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I n  recent y e a r s  t h e r e  h a s  been a renewed i n t e r e s t  i n  deve loping  
t h i s  n a t i o n ' s  coal r e s e r v e s  because  of  o u r  growing r e l i a n c e  on 
f o r e i g n  o i l  s o u r c e s .  Due t o  t h e  s t r i n g e n t  a i r  q u a l i t y  s t a n d a r d s  se t  
by t h e  Environmental  P r o t e c t i o n  Agency, however. t h e  burn ing  o f  c o a l s  
w i t h  s u l f u r  c o n t e n t s  o f  g r e a t e r  t h a n  one p e r c e n t  h a s  been e s s e n t i a l l y  
p r o h i b i t e d .  

An a l t e r n a t i v e  t o  t h e  p r o d u c t i o n  of low-sul fur  c o a l  r e s e r v e s  
e x i s t s  i n  t h e  d e s u l f u r i z a t i o n  o f  h i g h - s u l f u r  coal r e s e r v e s  by t h e  
t e c h n i q u e s  o f  s o l v e n t  r e f i n i n g  and hydrogenat ion .  I t  i s  q e n e r a l l y  
a c c e p t e d  (1) t h a t  s u l f u r  o c c u r s  i n  c o a l  i n  t h r e e  forms: o r g a n i c ,  
p y r i t i c ,  and s u l f a t e .  These forms v a r y  i n  c o n c e n t r a t i o n  and e a s e  o f  
removal from one coal  t o  a n o t h e r .  The purpose  o f  t h i s  paper  i s  t o  
d e v e l o p  a k i n e t i c  model t h a t  w i l l  r e p r e s e n t  t he  r a t e  of  removal of  
s u l f u r  f o r  a l l  t h r e e  forms s i m u l t a n e o u s l y .  S i n c e  s e v e r a l  d i f f e r e n t  
s u l f u r  r e a c t i o n s - o c c u r  a t  t h e  same t i m e  it i s  f e a s i b l e  t o  c o n s i d e r  
a model i n  which t h e  r e a c t i o n  r a t e  appears  t o  v a r y  a s  a f u n c t i o n  of 
c o n v e r s i o n .  Such models  w e r e  s u c c e s s f u l l y  a p p l i e d  by H i l l ,  e t  a l .  
( 2 )  t o  t h e  d i s s o l u t i o n  of c o a l  i n  t e t r a l i n  and by L e s s l e y ,  e t  a l .  ( 3 )  
t o  thermal  c r a c k i n g  of s h a l e  g a s  oil under  a hydrogen atmosphere.  

Much of t h e  earlie, work done on c o a l  d e s u l f a r i z a t i o n  took  t h e  
form o f  c a r b o n i z a t i o n  s t u d i e s  i n  which c o a l  o r  c o a l  c h a r  w a s  h e a t e d  
i n  t h e  p r e s e n c e  of v a r i o u s  g a s  s t r e a m s  and t h e  p e r c e n t  removal of 
t o t a l  s u l f u r  from t h e  c o a l  w a s  de te rmined .  A good review o f  t h e  
work done on t h i s  s u b j e c t  p r i o r  t o  1932  i s  g i v e n  by Snow ( 4 ) .  

I n  1 9 6 0  B a t c h e l o r ,  e t  a l .  ( 5 )  publ i shed  an a r t i c l e  d e s c r i b i n g  
a method i n  which a bed of c n a r  was f l u i d i z e d  w i t h  a known m i x t u r e  
Cf hydrogen and hydrogen s u l f i d e  t o  e s t a b l i s h  t h e  e q u i l i b r i u m  d i s -  
t r i b u t i o n  of  s u l f u r  between g a s  and c h a r .  H e  also developed a n  equa- 
t i o n  f o r  c a l c u l a t i n g  t h e  maximum amount of d e s u l f u r i z a t i o n  t h a t  
c o u l d  be  achieved .  

