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Abstract:
The reduction of sulfur dioxide to elemental sulfur was investigated using coal char and methane as
reducing agents. Since high temperatures were required when using coal char, methane was found to be
more favorable as the reducing agent.

The reduction of sulfur dioxide with methane (natural gas) was carried out in a fixed-bed catalytic
reactor containing 400 grams of alumina catalyst.

The possibility of increasing yields by following the sulfur dioxide-methane reaction with a reaction
between the hydrogen sulfide formed and unreacted sulfur dioxide was investigated. The low yields of
sulfur that were obtained indicated that sulfur formed in the first reaction was converted to other
products and that the second reaction was probably inhibited by certain components of the gas mixture.

It was determined that operating without a preheat increased yields slightly and that the reaction
products should be cooled as soon as possible after they have left the catalyst bed.

A temperature gradient was detected throughout the catalyst bed and the influence of this gradient was
found to be quite critical. Best results were obtained when the upper portion of the reaction zone was
operated as low as possible without dropping the lower portion of the zone below 560°C, the optimum
temperature for producing sulfur. It was concluded that with close temperature control, conversions up
to 80 percent might be expected with fresh catalyst.

A mole ratio of 3.6 moles of methane per mole of sulfur dioxide and a feed rate of 8 gram-moles of gas
mixture per hour per 400 grams of catalyst appeared to be optimum conditions.

The catalyst activity was shown to decrease approximately linearly with respect to the hours the
catalyst had been in use. 
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ABSTRACT

The red u c tio n  o f s u l fu r  d iox ide  to  e lem en ta l s u lfu r  was in v e s t ig a te d  
u s in g  coal char and methane as  reduc ing  a g e n ts . S ince high  tem pera tu res 
were re q u ire d  when u sin g  c o a l c h a r , methane was found to  be more fa v o ra b le  
a s  th e  reduc ing  a g e n t . .

The re d u c tio n  of s u l fu r  d iox ide  w ith  methane (n a tu ra l  gas) was 
c a r r ie d  out in  a f ix e d -b e d  c a t a ly t i c  r e a c to r  co n ta in in g  400 ' grams of 
alum ina c a t a l y s t .

The p o s s ib i l i t y  o f in c re a s in g  y ie ld s  by fo llo w in g  th e  s u l f u r  d io x id e - 
methane re a c t io n  w ith  a' r e a c t io n  between th e  hydrogen s u lf id e  form ed.and 
u n reac ted  s u l fu r  d io x id e  was in v e s t ig a te d .  The low y ie ld s  o f s u lfu r  th a t  
were o b ta in ed  in d ic a te d  th a t  s u lfu r  formed in  th e  f i r s t  re a c t io n  was con­
v e r te d  to  o th e r p ro d u c ts  and th a t  th e  second re a c tio n  was p robab ly  in ­
h ib i te d  by c e r ta in  components of th e  gas m ix tu re .

I t  was determ ined th a t  o p e ra tin g  w ith o u t a p reh ea t in c re a se d  y ie ld s  
s l i g h t ly  and th a t  th e  r e a c t io n  p ro d u c ts  should be cooled a s  soon as pos­
s ib le  a f t e r  th e y  have l e f t  th e  c a ta ly s t  bed.

A tem p era tu re  g ra d ie n t was d e te c te d  th roughout th e  c a ta ly s t  bed and 
th e  in f lu e n c e  of t h i s  g ra d ie n t was found to  be q u ite  c r i t i c a l .  B est 
r e s u l t s  were o b ta in ed  when th e  upper p o r tio n  o f th e  re a c t io n  zone was 
o p e ra ted  a s  low a s  p o s s ib le  w ith o u t dropping th e  low er p o r tio n  of th e  zone 
below 560°C, th e  optimum te m p e ra tu re .fo r  producing  s u l f u r . I t  was con­
c luded th a t  w ith  c lo se  tem pera tu re  c o n tro l ,  conversions up to  80 p e rcen t 
m ight be expected  w ith  f r e s h  c a ta ly s t  ̂  . .

, 4 * #  ' .  , ; .
A mole r a t i o  o f 3 .6  moles o f methane p e r  mole o f s u lfu r  d iox ide  and 

a fe e d  r a te  of 8 gram-moles o f gas m ix tu re  p e r  hour p e r  400 grams of 
c a ta ly s t  appeared to  be optimum c o n d itio n s .

The c a ta ly s t  a c t i v i t y  was shown to  decrease  approx im ate ly  l in e a r ly  
w ith  re sp e c t to  th e  hours th e  c a ta ly s t 'h a d  been in, u s e .

. ;
\ ■ '

, W ': ,
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INTRODUCTION

In  re c e n t y ea rs  a g re a t d e a l o f apprehension  has been f e l t  because 

of th e  l im ite d  amount of s u l fu r  a v a ila b le  to  th e  U nited S ta te s .  In  th e  

e a r ly  p a r t  of th e  1950's  a s e r io u s  s u l fu r  sho rtage  was r e a l iz e d  and-step 's

d isco v e red , o ld  mines reopened, and more and more by-p roduct s u lfu r  has

been produced. At th e  p re se n t tim e th e  s u lfu r  sh o rtag e  i s  n o t a s  p re ss in g  

a s  i t  was, b u t th e re  i s  s t i l l  n o t an u n lim ited  supply .

At p re se n t th e  main sources of s u lfu r  in  th e  U nited S ta te s  a re ;

1 . The F rasch  p ro cess  f o r  reco v erin g  s u lfu r  
from e lem en ta l s u l fu r  d e p o s its .

2 . P y r i te s  which i s  in  g e n e ra l a t r a d e  name 
f o r  i ro n  s u l f id e  m in e ra ls  c o n ta in in g  be­
tween 25 and 50 p e rcen t s u l f u r .

3 . S u lfa te s  which, a lthough  a la rg e  p o te n t ia l  
sou rce , a re  a c o s t ly  so u rce .

4 . By-product s u l f u r .

Most e x p e r ts  seem to  ag ree  th a t  th e  F rasch  p ro cess  i s  about as  w e ll 

developed a s  i t  w i l l  ever be, so u n le ss  new s u lfu r  d e p o s its  a re  found, no 

in c re a s e  in  th e  s u l fu r  p ro d u c tio n  can be o b ta in ed  th e r e .

advantage o f h igh  sh ipp ing  c o s ts  a s  compared to  pure s u l f u r .

T his le a v e s , th e n , a s  th e  most l i k e l y  source of a d d i t io n a l  s u lfu r
•A

re s e rv e s , th e  by-p roduct s u l f u r .  The petro leum  in d u s try , in  p a r t i c u la r ,  

has been producing  more and more byproduct s u lfu r  in  re c e n t y e a r s .  This 

s u l f u r  has been recovered  from th e  hydrogen s u lf id e  p re se n t in  n a tu ra l

were taken  to  overcome t h i s  s h o r ta g e . S ince th e n , new mines have been

q u a n t i t ie s ,  has th e  d is -  .
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gas and r e f in e r y  gases by app ly ing  d i f f e r e n t  m o d if ic a tio n s  o f th e  Glaus 

p ro c e ss . B a s ic a l ly , t h i s  p ro cess  in v o lv e s  o x id iz in g  a p o r tio n  of the  

hydrogen s u l f id e  to  s u lfu r  d io x id e , and th en  re a c tin g  th e  two substances 

to g e th e r  to  form s u l f u r  p lu s  w a ter.

A nother la rg e  source o f by-product s u l f u r ,  p o te n t ia l ly  capable of 

producing a s  much a s  th r e e - f o u r th s  of th e  t o t a l  s u l fu r  req u irem en ts  (2) ,  

a re  th e  s ta c k  gases from v a rio u s  sm elte rs  in  th e  U nited S ta te s .

/ Those sm e lte rs  which a re  t r e a t in g  s u lf id e  o res  f o r  th e  recovery

s u lfu r  d io x id e . The s u lfu r  d iox ide  i s  formed when th e  s u lf id e  o res  a re  

ro a s te d  o r o x id ized  to  convert th e  m eta l s u l f id e  to  th e  m e ta l ox ide .

; In  t h i s  o x id a tio n  p ro cess  th e  s u l fu r  from th e  m eta l s u lf id e  r e a c ts  w ith  

, excess oxygen to  produce s u l f u r  d io x id e . The co n cen tra tio n  o f s u lfu r  

d io x id e  in  th e  v a rio u s  w aste gases in  a sm elte r v a r ie s ,  b u t th e  in t r o -
!'
\ d u c tio n  in  re c e n t y e a rs  o f th e  F lu o so lid s  r o a s te r  i s  s a id  to  produce

The f a c t  t h a t  la rg e - amounts of s u l fu r  a re  a v a ila b le  in  th e se  sm elte r 

w aste g a se s , coupled w ith  th e  f a c t  t h a t  th e  removal of th e  s u l fu r  from 

th e se  gases would in c re a se  th e  value  o f th e  gases as a f u e l  and he lp  to  

a l l e v i a t e  th e  problem of a ir-  p o lu tio n , makes th e se  s tack  g ases  appear 

to  be an a t t r a c t i v e  source of s u l f u r .

