  s u l f u r  d i o x i d e  a f t e r  combustion i s  probably  t h e  

most p r a c t i c a l  and most widely  r e c e i v e d .  4 ,9 ,17,38 

Wet s c rubb ing  has found wide a p p l i c a t i o n s  i n  t h e  power 

i n d u s t r i e s  a s  a  method of  c l e a n i n g  s t a c k  g a s e s .  Wet s c rubb ing ,  

however, has  s e v e r a l  i n h e r e n t l y  troublesome f e a t u r e s .  The 

s u l f u r  d i o x i d e  i s  t r a n s f e r r e d  i n t o  t h e  wa te r ,  which c r e a t e s  

a  w a t e r  p o l l u t i o n  problem; and t h e  f l u e  gas i s  u s u a l l y  coo led  

t o  such a  l e v e l  t h a t  i t  l o s e s  i t s  thermal  bouyancy, t h u s  



making r e h e a t i n g  neces sa ry .  Adsorpt ion p r o c e s s e s  u t i l i z i n g  

m a t e r i a l s  such  a s  do lomi te ,17936  me ta l  ox ides ,38  and a c t i v a t e d  

carbons  '?18, 3 8 9 4 2  have been examined bo th  i n  l a b o r a t o r i e s  and 

i n  i n d u s t r i a l  a p p l i c a t i o n s .  Ac t iva t ed  ca rbons ,  which have 

found e x t e n s i v e  u se s  i n  o t h e r  a p p l i c a t i o n s  3 y 2 2  because of  

t h e i r  h igh  s u r f a c e  a r e a  and o t h e r  d e s i r a b l e  q u a l i t i e s ,  a r e  

now f i n d i n g  a p p l i c a t i o n  i n  f l u e  gas d e s u l f u r i z a t i o n .  4 ,9 ,18 ,  

3 6 9 3 8 9 4 2  However, t h e r e  i s  s t i l l  much unknown r e l a t i v e  t o  

c h a r c o a l  and t h e  fundamentals  of  i t s  a p p l i c a t i o n  i n  adsorp-  

t i o n  p roces se s .  

The p r i n c i p l e s  o f  a d s o r p t i o n  have been a p p l i e d  t o  

v a r i o u s  p roces se s  s i n c e  t h e  l a t e  e i g h t e e n t h  c e n t u r y  when 

wood c h a r s  were used t o  d e c o l o r i z e  o i l s ,  a l c o h o l s ,  and raw 

s u g a r s .  2 2  These p r o c e s s e s  t a k e  advantage of  t h e  a b i l i t y  o f  

c e r t a i n  s o l i d s  t o  c o n c e n t r a t e  p r e f e r e n t i a l l y  s p e c i f i c  

subs t ances  from a  s o l u t i o n  on to  t h e i r  s u r f a c e s .  The f o r c e s  

which bond gas o r  l i q u i d  molecules  t o  t h e  s u r f a c e  of  t h e  

s o l i d  a r e  d i v i d e d  i n t o  two main t ypes :  p h y s i c a l  a d s o r p t i o n  

and chemisorp t ion .  The weaker o f  t h e  two, p h y s i c a l  adso rp -  

t i o n ,  i s  caused by t h e  f o r c e s  o f  molecular  i n t e r a c t i o n ,  

i n c l u d i n g  permanent d i p o l e s ,  induced d i p o l e s  and quadrupole  

a c t i o n .  39 These f o r c e s ,  which a r e  commonly d e s i g n a t e d  a s  

"van d e r  Waals," cause  t h e  molecules  of  t h e  a d s o r b a t e  t o  

a t t a c h  themselves t o  t h e  s o l i d .  Chemisorption i s  t h e  r e s u l t  

o f  a  chemical  i n t e r a c t i o n  between t h e  s o l i d  and t h e  adsorbed 

subs t ance .  This chemical  i n t e r a c t i o n  i s  b a s i c a l l y  a  chemical  



r e a c t i o n  r e s t r i c t e d  t o  t h e  s u r f a c e  l a y e r  o f  t h e  a d s o r b e n t .  

Chemisorpt ion  g e n e r a l l y  p redomina tes  o v e r  p h y s i c a l  a d s o r p -  

t i o n  i n  t h e  h i g h e r  t empe ra tu r e  r anges  and i s  c h a r a c t e r i z e d  

by l a r g e  h e a t s  o f  a d s o r p t i o n .  4 0  

A c t i v a t e d  ca rbon  can  be made from a lmos t  any o r g a n i c  

subs t ance .  Some o f  t h o s e  reviewed i n  t h e  l i t e r a t u r e  a r e  

coconut  s h e l l s ,  2 8 , 2 9 , 3 7  oak ,  maple,  and p i n e  wood,41 p e a t ,  

oxycoke, "I8 bones ,  f r u i t  p i t s ,  2 2  and o t h e r  s o u r c e s .  
11 

~ e i t z ~  ha s  compiled a  book c o n t a i n i n g  o v e r  2 0 0  r e f e r e n c e s  t o  

p r e p a r a t i o n  of a d s o r b e n t s  from v a r i o u s  v e g e t a b l e ,  m i n e r a l ,  

and an imal  s o u r c e s .  These s t a r t i n g  m a t e r i a l s  a r e  f i r s t  

ground and t h e n  c h a r r e d .  F r equen t l y  t h e s e  p r o d u c t s  a r e  t h e n  

a c t i v a t e d  t o  i n c r e a s e  t h e  s u r f a c e  a r e a  and d r i v e  o f f  impur i -  

t i e s .  A c t i v a t i o n  i s  u s u a l l y  accompl ished by r e h e a t i n g  t h e  

c h a r r e d  p r o d u c t s  t o  a  h i g h  t e n p e r a t u r e  wh i l e  p a s s i n g  s t eam,  

a i r ,  w a t e r  o r  a c i d  o v e r  them. Varying t h e  t e m p e r a t u r e ,  t i m e ,  

and f low r a t e  o f  t h e  p r o c e s s  c ause s  t h e  p o r e  s i z e ,  s u r f a c e  

a r e a ,  and a d s o r p t i o n  c a p a c i t y  o f  t h e  a d s o r b e n t  t o  i n c r e a s e  

g r e a t l y .  23,28 

A c t i v a t e d  ca rbons  a r e  g e n e r a l l y  c l a s s i f i e d  i n t o  two 

t y p e s :  g a s - a d s o r b e n t  c a rbon ,  which adso rbs  i m p u r i t i e s  from 

gase s  and r e c o v e r s  v a l u a b l e  vapo r s ;  and l i q u i d  phase  o r  

d e c o l o r i z i n g  ca rbon ,  which removes i m p u r i t i e s  from aqueous 

o r  o r g a n i c  l i q u i d s  and s o l u t i o n s .  C h a r a c t e r i z i n g  t h e  vo id  

volume d i s t r i b u t i o n  which accoun t s  f o r  t h i s  d i s t i n c t i o n  i s  a  

d i f f i c u l t  problem s i n c e  t h e  v o i d  space s  a r e  u s u a l l y  nonuniform 



i n  shape and s i z e .  To account  f o r  t h e s e  v a r i a t i o n s  q u a n t i -  

t a t i v e l y ,  t h e  s i z e  o f  t h e  vo id  space i s  f r e q u e n t l y  i n t e r p r e t e d  

a s  a  r a d i u s  o r  d iamete r  o f  a c y l i n d r i c a l  po re  and t h e  d i s t r i -  

bu t ion  of  t h e  vo id  volume i s  d e f i n e d  i n  terms of  t h i s  

paramete r .  3 3 2 3 9  Pores a r e  c l a s s i f i e d  a s  macropores,  

t r a n s i t i o n a l  p o r e s ,  o r  micropores .  Macropores a r e  conven- 

t i o n a l l y  s p e c i f i e d  a s  t h o s e  having r a d i i  g r e a t e r  than  1 0 0 0  
0 

t o  2000 A .  The s p e c i f i c  s u r f a c e  a r e a  o f  macropores a r e  

2 r e p o r t e d  by M .  M .  ~ u b i n i n "  t o  range  from 0.5 t o  2 m / g  f o r  

carbonaceous adso rben t s .  Such va lues  of  s p e c i f i c  s u r f a c e  

a r e a s  i n d i c a t e  t h a t  macropores of  a c t i v e  carbons  do n o t  p l a y  

an a p p r e c i a b l e  r o l e  i n  t h e  a d s o r p t i o n  v a l u e .  Dubinin 

t h e o r i z e s  t h e i r  main f u n c t i o n  i s  t h a t  o f  a  t r a n s p o r t  a r t e r y  

which makes t h e  s m a l l e r  i n t e r n a l  po re s  of t h e  carbon r e a d i l y  

a c c e s s i b l e  t o  t h e  molecules be ing  adsorbed.  In t e rmed ia t e  

o r  t r a n s i t i o n a l  pores  which p rov ide  t h e  l i n k  between t h e  

macropores and t h e  micropores  a r e  r e p o r t e d  by Fornwalt  and 

~ u t c h i n s l ~  t o  l i e  between 50 and 500 i n  r a d i u s .  

w i t h i n  t h e s e  t r a n s i t i o n a l  po re s  t h a t  t h e  s u r f a c e  a r e a  of  t h e  

adso rben t  becomes an impor tan t  v a r i a b l e ,  e s p e c i a l l y  i n  l i q u i d  

a d s o r p t i o n .  The s t i l l  s m a l l e r  micropores ,  which a r e  c h a r a c -  

t e r i s t i c  of  most gas  a d s o r p t i o n  ca rbons ,  pe rmi t  p e n e t r a t i o n  

by gase s  b u t  a r e  t oo  r e s t r i c t i v e  f o r  most l i q u i d s ,  e s p e c i a l l y  

t hose  w i th  long cha in  molecu les .  I t  i s  t h e s e  sma l l  micropores  

which c o n t r i b u t e  t h e  g r e a t e s t  amount o f  s u r f a c e  a r e a  t o  vapor 

adso rben t  ca rbons .  



In  t h i s  work c h a r c o a l  samples were f i r s t  a c t i v a t e d  

and then  c h a r a c t e r i z e d  acco rd ing  t o  p h y s i c a l  p r o p e r t i e s .  

These samples were t hen  u t i l i z e d  i n  a  packed bed t o  s tudy  

t h e  e f f e c t s  o f  t empera ture  on t h e  a b i l i t y  o f  t h e  c h a r c o a l  t o  

adsorb s u l f u r  d iox ide .  The c h a r c o a l  chosen f o r  examin t ion ,  

c h a r r e d  peanut  s h e l l s ,  has  been shown by e at field" t o  e x h i b i t  

s t e e p  break through  curves  and a  h igh  e q u i l i b r i u m  a d s o r p t i o n  

c a p a c i t y  a t  room tempera ture .  I t  i s  o f t e n  t h e  c a s e  t h a t  

a d s o r p t i o n  beds a r e  used i n  m u l t i p l e  s t a g e s  where one bed 

i s  on-s t ream wh i l e  o t h e r s  a r e  be ing  r e g e n e r a t e d .  2,6,20,40 

A s  t h e  maximum a l lowab le  e f f l u e n t  c o n c e n t r a t i o n  i s  a t t a i n e d  

w i t h  one bed, i t  i s  t aken  o f f - l i n e  and r e p l a c e d  by a  r egene r -  

a t e d  bed. The t ime i t  t a k e s  f o r  t h e  bed t o  reach  t h e  maximum 

a l lowab le  e f f l u e n t  c o n c e n t r a t i o n  i s  a  de s ign  paramete r .  