I n  more r e c e n t  y e a r s  a non-isothermal  method f o r  d e t e r m i n i n g  
t h e  k i n e t i c s  of c o a l  d e s u l f u r i z a t i o n  h a s  been developed  i n  which 
t h e  sample is s u b j e c t e d  t o  a c o n s t a n t  r a t e  of h e a t .  Vestal ,  e t  a l .  
(6) s u g g e s t s  t h a t  t h i s  method is s u p e r i o r  t o  i s o t h e r m a l  methods 
s i n c e  it a v o i d s  t h e  u n c o n t r o l l e d  o c c u r r e n c e  o f  cnemical  r e a c t i o n s  
d u r i n g  t h e  t i m e  t h a t  t h e  sample is be ing  h e a t e d  to  r e a c t i o n  tempera- 
t u r e .  A good r e v i e w  o f  t h i s  method, complete  w i t h  t h e o r y ,  e x p e r i -  
mental procedure  and a p p a r a t u s ,  r e s u l t s ,  and d i s c u s s i o n ,  i s  g i v e n  
by Yergey, e t  al. (1). The s t u d y  r e v e a l s  t h a t  i n  most cases t h e  
k i n e t i c s  of  hydrogen s u l f i d e  removal  can be d e s c r i b e d  by f i v e  pro- 
cesses. These p r o c e s s e s  are d i r e c t l y  r e l a t e d  t o  t h e  f i v e  forms of 
s u l f u r  p r e s e n t  i n  t h e  c o a l  which a r e  d e s i g n a t e d  a s  Organic  I ,  
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Organic  11, P y r i t e ,  S u l f i d e ,  and Organic  111. With each  o f  t h e  pro-  
cesses t h e r e  is a n  a s s o c i a t e d  a c t i v a t i o n  energy ,  r e a c t i o n  o r d e r ,  and 
r a t e  c o n s t a n t .  

Another k i n e t i c  model f o r  d e s u l f u r i z a t i o n  is g i v e n  b y . Q a d e r ,  
e t  a l .  ( 7 ) .  T h i s  a r t i c l e  d i s c u s s e s  t h e  hydroremoval of  s u l f u r  from 
Coal t a r s  and conclodes  t h a t  t h e  r e a c t i o n  i s  f i r s t  o r d e r  w i t h  
r e s p e c t  t o  h e t e r o c y c l i c  molecules .  The e x p e r i m e n t a l  r e s u l t s  a lso 
show t h a t  s u l f u r  removal  f o l l o w s  a t r u e  Arrhenius  t e m p e r a t u r e  depen- 
dence.  

To d a t e  no a r t i c l e s  d e a l i n g  w i t h  t h e  k i n e t i c s  o f  hydrodesul -  
f u r i z a t i o n  of c o a l  i n  l i q u i d  phase have appeared ,  b u t  s e v e r a l  a r t i c l e s  
have been p u b l i s h e d  on c o a l  d i s s o l u t i o n  k i n e t i c s .  

H i l l  ( 8 )  proposed a model f o r  c o a l  d i s s o l u t i o n  i n  which a 
series of  r e a c t i o n s  t a k e  p l a c e  between t h e  s o l v e n t  and t h e  c o a l  
r e s i d u e .  The model i s  g i v e n  a s  f o l l o w s :  

K;, 

"i 
Solvent + Coal Ro + Lo + Go 

R1 + L1 + G1 Solvent + R,, 

Solvent + R1 + R2 + L2 + G2 

where 
Ri i s  t h e  s o l i d  c o a l  r e s i d u e  
L .  is t h e  e x t r a c t  i n  s o l u t i o n  
G.  is t h e  gaseous  p r o d u c t s .  