The f a c t  t h a t  70 p e rc e n t o f a l l  th e  s u l fu r  consumed i s  used in  th e  

p ro d u c tio n  o f s u l f u r ic  a c id  ( 5) in d ic a te s  t h a t  i t  might be more d e s ira b le  

to  reco v er s u lfu r  d iox ide  from th e  sm e lte r g ases r a th e r  th an  e lem ental

/ o f  m e ta ls  such a s .c o p p e r , le a d , o r  z in c , produce la rg e  q u a n t i t ie s  of

h ig h e r co n ce n tra tio n  of s u lfu r  d io x id e  (2 ) .
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s u l f u r .  The s u l f u r  d io x id e  could th en  be converted  to  s u l f u r ic  a c id  w ith ­

ou t going th rough  th e  o x id a tio n  of s u l f u r . However, th e  problem of s to ck ­

p i l in g  and t r a n s p o r ta t io n  make th e  p ro duction  o f e lem en ta l s u lfu r  from 

th e  sm e lte r  gases appear a t t r a c t i v e .  The problem re s o lv e s , th e n , to  th a t  

o f co n v ertin g  th e  s u lfu r  d io x id e  in  th e  sm e lte r  gases to  e lem en ta l s u l f u r .

A review  of p rev io u s  work done on th e  re d u c tio n  o f s u lfu r  d iox ide 

to  form  e lem en ta l s u l fu r  was made by Davis (3 ) .  His survey i l l u s t r a t e s  

t h a t  coke, n a tu r a l  g as, and carbon monoxide were used a s  re d u c tio n  a g e n ts , 

and th a t  b a u x ite  and vanadium pen tox ide  were employed as  c a ta ly s t s .  In  

a d d itio n  to  th e  work review ed by D avis, a sem i-com m ercial u n i t  to  reduce 

s u l f u r  d io x id e  has been o p e ra ted  in  G a rf ie ld , Utah (A). The p ro cess  

in v o lv ed  burn ing  n a tu r a l  gas w ith  a i r  c o n ta in in g  5 to  8 p a r t s  by volume 

of s u lfu r  d io x id e  a t  1250°C. I t  was shown th a t  n a tu r a l  gas had to  be 

a v a i la b le  a t  12 c en ts  p e r  thousand cu. f t .  f o r  th e  p ro cess  to  be econ­

o m ica lly  f e a s i b l e .

The red u c tio n  of s u lfu r  d iox ide  u sin g  hydrogen a t  300°C over an i r o n ,  

n ic k e l ,  o r  c o b a lt ox ide c a ta ly s t  has been p a ten ted  by B osw ell ( I ) .

The l a s t  known commercial u n i t  to  be in  o p e ra tio n  was a t  a sm elte r 

lo c a te d  a t  T r a i l ,  B r i t i s h  Columbia. T his u n i t ,  w ith  a c a p a c ity  of 150 

to n s  of s u lfu r  p e r  day, reduced th e  s u l fu r  d iox ide  to  s u l f u r  over a bed 

o f in can d escen t coke.

The r e s t r i c t i o n  to  d a te  on p ro cesses  in v o lv in g  th e  re d u c tio n  of s u lfu r  

d io x id e  to  e lem en ta l s u l fu r .h a s  been -th e  c o s t of th e  red u c in g  a g e n t.
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T his re p o r t  i s  an In v e s t ig a t io n  of th e  p o s s i b i l i t i e s  of producing 

e lem en ta l s u l fu r  from  s u l f u r  d io x id e . The use of co a l c h a r , which can 

be o b ta in ed  cheaper th an  coke, and n a tu r a l  gas as  reduc ing  ag en ts  was 

s tu d ie d .

EQUIPMENT DESIGN AND CONSTRUCTION

A. Flow Sheet

In  o rd e r to  in v e s t ig a te  th e  red u c tio n  of s u l fu r  d io x id e  u sing  n a tu ra l  

gas as  th e  re d u c tio n  a g en t, a fix ed -b ed ,, c a ta ly t ic  r e a c to r  was opera ted  

a t  a tm ospheric  p re s s u re . A b lock  flow  diagram  of th e  p ro cess  i s  shown 

in  F ig . I ,  and a d e ta i le d  flow  sheet o f th e  u n i t  i s  shown in  F ig . 2.

F ig u re  2 i l l u s t r a t e s  th a t  th e  s u l fu r  d iox ide  and n a tu r a l  gas were each 

m etered th rough  o r i f i c e s  and passed  to  th e  to p  o f the- r e a c to r .  The gases 

were in tro d u ced  to  th e  m ixing s e c tio n  o f th e  r e a c to r ,  c o n ta in in g  alundunr 

b a l l s ,  and th en  passed  on down over th e  c a ta ly s t  bed. .The re a c te d  gases ' 

from  th e  c a ta ly s t  bed were c a r r ie d  to  a co n stan t-tem p e ra tu re  condenser 

where th e  sulfui* was condensed. The l iq u id  s u l f u r ,  to g e th e r  w ith  th e  r e ­

m aining g a se s , passed  from th e ' co n s ta n t- tem p e ra tu re  condenser to  th e  

bottom  of th e  s u l fu r  re c e iv e r  where th e  s u lfu r  s o l id i f i e d  and was c o l le c t ­

ed in  a cup. The rem aining gases were c a r r ie d  th rough a g lass-w o o l f i l t e r  

to  remove any e n tra in e d  s u lfu r  p a r t i c l e s  th a t  might have rem ained, and 

th en  passed  to  a w a te r-co o led  condenser where th e  w ater vapor was con­

densed . The rem aining gases were then  d ischarged  th rough a  v en t l in e  to  

th e  atm osphere.
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D u p lica te  equipment was p rovided  f o r  a l l  th e  u n i t s  which were 

p o s itio n e d  a f t e r  th e  c o n s ta n t tem pera tu re  condenser in  th e  p ro c e ss . That 

I s ,  two s u lfu r  r e c e iv e rs  and two w ater condensers were used  in  such a 

manner t h a t  one s e t  could be used  during  th e  l in e -o u t  p e r io d , then  th e  

o th e r  s e t  could  be connected in to  th e  p ro cess  f o r  th e  a c tu a l  ru n .

B. Design and S p e c if ic a t io n s  o f Component P a r ts '

R eac to r; The r e a c to r ,  c o n s tru c te d  of 2 - in c h , schedule 40, b lack - 

i ro n  p ip e , was 27 i n .  in  le n g th  and was capped a t  each end w ith  standard  

c a s t  iro n  p ipe  cap s . The therm ow ell was c o n s tru c te d  of £ - in .  s tandard  

b la c k - iro n  p ip e , welded c lo se d  a t  th e  to p , which passed  th rough  th e  c e n te r  

o f th e  r e a c to r .  A s t a i n l e s s - s t e e l  screen  was p laced  n ea r th e  bottom  of 

th e  r e a c to r  to  a c t  a s  a support f o r  th e  c a ta ly s t  bed, and a m eta l b a f f le  

was p laced  a t  th e  to p  of th e  r e a c to r  to  mix th e  incoming gases and p rev en t 

t h e i r  im pinging d i r e c t l y  on th e  to p  of th e  therm ow ell. D e ta ils  of th e  

c o n s tru c tio n  of th e  r e a c to r  appear in  F ig . 3 .

Heat was p rov ided  to  th e  .re a c to r  from th re e  n i chrome c o i l s ,  each of 

which su p p lied  h e a t to  approx im ate ly  o n e - th ird  of th e  r e a c to r .  The 

r e s is ta n c e  of th e  th re e  c o i l s  from top  to  bottom  was 24 . 5 , 20, and 24.5 

ohms, r e s p e c t iv e ly .

■ The^nichrome c o i l s ,  s tru n g  w ith  ceram ic bead's, were wrapped around 

th e  re a c to r  over a la y e r  of a sb e s to s  ta p e .  The c o i ls  were th en  covered

w ith  a second la y e r  o f a sb e s to s  ta p e , and th e  r e a c to r  was covered w ith  a
/

la y e r  o f 85 p e rc en t m agnesia. The to p  cap of th e  re a c to r  was th e  only  

p a r t  n o t in s u la te d .  This f a c i l i t a t e d  more ra p id  f i l l i n g  and in sp e c tio n
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of th e  r e a c to r .

C o n stan t-tem p era tu re  Condenser; The c o n s tru c tio n  of th e  c o n sta n t-  

tem p era tu re  condenser i s  i l l u s t r a t e d  in  F ig . 4 . The tem p era tu re  of th e  

condenser was ad ju s ted  to  condense and m ain ta in  th e  s u lfu r  in  a  l iq u id  

form . The tem p era tu re  was c o n tro l le d  by b o i l in g  an e th y len e  g ly co l-w a te r 

m ix tu re .