Occas iona l ly ,  due t o  changes i n  p l a n t  o p e r a t i o n  o r  economics, 

i t  may be neces sa ry  t o  change t h e  t empera ture  o f  a  gas  t h a t  

p a s s e s  th rough  a  column. This  paper  examines t h e  e f f e c t  o f  

t empera ture  changes on t h e  a d s o r p t i v e  c a p a c i t y  of  a c t i v a t e d  

peanut  s h e l l s  
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EXPERIMENTAL APPARATUS AND PROCEDURE 

Breakthrough c u r v e s  were  o b t a i n e d  f o r  v a r i o u s  concen-  

t r a t i o n s  o f  s u l f u r  d i o x i d e  and n i t r o g e n  f l o w i n g  t h r o u g h  a  

packed bed o f  a c t i v a t e d  c a r b o n  and t h e n  m o n i t o r i n g  and 

r e c o r d i n g  t h e  e f f l u e n t  c o n c e n t r a t i o n  o f  s u l f u r  d i o x i d e  a s  a  

f u n c t i o n  o f  t i m e .  The Matheson Gas P r o d u c t s  S O 2  c e r t i f i e d  

t o  b e  5 4 8 4  ppm s u l f u r  d i o x i d e  w i t h  t h e  b a l a n c e  n i t r o g e n  w a s  

u t i l i z e d .  A t a n k  o f  c e r t i f i e d  p u r e ,  e x t r a  d r y  n i t r o g e n  from 

Union Carb ide  was u s e d  i n  c o n j u n c t i o n  w i t h  t h e  Matheson g a s  

t o  p r o v i d e  v a r i o u s  c o n c e n t r a t i o n s  o f  s u l f u r  d i o x i d e  and t o  

p u r g e  t h e  sys tem.  

A s c h e m a t i c  d iagram o f  t h e  a p p a r a t u s  i s  g i v e n  i n  

F i g u r e  1. The a c t i v a t e d  ca rbon  was packed i n  t h e  i n n e r  t u b e  

o f  a  Pyrex  c o n d e n s a t i o n  a p p a r a t u s ,  and 2 0  w e i g h t  SAE Motor 

o i l  was c i r c u l a t e d  t h r o u g h  t h e  annu lus  f o r  t e m p e r a t u r e  

c o n t r o l .  The t u b e  c o n t a i n i n g  t h e  ca rbon  was 1 cm i n s i d e  

d i a m e t e r ,  and 40  cm i n  l e n g t h .  S t a n d a r d  ground g l a s s  j o i n t s ,  

which t a p e r e d  down t o  s l i p  i n s i d e  q u a r t e r  i n c h  Tygon t u b i n g ,  

p r o v i d e d  an  a d e q u a t e  s e a l  on t h e  i n n e r  t u b e .  A 1 5 - g a l l o n  

g l a s s  i n s u l a t e d  t a n k  p r o v i d e  a  s u f f i c i e n t l y  l a r g e  r e s e r v o i r  

f o r  t h e  o i l .  To c i r c u l a t e  t h e  o i l ,  a  submerged pump, No. 



9. Hea te r 

10. Insulated Tank SYMBOLS 

11. Filter Q c u t o f f  Valve 

12. SO, In f rared  

Analyzer 

13. Strip chart 

Recorder 

14. Cooler 

Press. Gauge 

Fine Meter ing 

Valve 

Figu re  1.  Experimental Apparatus 



lP295,manufactured by Dayton E l e c t r i c a l  Manufacturing 

Company, was used .  A L O O 0  w a t t  r e s i s t a n c e  t ype  h e a t e r -  

c o n t r o l l e r  by Engineer ing Laboratory  Design,  Inc .  c o n t r o l l e d  

t h e  t empera ture  of  t h e  o i l .  A c a l i b r a t e d  mercury thermometer,  

a c c u r a t e  t o  0 . 5  degrees  c e n t i g r a d e ,  was employed t o  moni tor  

t h e  t empera ture  of  t h e  b a t h .  From t h e  thermometer i t  was 

determined t h a t  t h e  h e a t e r - c o n t r o l l e r  was a b l e  t o  ho ld  t h e  

o i l  w i t h i n  a  range of t h r e e  degrees  o f  t h e  s e t  t empera tu re .  

A Beckman 2 1 5 A  I n f r a r e d  Analyzer ,  de sc r ibed  i n  

Appendix C-2, monitored t h e  e n t r a n c e  and e f f l u e n t  concen t r a -  

t i o n s  of s u l f u r  d iox ide  from t h e  packed bed. By-pass t ub ing  

was i n s t a l l e d  around t h e  packed bed s o  t h a t  p e r i o d i c  c a l i b r a -  

t i o n  checks could be run wi thout  comtaminating t h e  sample.  

The c o n c e n t r a t i o n  of  SO2 i n  n i t r o g e n  was r e g u l a t e d  - v i a  two 

U'hitey f i n e  mete r ing  v a l v e s .  Two c a l i b r a t e d ,  Matheson Model 

6 0 2 ,  r o tome te r s  ( s e e  Appendix C - 1 )  provided a c c u r a t e  moni to r -  

i ng  of  t h e  gas  f low r a t e s .  To i n s u r e  good mixing of  t h e  two 

gas s t r eams ,  a  g l a s s  mixing c y l i n d e r  was p u t  on l i n e .  I t  

was n e c e s s a r y  t o  coo l  t h e  gas e f f l u x  from t h e  carbon bed t o  

w i t h i n  t h e  I R  o p e r a t i n g  range .  The gas  was passed  th rough  

5  f e e t  of q u a r t e r  inch  s t a i n l e s s  s t e e l  t ub ing  c o i l e d  i n s i d e  

an i c e  b a t h .  A couple  of  p r e l i m i n a r y  runs  proved. t h a t  t h i s  

was a  s a t i s f a c t o r y  s e t  up over  t h e  exper imenta l  t empera ture  

range .  



E x o e r i m e n t a l  P r o c e d u r e  
p- -- - 

A d i f f e r e n t  sample o f  a c t i v a t e d  c a r b o n ,  s e e  Appendix 

A and B ,  was u s e d  f o r  e a c h  e x p e r i m e n t a l  t e s t .  Each o f  t h e s e  

samples  were  d e g a s s e d  a t  110 d e g r e e s  c e n t i g r a d e  f o r  a t  l e a s t  

24  h o u r s  b e f o r e  t h e  t e s t .  The i n f r a r e d  A n a l y z e r ' s  c a l i b r a -  

t i o n  was checked w i t h  p u r e  n i t r o g e n  f o r  a  z e r o  r e a d i n g  on t h e  

d e f l e c t i o n  s c a l e  and w i t h  t h e  5484  ppm s u l f u r  d i o x i d e  f o r  a  

100 r e a d i n g .  A sample o f  t h e  d e g a s s e d  a c t i v a t e d  c a r b o n  was 

t h e n  weighed and p l a c e d  i n  t h e  packed b e d .  To h o l d  t h e  

sample  i n  p l a c e ,  g l a s s  wool and g l a s s  beads  were packed i n  

t h e  bed b e f o r e  and a f t e r  t h e  c a r b o n  sample .  The f i r s t  h a l f  

o f  t h e  bed c o n t a i n e d  t h e  g l a s s  beads  t o  p r o v i d e  a  p r e h e a t  

f o r  t i l e  g a s  g o i n g  i n t o  t h e  c a r b o n .  I t  a l s o  s e r v e d  t o  d i s p e r s e  

and s p r e a d  t h e  g a s  t h r o u g h o u t  t h e  e n t i r e  c r o s s  s e c t i o n  o f  

t h e  bed .  The l a s t  p o r t i o n  o f  t h e  bed c o n t a i n e d  g l a s s  wool 

t o  h o l d  t h e  c a r b o n  i n  p l a c e ,  and keep  any s m a l l  p a r t i c l e s  f rom 

blowing th rough  t h e  sys t em.  With t h e  c a r b o n  i n  p l a c e ,  t h e  

o i l  b a t h  was b r o u g h t  up t o  t h e  d e s i r e d  t e m p e r a t u r e  and h e l d  

t h e r e  u n t i l  t h e  packed bed was a b l e  t o  r e a c h  t h e r m a l  

e q u i l i b r i u m  w i t h  t h e  r e s e r v o i r .  Dur ing  t h i s  t i m e  p u r e  n i t r o g e n  

was p a s s e d  t h r o u g h  t h e  e n t i r e  sys t em.  When c o n d i t i o n s  were  

a p p r o p r i a t e ,  t h e  n i t r o g e n  was e i t h e r  t u r n e d  o f f  o r  mixed w i t h  

t h e  s u l f u r  d i o x i d e .  A t  t h i s  t i m e  t h e  r e c o r d e r ,  c o n n e c t e d  

w i t h  t h e  I n f r a r e d  A n a l y z e r ,  was t u r n e d  on t o  r e c o r d  t h e  

e f f l u e n t  f rom t h e  packed bed .  A s  soon a s  t h e  a c t i v a t e d  ca rbon  

became c o m p l e t e l y  s a t u r a t e d  w i t h  t h e  s u l f u r  d i o x i d e ,  t h e  g a s  



and t h e  r e c o r d e r  were t u r n e d  o f f  and t h e  bed was e m p t i e d ,  

t h e n  purged  a g a i n  w i t h  p u r e  n i t r o g e n  ( s e e  T a b l e  1).  



T a b l e  1. Sample T e s t s  

Test Temperature Flow Rate Inlet Concentration Sample Weight Bed Length 
# ( C O >  (cc/min) ( P P ~  S.02) (gm)  (cm> 

3 a 

1 a 

2 a 

53b 

55b 

56b 

4 b  

5 b  

6 b  

57b 

54b 

29b 

9 b  

19b 

20b 

12b 

llb 





T a b l e  1 (continued) 

Test Temperature Flow Rate Inlet Concentration Sample Weight Bed Length 
(CO) (cc Imin) ( P P ~  SO,) (w) (cm> 



T a b l e  1 ( conc luded)  

T e s t  Temperature Flow Rate I n l e t  C o n c e n t r a t i o n  Sample Weight Bed Length 
i/ (C" ( c c  Imin) (gm) ( 4  

Tube d i a m e t e r  o f  3.5 cm.; A c t i v a t e d  c h a r r e d  peanu t  h u l l s  used w i t h  g l a s s  wool t o  ho ld  ca rbon  

i n  p l a c e  

Tube d i a m e t e r  o f  1 . 0  cm. ;  A c t i v a t e d  c h a r r e d  peanu t  h u l l s  used w i t h  g l a s s  wool and 15 grams o f  

3 mm g l a s s  beads 

Same c o n d i t i o n s  a s  (b) e x c e p t  n o n - a c t i v a t e d  c h a r r e d  peanu t  h u l l s  used 

Same c o n d i t i o n s  a s  (b)  excep t  carbon from SKC I n c ,  l o t  # 105 sampl ing t u b e s  used 

Tube d iamete r  1 . 0  cm., g l a s s  wool o n l y  

Tube d iamete r  1 . 0  cm. ,  g l a s s  wool and 30 gm o f  3 rmn g l a s s  beads  

Tube d iamete r  1 . 0  cm., g l a s s  wool and 15 gm o f  3 mm g l a s s  beads 

Tub-. d i a m e t e r  1 . 0  cm., A c t i v a t e d  c h a r r e d  peanu t  h u l l s  and 15 gm o f  3 mm g l a s s  beads ,  N o  g l a s s  wool 
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Most o f  t h e  e x p e r i m e n t s  were  made w i t h  a p p r o x i m a t e l y  

1 5  grams o f  3 mm g l a s s  beads  packed up s t r e a m  o f  t h e  c a r b o n  

t o  p r o v i d e  a b o u t  2 5  c e n t i m e t e r s  o f  p r e h e a t  a r e a  f o r  t h e  

i n f l u e n t  g a s e s .  T h i s  was found t o  b e  a  s a t i s f a c t o r y  l e n g t h  

t o  i n s u r e  t h a t  t h e  g a s  had r e a c h e d  bed t e m p e r a t u r e .  To h o l d  

t h e  c h a r c o a l  i n  p l a c e m a  p l u g  o f  g l a s s  wool was packed i n  t h e  

column from t h e  e f f l u e n t  s i d e .  By r u n n i n g  s e v e r a l  d i f f e r e n t  

combina t ions  o f  g l a s s  beads  and wool ,  w i t h  and w i t h o u t  

c a r b o n  i n  t h e  b e d ,  it was d e t e r m i n e d  t h e  e f f e c t  on t h e  ca rbon  

a d s o r p t i o n  on t h e  beads  and wool was n e g l i g i b l e .  Runs 4 7 ,  

4 9 ,  and 52 w i t h  c h a r r e d ,  b u t  n o n - a c t i v a t e d  p e a n u t  h u l l s ,  

e x h i b i t e d  a l m o s t  no r e t e n t i o n  o f  t h e  s u l f u r  d i o x i d e .  T h i s  

was e x p e c t e d  due  t o  t h e  c o r r e s p o n d i n g l y  low s p e c i f i c  s u r f a c e  

a r e a .  See  Appendix B-1. 