I n  a n o t h e r  a r t i c l e  H i l l ,  e t  a l .  ( 2 )  d e v e l o p s  a model i n  which 
t h e  f i r s t - o r d e r  r e a c t i o n  v e l o c i t y  c o n s t a n t  v a r i e s  w i t h  t h e  f r a c t i o n  
of  coal e x t r a c t e d .  T h i s  model f i t s  t h e  k i n e t i c  d a t a  i n  t h e  r a n g e  of  
3500 t o  45OoC q u i t e  w e l l .  P l o t s  of  t h e  Arrhenius  energy  of a c t i v a -  ' 

t i o n  and t h e  Eyr ing  e n t h a l p y  of  a c t i v a t i o n  a r e  i n c l u d e d  i n  t h e  a r t i c l e  
and both  p l o t s  e x h i b i t  s t r a i g h t  l i n e  r e l a t i o n s h i p s .  

Wen, e t  a l .  (9) have proposed a ra te  e q u a t i o n  f o r  t h e  d i s s o l u -  
t i o n  of c o a l  under  hydrogen p r e s s u r e  which d e s c r i b e s  f a i r l y  c l o s e l y  
t h e  exper imenta l  d a t a  r e p o r t e d  from t w o  independent  s o u r c e s .  Wen's 
e q u a t i o n  d e s c r i b e s  t h e  r a t e  of d i s s o l u t i o n  as a f u n c t i o n  o f  t h e  f r a c -  
t i o n  of u n d i s s o l v e d  s o l i d  o r g a n i c s  and t h e  c o a l - s o l v e n t  r a t i o .  I t  
a l s o  i n c o r p o r a t e s  an Arrhenius  t e m p e r a t u r e  dependence and an expon- 
e n t i a l  dependence on t h e  hydrogen p a r t i a l  p r e s s u r e .  

Another semi-empir ica l  c o r r e l a t i o n  which a d e q u a t e l y  r e p r e s e n t s  
c o a l  d i s s o l u t i o n  d a t a  i s  d i s c u s s e d  by Curran,  e t  a l .  ( 1 0 ) .  T h i s  
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c o r r e l a t i o n  d e a l s  more s p e c i f i c a l l y  w i t h  t h e  mechanism o f  hydrogen 
t r a n s f e r  and does  n o t  l e n d  i t s e l f  t o  t h e  a p p l i c a t i o n  of c o n v e n t i o n a l  
k i n e t i c  d a t a  a n a l y s i s  t e c h n i q u e s .  

Exper imenta l  Design 

p e r a t u r e  and t i m e  on t h e  d e s u l f u r i z a t i o n  of coal and t o  d e v e l o p  a 
k i n e t i c  model t h a t  c a n  s a t i s f a c t o r i l y  r e p r e s e n t  t h e  ra te  of t o t a l  
s u l f u r  removal. 

The purpose o f  t h i s  s t u d y  was t o  d e t e r m i n e  t h e  e f f e c t s  o f  t e m -  

The c o a l  used i n  t h i s  s t u d y  w a s  a b i tuminous  coal from t h e  
Madisonvi l le  N o .  9 s e a m ,  F i e s  Mine, i n  Kentucky. The proximate  and 
u l t i m a t e  a n a l y s e s  f o r  t h e  coal a r e  g i v e n  i n  Table  1. T h i s  c o a l  
w a s  s e l e c t e d  because  it i s  c u r r e n t l y  b e i n g  used  i n  t h e  s t a r t  up of 
t h e  F o r t  L e w i s  ERDA s o l v e n t  r e f i n i n g  p l a n t .  Coal  o f  minus 2 0 0  mesh 
s i z e  f r a c t i o n  w a s  used  f o r  t h i s  s tudy .  

The s o l v e n t  used  w a s  s t r a i g h t  r u n  a n t h r a c e n e  o i l  purchased  from 
t h e  R e i l l e y  Tar  and C h e m i c a l  Company. The raw s o l v e n t  w a s  vacuum 
d i s t i l l e d  a t  an a b s o l u t e  p r e s s u r e  of  2-3 mm of  mercury and t h e  c u t  
between 125°-2500C w a s  saved.  T h i s  c u t  i s  s i m i l a r  t o  t h e  c u t  u s e d  
i n  the P i t t s b u r g h  and Midway S o l v e n t  Ref ined  Coal  Process (11). 
Hydrogen g a s  f o r  t h i s  s t u d y  was 3500 p s i g  g r a d e  w i t h  a p u r i t y  of 
99.95%. The g a s  w a s  manufac tured  by t h e  Linde d i v i s i o n  of  t h e  Union 
Carb ide  Corpora t ion .  