The c e n te r  tu b e , c o n s tru c te d  of ^ - in .  th in - w a ll  e l e c t r i c a l  condu it, 

was 30 i n .  in  le n g th  and was packed w ith  ceram ic beads to  g iv e  a la rg e r  

h e a t t r a n s f e r  a re a  f o r  th e  ho t g a se s . The condenser ja c k e t was co n stru c ted  

o f a 2 6 - in . le n g th  o f 1 - in .  d iam eter th in - w a ll  e l e c t r i c a l  c o n d u it. Heat 

was p rov ided  to  b o i l  the' e th y len e  g ly c o l-w a te r  m ixture by a n i chrome c o i l  

wound around th e  low er p o r tio n  of th e  condenser. A co o lan t r e s e rv o i r  was 

connected to  th e  ja c k e t su rrounding  th e  c e n te r  tube so t h a t  th e  b o ilin g  ' 

m ix tu re  was b e ing  c o n s ta n tly  c i r c u la te d .  A w a ter-co o led  condenser was 

fa s te n e d  to  th e  to p  of th e  co p lan t r e s e rv o i r  to  condense th e  vapors formed 

by th e  b o il in g  m ix tu re .

S u lfu r R ece iver; The s u lfu r  re c e iv e r  was co n stru c ted  o f a 1 3 - in . 

le n g th  of 2jr:-in. d iam eter g la s s  tu b in g  (See F ig . $ ) . A 9 - in .  len g th  of 

1- i n .  d iam eter g la s s  tu b in g  extended from th e  to p  of th e  r e c e iv e r  to  c a r ry  

th e  g ases and s u l fu r  to  th e  low er p a r t  o f th e  r e c e iv e r  where a removable 

a lum inum -fo il cup c o l le c te d  th e  s u l f u r .  G lass wool w as'packed between th e  

two g la s s  tu b e s  to  a c t  as  a f i l t e r  f o r  any s u lfu r  p a r t i c l e s  t h a t  might 

have been e n tra in e d  in  th e  g a se s . The to p  and bottom  o f th e  re c e iv e r  were 

c lo se d  w ith  two la rg e  rubber s to p p e rs . The to p  s to p p er co n ta in ed  a g la ss
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tu b e  th a t  served  a s  a  g a s ■o u t le t  f o r  th e  s u lfu r  re c e iv e r .

W ater Condenser: The w ater condenser was co n stru c te d  from a .3 6 - in .

long  w a te r-co o led  g la s s  condenser w ith  a 3 /8 - in .  c e n te r  tu b e .

W ater R ece iv er: A o n e - l i t e r  Erlenm eyer f l a s k ,  a tta c h e d  to  th e  bottom

o f th e  w ater condenser, served  a s  a w ater r e c e iv e r .

Vent L ine: The ven t l i n e  was J - i n .  saran  tu b in g .

S u lfu r  Dioxide Eeed: Two sm all s t e e l  tan k s  of about 3000-gm. capac­

i t y  were used as  fe e d  ta n k s .

S u lfu r D ioxide M etering: A g la s s  v e n tu r i- ty p e  o r i f i c e  was c a l ib ra te d

and used in  con ju n ctio n  w ith  a w a te r - f i l l e d  manometer.

N a tu ra l Gas M etering : A g la s s  v e n tu r i- ty p e  o r i f i c e  was c a l ib ra te d

and used in  co n ju n c tio n  w ith  a Bacharach in c l in e d  manometer f i l l e d  w ith 

d ie s e l  o i l .

SulfU r D ioxide M etering V alve: Id ea l-A ero sm ith  n eed le  v a lv e .

N a tu ra l Gas M etering V alve: Hoke b ra s s  b lu n t- s p in d le  n eed le  v a lv e .

A u to tran sfo rm ers: One 2 2 0 -v o lt and th re e  H O -v o lt  P o w ers ta ts .

Therm ocouples: Three iro n -c o n s ta n ta n .

Tem perature I n d ic a to r :  Leeds and N orthrup 1 8 -p o in t in d ic a t in g

p o te n tio m e te r .

PROCEDURE AND MATERIALS

Procedure

R eacto r Assembly: The re a c to r  'Was p laced  in  p o s i t io n  and 400 gm. of

c a ta ly s t  were poured in  to  form as  uniform  a bed as  p o s s ib le .  This r e ­

s u lte d  in  a 1 2 - in . c a ta ly s t  bed . Alundum b a l l s  were added u n t i l  th e
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r e a c to r  was f u l l ,  and th e  b a f f le  p la te  was p laced  in  p o s i t io n .  The to p  

cap was th en  screwed o n to ,th e  r e a c to r ,  fe ed  l in e s  were a tta c h e d , th e  

therm ocouples were connected , and th e  h e a tin g  c o i l  le a d s  were plugged in .

The c o n sta n t- tem p e ra tu re  condenser was n ex t connected to  th e  re a c to r  

and secured  in  p la c e . Cooling w ater l in e s  to  th e  v a rio u s  condensers were 

th en  a tta c h e d .

S ta r t-u p s  P o w ersta ts  f o r  th e  h e a tin g  c o i l s  of th e  r e a c to r  were ad­

ju s te d  to  t h e i r  p roper s e t t in g s  and tu rn e d  on. The s u l f u r  r e c e iv e r  and 

w ater r e c e iv e r  to  be used  in  th e  run were w eighed, th e  w eigh ts were re ­

corded , and th e  r e c e iv e r s  were p laced  in  p o s i t io n .  Cooling w ater to  th e  

condensers was tu rn e d  on and a l l  l in e s  were checked fo r  l e a k s .

The re a c to r  was h ea ted  to  tem peratu re  f o r  a th r e e -  to  fo u r-h o u r 

p e r io d , th en  th e  n a tu r a l  gas flow  was s ta r te d .  A 5 - l i t e r  b eak e r, f i l l e d  

w ith  h o t w ater to  p rev en t w a ter from condensing in  th e  s u l fu r  re c e iv e r  was 

p laced  around th e  s u l fu r  r e c e iv e r  and an e l e c t r i c  h o t-p la te  was p laced  

under th e  beaker to  keep th e  w ater b o i l in g .  The co n stan t-tem p era tu re  

condenser was brought to  tem p e ra tu re .

When th e  tem p era tu res  in  th e  r e a c to r  reached a p o in t about 20°C below 

th e  d e s ire d  te m p e ra tu re s , th e  s u lfu r  d io x id e  flow  was s t a r t e d .  I t  was 

determ ined th a t  th e  tem p era tu res  in  th e  c a ta ly s t  bed would r i s e  about 20°C 

a f t e r  th e  re a c tio n  s t a r t e d .  •

O peration : Tem peratures were c o n tro lle d  by a d ju s t in g  th e  power in ­

pu t to  th e  h e a tin g  c o i ls  w ith  th e  p o w e rs ta ts . N a tu ra l gas and s u lfu r  . 

d io x id e  flow  r a t e s  were c o n tro lle d  by m a in ta in in g  th e  d e s ire d  manometer
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read in g s  f o r  each . In  a d d i t io n ,  th e  s u l fu r  d iox ide  feed  b o t t l e  was 

weighed b e fo re  and a f t e r  each run to  check th e  amount of s u l fu r  d iox ide  

used in  each ru n . Wien th e  l in e -o u t  p e r io d  was com pleted, th e  d u p lic a te  

s u l f u r  r e c e iv e r ,  w a ter condenser, and s u lfu r  d iox ide  fe e d  b o t t l e  were 

tu rn e d  on stream  and re a d in g s  were reco rded  a t  10-m in. i n t e r v a l s  u n t i l  

th e  run  was com pleted.

Shut-down: To com plete a run th e  s u l fu r  d io x id e  flow  was stopped,

and power to  th e  r e a c to r  c o i l s ,  c o n s tan t-tem p e ra tu re  condenser c o i l ,  and 

th e  h o t-w a te r b a th  was tu rn e d  o f f .  The n a tu r a l  gas was l e f t  flow ing  fo r  

a sh o rt p e r io d  to  f lu s h  th e  system  and then  tu rn e d  o f f .  The s u lfu r  

d io x id e  tan k  was weighed and th e  amount used du rin g  th e  run was o b ta ined  

by d if f e r e n c e .  The s u lfu r  r e c e iv e r  was weighed and th e  amount of s u lfu r  

formed was a lso  o b ta in ed  by th e  d if fe re n c e  in  w e ig h t.

M a te r ia ls

The s u lfu r  d io x id e  used was commercial g rad e , o b ta in ed  from th e  

Matheson Company o f J o l i e t ,  I l l i n o i s .

• N a tu ra l gas c o n ta in in g  91 p e rcen t m ethane, 6 p e rcen t e th an e , and 3 

p e rc en t propane was o b ta in ed  from th e  l i n e s  of th e  lo c a l  u t i l i t y  company.