A s  d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r ,  a r e s i s t a n c e -  

t y p e  h e a t e r  c o n n e c t e d  t o  a  t h e r m o s t a t i c  c o n t r o l l e r  was u s e d  

t o  c o n t r o l  t h e  o i l  b a t h  t e m p e r a t u r e .  U n f o r t u n a t e l y ,  t h e  con-  

t r o l l e r  was o n l y  a b l e  t o  h o l d  t h e  b a t h  t e m p e r a t u r e  w i t h i n  a b o u t  

t h r e e  d e g r e e s  o f  t h e  s e t  t e m p e r a t u r e .  A f t e r  b r e a k t h r o u g h ,  

t h e  e f f l u e n t  s u l f u r  d i o x i d e  c o n c e n t r a t i o n  was m o n i t o r e d  f o r  

a b o u t  two h o u r s .  Dur ing  t h i s  t i m e  t h e  c h a r t  speed  on t h e  



s t r i p  c h a r t  r e c o r d e r  was s lowed t o  f o u r  i n c h e s  p e r  h o u r .  

A s i n u s o i d a l - t y p e  wave r e s u l t e d  a s  t h e  i n s t r u m e n t  r e s p o n s e  

v a r i e d  from a p p r o x i m a t e l y  95 t o  105 .  Due t o  t h e  h i g h  non-  

l i n e a r i t y  o f  t h e  Beckman I n f r a r e d  A n a l y z e r  i n  t h i s  r e g i o n  a  

s m a l l  i n s t r u m e n t  r e s p o n s e  c o r r e s p o n d e d  t o  a  l a r g e  c o n c e n t r a -  

t i o n  d i f f e r e n c e .  A s  t h e  t e m p e r a t u r e  dropped,  t h e  c a r b o n  

would a d s o r b  more o f  t h e  s u l f u r  d i o x i d e  f l o w i n g  t h r o u g h  t h e  

bed and t h e  r e c o r d e r  i n d i c a t e d  this w i t h  a  r e s p o n s e  r e a d i n g  

around 94 t o  96 which c o r r e s p o n d s  t o  a b o u t  4400 t o  4600 ppm 

s u l f u r  d i o x i d e .  I t  was d i f f i c u l t  t o  i n t e r p r e t  t h e  u p p e r  

p o r t i o n  o f  t h e  b r e a k t h r o u g h  c u r v e  b e c a u s e  of  t h i s  f a c t .  I f  

t h e  b a t h  was on i t s  c o o l i n g  c y c l e  when b r e a k t h r o u g h  o c c u r r e d ,  

t h e  upper  p o r t i o n  o f  t h e  g e n e r a t e d  " s "  s h a p e  c u r v e  would 

a p p e a r  t o  approach  a s y m p t o t i c a l l y  a n  i n s t r u m e n t  r e s p o n s e  o f  

a r o u n d  95 ,  which c o r r e s p o n d s  t o  a r educed  c o n c e n t r a t i o n  

( c / c o )  i n  t h e  e f f l u e n t  s t r e a m  o f  a round 8 0 .  I f ,  on t h e  

o t h e r  hand,  t h e  b a t h  was s t a r t i n g  t o  h e a t  a t  t h i s  t i m e ,  t h e  

e f f l u e n t  c o n c e n t r a t i o n  o f  s u l f u r  d i o x i d e  would r i s e  above 

t h e  i n l e t  and a p p e a r  a s y m p t o t i c a l l y  t o  a p p r o a c h  a  r e d u c e d  

c o n c e n t r a t i o n  of a round 1 . 2 0 .  These  two a s y m p t o t e s  were  

a v e r a g e d  t o g e t h e r  t o  y i e l d  what t h e  c u r v e  migh t  have  looked  

l i k e  had t h e  t e m p e r a t u r e  been  c o n s t a n t .  These  e x t r a p o l a t e d  

v a l u e s  a r e  i n d i c a t e d  i n  F i g u r e s  2 ,  3 ,  4 ,  5 ,  6 ,  by a  d o t t e d  

l i n e  e x t e n d i n g  p a s t  t h e  s o l i d  l i n e .  

A method deve loped  by Engel  and c o u l l 1 3  t o  e v a l u a t e  

q u a l i t a t i v e l y  t h i s  e x t r a p o l a t i o n  o f  d a t a ,  and t o  check t h e  
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T I M E  FROM START, rnin 

Figure  4 .  Breakthrough Curves f o r  5484 ppm SO in Ng at 7 5 ' ~  
2 





T I M E  FROM START, min 

Figure  6 .  Breakthrough Curves f o r  5484 ppm SO in N at 1 2 5 " ~  2 2 



l ower  p o i n t s  f a r  c o n s i s t e n c y  was employed. ~ i d n a ~ l '  has  

r ev iewed  t h i s  method and found t h a t  i t  c o r r e l a t e s  w i t h  t h e  

d a t a  v e r y  w e l l .  B a s i c a l l y ,  t h e  method makes u s e  o f  t h e  c l o s e  

r e semblance  o f  t h e  p r o b a b i l i t y  i n t e g r a l ,  o r  e r r o r  c u r v e ,  t o  

t h e  b r e a k t h r o u g h  c u r v e .  By p l o t t i n g  ( 1  - c /co) lOO,  where 

c i s  t h e  e f f l u e n t  c o n c e n t r a t i o n  and co  i s  t h e  i n l e t  concen-  

t r a t i o n ,  a s  a  f u n c t i o n  o f  t i m e  on normal  p r o b a b i l i t y  p a p e r ,  

a  f a i r l y  s t r a i g h t  l i n e  s h o u l d  r e s u l t .  F i g u r e  7 shows a  

f a i r l y  good f i t  o f  e x p e r i m e n t a l  d a t a  w i t h  t h i s  method. 

E a r l i e r  work i n  t h i s  l a b o r a t o r y  by H a t f i e l d ,  1 5  

compared two commerc ia l ly  a v a i l a b l e  c a r b o n s  and c h a r c o a l s  

made from w a s t e  r u b b e r  and p e a n u t  h u l l s  w i t h  R o s e n ' s  30 ,31  

t h e o r e t i c a l  s o l u t i o n s .  H a t f i e l d ' s  f i f t h  r u n ,  which was t h e  

o n l y  one  t h a t  c o u l d  b e  compared w i t h  t h i s  work, was a t  285 

cc /min ,  7 8 " F ,  5005 ppm s u l f u r  d i o x i d e  i n  n i t r o g e n  a t  a tmos-  

p h e r i c  p r e s s u r e .  With h i s  1 0 %  b r e a k t h r o u g h  ( c / c o  = 0 .1 )  a t  

1 0 7 . 5  m i n . ,  t h e  bed had  a d s o r b e d  0.0661 gm s u l f u r  d i o x i d e  p e r  

gram o f  c a r b o n .  T h i s  f a l l s  between t h e  v a l u e s  shown i n  

F i g u r e  8 f o r  250  cc/min and 350 cc/min a t  298OK. 

Each s e t  o f  p o i n t s  i n  F i g u r e  8 were f i t  by a  s t r a i g h t  

l i n e  u s i n g  a  l e a s t  s q u a r e s  f i t .  By t h e n  i n s e r t i n g  t h e  t empera -  

t u r e  v a l u e s  i n t o  t h e  e q u a t i o n  f o r  e a c h  f low r a t e ,  a  p e r c e n t  

d e v i a t i o n  from t h e  a c t u a l  amount a d s o r b e d  p e r  gram o f  c a r b o n  

was c a l c u l a t e d  a s  s e e n  i n  Tab le  2 .  The o v e r a l l  a v e r a g e  

d e v i a t i o n  o f  t h e  c a l c u l a t e d  v a l u e s  u s i n g  t h e  e q u a t i o n  
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TEMPERATURE, OK 

Figure 8. Adsorption Capaci ty  per  Gram o f  Charcoal vs Temperature, C / C c  



Table 2. Temperature-Adsorption Correlations 

Flow Temperature Ac tua 1 Calculated Deviation Coefficients of 
( c c  /min) (OK) gm SO2/?Jl C gm SO2/gm C % Equation 1 





was 4 . 7  p e r c e n t .  Even though t h e r e  was no d e f i n i t e  r e l a t i o n -  

s h i p  between t h e  e m p i r i c a l  v a l u e s  o f  a  and b and t h e  f l o w r a t e ,  

t h e r e  seemed t o  be  a s l i g h t  g e n e r a l  d e c r e a s e  i n  a d s o r p t i o n  

c a p a c i t y  a s  t h e  f l o w  r a t e  i n c r e a s e d .  



CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS 

The c a r b o n  u s e d  i n  t h i s  work was made from p e a n u t  

h u l l s ,  a  cheap  and r e a d i l y  a v a i l a b l e  s t a r t i n g  m a t e r i a l .  

was f u l l y  e v a l u a t e d  and c h a r a c t e r i z e d  ( s e e  Appendix B ) .  

With t h i s  a c t i v a t e d  c a r b o n  i t  has  been  shown t h a t  t h e r e  i s  

an e x p o n e n t i a l  r e l a t i o n s h i p  o f  t h e  form 

r e l a t i n g  t h e  a d s o r p t i o n  c a p a c i t y  o f  t h e  c a r b o n  w i t h  tempera-  

t u r e  under  u n s t e a d y  s t a t e - f i x e d  bed c o n d i t i o n s .  T h i s  

r e l a t i o n s h i p  was deve loped  from b r e a k t h r o u g h  c u r v e s  o v e r  a  

r a n g e  of f l o w r a t e s ,  100 c u b i c  c e n t i m e t e r s  p e r  m i n u t e  up t o  

700 c u b i c  c e n t i m e t e r s  p e r  m i n u t e .  