The t e m p e r a t u r e s  chosen  f o r  t h i s  s t u d y  were 360°, 390°, and 42OoC. 
The lower t e m p e r a t u r e  was s e l e c t e d  s i n c e  l i t e r a t u r e  ( 1 2 )  i n d i c a t e s  
t h a t  a t  t e m p e r a t u r e s  below 35OoC t h e  d i s s o l u t i o n  of  coal i n  t h e  sol- 
v e n t  i s  incomple te .  The upper  tempera ture  w a s  s e l e c t e d  because  a t  
t e m p e r a t u r e s  o f  g r e a t e r  t h a n  45OoC coking  o c c u r s .  

t h a t  a t  times of  greater  t h a n  4 hours  t h e  p e r c e n t  d i s s o l u t i o n  d o e s  
n o t  s i g n i f i c a n t l y  i n c r e a s e .  For t h i s  r e a s o n  r e a c t i o n  t i m e s  o f  1/2, 
1, 2 ,  and 4 h o u r s  were s e l e c t e d .  The lower l i m i t  was s e l e c t e d  
because  t h e  1 0  m i n u t e s  r e q u i r e d  f o r  h e a t i n g  up t h e  i n j e c t e d ' s l u r r y  
would i n t e r f e r e  w i t h  r u n s  o f  less t h a n  30 minutes .  

S t u d i e s  on t h e  k i n e t i c s  of d i s s o l u t i o n  of  coal ( 2 )  i n d i c a t e  

I n i t i a l  p r e s s u r e s  of  750, 785, and 820 p s i g  w e r e  used f o r  r u n s  
a t  420°, 390°, and 360° r e s p e c t i v e l y .  These i n i t i a l  p r e s s u r e s  
r e s u l t e d  i n  a reaction p r e s s u r e  o f  approximate ly  1900 p s i g .  

The s o l v e n t - t o - c o a l  w e i g h t  r a t i o  w a s  set a t  10 t o  1. T h i s  
ratio w a s  chosen  because  it k e p t  t h e  amount o f  s l u r r y  i n j e c t e d  i n t o  
the r e a c t o r  a t  a minimum. 

The d e t e r m i n a t i o n  of  t h e  p e r c e n t  of s u l f u r  remain ing  i n  t h e  
s o l v e n t  r e f i n e d  c o a l  w a s  done by a n  ASTM total s u l f u r  method. T h i s  
number was t h e n  c o r r e c t e d  t o  g i v e  t h e  amount of s u l f u r  remain ing  i n  
t h e  c o a l  on a s o l v e n t  f r e e  b a s i s .  S u l f u r  a n a l y s e s  were a l so  made 
on t h e  rec la imed s o l v e n t  and t h e  r e a c t i o n  o f f  gas. Based o n  t h e s e  
a n a l y s e s  and t h e  a n a l y s i s  o f  t h e  o r i g i n a l  c o a l  and s o l v e n t  a s u l f u r  
b a l a n c e  was completed f o r  each  run.  
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Experimental Equipment 

All experimental runs in this study were carried out in a 300 cc 
Magnedrive batch autoclave, manufactured by Autoclave Engineers of 
Erie, Pennsylvania. A manual Ruska piston pump ( 2 5 0  ml capacity) 
was used for injection of slurry into the autoclave. An equipment 
flow sheet is presented in Figure 1. 