O n e-e igh th -inch  ex truded  a c t iv a te d  alum ina c a ta ly s t  m anufactured by 

th e  Harshaw Chemical Company was used in  t h i s  work.

O n e-fo u rth -in ch  alundum b a l l s  were used  as  packing in  th e  mixing 

s e c tio n  of th e  r e a c to r .

O n e-fo u rth -in ch  ceram ic beads were used  f o r  packing in  th e  c o n s ta n t-  

tem p era tu re  condenser.
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DISCUSSION OF RESULTS

R ed u c tio n .of S u lfu r D ioxide Using Char a s  th e  Reducing A gent.

In  o rd e r to  in v e s t ig a te  th e  fo rm ation  of s u lfu r  from s u lfu r  d ioxide 

some work was done u s in g  co a l char as  a reduc ing  a g e n t. S ince th e  thermo­

dynamics o f s e v e ra l  p o s tu la te d  re a c t io n s  between s u lfu r  d io x id e  and co a l 

char (carbon) to  form  s u lf u r  in d ic a te d  th e  r e s u l t s  could be fa v o ra b le  (See 

Table I ) , s e v e ra l  experim en ta l runs were made.

The r e a c to r  was charged w ith  co a l char and runs were' made u sing  both 

s u l fu r  d io x id e  and a m e th an e-su lfu r d io x id e  m ix tu re . An a ttem p t was made 

to  make th e  ru n s  a t  600°C, th e  h ig h e s t tem p era tu re  i t  was f e l t  th e  equip­

ment could w ith s tan d  f o r  any extended p e rio d  of tim e . When th e  methane- 

s u lfu r  d io x id e  m ix ture  was passed  over ch ar a t  tem p era tu res  between 565°C 

and 594°C, no s u l f u r  was reco v ered . When on ly  s u lfu r  d io x id e  was passed 

over th e  char bed, sm all amounts of s u l f u r  were reco v ered . With a temp­

e ra tu re  of 595°C and a feed  r a t e  of 2 .54  moles o f s u lfu r  d io x id e  p e r hour, 

a 14 .8  p e rc en t y ie ld  o f s u l f u r  was o b ta in ed  and when a tem p era tu re  of 

593°C and a fe e d  r a t e .o f  1 .97  moles of s u lfu r  d io x id e  were u sed , a 14.3 

p e rc en t y ie ld  o f s u lfu r  was o b ta in ed . ■ The thermodynamic c a lc u la t io n s  

in d ic a te d  th a t  h ig h e r tem p era tu res  would r e s u l t  in  b e t t e r  conversion  to  

s u l f u r ,  bu t i t  was f e l t  t h a t  th e  h igh  c o s t o f b u ild ing , h ig h -tem p era tu re  ' 

equipment was n o t w arran ted .

The p o s s i b i l i t y  o f p a ss in g  s u lfu r  d io x id e  through a f lu id iz e d  bed of 

char was a lso  in v e s t ig a te d .  By c a rry in g  out th e  re d u c tio n  o f s u lfu r  d iox­

ide, in  a f lu id iz e d  char bed , th e  in h e re n t advantages of a f lu id iz e d  bed.



good m ixing and tem p era tu re  c o n tro l ,  could be r e a l iz e d .  Work was done to  

in v e s t ig a te  th e  f lu id iz a t io n  c h a r a c te r i s t i c s  o f char u s in g  fo u r  d i f f e r e n t  

m ix tu res  o f char s ized  between 20 and 100 mesh (Table I I ) .  Although th e  

m ix tu re  having th e  sm a lle s t p a r t i c l e  s iz e  could be f lu id iz e d ,  th e  coal 

char d id  n o t e x h ib it  good f lu id iz a t io n  p r o p e r t ie s .  There was a marked 

tendency  f o r  s lu g g in g  to  occu r, and under no co n d itio n s  was i t  p o ss ib le  

to  o b ta in  a good f l u i d  co n d itio n  ^

In  view o f th e  poor f lu id iz a t io n  c h a r a c te r i s t i c s  of th e  co a l char 

and th e  h igh  tem p era tu res  th a t  were in d ic a te d  to  be n e ce ssa ry  when u sing  

a f ix e d  char bed , i t  was f e l t  t h a t  char d id  n o t appear a s  fa v o ra b le  as 

n a tu r a l  gas a s  a reduc ing  a g en t. T h e re fo re , th e  in v e s t ig a t io n  was

d iv e r te d  to .g e t  more com plete in fo rm atio n  on th e  re d u c tio n  of su lfu r
>

d io x id e  w ith  n a tu r a l  g as.

R eduction o f S u lfu r D ioxide Using Methane a s  th e  Reducing A gent.
' ?,
A. 'Two R eaction  Zones in  S e r ie s ;

P rev ious work c a r r ie d  out by Davis (3) in d ic a te d  th a t  s u lfu r  

could  be o b ta in ed  by reducing  s u lfu r  d io x id e  w ith  m ethane. In  view 

of th e  f a c t  th a t  hydrogen s u lf id e  as  w e ll a s  s u lfu r  i s  formed in  

t h i s  r e a c t io n ,  i t  was proposed to  in c re a s e  th e  s u lfu r  y ie ld  :by 

•reac tin g  th e  hydrogen s u lf id e  w ith  u n re a c te d  s u lfu r  d io x id e  in  a 

second re a c t io n  zone. A s e r ie s  o f ru n s  was s e t  up to  c a rry  out 

th e se  two re a c tio n s  in  s e r i e s .  The f i r s t  runs were made w ith  two 

c a ta ly s t  beds in  s e r ie s  in  one r e a c to r .  L a te r-ru n s  were made 

c a rry in g  th e  two re a c tio n s  out in  s e r ie s  b u t in  se p a ra te  r e a c to r s .

-  14 -



An a ttem p t was made to  ho ld  th e  tem pera tu re  of th e  f i r s t  re a c tio n  

zone in  th e  range o f 550°G a n d 'th a t  o f th e  second re a c tio n  zone a t  

350°C. P rev ious work done by Davis (3) had in d ic a te d  th a t  th e  r e ­

a c tio n  between s u lfu r  d io x id e  and methane a t  550°C r e s u l te d  in  a - 

53 p e rc en t y ie ld  o f s u lfu r  and a lso  r e s u l te d  in  an o f f -g a s  con ta in in g  

hydrogen s u lf id e  and s u lfu r  d io x id e  in  a  r a t i o  of 2 to  I ,  which i s  

what i s  re q u ire d  f o r  th e  re a c tio n  between hydrogen s u l f id e  and s u lfu r  

d io x id e  to  form s u l f u r .  A tem p era tu re  o f 350°C was chosen a s  th e  

tem p era tu re  of th e  second re a c t io n  zone s in ce  th e  re a c t io n  i s  c a r r ie d  

out com m ercially a t  approx im ate ly  th a t  tem p era tu re .

xI The a ttem p t to  run th e  two re a c tio n s  — methane w ith  s u lfu r  

d io x id e  and hydrogen s u l f id e  w ith  s u lfu r  d io x id e  — in  one re a c to r  1 

was u n su cc e ss fu l s in ce  th e  le n g th  of th e  r e a c to r  and arrangem ent of j 

th e  h e a tin g  c o i l s  p rev en ted  th e  a tta in m en t of th e  d e s ire d  tem per- ’ 

a tu re s  in  th e  two re a c tio n  zones. When th e  c a ta ly s t  beds were 

p o s itio n e d  in  se p a ra te  r e a c to r s  and th e  tem p era tu res  o f th e  two r e ­

a c t io n  zones h e ld  a t  553 C and 378°C5 re s p e c t iv e ly ,  on ly  a 2 .4  

p e rc e n t y ie ld  o f s u l fu r  was o b ta in ed . S ince both  of th e  re a c tio n s  

under c o n s id e ra tio n  were knpwn to  produce s u l f u r ,  t h i s  lo w 'y ie ld  

in d ic a te d  th a t  th e  second re a c t io n ,  t h a t  between hydrogen s u lf id e  

and s u lfu r  d io x id e , was p robab ly  b e in g  in h ib i te d  by one o r more of 

th e  o th e r  components of th e  gas m ix tu re . I t  f u r th e r  in d ic a te d  th a t  

th e re  was some conversion  of th e  s u lfu r  formed in  th e  f i r s t  re a c tio n  

to . o th e r  p ro d u c ts , and t h i s  was l a t e r  s u b s ta n tia te d  by th e  r e s u l t s  

o f a s tudy  made on c a ta ly s t  bed p o s i t io n .
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B-. C a ta ly s t Bed P o s it io n  and P reh ea t T em peratures.