Mahajan,  e t  a 1 .  2 5  have  shown w i t h  t h e  same t y p e  o f  

c a r b o n ,  and by chang ing  t h e  a c t i v a t i o n  t e m p e r a t u r e ,  t h a t  

s u b s t a n t i a l  changes  can  be made i n  t h e  a d s o r p t i o n  c a p a c i t y  

o f  t h e  c h a r c o a l .  I t  seems r e a s o n a b l e  t o  b e l i e v e  t h a t  t h e r e  

s h o u l d  be  a  maximum s u r f a c e  a r e a  o r  a d s o r p t i o n  c a p a c i t y  a t  

some optimum a c t i v a t i o n  t e m p e r a t u r e .  A more d e t a i l e d  

i n v e s t i g a t i o n  may show t h a t  p e a n u t  h u l l s  e x h i b i t  even  g r e a t e r  

a d s o r p t i o n  c a p a c i t y  a t  some o t h e r  a c t i v a t i o n  t e m p e r a t u r e -  



The r e l a t i o n s h i p  found between a d s o r p t i o n  c a p a c i t y  

and t e m p e r a t u r e  f o r  f i x e d  beds i n  t h i s  p a p e r  s h o u l d  b e  

examined f o r  a p p l i c a t i o n  w i t h  o t h e r  c h a r c o a l s .  By comparing 

w i t h  o t h e r  c a r b o n s ,  pe rhaps  t h e  v a r i a b l e s  ' a '  and ' b '  c o u l d  

be  r e l a t e d  i n  some way with t h e  s u r f a c e  a r e a  o f  t h e  a d s o r b e n t  

o r  t h e  p o r e  s i z e .  
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APPENDIX A 

PREPARATION OF ACTIVATED CARBON 

The a d s o r b e n t  u s e d  i n  t h i s  s t u d y  i s  a  mic roporous  

a c t i v a t e d  c a r b o n  w i t h  a  h e t e r o g e n e o u s  s u r f a c e  p r e p a r e d  from 

c h a r r e d  p e a n u t  s h e l l s  p r o v i d e d  from t h e  E n g i n e e r i n g  E x p e r i -  

ment S t a t i o n  a t  t h e  Georg ia  I n s t i t u t e  o f  Technology.  A 

r e a c t o r  f o r  t h e  p r o c e s s  was made from a  two - i n c h  d i a m e t e r  

s t a n d a r d  s t e e l  w a t e r  p i p e  which was c u t  t o  e i g h t e e n  i n c h e s  

i n  l e n g t h  and t h e n  t h r e a d e d  on b o t h  e n d s .  Threaded p i p e  

c a p s  were t h e n  u s e d  t o  c l o s e  o f f  b o t h  e n d s .  One o f  t h e  p i p e  

c a p s  was d r i l l e d  and t a p p e d  f o r  a  o n e - e i g h t h  i n c h  Swagelock 

f i t t i n g  f o r  g a s  and w a t e r  i n j e c t i o n  and t h e  o t h e r  was f i t t e d  

w i t h  an  e x t e n s i o n  p i p e  wllich l e d  t o  an e x h a u s t  v e n t .  Hea t  

f o r  t h e  p roces s  was p r o v i d e d  by a L i n d b e r g  e l e c t r i c a l  heavy 

d u t y  t u b e  f u r n a c e .  (See F i g u r e s  9 and 1 0 . )  

The f i r s t  two i n c h e s  o f  t h e  r e a c t o r  were packed  w i t h  

o n e - h a l f  i n c h  B e r l  S a d d l e s .  The midd le  s e c t i o n  o f  t h e  t u b e  

was packed w i t h  a we igh ted  amount o f  s i e v e d  3 0 / 4 5  mesh 

c h a r r e d  p e a n u t  s h e l l s .  The r emain ing  two i n c h e s  was packed 

w i t h  more B e r l  S a d d l e s .  A u n i f o r m  h e a t i n g  zone was a t t a i n e d  

by p l a c i n g  t h e  c h a r r e d  p e a n u t  s h e l l s  i n  t h e  midd le  o f  t h e  

r e a c t o r  t u b e .  The B e r l  S a d d l e s  a l s o  s e r v e d  t o  d i s p e r s e  t h e  

incoming g a s  s t r e a m .  The c a p s  were  t h e n  t i g h t e n e d  and t h e  
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Figure 10. Oven with Reaction Tube I n s e r t e d  



r e a c t o r  was h e a t e d  t o  800°C.  T h i s  t e m p e r a t u r e  was m a i n t a i n e d  

f o r  t h i r t y  m i n u t e s  a f t e r  which w a t e r  was i n j e c t e d  t h r o u g h  

t h e  Swagelock f i t t i n g  a t  t h e  r a t e  o f  one gram o f  w a t e r  p e r  

gram o f  c a r b o n  sample  p e r  hour  f o r  t h i r t y  m i n t u e s .  A f t e r  

w a t e r  i n j e c t i o n  t h e  sample  was k e p t  a t  8 0 0 ° C  f o r  t h i r t y  

a d d i t i o n a l  minutes b e f o r e  c o o l i n g  was i n i t i a t e d .  The 

c o o l i n g  was a i d e d  by s l o w l y  p a s s i n g  n i t r o g e n  t h r o u g h  t h e  

r e a c t o r  t o  minimize  o x i d a t i o n  o f  t h e  c a r b o n .  

When t h e  r e a c t o r  was s u f f i c i e n t l y  c o o l ,  t h e  samples  

were a g a i n  s i e v e d  t o  3 0 / 4 5  mesh s i z e  t o  i n s u r e  a  u n i f o r m  

p a r t i c l e  s i z e .  The c a r b o n  was t h e n  s t o r e d  i n  a i r - t i g h t  

c o n t a i n e r s .  S i n c e  t h e  p r o c e s s  was a  b a t c h  o p e r a t i o n ,  e a c h  

sample  was l a b e l e d  and s t o r e d  s e p a r a t e l y  s o  t h a t  p o s s i b l e  

d e v i a t i o n s  between b a t c h e s  c o u l d  be d e t e r m i n e d .  



APPENDIX B 

CHARACTERIZATION OF ACTIVATED CARBON 

B - 1 .  S u r f a c e  Area  A n a l y s i s  

The s u r f a c e  a r e a  o f  t h e  a d s o r b e n t s  was measured w i t h  

a  M i c r o m e r i t i c s  I n s t r u m e n t  C o r p o r a t i o n ,  Model 2 2 0 0 ,  High 

Speed S u r f a c e  Area A n a l y z e r .  The d e t e r m i n a t i o n  o f  s u r f a c e  

a r e a s  by t h i s  machine i s  based  on t h e  p r i n c i p l e s  deve loped  

by B r u n a u e r ,  Emmett. and ~ e l l e r . ~  One form of  t h e  BET 

e q u a t i o n  i s  

where V i s  t h e  volume ( a t  s t a n d a r d  t e m p e r a t u r e  and p r e s s u r e  

c o n d i t i o n s )  o f  t h e  g a s  adso rbed  a t  p r e s s u r e  P ,  Ps i s  t h e  

s a t u r a t i o n  p r e s s u r e  o f  t h e  a d s o r b a t e  a t  t h e  i s o t h e r m  t empera -  

t u r e  T ,  Vm i s  t h e  volume of  g a s  r e q u i r e d  t o  form a n  a d s o r b e d  

monomolecular  l a y e r ,  and C i s  a  c o n s t a n t  r e l a t e d  t o  t h e  e n e r g y  

of a d s o r p t i o n .  By p l o t t i n g  e x p e r i m e n t a l  v a l u e s  o f  t h e  l e f t  

hand s i d e  o f  e q u a t i o n  (1) on t h e  o r d i n a t e  a g a i n s t  P/PS on 

b  t h e  a b s c i s s a ,  i t  h a s  been shown t h a t  a s t r a i g h t  l i n e  r e s u l t s  

f o r  P /P5  v a l u e s  between a b o u t  0 . 0 5  and 0 . 3 5 .  The s u r f a c e  

a r e a  o f  t h e  a d s o r b e n t  sample  i s  c a l c u l a t e d  from t h e  monolayer  

c o v e r i n g  g a s  volume Vm, which i s  e q u a l  t o  t h e  r e c i p r o c a l  o f  



t h e  sum o f  t h e  s l o p e  and t h e  i n t e r c e p t  o f  e q u a t i o n  (1). 

Using n i t r o g e n  a s  an  a d s o r b a t e  and 1 6 . 2  i2 a s  t h e  a r e a  

cove red  by one o f  i t s  m o l e c ~ l e s , ~  t h e  r e l a t i o n s h i p  g i v i n g  t h e  

sample s u r f a c e  a r e a ,  S ,  becomes 

S = 4 . 3 5  
( s l o p e  + i n t e r c w  

The M i c r o m e r i t i c s  Ana lyze r  does  n o t  make u s e  o f  t h e  a c t u a l  

i n t e r c e p t  b u t  makes an a l l o w a n c e  f o r  t h i s  induced  e r r o r  by 

h o l d i n g  t h e  n i t r o g e n  gas  t o  be a d s o r b e d  i n  a s l i g h t l y  s m a l l e r  

chamber t h a n  t h e o r y  would r e q u i r e .  The a n a l y z e r  a c t u a l l y  

measures  t h e  volume o f  g a s  a d s o r b e d  between t h e  i c e  w a t e r  

t e m p e r a t u r e  p o i n t  and t h e  t e m p e r a t u r e  o f  l i q u i d  n i t r o g e n .  

By v a r i o u s  p a r a m e t e r s ,  t h e  machine was t h u s  d e s i g n e d  t o  g i v e  

f a i r l y  r a p i d  and a c c u r a t e  v a l u e s  f o r  s u r f a c e  a r e a s  o f  po rous  

s o l i d s .  The i n s t r u c t i o n  manualb s h o u l d  be  c o n s u l t e d  f o r  t h e  

d e t a i l s  o f  o p e r a t i o n .  

To d e t e r m i n e  t h e  r e p r o d u c a b i l i t y  o f  t h e  a n a l y z e r ' s  

r e s u l t s ,  two d i f f e r e n t  samples  were each  a n a l y z e d  t h r e e  

d i f f e r e n t  t i m e s  t o  measure  t h e  s t a n d a r d  d e v i a t i o n  be tween 

t h e  r e s u l t i n g  s u r f a c e  a r e a s .  The f i r s t  s ample ,  u s e d  i n  r u n s  

one t h r o u g h  t h r e e ,  w a s  p r e p a r e d  from c h a r r e d  p e a n u t  s h e l l s  

a s  d e s c r i b e d  i n  Appendix A .  The second  sample ,  u s e d  i n  r u n s  

f i v e  t h r o u g h  seven, came from commerc ia l ly  a v a i l a b l e  sampl ing  

t u b e s .  These  t u b e s  were  manufac tu red  by S K C ,  I n c .  and came 

from l o t  # 1 0 5 -  A l l  o f  t h e  samples  a n a l y z e d  were o u t g a s s e d  



b y . f l o w i n g  n i t r o g e n  through them whi le  be ing  hea t ed  a t  150 

t o  2 0 0 ° C  f o r  approximately  n i n e t y  minutes .  On run  number 

f o u r ,  t h e  same m a t e r i a l  t h a t  was used i n  runs  one through t h r e e ,  

was ou tgassed  o v e r  n i g h t ,  approximately  1 0  hours .  When 

ana lyzed ,  t h e  r e s u l t i n g  s u r f a c e  a r e a s  d e v i a t i o n  from t h e  mean 

d a r e a  was w i t h i n  t h e  s t a n d a r d  dev i a t i one  and i t  was concluded 

t h a t  a  n i n e t y  minute degass ing  would be s u f f i c i e n t  f o r  t h e  

remaining runs .  