Experimental Procedure 

One hundred eighty milliliters of vacuum distilled solvent were 
added to the reactor and the head sealed. The reactor was then 
purged with helium and pressurized with hydrogen to the desired 
initial (cold) pressure, and the jacket heater turned on. One 
hundred grams of a thick paste (1:l ratio by weight) of 2 0 0  mesh 
coal and solvent was then charged to the Ruska pump and all air 
bled from the system. The reactor was allowed to heat (with constant 
stirring) to reaction temperature, at which time exactly 40 ml of 
slurry were charged to the hot reactor via the Ruska pump. At the 
conclusion of the reaction, the reactor was quenched by dropping the 
heating jacket and cooling the autoclave vessel with a high speed 
fan. Product gas was analyzed on a gas chromatograph and solvent 
recovered by vacuum distillation of the resulting liquid product. 

Run Conditions 

Table 2 shows the run numbers and the corresponding reaction 
conditions. Runs 1-11 were all performed using the same coal. Dif- 
ferent samples of coal were used for runs 12-14 and 1 5 - 1 7  because 
an insufficient quantity was prepared initially. 

Percent Desulfurization of the Coal 

A plot of sulfur conversion for each temperature level as a 
function of time is given in Figure 2 .  The data points for 36OoC 
were fit by the method of least squares for a straight line. The 
data points for 3900 and 420° were fit with a flexible curve. 
Attempts to fit these data points with second and higher order 
polynomials proved unsuccessful and there was no theoretical basis 
for trying to fit the data with other mathematical models. 

Correlation of the Data 

Initial attempts to plot the data according to a rate equation 
of nth-order proved unsuccessful. Although the data at 36OoC fit 
a first-order model quite well the data at the higher temperatures 
would not yield straight lines for any simple rate expression. The 
fact that a constant value could not be obtained for the rate con- 
stant suggested that the rate constant might be a function of some 
other variable such as the fractional conversion of the sulfur com- 
pounds to hydrogen sulfide and desulfurized products. This would 
seem feasible since several sulfur reactions are occurring simul- 
taneously (1) with different rate constants and activation energies 
for each reaction. The idea of the reaction rate varying as a 
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f u n c t i o n  of c o n v e r s i o n  is n o t  a new one and h a s  found a p p l i c a t i o n  
i n  s e v e r a l  a r e a s .  H i l l ,  e t  a l .  ( 2 )  developed a model which success- 
f u l l y  descr ibed.  t h e  ra te  of d i s s o l u t i o n  of  c o a l  i n  t e t r a l i n  and 
L e s s l e y ,  e t  a l .  ( 3 )  developed  a s imilar  model for  t h e  t h e r m a l  c rack-  
i n g  o f  s h a l e  g a s  o i l  under  a hydrogen atmosphere.  Other  a p p l i c a -  
t i o n s  a r e  d e s c r i b e d  by Fabuss ,  e t  al. (15)  t o  t h e  thermal  decomposi- 
t i o n  r a t e s  of  s a t u r s t e d  c y c l i c  hydrocarbons and Buekens, e t  a l .  ( 1 6 )  
to the  thermal  c r a c k i n g  of propane.  

The model of H i l l ,  e t  a l .  ( 2 )  proved s u c c e s s f u l  i n  r e p r e s e n t -  
i n g  t h e  d a t a  t a k e n  i n  t h i s  s t u d y  and i s  developed  below. 

Rearranging t h e  r a t e  e x p r e s s i o n  f o r  a s i m p l e  f i r s t - o r d e r  irre- 
v e r s i b l e  r e a c t i o n  y i e l d s  t h e  e q u a t i o n  

For each  t e m p e r a t u r e  l e v e l  t h e  v a l u e  o f  d x / d t  was e v a l u a t e d  a t  
s e v e r a l  d i f f e r e n t  t i m e s  by u s i n g  t h e  method of  "Equal A r e a  G r a p h i c a l  
D i f f e r e n t i a t i o n "  a s  d e s c r i b e d  b y . F o g l e r  (17). A p l o t  of ( d x / d t ) / ( l - x )  
v s .  x w a s  t h e n  made ( s e e  F i g u r e  3 ) ,  and t h e  d a t a  e x h i b i t e d  a l i n e a r  
r e l a t i o n s h i p .  The b e s t  f i t  s t r a i g h t  l i n e  through each d a t a  set w a s  
determined by a l ea s t  s q u a r e s  f i t .  