In  th e  work c a r r ie d  ou t w ith  two re a c tio n  zones, th e  p o s s ib i l i ty  

o f s u lfu r  be ing  converted  to  o th e r  p ro d u c ts  a f t e r  le av in g  the  c a ta ly s t  

bed was reco g n ized . A s e r ie s  of runs was undertaken  in  which a s in g le  

c a ta ly s t  bed was moved to  v a rio u s  p o s i t io n s  in  th e  r e a c to r  to  d e te r ­

mine th e  e f f e c t  of th e  bed p o s i t io n  in  th e  r e a c to r .  S ince th e  s tu d y  

o f bed p o s i t io n  in d ic a te d  sh a rp ly  d ecreasin g  ,.y ields a s  th e  bed was 

moved upward in  the. r e a c to r  (Table I I I  and F ig . 6) ,  i t  became nec­

e s sa ry  to  determ ine w hether th e  decreased  y ie ld s  were due to  th e  

s h o r te r  p re h e a t s e c tio n  which r e s u l te d  as  th e  c a ta ly s t  bed was moved 

upward o r from a conversion  of th e  s u lfu r  to  o th e r  p ro d u c ts  occur­

r in g  in  th e  packed zone below th e  bed. A s e r ie s  of runs was then  

made to  determ ine th e  e f f e c t  of p re h e a t on th e  s u l f u r  reco v ery .

F igure  7 and Table IV i l l u s t r a t e  th a t  when th e  c a ta ly s t  bed 

'was a t  th e  bottom  of th e  r e a c to r ,  th e  conversion  to  s u l f u r  in c re ase d  

s l i g h t l y  a s  th e  p re h e a t was d ecreased . When o p e ra tin g  w ith  a p reh ea t 

of 523°C, a s u lfu r  y ie ld  of 50.4  p e rc en t was o b ta in e d . When th e  c o i l  

supp ly ing  h e a t to  th e  p re h e a t s e c tio n  was shut o f f ,  th e  tem peratu re  

in  th e  p reh ea t s e c tio n  dropped to  228°C and a s u lfu r  y ie ld  of 65.3 

p e rc e n t was o b ta in e d . Although a s l ig h t  in c re a se  in  y ie ld  seems to  

be in d ic a te d  when th e  re a c tio n  i s  c a r r ie d  out w ithou t a p reh ea t 

s e c t io n , th e  p re h e a t s e c tio n  seems to  have l i t t l e  e f f e c t  on th e  s u lfu r  

reco v ery  o th e r  th an  to  in su re  th a t  th e  incoming gases were tho rough ly  

mixed when th ey  reached  th e  c a ta ly s t  bed. The r e s u l t s  of t h i s  p reh ea t
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s tu d y  coupled w ith  th e  r e s u l t s  o f th e  s tu d y  on c a ta ly s t  bed p o s it io n  

le a d  to  th e  co n c lusion  th a t  th e re  must have been a conversion  of s u l­

f u r  to  o th e r  p ro d u c ts , and t l ia t  th e  re a c t io n  p ro d u c ts  should 'be r e ­

moved from  th e  r e a c to r  and cooled a s  soon, as  p o s s ib le  a f t e r  th e y  a re  

form ed.

G. Tem perature

Follow ing th e  s tudy  on p re h e a t, a s e r ie s  of runs was made w ith  

th e  c o i l  on th e  p reh ea t s e c tio n  tu rn e d  o f f ,  in  o rd e r to  determ ine th e  

e f f e c t  of r e a c t io n  tem p era tu re  on th e  s u lfu r  y ie ld .  The r e s u l t s  

appear in  Table V and a re  g ra p h ic a l ly  i l l u s t r a t e d  in  F ig . 8 . A max­

imum conversion  of about 65 p e rc en t was o b ta ined  a t  an average bed 

tem p era tu re  o f 546°G. This conversion  was on ly  th re e  p e rc en t h ig h e r 

th an  th a t  re p o r te d  by B avis (3 ) , b u t th e  tem peratu re  a t  which th e  

maximum s u lfu r  y ie ld  occu rred  was I ? 0C low er th an  he re p o r te d . This 

d e v ia tio n  in  optimum tem p era tu res  le d  to  an in v e s t ig a t io n  of tem per­

a tu re  g ra d ie n t th roughou t th e  c a ta ly s t  bed.

Up to  t h i s  p o in t in  th e  in v e s t ig a t io n  th e  average tem pera tu re  in  

th e  c a ta ly s t  bed had been determ ined by u sin g  two therm ocouples 

spaced a t  about 4 - in .  in te r v a ls  in  a 1 2 - in . c a ta ly s t  bed . In  o rd e r 

to  study  more th o ro u g h ly  th e  tem p era tu re  g ra d ie n t , a t h i r d  thermo­

couple was in s e r te d  in to  th e  bed and th e  th re e  therm ocouples were 

spaced a t  about 3 - in .  in t e r v a l s .  Under t h i s  arrangem ent i t  became, 

ev id en t th a t  th e  tem pera tu re  in  th e  c e n tr a l  p o rtio n  o f th e  c a ta ly s t  

bed was h ig h e r than  a t  e i th e r  end. A tem peratu re  g ra d ie n t of t h i s
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ty p e  i s  q u ite  common w ith  exotherm ic r e a c t io n s .  In  view of t h i s  

tem p era tu re  g ra d ie n t i t  i s  ap p aren t th a t  th e  tem pera tu re  of 546°C 

found to  be th e  optimum in  F ig . 8 was n o t th e  t r u e  av erag e , and th e  

a c tu a l  tem p era tu re  was h ig h e r th an  th a t  be ing  m easured. There i s  

a p o s s i b i l i t y  th a t  th e  optimum te m p e ra tu re , 563°C, re p o r te d  by Davis 

(3 ) was n e a r ly  c o r re c t  s in ce  he was o p e ra tin g  w ith  p re h e a t tem per­

a tu re s  o f about 510°G. This p re h e a t would p robab ly  move th e  h ig h - 

tem p era tu re  spo t up th e  re a c tio n  zone and in to  th e  v i c i n i t y  of th e  

p o in t where he was a c tu a l ly  m easuring th e  tem p e ra tu re . When oper­

a t in g  w ithou t th e  p re h e a t, however, th e  maximum tem p era tu re  occur­

red  below th e  f i r s t  therm ocouple and was n o t d e te c te d  by th e  

therm ocouple.

A more in te n s iv e  exam ination o f how tem peratu re  g ra d ie n ts  

a c ro ss  th e  c a ta ly s t  bed might in f lu e n c e  s u lfu r  y ie ld s  was nex t 

u n d e rtak en . B efore making t h i s  s tu d y , however, th e  u n i t  was re ­

v ise d  to  a llo w  f o r  a l in e -o u t  p e rio d  p r io r  to  the  a c tu a l  ru n . 

P re v io u s ly , th e  e r r a t i c  l in e -o u t  p e r io d  had been an in t e g r a l  p a r t  

o f th e  ru n , and in  ru n s  of sh o rt d u ra tio n  th e ..e r ro r  in tro d u ced  by 

n o t having s te a d y -s ta te  c o n d itio n s  th roughou t th e  run could be of 

co n sid e ra b le  m agnitude.

Data f o r  th e  runs c a r r ie d  out d u rin g  th e  te m p e ra tu re -g ra d ien t 

s tudy  a re  shown in  Table VI. For t h i s  d iscu ss io n  th e  tem pera tu res 

a s  measured by th e  to p ,  m iddle, and bottom  therm ocouples w i l l  be 

r e f e r r e d  to  as  T^, T^, and T^, r e s p e c t iv e ly .  The d a ta  in  Table VI
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in d ic a te  a t r e n d  tow ard an in c re a s e  in  s u l fu r  recovery  i f  th e  

tem p era tu re  in  th e  upper p a r t  of th e  re a c t io n  zone i s  h e ld  down 

and th a t  in  th e  low er p o r tio n  h e ld  in  th e  reg ion ' of 560°C. F igure  

9 in d ic a te s  th e  r e la t io n s h ip  between th e  s u lfu r  y ie ld  and th e  temp­

e ra tu re  of th e ' low er p a r t  of th e  re a c t io n  zone when T1 was h e ld  be­

tween 525°G and 531°C. I t  i l l u s t r a t e s  th a t  th e  conversion  to  s u l­

f u r  in c re a se d  from about 64 p e rc e n t to  S i p e rcen t a s  th e  average 

o f Tg and T^ in c re a se d  from 535°C to  560°G„ F igure  10, a s im ila r  

p lo t ,  show s-that when T1 was h e ld  between 533°C and 540°C, th e  

conversion  to  s u l f u r  began to  decrease  when th e  average o f T2 and 

T^ exceeded 560°C. F ig u re  11 shows percen tag e  conversion  v e rsu s  

T1 w ith  th e  average of T^ and T^ h e ld  between 557°G and $65°G. I t  

in d ic a te s  th a t  th e  s u lfu r  reco v ery  can be in c re a se d  by low ering  T1 .