In  o r d e r  t o  o b t a i n  an e v a l u a t i o n  o f  t h e  a c t i v a t i o n  

p r o c e s s ,  two samples o f  c h a r r e d  peanut  s h e l l s ,  runs  e i g h t  

and n i n e ,  which had n o t  been a c t i v a t e d ,  were ana lyzed  f o r  

s u r f a c e  a r e a .  As shown i n  Table 3 ,  t h e  a c t i v a t i o n  p roces s  

s i g n i f i c a n t l y  i n c r e a s e d  t h e  s u r f a c e  a r e a .  

Due t o  t h e  s i z e  o f  t h e  equipment used i n  a c t i v a t i n g  

t h e  c h a r r e d  peanut  s h e l l s  and t h e  q u a n t i t y  of  adsorben t  r equ i r ed  

throughout  t h e  work, i t  was neces sa ry  t o  make many smal l  

ba t ches  o f  adso rben t .  Each of t h e  ba t ches  was made under  t h e  

same c o n d i t i o n s ,  b u t  i t  was f e l t  t h a t  by de te rmin ing  t h e  

s p e c i f i c  s u r f a c e  a r e a  o f  a  sample from each b a t c h ,  a  check 

cou ld  be i n s t i t u t e d  t o  r e c o r d  any v a r i a t i o n s .  The s t a n d a r d  

d e v i a t i o n  between t h e  d i f f e r e n t  ba t ches  was a  l i t t l e  o v e r  

a .  See r e f e r e n c e  5. 

b .  I n s t r u c t i o n  manual, High Speed Su r f ace  Area Analyzer 
Model 2200, Micrornetrics Ins t rument  Corpora t ion .  

c .  See r e f e r e n c e  24 .  
1 - 

d.  Ca l cu l a t ed  from C x; = x .  
I1 I i=$ 

e .  Ca l cu l a t ed  from [EX - ( ~ x ~ ) ] / ~ - l  - n  - S x .  



Table  3.  S u r f a c e  Area A n a l y s i s  

T e s t  Weight S u r f a c e  Area S p e c i f i c  S u r f a c e  Me an d  ae  
(; gm) Reading (m2) Area (m2/gm) m2/gm 

la 0.3389 140.7 415.2 

- - - -- - - 

a .  Char red  and a c t i v a t e d  peanu t  s h e l l ,  o u t  g a s s e d  a t  175 d e g r e e s  C f o r  t e n  h o u r s .  

b .  Same sample a s  a ,  o u t  gassed  a t  175 d e g r e e s  C f o r  n i n e t y  m i n u t e s .  

c .  Char red  p e a n u t  s h e l l ,  n o t  a c t i v a t e d  b u t  o u t g a s s e d  n i n e t y  m i n u t e s .  

d .  Char red  and a c t i v a t e d  peanu t  s h e l l s  from s i x  d i f f e r e n t  b a t c h e s ,  a l l  o u t g a s s e d  a t  
175  d e g r e e s  f o r  n i n e t y  minu tes .  

e .  C h a r c o a l  f rom S K C ,  I n c .  sampl ing  t u b e s ,  l o t  # I 0 5  P .  0 .  Box 8538, P i t t s b u r g h ,  Pa .  
Ou tgassed  f o r  n i n e t y  minutes  a t  1 7 5  d e g r e e s  C .  



tw i ce  t h e  s t a n d a r d  e r r o r  found i n  t h e  a n a l y z e r .  To smooth 

o u t  t h e  v a r i a t i o n s  i n  t h e  d i f f e r e n t  b a t c h e s ,  a l l  of t h e  

samples were combined and thoroughly  mixed. 

B - 2 .  Pore Volume D i s t r i b u t i o n  

l o  de t e rmine  t h e  s i z e  range  o f  t h e  p o r e s  i n  t h e  a c t i -  

v a t e d  c h a r c o a l ,  a  Mercury P e n e t r a t i o n  Poros imete r  was u sed .  

The i n s t rumen t  i n d i c a t e s  t h e  q u a n t i t y  o f  mercury t h a t  may be 

f o r c e d  under  v a r i o u s  p r e s s u r e s  i n t o  t h e  po re s  o f  t h e  c h a r c o a l  

and i n t o  t h e  v o i d  space s  among t h e  p a r t i c l e s .  The c h a r c o a l  

was f i r s t  d r i e d  i n  an oven f o r  f o u r  days a t  110 deg ree s  C ,  

t h e n  p u t  under  a  vacuum t o  remove any vapo r s  o r  p r e v i o u s l y  

adsorbed  g a s e s .  

Mercury has  r e p o r t e d  measurements o f  c o n t a c t  a n g l e s  

w i t h  d i f f e r e n t  m a t e r i a l s  from 1 1 2  t o  1 4 2  deg ree s . a  Any l i q u i d  

which e x h i b i t s  t h i s  g r e a t  o f  c o n t a c t  a n g l e  w i l l  r e s i s t  w e t t i n g  

a s o l i d  o r  p e n e t r a t i n g  p o r e s .  Mercury ' s  s u r f a c e  t e n s i o n  o f  

4 7 4  dynes p e r  c e n t i m e t e r  a t  25 deg ree s  C r e q u i r e s  a  h i g h  

e x t e r n a l l y  a p p l i e d  p r e s s u r e  t o  overcome t h i s  r e s i s t a n c e .  A s  

t h e  p r e s s u r e  i s  i n c r e a s e d  t h e  q u a n t i t y  o f  l i q u i d  f o r c e d  i n t o  

t h e  p o r e s  i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  d i f f e r e n t i a l  p o r e  

volume. T h e r e f o r e ,  i n c r e a s i n g  t h e  p r e s s u r e  o f  t h e  mercury 

on a  m a t e r i a l  hav ing  a  g iven  v o i d  space  and p o r e - s i z e  d i s t r i -  

b u t i o n  r e s u l t s  i n  a  unique  p r e s su re -vo lume  cu rve .  For a  

d e t a i l e d  d i s c u s s i o n  o f  t h e  i n s t rumen t  and i n t e r p r e t a t i o n  o f  

d a t a ,  t h e  i n s t r u c t i o n  manual o f  t h e  machine shou ld  be 



c o n s u l t e d .  b  

Examinat ion o f  F i g u r e  11 shows no p o r e  d i s t r i b u t i o n  
0 

i n  t h e  r a n g e  examined--down t o  t h e  mach ine ' s  l i m i t  a t  4 0  A 

i n  d i a m e t e r .  Fornwal t  and ~ u t c h i n s '  and o t h e r s  d 2 e  have shown 

t h a t  many gas  a d s o r b e n t  c a r b o n s  have s h a r p  d i s t r i b u t i o n  o f  
Q 

p o r e  d i a m e t e r s  a round  1 6  t o  35 A .  With t h i s  i n f o r m a t i o n  i n  

mind, a  s u r f a c e  a r e a  a n a l y s i s  was c a r r i e d  o u t  on t h e  d a t a .  

2 
T h i s  y i e l d e d  a  s u r f a c e  a r e a  o f  a p p r o x i m a t e l y  125 m /gm, 

which was a  l i t t l e  more t h a n  h a l f  o f  t h e  a r e a  i n d i c a t e d  by 

n i t r o g e n  a d s o r p t i o n  methods.  G e n e r a l l y  i t  has  been found 

t h a t  t h e r e  i s  much c l o s e r  agreement  between t h e  two d i f f e r e n t  

methods. f s g  ~ u b i n i n ~  has  shown t h a t  mic ropores  c o n t r i b u t e  

a  s u b s t a n t i a l  amount t o  t h e  t o t a l  s u r f a c e  a r e a  of  porous  

c a r b o n s .  By a p p l y i n g  t h e  s u r f a c e  a r e a  de te rmined  by t h e  

n i t r o g e n  a d s o r p t i o n ,  s e e  Appendix B - 1 ,  t o  t h e  r e s u l t s  from 

t h e  p o r o s i m e t e r ,  a  s h a r p  r i s e  i n  t h e  c u r v e ,  F i g u r e  11, a t  a  

p r e s s u r e  a round  60,000 t o  75,000 p s i a  would y i e l d  p o r e  

d i a m e t e r s  i n  t h e  e x p e c t e d  s i z e  r a n g e .  U n f o r t u n a t e l y ,  o t h e r  

methods such  a s  s m a l l - a n g l e  x - r a y  s c a t t e r i n g  and a  comple te  

BET i s o t h e r m  which have been shown t o  be  f a i r l y  r e l i a b l e  i n  

t h i s  p o r e  s i z e  r a n g e ,  c , d , e 7 i , j  were n o t  a v a i l a b l e  t o  c o n f i r m  

t h i s  h y p o t h e s i s .  I t  s h o u l d  a l s o  be n o t e d  t h a t  a t  h i g h  p r e s s u r e s ,  

t h e r e  i s  a  p o s s i b i l i t y  t h a t  t h e  mercury may c r u s h  t h e  p o r e  

s t r u c t u r e .  s c h o l t e n k  has  reviewed s e v e r a l  i n v e s t i g a t i o n s  

i n  t h i s  a r e a .  One c h a r c o a l  was r e p o r t e d  a s  b e i n g  c r u s h e d  by 

p r e s s u r e s  above 500 a tmospheres  and a n o t h e r  made o f  l i g n i n  





went up t o  2000 a tmospheres  w i t h  no c r u s h i n g .  G e n e r a l l y ,  

t h e  s t a r t i n g  m a t e r i a l  was c o n s i d e r e d  t o  be t h e  d e t e r m i n i n g  

f a c t o r  i n  what  p r e s s u r e  t h e  c h a r c o a l  would w i t h s t a n d .  

B-3. Apparen t  and  P a r t i c l e  D e n s i t y  

Apparent  and p a r t i c l e  d e n s i t y  must  be  d e t e r m i n e d  i n  

o r d e r  t o  c a l c u l a t e  t h e  v o i d  f r a c t i o n  i n  t h e  bed ,  which i s  

o f t e n  used  i n  e v a l u a t i o n  o f  t h e  a d s o r p t i o n  c h a r a c t e r i s t i c s  

o f  c h a r c o a l s .  The p r o c e d u r e  u s e d  t o  d e t e r m i n e  t h e  a p p a r e n t  

o r  b u l k  d e n s i t y  o f  t h e  c h a r c o a l  f o l l o w e d  t h e  ASTM s t a n d a r d  

method t e s t  D2854-70. An a d e q u a t e  sample o f  c a r b o n  t o  be 

t e s t e d  was p l a c e d  i n  a n  oven a t  110 d e g r e e s  C f o r  t h r e e  

h o u r s .  A t a r e d  g r a d u a t e d  c y l i n d e r  was t h e n  f i l l e d  a t  a u n i f o r m  

r a t e  s o  t h a t  p a c k i n g  would a l s o  be  un i fo rm.  The volume o f  

a .  See r e f e r e n c e  26. 

I n s t r u c t i o n  Manual,  Model 900/910 s e r i e s  Mercury 
P e n e t r a t i o n  P o r o s i m e t e r ,  M i c r o m e r i t i c s  I n s t r u m e n t  
C o r p o r a t i o n ;  Revised 4 / 2 0 / 7 0 .  

See r e f e r e n c e  1 4 .  

See r e f e r e n c e  11. 

See r e f e r e n c e  28. 

See r e f e r e n c e  1 6 .  

See r e f e r e n c e  1. 

See  r e f e r e n c e  10 .  

See r e f e r e n c e  27. 