The l i n e a r  change  o f  t h e  r a t e  c o n s t a n t ,  k, w i t h  x ,  t h e  f r a c t i o n  
c o n v e r t e d  c a n  be e x p r e s s e d  as  

k = C1-C2x 

c2 k = C1 (1 - - X) 

I f  C1 = ko and  C2/C1 = a 

t h e n  k = ko (1-ax) (1) 

The v a l u e s  of k, and a were found by r e a r r a n g i n g  t h e  c o e f f i c i e n t s  

S u b s t i t u t i n g  e q u a t i o n  (1) i n t o  t h e  f i r s t - o r d e r  r a t e  e x p r e s s i o n  

of  the  b e s t  f i t  s t r a i g h t  l i n e  t o  t h e  form o f  e q u a t i o n  (I). 

g i v e s :  

= k (1-ax) (1-x) d t  o 
where ko is a pseudo second-order  rate c o n s t a n t .  

S e p a r a t i n g  t h e  v a r i a b l e s  and i n t e g r a t i n g  g i v e s :  

= kodt  and d x  
(1-ax) (1-x) 

1-x I n  = (kat + C) (a-1) 
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Using the boundary condition: t = 0, x = 0, the value of C is found 
to equal 0. Therefore, the final equation becomes 

In(-) = k t(a-1) 
1-ax 0 

The values of ko and a for this equation are listed in Table 3 
as a function of temperature. 

Arrhenius Activation Energy 

Based on the values of ko given in Table 3 a plot of In ko vs. 
1/T was made to determine the Arrhenius energy of activation. This 
plot is shown in Figure 4. The linear relationship indicates that 
the desulfurization reactions follow a true Arrhenius temperature 
dependence at low conversions. The value of the activation energy 
obtained from this graph is 33.04 Kcal/mol. This value is within the 
range of reported values for hydrodesulfurization reactions (1). 

Reproducibility 

Runs 15, 16, and 17 were carried out under the same set of con- 
ditions to serve as a check on the reproducibility of the data. The 
conditions chosen were a temperature of 36OoC and a reaction time of 
1/2 hour. This set of conditions represents an extreme that should 
give the maximum variance in the results. At the other extreme the 
large reaction time would tend to minimize the effect of the tem- 
perature drop after injecting the slurry. The percentage of desul- 
furization for these three runs are shown in Table 4 along with the 
mean and standard deviation. 

Sulfur Balances 

A sulfur balance was completed for each run based on the weights 
and sulfur contents of the reactants and products. In no-case was 
the weight of the sulfur in the products more than 0.4 grams less 
than the weight of the sulfur in the reactants. It is quite probable 
that these sulfur losses can be attributed to the volatilization of 
sulfur-containing compounds during the vacuum distillation. The 
results of the sulfur balances, expressed as percent recovery are 
shown in Table 5. 

Conclusions 

The following conclusions can be made from this study. 
(1) The percent desulfurization of coal is a function of both 

time and temperature. Increasing either of these variables within 
the range of conditions for this study will cause the conversion to 
increase. 

version as well as temperature. The relationship between these 
variables can be adequately described by an equation of the form 

( 2 )  The reaction rate constant appears to be a variable of con- 

k = ko(l-ax) 
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where ko and  a are c o n s t a n t s .  

is  t h e n  g i v e n  by  
The g e n e r a l  e x p r e s s i o n  showing c o n v e r s i o n  as a f u n c t i o n  of t i m e  

In(%) = k t ( a -1 ) .  