There i s  a l i m i t ,  however, to  how low th e  tem p era tu re  in  the  

upper p o r tio n  o f th e  bed can be reduced w ithou t a lso  reduc ing  th e  

tem pera tu re  in  th e  rem aining p a r t  of th e  bed below th e  d e s ire d  

te m p e ra tu re . With th e  r e a c to r  used in  t h i s  s tudy , t h i s  l im i t  was 

about 52$°C. When T1 was reduced below 525°C, th e  s u l fu r  y ie ld s  

d ecreased , b u t t h i s  decrease  in  y ie ld  can be a t t r ib u te d  to  reduced 

tem p era tu res  th roughou t th e  e n t i r e  r e a c t io n  zone. The in f lu e n c e  

of tem p era tu re  app ears  to  be q u ite  c r i t i c a l  on th e  conversion  to  

s u l f u r .  S ince p re c is e  tem p era tu re  c o n tro l of th e  v a rio u s  zones was 

d i f f i c u l t ,  some of. th e  d i f f i c u l t i e s  in  rep roducing  r e s u l t s  can 

p robab ly  be accounted  f o r  by t h i s  c r i t i c a l  e f f e c t  of te m p e ra tu re „

-  19 -
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The o v e ra l l  p ic tu re  t h a t  r e s u l t s  from t h i s  study  in d ic a te s  th a t  

tem p e ra tu res  in  th e  range o f 560°C are-m ost fa v o ra b le  f o r  th e  max­

imum conversion  to  s u lfu r .

F igure  12 shows th e  o v e ra l l  average tem peratu re  of th e  re a c tio n  

bed v e rsu s  th e  conversion  to  s u l f u r ,  and in c lu d e s  a l l  th e  runs 

l i s t e d  in  Table VI. The optimum tem p era tu re  f o r  conversion  to  s u l­

f u r  i s  in d ic a te d  to  be 549°C. Much of th e  v a r ia t io n  in  s u lfu r  

y ie ld s  can be accounted  f o r  by th e  d i f f e r e n t  tem pera tu re  d i s t r i ­

b u tio n s  th a t  r e s u l te d  in  s im ila r  average te m p e ra tu re s . F ig u res  

13 and 14 a re  th e  same a s  F ig . 12 w ith  th e  excep tion  th a t  th e y  use 

Tg and th e  average o f Tg and T^, re s p e c t iv e ly ,  in  p lace  of th e  

o v e ra l l  average te m p e ra tu re . E i th e r  of th e se  curves p robab ly  

g iv es  a b e t t e r  p ic tu re  o f th e  a c tu a l  optimum te m p e ra tu re . In  both 

cases  t h i s  optimum f a l l s  in  th e  re g io n  of 560°G. I t  appears 

reaso n ab le  to  assume from t h i s  s tu d y  th a t  s in g le -p a s s  y ie ld s  up to  

SP' p e rc en t m ight be expected w ith  v e ry  c lo se  tem pera tu re  c o n tro l.

I t  should be p o in ted  out th a t  th e  conversion  of 70 to  80 • 

p e rcen t which were ob ta in ed  c o n s is te n t ly  in  t h i s  in v e s t ig a t io n  

a re  10 to  20 p e rcen t h ig h e r th an  th o se  re p o rte d  by D avis. Most o f • 

t h i s  in c re a s e  can be a t t r ib u te d  to  c lo s e r  tem pera tu re  c o n tro l and 

removal o f th e  e r r a t i c  l in e -o u t  p e r io d  from th e  a c tu a l  run .

D. Feed E ate

The in f lu e n c e  o f th e  feed  r a t e  to  th e  r e a c to r  i s  i l l u s t r a t e d  

in  F ig . 15' and Table y i l „ The maximum conversion to  s u l f u r ,  ?8



21 -

p e rc e n t, was o b ta in ed  a t  about 8 gram-moles of feed  p e r hou r. The 

conversion  i s  shown to  have dropped to  60 p e rc en t a t  10 gram-moles 

p e r  hour and to  32 p e rcen t a t  6 gram-moles p e r  hour. A more ex­

te n s iv e  s tudy  of t h i s  p a r t i c u la r  v a r ia b le  would be d e s ir a b le  to  

d e fin e  more c le a r ly  th e  in f lu e n c e  of feed  r a t e  on th e  conversion  

of s u lfu r  d io x id e  to  s u l f u r .

E. Mole R atio

The d a ta  appearing  in  Table V III , when p re sen te d  g ra p h ic a lly  

in  F ig . 16, i l l u s t r a t e s  th e  in f lu e n c e  of th e  mole r a t io  of methane 

to  s u lfu r  d io x id e  on th e  s u l f u r  reco v ery . A r a t i o  o f 3*7 moles of 

methane to  one mole o f s u l fu r  d io x id e  i s  seen to  have given a max­

imum percen tag e  conversion  to  s u l fu r  of 74 p e rc e n t . In  th e  range 

of th e  o p e ra tin g  co n d itio n s  th a t  were s tu d ie d , th e  e f f e c t  of mole 

r a t i o  on th e  red u c tio n  to  s u lfu r  seems to  be le s s  th an  th a t  of 

tem p era tu re  and fe e d  r a t e .  The su lfu r- recovery  i s  shown to  de­

c rease  to  54 p e rc en t a t  a mole r a t i o  of methane to  s u lfu r  d iox ide 

of 2 , and to  d ecrease  to  66 p e rc en t a t  a r a t i o  o f 5 moles of 

methane to  I  mole o f s u l fu r  d io x id e .

F . C a ta ly s t A c tiv i ty

In  th e  course of th e se  in v e s t ig a t io n s  a decrease  in  th e  

maximum conversion  to  s u lfu r  was observed . This d ecrease  was found 

to  be due to  a lo s s  of c a ta ly s t  a c t i v i t y .  The r a te  of lo s s  of 

c a ta ly s t  a c t i v i t y  i s  shown in  F ig . 17 which was p lo t te d  u sin g  th e

d a ta  in  Table IX.
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I f  th e  assum ption i s  made th a t  F ig . 17 i l l u s t r a t e s  a l in e a r  

r e la t io n s h ip  between c a ta ly s t  a c t i v i t y  and th e  hours th e  c a ta ly s t  

had been in  u se , th e  method o f l e a s t  squares can be used to  f i t  a 

l i n e a r  equation  to  t h i s  d a ta . T his r e s u l t s  in  th e  equation

y = 74 .7  -  0 . 1l 6x

where

y = p ercen tage  conversion  to  su lfu r,-  and 

x  = hours th a t  th e  c a ta ly s t  had been in  u se .

Exam ination of t h i s  ex p ress io n  ..leads to  th e  conclusion  th a t  

f o r  every  IG hours th e  c a ta ly s t  was u sed , th e  re d u c tio n  to  s u lfu r  

was decreased  by 1 .1 6  p e rc e n t. I t  i s  f u r th e r  i l l u s t r a t e d  th a t  a 

maximum conversion  to  s u lfu r  of 74-7 p e rcen t can be expected w ith  

f r e s h  c a ta ly s t .  The d a ta  used to  develop t h i s  ex p ress io n  were taken  

from  runs made a t  s im ila r  average te m p e ra tu re s , mole r a t i o s ,  and 

feed  r a t e s .  S ince th e  average tem p era tu res  were n o t a l l  o b ta ined  

under what appears  to  be th e  optimum tem p eratu re  d i s t r ib u t io n  

th roughou t th e  c a ta ly s t  bed, and s in c e  th e se  runs were tak en  from 

a long  s e r ie s  o f runs made a t  a g re a t v a r ie ty  of c o n d itio n s , i t  

should ,be p o in te d  ou t t h a t  t h i s  e x p re ss io n  does have l im i ta t io n s .

I t  does o f f e r  an in d ic a t io n  of how c a ta ly s t  l i f e  in f lu e n c e s  

th e  conversion  to  s u l f u r ,  however, and in  an a ttem p t t o  p re se n t th e  

r e s u l t s  on a more comparable b a s is ,  th e  s lo p e  of th e  equation  was 

used  to  c o r re c t  some o f th e  conversions o b ta ined  in  t h i s  study  to  

th e  conversions th a t  would t h e o r e t i c a l ly  have been o b ta in ed  i f  the



c a ta ly s t  had been used zero h o u rs„ F ig u res  9 th rough 16 were a l l  

p lo t te d  u s in g  th e se  c o rre c te d  v a lu es  f o r  conversion o f s u lfu r  

d io x id e  to  s u l f u r .
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SUMMARY

Coal char was in v e s t ig a te d  as  a reduc ing  agen t f o r  s u lfu r  d io x id e . 

S ev e ra l runs were made over a f ix e d  bed of ch ar, and work was done to  

determ ine th e  f lu id iz a t io n  c h a r a c te r i s t i c s  of ch ar. S ince h igh  tem per­

a tu r e s  were in d ic a te d  to  be re q u ire d  when u s in g  a f ix e d  bed, and since  

th e  char seemed to  have poor f lu id iz a t io n  c h a r a c te r i s t i c s ,  n a tu r a l  gas 

appeared  to  be more fa v o ra b le  th an  char a s  a reduc ing  ag en t.