See r e f e r e n c e  1 2 .  

See r e f e r e n c e  32. 



c h a r c o a l  i n  t h e  g r a d u a t e d  c y l i n d e r  was t h e n  r e c o r d e d  t o  t h e  

n e a r e s t  two t e n t h s  o f  a  c u b i c  c e n t i m e t e r  (0 .2  c c )  and t h e  

we igh t  o f  t h e  sample t o  t h e  n e a r e s t  m i l l i g r a m .  Th i s  t e s t  

was per formed on e i g h t  samples  and y i e l d e d  a  mean b u l k ,  o r  

a p p a r e n t ,  d e n s i t y  o f  0 .216 grams p e r  c u b i c  c e n t i m e t e r ,  w i t h  

a  s t a n d a r d  d e v i a t i o n  of 0.004 grams p e r  c u b i c  c e n t i m e t e r .  

P a r t i c l e  d e n s i t y ,  t h e  w e i g h t  under  a t m o s p h e r i c  

p r e s s u r e  o f  a  u n i t  volume o f  ca rbon  i n c l u d i n g  p o r e  volume b u t  

e x c l u d i n g  i n t e r - p a r t i c l e  v o i d s ,  was d e t e r m i n e d  by mercury 

immersion.  Th i s  was pe r fo rmed  on a  M i c r o m e r i t i c s  I n s t r u m e n t  

Corpora t ion ,Model  905-1,Mercury P e n e t r a t i o n  P o r o s i m e t e r .  a  

Sample d e n s i t y ,  p s ,  a t  a t m o s p h e r i c  p r e s s u r e  was c a l c u l a t e d  

from t h e  r e l a t i o n s h i p :  

- - S 

ys v-I(Wt-w -Wc) + (C + 
S 

Ct) ( c e l l  f a c t o r ) ]  

where Vc i s  t h e  volume o f  t h e  sample c e l l  i n  c u b i c  c e n t i -  

m e t e r s ,  p i s  t h e  d e n s i t y  o f  t h e  mercury  used ,  C i s  t h e  
P 

c o r r e c t e d  c o u n t e r  r e a d i n g  and  C t  i s  a  c o n s t a n t  2935. The 

c e l l  f a c t o r  used  was 0.000781 c c / c o u n t .  Wt i s  t h e  t o t a l  

we igh t  o f  sample c e l l ,  mercury ,  and sample a f t e r  t h e  p e n e t r a -  

t i o n ,  W s ,  t h e  sample  we igh t  and W c ,  t h e  empty c e l l  w e i g h t .  

Using t h i s  r e l a t i o n s h i p ,  t h e  p a r t i c l e  d e n s i t y  was d e t e r m i n e d  

t o  be 1 . 3 3  grams p e r  c u b i c  c e n t i m e t e r .  s p e n c e r b  r e p o r t s  t h a t  

a .  I n s t r u c t i o n  Manual,  Model 900/910 s e r i e s  Mercury P e n e t r a -  
t i o n  P o r o s i m e t e r ,  M i c r o m e r i t i c s  I n s t r u m e n t  C o r p o r a t i o n ;  
Rev i sed  4/20/70.  
See r e f e r e n c e  34. 



o n l y  a  n e g l i g i b l e  amount o f  t h e  p o r o s i t y  p r e s e n t  i s  a c c e s s i b l e  

t o  mercury  u n d e r  t h e  a p p l i e d  p r e s s u r e  o f  one  a tmosphere  used  

f o r  d e n s i t y  d e t e r m i n a t i o n .  T h i s  method was recommended f o r  

p a r t i c l e  s i z e s  g r e a t e r  t h a n  100 mesh. 

B - 4 .  T o t a l  Ash Con ten t  o f  A c t i v a t e d  Carbon 

To c h a r a c t e r i z e  f u r t h e r  t h e  c a r b o n  used  i n  t h i s  work, 

a t o t a l  a s h  c o n t e n t  t e s t  was c a r r i e d  o u t .  B a s i c a l l y ,  t h i s  

t e s t  f o l l o w e d  ASTM s t a n d a r d  method t e s t  D 2 8 6 6 - 7 0 .  A c r u c i b l e  

was p l a c e d  o v e r  a  Bunsen b u r n e r  and  h e a t e d  f o r  a p p r o x i m a t e l y  

one  h o u r .  The c r u c i b l e  was t h e n  p l a c e d  i n  a  d e s i c c a t o r  and  

a l l o w e d  t o  c o o l  t o  room t e m p e r a t u r e  and  weighed t o  t h e  

n e a r e s t  0 . 1  mg. An a d e q u a t e  sample  o f  a c t i v a t e d  c a r b o n  was 

p l a c e d  i n  a n  oven and  d r i e d  f o r  a p p r o x i m a t e l y  2 4  h o u r s  a t  

110 d e g r e e s  c e n t i g r a d e .  A p o r t i o n  o f  t h i s  d r i e d  sample  was 

weighed t o  t h e  n e a r e s t  0 . 1  mg i n  t h e  c r u c i b l e  a n d  t h e n  burned  

o v e r  a Bunsen b u r n e r  f o r  1 5  h o u r s .  The c r u c i b l e  and  a s h  

were t h e n  p l a c e d  i n  t h e  d e s i c c a t o r  and  a l l o w e d  t o  c o o l  t o  

room t e m p e r a t u r e .  The c r u c i b l e  p l u s  t h e  a s h e d  sample  were  

r ewe ighed  t o  t h e  n e a r e s t  0 . 1  mg. By d i v i d i n g  t h e  w e i g h t  o f  

t h e  a s h e d  sample  by t h e  o r i g i n a l  sample  w e i g h t ,  a f t e r  

s u b t r a c t i n g  t h e  c r u c i b l e  w e i g h t ,  t h e  t o t a l  a s h  f r a c t i o n  ic 

d e t e r m i n e d .  

The t e s t  was c a r r i e d  o u t  on t h r e e  o f  t h e  o r i g i n a l  

s e v e n  b a t c h e s  o f  a c t i v a t e d  c a r b o n .  These t e s t s  showed 1 3 . 3 ,  

1 5 . 1  and 1 3 . 3  p e r c e n t  a s h  c o n t e n t .  



APPENDIX C 

CALIBRATIONS 

C-1. C a l i b r a t i o n  o f  Tube Flow Meters  

Two Matheson Gas P r o d u c t s ,  Model 602, f l o w  m e t e r s  

were used  t o  m o n i t o r  t h e  f l o w  o f  n i t r o g e n  and t h e  n i t r o g e n -  

s u l f u r  d i o x i d e  m i x t u r e  i n  t h i s  work. To o b t a i n  a c c u r a t e  

r e s u l t s ,  a  c a l i b r a t i o n  c h a r t  was c o n s t r u c t e d  f o r  e a c h  f low 

m e t e r .  To do t h i s ,  a wet  t e s t  m e t e r  manufac tured  by 

P r e c i s i o n  S c i e n t i f i c  Company was u s e d .  The p r e s s u r e  and 

t e m p e r a t u r e  o f  t h e  g a s e s  were moni to red  and k e p t  c o n s t a n t  

a t  one a tmosphere  and 25  d e g r e e s  c e n t i g r a d e  r e s p e c t i v e l y .  

A t  e a c h  d i v i s i o n  on t h e  f low m e t e r s ,  f i v e  d i f f e r e n t  r e a d i n g s  

were made and t h e n  a v e r a g e d  t o g e t h e r  t o  p r o v i d e  a  s i n g l e  

p o i n t  f o r  t h e  c a l i b r a t i o n  c h a r t .  The a v e r a g e  wet t e s t  m e t e r  

r e a d i n g  p o i n t s  were t h e n  used  i n  an  n t h  o r d e r  r e g r e s s i o n  

a n a l y s i s  program t o  g e n e r a t e  a po lynomia l  which b e s t  f i t s  

t h e  d a t a .  See F i g u r e  1 2  and Tab le  4 .  The d a t a  o f  Flow Meter  

3  were b e s t  f i t t e d  w i t h  a f o u r t h  o r d e r  po lynomia l .  

Y(F1ow R a t e )  = 11.6302 + .3097 X + ,4529 x 10  x2 + . I 3 0 3  

x x3 - . I449  x 10 - 5  x4 

The a v e r a g e  d e v i a t i o n  o f  t h e  p o i n t s  g e n e r a t e d  by t h i s  



e q u a t i o n  from t h e  a c t u a l  f l o w  r a t e s  was 1 . 8  p e r c e n t .  The 

d a t a  o f  Flow Meter  5 were b e s t  f i t t e d  w i t h  a  t h i r d  o r d e r  

p o l y n o m i a l .  See F i g u r e  1 3  and T a b l e  5 .  

Y (Flow Ra te )  = 44.477 + . 3 4 0  X + ,1137 x2 - 

T h i s  e q u a t i o n  gave  an a v e r a g e  d e v i a t i o n  o f  1 . 2  p e r c e n t  from 

t h e  a c t u a l  r e a d i n g s .  These e q u a t i o n s  a r e  p l o t t e d  i n  F i g u r e s  

1 2  and  1 3  and  t h e  a v e r a g e  we t  t e s t  m e t e r  r e a d i n g s  a r e  shown 

i n  e a c h .  S e v e r a l  measurements  o f  d i f f e r e n t  c o n c e n t r a t i o n s  

o f  s u l f u r  d i o x i d e  and  n i t r o g e n  showed i n s i g n i f i c a n t  v a r i a t i o n  

from t h e  r u n s  w i t h  p u r e  n i t r o g e n .  

C - 2 .  C a l i b r a t i o n  o f  I n f r a r e d  Ana lyze r  

Gas f low c o m p o s i t i o n s  were  m o n i t o r e d  w i t h  a  Beckman, 

Model 215A, I n f r a r e d  A n a l y z e r .  A S a r g e n t ,  Model MR, 

r e c o r d e r  w a s  i n t e r f a c e d  w i t h  t h e  a n a l y z e r  t o  p r o v i d e  a  h a r d  

copy o f  t h e  a n a l y s i s  f o r  c o m p u t a t i o n a l  p u r p o s e s .  The 

a n a l y z e r  d e t e r m i n e s  t h e  c o n c e n t r a t i o n  o f  a  p a r t i c u l a r  compo- 

n e n t  o f  i n t e r e s t  by measur ing  t h e  d i f f e r e n t i a l  a b s o r p t i o n  

of  i n f r a r e d  e n e r g y  between a  r e f e r e n c e  e n e r g y  beam and a  

sample  e n e r g y  beam. The a n a l y z e r  c o n s i s t s  o f  t h r e e  e l e c t r i c -  

a l l y  i n t e r c o n n e c t e d  u n i t s :  a n  a n a l y z e r  s e c t i o n ,  a n  a m p l i f i e r /  

c o n t r o l  s e c t i o n ,  and  a  c o n s t a n t - v o l t a g e  t r a n s f o r m e r .  