This  e x p r e s s i o n  r e p r e s e n t s  the k i n e t i c  d a t a  t a k e n  i n  t h i s  s t u d y  

( 3 )  A t  low v a l u e s  o f  convers ion  t h e  r e a c t i o n  r a t e  c o n s t a n t  

1-ax 0 

q u i t e  w e l l .  

shows a t r u e  A r r h e n i u s  t e m p e r a t u r e  dependence. The v a l u e  o f  t h e  
a c t i v a t i o n  energy  a s  c a l c u l a t e d  from t h e  Arrhenius  p l o t  i s  3 3 . 0 4  
Kcal/mole. 

( 4 )  The d e s u l f u r i z a t i o n  of  c o a l  i s  a f f e c t e d  t o  a l a r g e  e x t e n t  
by t h e  n a t u r e  o f  t h e  coal .  Even c o a l  t a k e n  from t h e  same sample 
w i l l  g i v e  l a r g e  v a r i a t i o n s  i n  t h e  p e r c e n t  o f  d e s u l f u r i z a t i o n  i f  it 
is n o t  c a r e f u l l y  mixed. 
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E 
fahle 1 

Pruximatc, and Ultimrcc nnelysos  of Ccal  Used 

Coal8 F i c s  Mine 
Sourccr Kentucky 
Rank, B i t u i i n o u s  

( A I  Runr 1-11 

Froxlmate 
Analys is  

8 Moisture 
8 Ash 
8 Volatlle 
8 Fixed Carbon 

Ul t imate  
Analys is  
8 Carbon 
8 Bydroqen 
8 Nit rogen  
8 Supfur 
8 Oxygen 
8 Ash 

( 8 )  Runs 12-14 

Ul t imate  
Analys is  
8 Carbon 
8 Hydrogen 
8 Nitroqen 
8 S u l f u r  
8 Oxygen 
8 Ask 

IC) R ~ n s  15-17 
Ul t imate  
Analys is  
8 Carbon 
8 Hydrogen 
8 Nitroqcn 

SUlfW 
8 Oxygen 
8 ..sh 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

i a  
13 

14 

1s 

16 

11 

AS 
Recelved 

6.00 
16.20 
32.80 
45.00 

100.00 

62.90 
4.60 
1.10 
2.86 

11.34 
17.20 

hoo.oo 

64.50 
4.41 
1.33 
3.40 
9.56 

16.80 
100.00 
- 

61.00 
3.88 
1.34 
3.66 

11.60 
18.50 
99.98 
- 

Table. 2 
RlYl Condi t ions  

Resctlon 
Temperature ( O C )  

420 

420 

420 

360 

190 

160 

390 

360 

39 0 

390 

420 

160 

390 

420 

160 

160 

Dry 
Basis - 

17.20 
34.90 
47.90 

100.00 
- 

66.90 
4.89 
1.17 
3.04 
6.80 

100.00 

17.20 

65.70 
4.49 
1.35 
3.46 
7.90 

17.10 
100.00 
- 

63.50 
4.04 
1.39 
3.81 
7.96 

19.10 
100.00 
- 

R e x  t ion 
Time (minl 

120 

30 

60 

60 

240 

iao 
30 

240 

30 

60 

240 

i a o  
60 

120 

30 

30 

160 IO 
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Table 3 
Values for the Parameters Lo and a 

- k0 - Temperature (OCI 

360 0.03544 -1.165 

390 0.1166 3.373 

u o  0.3454 2.787 

TaDle 4 
Prproduclbility Results 

Percent 
Run Number Desulfurization 

15 19.42 

16 21.26 

17 20.21 

Mean 10.30 

Standard Deviation 0.92 

rem 

1 
1 
3 
4 
S 
6 
7 
8 
9 
10 
11 
12 
13 
14 
1s 
16 
17 

"- 

Tahle 5 
Sulfur Balance Results 

Percent 

91 
91 
95 
97 
91 
97 
93 
Y7 
99 
93 
79 
83 
83 
17 
9s 
93 
91 
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