The work done on c a rry in g  out two r e a c t io n s ,  a re a c t io n  between 

methane and s u l fu r  d io x id e  fo llow ed  by a re a c t io n  between hydrogen s u l­

f id e  and u n reac ted  s u lfu r  d io x id e , in  s e r i e s ,  re s u l te d  in  v e ry  sm all 

s u lfu r  y ie ld s .  These low y ie ld s  in d ic a te d  th a t  th e  s u lfu r  formed in  th e  

f i r s t  re a c tio n  was being converted  to  o th e r  p ro d u c ts  and th a t  th e  second

re a c t io n ,  th a t  between hydrogen s u lf id e  and s u lfu r  d io x id e , was [probably
' ;

in h ib i te d  by th e  o th e r  components in  th e  m ix tu re  .of g a se s .

I t  was determ ined th a t  y ie ld s  dropped sh a rp ly  when th e  c a ta ly s t  bed 

was moved up th e  r e a c to r .  S ince th e  e f f e c t  of rem oving /preheat in c re ase d
V' ' - :

th e  y ie ld  s l ig h t ly ,  th e  d ecrease  in  y ie ld s  a s  t h e  c a ta ly s t  bed w a s --v -  • I i  v.: - I '  -
moved up was a t t r i b u t e d  to  a conversion  o f s u lfu r  to  ,o th e r 'p ro d u c t 's 'in

• \  ’

th e  packed zone below th e  c a ta ly s t  bed . I t  was co ncluded"tha t th e  r e -
>

a c t io n  p ro d u c ts  should  be cooled as  soon as  p o ss ib le  a f t e r  th e y  leave
■' . , V  .

th e  c a ta ly s t  bed. ' - -



The in f lu e n c e  of tem peratu re  on th e  conversion to  s u lfu r  when oper­

a t in g  w ith o u t p re h e a t was in v e s t ig a te d .  The i n i t i a l  r e s u l t s  le d  to  an 

in v e s t ig a t io n  o f a p o s s ib le  tem peratu re  g ra d ie n t th rough  th e  c a ta ly s t  

bed . W ith th e  a d d itio n  of a t h i r d  therm ocouple in to  th e  c a ta ly s t  bed 

i t  was determ ined th a t  th e  c e n tr a l  p a r t  of th e  re a c tio n  zone was a t  a 

h ig h e r tem p era tu re  th an  e i th e r  end. The e r r a t i c  l in e -o u t  p e rio d  was 

removed from th e  a c tu a l  run and an in te n s iv e  s tudy  was undertaken  to  

determ ine how th e  tem p era tu re  g ra d ie n t in f lu e n c e d  th e  s u l f u r  y ie ld s .

The in f lu e n c e  of tem p era tu re  was found to  be q u ite  c r i t i c a l ,  

and b e s t  r e s u l t s  were o b ta in ed  when th e  upper p a r t  of th e  re a c tio n  zone 

was o p e ra ted  as  low a s  p o s s ib le  c o n s is te n t  w ith  m a in ta in in g  th e  lower 

p o r tio n  o f th e  zone a t  about 560°C. I t  was concluded th a t  w ith  c lo se  

tem p era tu re  c o n tro l and th e  removal of th e  l in e - o u t  p e r io d  from th e  

a c tu a l  ru n , s u l f u r  re c o v e r ie s  up to  80 p e rc en t m ight be expected  when 

u s in g  f r e s h  c a ta ly s t .

The optimum feed  r a te  seemed to  be a t  8 gram-moles of fe e d  per hour 

when u sin g  400 gm of c a ta ly s t .  More d a ta  would have been d e s ir a b le , 

however, to  f i x  more a c c u ra te ly  th e  fe e d  r a t e .

The mole r a t i o  o f th e  r e a c ta n ts  appeared  to  have l e s s  in f lu e n c e  on 

th e  s u lfu r  reco v ery  th a n  e i th e r  tem p era tu re  o r fe e d  r a t e ,  b u t a maximum 

s u lfu r  conversion  was o b ta in ed  a t  a mole r a t i o  of 3 .7  moles o f methane 

to  I  mole o f s u lfu r  d io x id e .

The c a ta ly s t  a c t i v i t y  was shown to  d ecrease  approx im ate ly  l in e a r ly  

w ith  re sp e c t to  tim e . Tfflrien a  l in e a r  r e la t io n s h ip  was assumed, an ex-

— 24 —
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p re s s io n  was developed which approxim ated t h i s  decrease  in  conversion  

to  s u lfu r  due to  lo s s  o f c a ta ly s t  a c t i v i t y  a s  be ing  I „ l 6 p e rc en t f o r  

each 10 hours th e  c a ta ly s t  was in  u se .
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THERMODHfAMIC INVESTIGATION OF COAL CHAR AS REDUCING AGENT 

The fo llo w in g  fo u r  r e a c t io n s  were p o s tu la te d  as  p o s s ib le  mechanisms 

in  th e  re d u c tio n  of s u lfu r  d io x id e  to  s u l fu r  u s in g  coal char (considered  

to  be g ra p h ite  carbon) as th e  reduc ing  ag en t:

I . ZSOgfg) + 20 (g r)
i '

S2(g) + : 2002(g)

2 . 4502(g) + ^c Cgr) Sz(g) + . 4002(g) + OSgfg)

3 . % :°2(g) + '4cCgr) ^2(g) + 400(g)

4« ^ 2 ( g ) + 9° (g r ) 82(g)
+ 800(g) + 082(g)

The r e s u l t s  of th e  thermodynamic c a lc u la t io n s  in  in v e s t ig a t in g  

th e se  r e a c t io n s  appear in  Table I .  A ll  v a lu es  f o r  th e  e q u ilib riu m  con­

s ta n t s  were c a lc u la te d  a t  500oC.

TABLE I

R eaction A F 298 Tem perature o f N eu tra l 
E q u ilib riu m

(°K)

Keq
(ca l/m o le )

I -25 ,540 , -435 8 .9  x  IO11

2 -54 ,170 ' -464 7 .95  x  10^4

3 31,500 563
7

1 .2 6  x  10

4 59,830 549 1 .26  x  IO15
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TABLE I I

P a r t i c l e  S ize  o f Samples Used in  F lu id iz a t io n  T es ts

Sample No. Screen Mesh Weight F ra c tio n  R etained

I -  20 + 28 0 .10
-  2d + 35 0 .6 0
-  35 + 48 0.1$
— 48 + 65 - 0.0$
-  65 +100 0.05
-100 0 .0$

2 -  20 + 28 0.10
-  28 + 35 o .$o
-  35 + 48 0 .20
-  48 + 65 0 .10
-  65 +100 0 .0$
-100 0 .0$

3 -  20 + 28 0.1$
-  28 + 35 0 .40
-  35 + 48 0 .20
-  48 + 65 0 .10
-  65 +100 0 .10
-100 0 .0$

4 -  20 + 28 0 .0$
-  28 + 35 0 .40
-  35. + 48 0 .3 0
-  48 + 65 0 .10
-  65 +100 0 .10
-100 0 .0$



TABLE I I I

E f fe c t o f Bed P o s itio n  on S u lfu r Recovery

Run No. Average 
Temp. 0C

Mole R atio  
OH4ZSO2

■ Moles SOg 
p e r h r .

T o ta l 
gram-moles 

p e r h r .

Inches From 
R eactor Bottom 
to  C a ta ly s t Bed

#  SOgz
Converted • 

to  S

B P - I 548 . 3.57 1.75 8 .01 0 50.40

BP -  2 540 3 .68 1.70 7 .96 5 41.60

BP -  3 535 3 .6 4 1.72 7 .98 5 37.60

BP -  4 544 3 .58 1.75 8 .01 .10 5.95

BP -  5 536 3 .70 1 .69 7.95 10 0 .6 2  ,
BP -  6 540 3 .62 1.73 7.99 2 51.20 H

i



TABLE IV

E ffe c t of P rehea t on S u lfu r Recovery

Run No. Ave. Temp. 0C Hole R atio
OH^/SOg

Moles SO2 
p e r h r .

T o ta l 
gram-moles 

p e r h r .

P rehea t
Tem perature C

#  SOg
Converted 

to  S

B P - I 548 3 .57 1.75 8.01 523 50.4

P r - I 550 3.70 1 .69 7.95 476 64.O ■

P r -  2 550. 3 .6 0 1 .74 8.00 425 62.0

P r -  3 550 3 .50 1.79 8.0$ 349 58.0

P r -  4 550 3 .4 1 1 .84 - 8,10 255 64.O

P r -  5 547 3 .60 1 .74 8.00 228 65.3



TABLE V

E ffe c t o f Tem perature on S u lfu r Recovery 

(Tem peratures read  w ith  two therm ocouples)

Run No. Mole R atio  
CH4ZSO2

Moles SOg 
p e r h r .

T o ta l 
gram-moles 

p e r h r .