The a n a l y z e r  s e c t i o n  c o n t a i n s  a  sample c e l l  which i s  

a  f l o w - t h r o u g h  t u b e  t h a t  r e c e i v e s  a  c o n t i n u o u s  s t r e a m  o f  



FLOWMETER READING, rnm 

F i g u r e  1 2 .  C a l i b r a t i o n  Curve f o r  Flow Meter 3 



Table 4 .  C a l i b r a t i o n  of  Tube Flow Meter 3 

Flow Meter Average W e t  Test  Polynomia 1 Po lynomia 1 
Reading (mm) Meter Reading F i t  Reading Deviat ion 

( c  c /min) (c c / m i n )  % 
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Figure  1 3 .  Calibration Curve f o r  Flow Meter 5 



Table  5 .  Ca l ib ra t ion  of Tube Flow Meter 5 

Flow Meter Reading Average Wet Tes t  Pol ynomia! Polynomia 1 
Meter Reading F i t  Reading Deviation 

(mm, ( c c  Imin) (cc  'min) (% > 



sample  g a s  and  a  r e f e r e n c e  c e l l  which i s  s e a l e d  and f i l l e d  

w i t h  a  r e f e r e n c e  g a s .  Two e n e r g y  beams which a r e  d i r e c t e d  

th rough  t h e  c e l l s  a r e  b l o c k e d  s i m u l t a n e o u s l y  t e n  t i m e s  p e r  

second  by a  two-segmented b l a d e  r o t a t i n g  a t  5 r e v o l u t i o n s  

p e r  second .  When t h e  beam i s  n o t  b l o c k e d ,  t h e  p r e s e n c e  o f  

i n f r a r e d - a b s o r b i n g  components i n  t h e  sample  s t r e a m  c a u s e  a  

d i f f e r e n c e  i n  e n e r g y  l e v e l s  when compared w i t h  t h e  r e f e r e n c e  

c e l l .  T h i s  d i f f e r e n t i a l  i s  d e t e c t e d  by a  sequence  of  t r a n s -  

f o r m a t i o n s  which t a k e  p l a c e  i n  t h e  two c e l l s .  I n  t h e  sample 

c e l l ,  p a r t  o f  t h e  o r i g i n a l  e n e r g y  o f  t h e  sample  beam i s  

a b s o r b e d  by t h e  s u l f u r  d i o x i d e  f l o w i n g  t h r o u g h .  The r e f e r e n c e  

c e l l  i s  f i l l e d  w i t h  n i t r o g e n ,  which a b s o r b s  l e s s  e n e r g y .  

Each o f  t h e  e n e r g y  beams h e a t s  t h e  g a s e s  i n  t h e  c e l l s .  Due 

t o  t h e  d i f f e r e n t  a b s o r p t i o n  c h a r a c t e r i s t i c s ,  t h e  g a s  i n  t h e  

r e f e r e n c e  c e l l  becomes h o t t e r  a n d  t h u s  t h e  p r e s s u r e  w i t h i n  

t h e  c e l l  becomes g r e a t e r .  A s  t h e  p r e s s u r e  i n c r e a s e s ,  a  

d iaphragm a t  t h e  end  o f  t h e  chamber f l e x e s .  The diaphragm 

and a n  a d j a c e n t  s t a t i o n a r y  m e t a l  b u t t o n  c o n s t i t u t e  a two 

p l a t e  v a r i a b l e  c a p a c i t o r .  I n  t h e  a m p l i e r / c o n t r o l  s e c t i o n ,  a  

t e n  H e r t z  o u t p u t  s i g n a l  f rom t h e  a n a l y z e r  s e c t i o n  i s  c o u p l e d  

t o  a  g a i n  c o n t r o l  p o t e n t i o m e t e r .  T h i s  c o n t r o l  i s  u s e d  i n  

c a l i b r a t i n g  t h e  i n s t r u m e n t  f o r  a  d i f f e r e n t  c o n c e n t r a t i o n  o f  

sample  g a s .  The i n s t r u c t i o n  manual s h o u l d  be c o n s u l t e d  f o r  

a  more d e t a i l e d  r e v i e w .  a  

A f t e r  a l l o w i n g  t h e  i n f r a r e d  a n a l y z e r  t o  warm t o  

o p e r a t i n g  t e m p e r a t u r e ,  p u r e  n i t r o g e n  was p a s s e d  t h r o u g h  i t  



and t h e  s c a l e  was z e r o e d .  The s u l f u r  d i o x i d e - n i t r o g e n  g a s  

m i x t u r e  used  f o r  t h e  u p - s c a l e  c a l i b r a t i o n  was o b t a i n e d  from 

Matheson Gas P r o d u c t s ,  c y l i n d e r  number 45563, and was 

a n a l y z e d  and c e r t i f i e d  by t h e  p r o d u c e r  t o  be  5484 ppm by 

volume s u l f u r  d i o x i d e .  One hundred  p e r c e n t  o f  s c a l e  on t h e  

I n f r a r e d  Ana lyze r  t h e r e f o r e  s i g n i f i e d  a  5484 ppm c o n c e n t r a -  

t i o n  of  s u l f u r  d i o x i d e .  A c h a r t  r e c o r d e r ,  S a r g e n t  Model 

M R , ~  was t h e n  i n t e r f a c e d  w i t h  t h e  a n a l y z e r  s o  t h a t  a  r e c o r d i n g  

o f  t h e  a n a l y z e r ' s  s c a l e  change ,  and t h u s  a  change i n  t h e  

s u l f u r  d i o x i d e  c o n c e n t r a t i o n  i n  t h e  sample g a s ,  c o u l d  be 

r e c o r d e d  a s  a  f u n c t i o n  o f  t i m e .  See  T a b l e  6 .  Due t o  t h e  

n o n l i n e a r  r e s p o n s e  o f  t h e  a n a l y z e r  t o  changes  i n  sample  g a s  

c o n c e n t r a t i o n ,  a  c o n c e n t r a t i o n - i n s t r u m e n t  r e s p o n s e  c a l i b r a t i o n  

c u r v e  was p l o t t e d  a s  s e e n  i n  F i g u r e  1 4 .  By v a r y i n g  t h e  f l o w  

r a t e s  o f  t h e  two s t r e a m s  o f  g a s e s  and r e c o r d i n g  t h e  r e s p o n s e  

on t h e  a n a l y z e r  s c a l e ,  t h e  v a r i o u s  p o i n t s  f o r  t h i s  g r a p h  were  

o b t a i n e d .  The a c t u a l  f low r a t e s  were  d e t e r m i n e d  by t h e  

e q u a t i o n s  g e n e r a t e d  from t h e  r e g r e s s i o n  a n a l y s i s  program r u n  

on each  f low m e t e r .  The d a t a  f o r  t h e  I n f r a r e d  a n a l y z e r  c a l i -  

b r a t i o n  was a l s o  f i t  t o  a  po lynomia l  e x p r e s s i o n  f o r  computa- 

t i o n a l  p u r p o s e s .  A f i f t h  o r d e r  e q u a t i o n  

Y ( c o n c e n t r a t i o n )  = -22 .176 + 44.117X - 2.186 x 2  + 0 . 7 9 4 ~  1 0 - I  

x3 - 0 . 1 0 6 ~  10 - 2  x4 + 0 . 4 9 5 ~  x5 
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Figure 14. Concentration-Instrument Response Calibration Curve 



Table 6. Concentration-Instrument Response D a t a  

T e s t  Flow Meter +,3 Flow Rate  Flow Meter W5 Flow Rate (#3/1/5) 5484 1 n s G m e n  t 
/I Reading (mm) ( c c  /min) Reading (m) ( cc  !min) ( P P ~  So2) Response 



gave  a mean d e v i a t i o n  from a c t u a l  r e s u l t s  o f  4 . 5  percen t .  

a .  I n s t r u c t i o n  Manual,  Beckman Models 2 1 5 A ,  315A, and 415A 
I n f r a r e d  A n a l y z e r  Beckman I n s t r u m e n t s ,  I n c . ;  F u l l e r t o n ,  
C a l i f o r n i a  9 2 6 3 4  

b .  I n s t r u c t i o n  Manual,  S a r g e n t  Recorde r  Model MR. L. H .  
S a r g e n t  and Company; Chicago,  I l l i n o i s  60630. 



APPENDIX D 

EXPERIMENTAL DATA 



T e s t  53, T == 25OC, F = 100 cc/min,  Co = 5484 ppm SO2, Carbon 3.018 gm 

Time 

( m i n )  

Instrument Response Concentrat ion 



Test 55, T = 25"C, F = 175 cc/min, Co 
= 5484 ppm SO2, Carbon 3.055 gm 

Time Instrument Response Concentrat ion c/co 
(min) ( D P ~  SO2) 



Test 56, T = 25"C, F = 250 cc/min, 
0 

= 5484 ppm SO2, Carbon 3 .049  gm 

T i m e  

(min) 

Instrument Response Concentrat ion 



Test 4 ,  T = 2 5 ' ~ ,  F = 350 cc/min, Co = 5 4 8 4  ppm S O 2 ,  Carbon 3.003 gm 

Time Instrument Response Concentration C/Co 

(min) (ppm SO2) 



Test 57, 1 = 2 5 " C ,  F = 500 c c / m i n ,  C = 5484 ppm SOZ, Carbon 3.000 gm 
0 

Time 

(min) 

Instrument Response C o n c e n t r a t i o n  

( P P ~  SO2) 



Test 54, T = 25'~, F = 700 cclmin, C = 5484 ppm SOZ, Carbon 3.015 pn 
0 

Time Instrument Response Concentration c/co 

( m i n )  ( p p m  SO2) 



Test 2 9 ,  T = 50°C, F = 100 cc/min, C = 5484 ppm SO2, Carbon 3.032 grn 
0 

Time Instrument Response Concentration C / C o  

(min) (ppm SO2) 



Test  9 ,  T = 5 0 ° c ,  F = 175 cc/min, C = 5 4 8 4  ppm SO2, Ca rbon  2 . 9 8 9  gnl 
0 

Time Instrument Response Concentrat ion  c /c  
0 

(min) 



Test 19, T = 50°C, F = 250 cc/min, Co = 5484 ppm SO2, Carbon 3.115 gm 

Time 

(min) 

Instrument Response Concentrat ion C/C 
0 



T e s t  2 0 ,  T = 50°c ,  F = 350 c c i m i n ,  Co = 5484 ppm SO2, Carbon 2.937 gm 

Time Ins t rument  Response Concen t ra t  i o n  C / C o  

(min) (pvm S O 2 )  



Test 10, T = 50°C, F = 500 cc/min, C = 5484 p p m  SO2, Carbon 3.053 gm 
0 

T i m e  Instrument Response Concentration c / co 

(min) ( p p m  SO2) 



T e s t  8 ,  T = 50°C, F = 700 cc /min ,  Co = 5484 ppm SO2, Carbon 3.010 gm 

T i m e  Ins t rument  R e s p o n s e  C o n c e n t r a t i o n  C / Co 

(min) ( P P ~  SO2) 



Test 17, T = 75'~, F = 100 cc/min, Co = 5484 ppm S O 2 ,  Carbon 3.100 gm 

Time Instrument Response Concentration c/co 

(rnin) (ppm SO2) 



Test 15, T = 75OC, F = 175 cc/min, Co = 5484 ppm SO2, Carbon 3.093 gm 

Time 

(min) 

Instrument Response Concentration 

(ppm SO2) 



T e s t  31, T = 75"C, F - 250 c c / m i n ,  C = 5484 ppm S O 2 ,  Carbon 3 . 0 2 7  gm 
0 

Time I n s t r u m e n t  Response  C o n c e n t r a t  i o n  c/co 
(min) (ppm SO2)  



Test 13, T = 75"C, F = 350 c c / m i n ,  C = 5484 ppm SO2, Carbon 3.109 gm 
0 

T i m e  Instrument Response Concentration C/Co 



T e s t  1 8 ,  T = 7 5 " ~ ~  F - 500 cc/min, 
0 

= 5484 ppm SO2, Carbon 2.957 gm 

Time 

(rnin) 

Instrument Response Concentrat ion 

( P P ~  SO2) 