Ave. Temp. 0C # SOg
Converted 

to  S

TA -  I 3 .54 1 .77 8.03 563 20.6$

TA -  2 3 .57  . 1 .75 - 8 .01 527 54.00

TA -  3 3 .55 1 .76 8.02 540 62.50

TA -  4 3 .4 4 1 .82 8.08 556 37.10

TA -  5 3 .52 1 .78 8.04 518 52.50

TA -  6 3 .57 1 .7 6 8.02 555 44.00

TA -  7 3 .60 .1 .74 8 .00 552 55.70

P r -  5 3 .60 1 .74 8.00 547 65.30



I

TABLE H
E ffe c t of Temperature G radient on S u lfu r Recovery

(Tem peratures read  w ith  th re e  therm ocouples)
Run No. . Mole R atio  

CH4ZSQ2
Moles SO2 

per h r .
T o ta l T1

gram-moles 
p e r h r .

*2 T3

TB -  I 4 .05 1.55 7 .81 536 555 549TB -  2 3 .67 1.71 7 .97 540 560 555TB -  3 3 .8o 1.65 7 .91 524 550' 551TB '- 4 . 3 .79 1.65 7 .91 515 536 530
TB -  5 % 3;58 1.75 8 .01 536 566 564TB 6 - 3 .48 1.80 8 .06 545 568 $62
TB -  7 3.51 1.79 8.0$ 526 545 535TB -  8- 3.75 ' 1.67 7.93 539 570 570TB -  9 3 .71 1.69 7 .96 530 561 558
TB -  10 - 3 .47 1 .81 8.07 520 543 536
TB -  11 3.62 1.73 7 .99 535 566 564TB -  12 3 .59 1.75 8 .01 525 552 539TB -  13 3 .68 1 .70 7.96 531 562 548
TB -  14 3 .82 1 .64 7.90 548 573 545TB -  15 -3 .6 0 1 .74 8.00 492 515 492TB -  16 3 .56 1.76 8.02 526 549 521TB - .1 7 3 .71 1 .69 7.95 533 556 528
FR -  6 3 ;48 1 .80 8 .06 524 564 558MR -  8 ' 3 .76 1.66 7.92 535 $60 556

'T 1 , T2 , and T3 a re  th e  tem p era tu res  i r L 0C a t th e  ■to p .

Average

1V 12 - L

Average
Ta, T ,

#  BO2
Converted 

to  S

H rs . on 
C a ta ly s t

% a
Conversion
(c o rre c te d )

547 552 ' 73.5 3 .5 73.9
552 557 73 .0 7 .0 73.8
541 551 62.2 10.5 63.4
527 " 533 41.7 14.0 43.3
555 565 47 .1 17.5 49 .1
558 565 67.6 21.0 70.0
535 540 67.0 24.5 69.9
$60 570 67.2 28.0 70.5
550 360 77.5 31 .5 81 .2
533 540 60.6 35 .0 64.7
555 563 69.5 38 .5 74.0
535 545 63.1 45.5 68.4
547 555 70.7 49 .0 76 .4
555 559 66.5 52.5 72 .6
300 504 33 .7 56.0 40.2
532 535 57.7 59.5 64.6
539 542 62.2 63.0 69.5
549 361 68.7 86.0 78.7
550 558 62.1 115.5 75.5

m iddle, and bottom  of th e  c a ta ly s t  bed, r e s p e c tiv e ly .

i
w■p-
i

See S ection  F, C a ta ly s t A c tiv i ty , under D iscussion  of R e s u lts , page 21.
2



TABLE H I

E ffe c t o f Feed R ate on S u lfu r Recovery

Run No. Ave. Temp. 
0C.

Mole R atio  
CH4ZSO2

Moles SOg 
• per h r .

T o ta l 
gram-moles 

p e r  h r .

% SOg
Converted 

to  S

H rs . on 
C a ta ly s t

% Conversion 
(c o rre c ted )

FR -  I 544 3 .8 4 2 .04 9.86$ 58.4 68.5 66.4

FR -  2 554 3 .63 2 .16 9.980 53.4 71.0 61.7

FR -  3 548 3 .18 1 .48 6.180 39 .6 75.0 48.2

FR -  4 551 3 .4 6 1 .36 6.060 15,3 78.0 24.4

FR -  5 547 3 .7 8 2.07 9.895 49 .6 80 .5  - 59.0

FR — 6 549 3 .48 1.80 8.060 68.7 86.0 78.7

TB --13 ■ 547 3 .68 1.70 7.960 70 .7 49.0 76.4



TABLE H I I

E f fe c t o f Mole R atio  On S u lfu r Recovery

Run No, Ave. Temp. 
0C.

Mole R atio  
OH4ZSQ2

Moles SO2 
p e r h r .

T o ta l 
gram-moles 

p e r h r .

* SOg
Converted 

to  S

H rs . on 
C a ta ly s t

% Conversion 
(c o rre c ted )

MR -  I 546 4 .51 1.42 7.95 55.6 91.5 66.2

MR -  2 550 2 .6? 2 .14 7.85 47.6 94.0 58.5

MR -  3 547 4 .86 1.37 8.03 58.6 96.5 69.8

MR -  4 547 5.19 1 .28 7 .94 52.8 99.0 64.3

MR -  5 546 2 .16 2 .48 7 .82 51.3 101.0 63.0

MR -  6 545 3.6$ 1.72 7 .98 , 58 .4 110.0 71.2

MR -  7 553 2.14 2 .49 ' 7.83 45 .2 112.5 58.3

MR -  8 550 3 .7 6 . 1 .66 7 .92 62.1 115.5 75.5



TABLE IX

E ffe c t of C a ta ly s t A c tiv i ty  on S u lfu r  Recovery

Run Np. Ave. Temp. 
°C.

Mole R atio  
CH4ZSO2

Moles SO2 
p e r h r .

T o ta l 
gram-moles 

p e r h r .

% SOp
Converted 

to  S

TB - 2 552 3 .6 ? 1 .71 7 .97 73 .0

TB - 8 560 3 .75 1 .67 7 .% 67.2

TB' - 9 550 3 .7 1 1.70 7 .9 6 77.5

TB - 11 555 3 .6 2 1.73 7.99 69.5

T B - 14 555 . 3 .82 1 .64 7 .90 66.5

FR - 6 549 3 .48 .1.80 8.06 68.7

MR - 6 545 3 .65 1.72 7 .98 58.4

MR - 8 550 3 .7 6 1.66 7 .92 62.1

H rs . on 
C a ta ly s t

7 .0

28.0

31.5

38.5

52.5

86.0

110.0

115.5
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FIG. I BLO C K FLOW DIAGRAM
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FIG 2 DIAGRAM OF SULFUR DIOXIDE REDUCTION UNIT
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FIG 3 DIAGRAM OF REACTOR
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CONDENSER

COOLANT
RESERVOIR

1/8"  PIPE
MAGNESIA
INSULATION

1/4" CERAMIC 
BEAD PACKING

C OOLANT

NICHROME 
HEATING COIL-

SCREEN PACklNG SUPPORT

NOT TO SCALE

FIG 4 DIAGRAM OF C O N S T A N T -T E M P E R A T U R E  CONDENSER
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HOT GASESCONSTANT TEMPERATURE 
CONDENSER------------

x----L INE TO
WATER CONDENSERRUBBER CORK
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FIG 5 DIAGRAM OF SULFUR RECEIVER
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DATA FROM TABLE 3

BED POSITION -  INCHES TO BOTTOM 
OF CATALYST BED

FIG 6 PERCENT YIELD VS BED POSITION
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DATA FROM TABLE V

TEMPERATURE "C

FIG 8 PERCENT YIELD VS TEMPERATURE
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DATA FROM TABLE

T1 » 5 2 5  - 5 3 1

TEMPERATURE * C

h o  9 PERCENT Y1Ei-D VS AVERAGE OF T2 AND T3
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DATA FROM TABLE Vl

T | = 333 -340

TEMPERATURE • C

FIG IO PERCENT YIELD VS AVERAGE OF T2 AND T3
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DATA FROM TABLE Vl

AVE. OF T0 AND T ,  ■ 8 6 7 - 6 6 6

TEMPERATURE • C

FIG Il PERCENT Y IE LD  VS I



IOOi

DATA FROM TABLE Vl

K
*  20

0 -------------- --------------- --------------- --------------- --------------- -—
BIO 520 530 540 550 560

TEMPERATURE eO

FlG 12 PERCENT YIELD VS AVERAGE TEMPERATURE
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DATA FROM TABLE Vl

TEMPERATURE • C

FIG 13 PERCENT YIELD VS T2
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DATA FROM TABLE Vl

T E M P E R A T U R E

\

FIG 14 PERCENT YIELD VS AVERAGE OF T2 ANDT3
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DATA FROM TABLE Vll

TOTAL QM. -MOLES PER HOUR

FIG 15 PERCENT YIELD VS FEED RATE

%
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DATA FROM TABLE Vlll

MOLE RATIO

FIG 16 PERCENT YIELD VS MOL RATIO
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