T e s t  14,  T  -= 7 5 " ~ ,  F = 700 cc /min ,  
0 

= 5484 ppm SO2, Carbon 3.029 gm 

Time Instrument Response Concentrat ion c/co 

(min ) (ppm SO2) 



Test 28, T = 1 0 0 " ~ ,  F = 100 cc/min, 
0 

= 5484 ppm SO2, Carbon 3.024 gm 

Time Instrument Response Concentration C/Co 

(min) ( P P ~  SO2) 



T e s t  27, T = 1 0 0 ° ~ ,  F = 175 cc.'min, C = 5484 ppm SO2. Carbon 3 .009 gm 
0 

Time Instrument Response Concen t ra t  i o n  c/C 
0 

(min) ( P P ~  SO2) 



Test 30, T = lnOOc, F = 250 cc/min,  Co = 5484 ppm SO2, Carbon 2.976 gm 

T i m e  Instrument Response Concentrat ion C /C 
0 

( m i n )  ( P P ~  SO2) 



T e s t  23,  T = 1 0 0 ° ~ ,  F = 350 cclmin, Co = 5484 ppm SO2, Carbon 3.103 gm 

Time Instrument Response Concentration C / Co 

(min) 



Test 26, T = 100"~, F = 500 cc/min, 
0 

= 5484 ppm SO2, Carbon 3.084 gm 

Time Instrument Response Concentration C!Co 

(min) (ppm SO ) 2 



Test 25, T = 1 0 0 ° ~ ,  F = 700 cc/min, Co = 5484 ppm SO Carbon 3.119 gm 
2 ' 

Time Instrument Response Concentration c/co 

( m i n )  



T e s t  3 4 ,  T = 1 2 5 " ~ ,  F = 100 c c / m i n ,  C = 5484 ppm SO2, Carbon 3.055 gm 
0 

Time Ins t rument  Response Concen t ra t  i o n  c/co 
(min) (ppm SO2) 



T e s t  35,  T = 125"C, F = 175 c c / m i n ,  C = 5484 ppm SO2, Carbon 2.940 gm 
0 

Time Ins t rument  Response Concen t ra t  i o n  C/Co 

(min) (ppm SO2) 



Test 36, T = 1 2 5 " ~ ,  F = 250 cc/min, Co = 5484 ppm S O 2 ,  Carbon 3 .110  gm 

Time 

(min) 

Inst rument  Response Concentrat ion 



T e s t  3 3 ,  T = 1 2 5 " ~ ,  F = 350 cc/min, C = 5484 ppm SO2, Carbon 2 .998 gm 
0 

Time Instrument Response Concen t ra t  i o n  c/co 
(min) (ppm SO2) 



T e s t  4 0 ,  T = 1 2 5 " ~ ,  F = 500 cc lmin ,  Co = 5484 ppm SO2, Carbon 2.990 gm 

Time Ins t rument  Response Concen t ra t  i o n  c /co 
( m i n )  Ippm SO2) 



Test  3 9 ,  T = 1 2 5 O ~ ,  F = 700 cc/min,  C = 5484 ppm SO2, Carbon 3.044 gm 
0 

Time Instrument Response Concentrat ion c /co  
(min) (ppm SO2) 



BIBLIOGRAPHY 

1. Adamson, Arthur W., Physical Chemistry of Surfaces, 
2nd Ed. Interscience Publishers, New York (1967). 

2. Allen, J. B., Joyce, R .  S., and Kasch, R. H., "Process 
Design Calculations for Adsorption from Liquids in 
Fixed Beds of Granular Activated Carbon," Journal of 
the Water Pollution Federation 39 (2) 217 (1967). 

7 Barnebey, H. L. in Lee, N. Y. and Zwiebel, Imre, Ed., 
"Activated Charcoal in the Petrochemical Industry," 

67 (117) American ~nstitute of Adsorption Technology, - 
Chemical Engineers, New York (1971). 

4. Brocke, Werner, "Prospects for the Practical Application 
of Flue Gas Desulfurization," Staub-Reinhalt Luft - 28 
(31,  112 (1968). 

5. Brunauer, S., Emmett, P. H., and Teller, E., "The 
Adsorption of Gases in Multimolecular Layers," Journal 
of the American Chemical Society - 60, 309 (1938). 

6. Courouleau, P. H., and Benson, R. E., "Activated 
Carbon, Manufacture, Capacity of Adsorption, Use in 
Solvent Recovery," Chemical Engineering - 55 ( 3 ) ,  112 
(1948) . 

7. Dacey, J. R., in Flood, E .  A . ;  Ed., "Active Carbon," 
The Solid-Gas Interface, Vol. 2, Marcel ~ekker, Inc., 
New York (1967). 

8. Deitz, Victor R., Bibliography of Solid Adsorbents, 
United States Cane Sugar Refiners and Bone Char 
Manufactures and ~ational Bureau of Standards, Washington, 
D. C. (1944). 

= .  Dratwa, Heinrich and Juntgen, Harald, "The Desulfuri- 
zation of Flue Gas by Means of Adsorption Cokes with 
Various Properties," Staub-Reinhalt Luft - 27 (7) 1 (1967). 

I(.. Dubinin, 14. !\I. , "Porous Structure and Adsorption Proper- 
ties of Active Carbons," Carbon 2 ,  51 (1964). 

11. Dubinin, M. M., Plavnik, G. M., and Zaverina, E. D., 
"Integrated Study of the Porous Structure of Active 
Carbons from Carbonized Sucrose," Carbon 2 ,  261 (1964). 



, 2 .  Eanes, E. D., and Posner, A. S., in Flood, E. A.; Ed., 
"Small Angle X-Ray Scattering Measurements of Surface 
Areas,"   he Splid- as ~nterface, Vol. 2, blarcel Dekker, 
Inc., New York (1967). 

1 3 .  Engel, H. C., and Coull, James, "Adsorption Studies of 
Vapors in Carbon Packed Towers," Transactions of the 
American Institute of Chemical Engineers 38 947 (1942). 

14. Fornwalt, H. J., and Hutchins, R. A., "Purifying Liquids 
with Activated Carbon," Chemical Engineering 73 April 
11 (1966). 

15. Hatfield, A., "The Adsorption of Sulfur Dioxide on 
Activated Carbons from Peanut Hulls and Waste Rubber," 
M.S. Thesis, Georgia Institute of Technology (1976). 

16. Joyner, L. G., Barret, E. P., and Skold, R., "Determi- 
nation of Pore Volume and Area Distributions in Porous 
Substances; Comparison Between Nitrogen Isotherm and Mercury 
Porosimeter Methods," J. Am. Chem. Soc. - 73, 1355 (1951). 

Juntgen, H., and Peters, W., "Results of Recent Research 
in Waste Gas," Staub-Reinhalt Luft - 28 (3) 89 (1968). 

18. Juntgen, H., and Peters, W., "Technical Principles of 
Separating SO2 from Waste Gases," Staub-Reinhalt Luft 
25 (10) 60 (1965). - 

19. Kidney, Arthur J., "The Kinetics of Adsorption of Methane 
and Nitrogen from Hydrogen Gas," Ph.D. Dissertation, 
Colorado School of Mines (1968). 

20. Lee, Hanju, and Stahl, D. E., "Oxygen Rich Gas from Air 
by Pressure Swing Adsorption Process," in AICHE Symposium 
Series Gas Purification by Adsorption, - 69 9 (134) 1355 
American Institute of Chemical Engineers (1973). 

21. Linsen, B. D., and Heuvel, A. Van der, in Flood, E. A.; 
Ed. "Pore Structures," The Solid-Gas Interface, Vol. 2, 
Marcel Dekker, Inc., New York (1967). 

22. >?antell, C. L., Industrial Carbon, Its Elemental, 
Adsorptive, and Manufactured Forms, 2nd Ed., D. Van 
Nostrand Company, Inc., New York (1946). 

. Mattson, James S., and Mark, Harry B., Activated Carbon, 
if4arcel Dekker, Inc., New York (1971). 



. McCellan, Al, and Harnsberger, H. F., "Cross Sectional 
Areas of Molecules Adsorbed on Solid Surfaces," Journal 
of Colloid and Interface Science 23, 577 (1967). 

~ 5 .  Mahajan, 0. P., Morishita, M., and Walker, P. L., Jr., 
"Dynamic Adsorption of Carbon Dioxide on Microporous 
Carbons," Carbon 8 ,  167 (1970). 

26. Orr, C., Jr., and DallaValle, J. M., Fine Particle 
Eleasurement, The I4acMillan Co., New York, N. Y. (1959). 

27. Ponce, Vladimir, K n ~ r ,  Zlatko, and Cerny, Slavoj, in 
English edited by Smith, D. , and Adams, N. G., Adsorp- 
tion on Solids, Butterworths Group, London and Publishers 
of Technical Literature, Prague (1974). 

28. Rao, T. L. Narasimha, and Dater, D. S., "Active Carbon 
from Coconut Shell: Part I--Vapor Adsorbent Carbon," 
Indian Journal of Technology 2 ,  399 (1964). 

29. Ray, G. C., and Box, E. O., Jr., "Adsorption of Gases 
on Activated Charcoal," Industrial and Engineering 
Chemistry -9 42 (7) 1315 (1949). 

30. Rosen, J. B., "Kinetics of a Fixed Bed System for Solid 
Diffusion into Spherical Particles," The Journal of 
Chemical Physics - 20 (3) 387 (1952). 

31. Rosen. J. B.. "General Numerical Solution for Solid 
 iffu us ion in-~ixed Beds ," Industrial and Engineering 
Chemistry, Engineering, Design, and Process Development 
46 (8) 1590 (1954). 

32. Scholten, J. J. F., in Bond, R. L.; Ed., "Mercury 
Porosimetry and Allied Techniques," Porous Carbon Solids, 
Academic Press, New York (1967). 

33. Smith, J. M . ,  Chemical Engineering Kinetics, 2nd Edition, 
McGraw-Hill, New York (1970). 

34. Spencer, D. H. T., in Bond, R. L.; Ed., "The Use of 
Molecular Probes in the Characterization of Carbonaceous 
Material," Porous Carbon Solids, Academic Press, New 
York (1967). 

35. Squires, Arthur M., "Air Pollution: The Control of S O 2  
from Power Stacks: Part I, The Removal of Sulfur from 
Fuels ," Chemical Engineering 74 (23) 260 (1967). 



Squires, Arthur M . ,  "Air Pollution: The Control of SO2 
from Power Stacks: Part 11, The Removal of SO from 
Stack Gases," Chemical Engineering - 74, (24) 135 ( 1 9 6 7 ) .  

Stacy, W. O . ,  Vastola, F. J., and Walker, P. L . ,  Jr., 
"Interaction of Sulfur Dioxide with Active Carbon," 
Carbon - 6 917 (1968). 

Strauss, Werner, in Strauss, Werner, Ed., Air Pollution 
Control Part I, Wiley-Interscience, New York (1971). 

Thomas, J. M., and Thomas W. J., Introduction to the 
Principles of Heterogeneous Catalysis, Academic Press, 
London (1967). 

Treybal, R. E., Mass Transfer Operations, 2nd Ed., 
McGraw-Hill, New York (1968). 

Whitehead, T. H., and Sherrill, R. W., "Wood Charcoal 
from a Cinder Block Kiln," Forest Products Journal 11 
(8) 336 (1961). 

Zentgraf, K. M., "Full-Space Industrial Tests of Waste 
Gas Desulfurization," Staub-Reinhalt Luft 28 (3) 1 
(1968). 


