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A BSTRACT

The h y d ro c ra c k in g  re a c t io n ,  s c i s s io n  of c a r b o n - to - c a r b o n  bond 

p lu s  h y d ro g en a tio n ,  w as  in v e s t ig a te d ,  u s in g  n -h ex an e  and  cyc lohexane  

a s  r e a c ta n t s .  Two c ry s ta l l in e  a lu m in o s i l ic a te  c a ta ly s t s  w e re  s tu d ied . 

T h ese  z eo l i te  c a ta ly s t s  w e re  the hy d ro g en , or a c id ,  f o r m  of sy n th e tic  

f a u ja s i te  and  m o rd e n i te .  Both of the c a ta ly s t s  had  b een  im p re g n a te d  

w ith  p a llad iu m . T y p ica l  h y d ro c ra c k in g  cond itions  w e re  5 5 0 -8 0 0 °F ,

765 p s ia ,  10 m o le s  of h y d ro g en  p e r  m ole  of h y d ro c a rb o n  r e a c ta n t ,  and  

a  liqu id  h o u r ly  sp a ce  v e lo c ity  of 2 v o lu m e s  p e r  hour of h y d ro c a rb o n  p e r  

vo lum e of c a ta ly s t .

The  m o rd e n i te  c a ta ly s t  w as found to be m o re  a c t iv e  than  the 

fa u ja s i te  c a ta ly s t  fo r  h y d ro c ra c k in g ;  h o w ev er ,  bo th  c a ta ly s t s  had 

e x t r e m e ly  h igh  h y d ro c ra c k in g  a c t iv i ty .  The r e a c t iv i ty  of cyc lohexane  

w as h ig h e r  than  n -h ex a n e  w ith  the fa u ja s i te  c a ta ly s t ;  the r e v e r s e  w as 

the  c a s e  w ith  the m o rd e n i te  c a ta ly s t .  The r e s u l t s  of h y d ro c ra c k in g  a 

n -h e x a n e -c y c lo h e x a n e  m ix tu re  o v e r  the f a u ja s i te  w e re  p re d ic te d  s u c 

c e s s fu l ly  f r o m  the r e s u l t s  of p u re  com pound s tu d ie s .  T h is  im p l ie d  

th a t  the a d s o rp t io n  of n -h ex a n e  and cyclohexane w e re  abou t eq ua l  on the 

f a u ja s i te .  A lthough cyclo hexane  w as  l e s s  r e a c t iv e  th an  n -h ex a n e  over  

th e  m o rd e n i te  c a ta ly s t ,  the cyclohexane  w a s  p r e f e r e n t i a l ly  c o n v e r te d  

f r o m  a m ix tu re  of n -h ex a n e  and cy c lohexane . T his  im p l ie s  th a t  c y c lo 

hexane  i s  m o re  a d s o rb e d  than n -h ex a n e  on the m o rd e n i te .



T he  in te g r a l  r e a c t o r  d a ta  w e re  c o r r e l a t e d  w ith  a  s im p li f ie d  

m o d e l  w h ich  a s s u m e d  the r e a c t io n  m e c h a n i s m  cou ld  be d e s c r ib e d  a s  an 

i r r e v e r s i b l e  r e a c t io n  b e tw e e n  the  h y d ro c a r b o n  and  h y d ro g en . T h is  

m o d e l  w as  f i r s t  o r d e r  w ith  r e s p e c t  to the h y d ro c a rb o n .  T he e f fe c t  of 

in c r e a s in g  the h y d ro g e n  p a r t i a l  p r e s s u r e  w a s  found to  be c o m p a tib le  

w ith  a  " d u a l  s i t e "  c a ta ly t ic  m e c h a n is m .

C o m p le te  da ta  f r o m  o v e r  120 e x p e r im e n ta l  r u n s  a r e  p r e s e n te d .

x i i i



C H A PT E R  I 

INTRODUCTION

The in c r e a s in g  dem and  fo r  h igh  q u a li ty  g a so l in e ,  a c c o m p a n ie d  

by a  d e c re a s in g  dem and  fo r  m idd le  d i s t i l l a t e s ,  h a s  p lay ed  a m a jo r  ro le  

in  the r e c e n t  d e v e lo p m e n ts  in h y d ro c ra c k in g  p r o c e s s e s .  M o d e rn  h y d ro 

c ra c k in g  h as  e m e r g e d  a s  a key  tool fo r  r e f i n e r s  to u se  in  ba lan c in g  

r e f in e r y  p ro d u c tio n  and m a r k e t  d e m a n d s .  The f i r s t  m o d e rn -d a y  c o m 

m e r c i a l  u n i t  w a s  p u t  in to  o p e ra t io n  in  1961, an d  s ix  y e a r s  l a t e r  th e re  

w e re  m o re  than  fif ty  u n i ts  in  o p e ra t io n  o r  u n d e r  c o n s tru c t io n .  F e e d  

s to c k s  have expanded  to ra n g e  f ro m  naph tha  to r e s id u a ,  inc lud ing  

r e f r a c t o r y  m a t e r i a l s  not e a s i ly  c o n v e r te d  by o th e r  p r o c e s s e s .  P r o 

d u c ts  c u r r e n t ly  ra n g e  f r o m  l iq uefied  p e t ro le u m  g as  to h ea ting  oil.

H y d ro c ra c k in g  w as o r ig in a l ly  developed  and ap p lied  c o m m e r 

c ia l ly  in  G e rm an y  in  1927. The o r ig in a l  p u rp o se  w a s  fo r  c o n v e r t in g  

coa l  and  t a r s  in to  h igh  q u a li ty  l iq u id  fu e ls .  In th is  co u n try ,  th is  e a r ly  

v e r s io n  of h y d ro c ra c k in g  p ro v e d  u se fu l  in  the p ro d u c t io n  of h igh  qua li ty  

d ie s e l  fu e l  and lu b r ic a t in g  o ils  f r o m  p e t ro le u m  feed  s to c k s .  D uring  

W orld  W ar II h y d ro c ra c k in g  m ade  a n  im p o r ta n t  c o n tr ib u tio n  in  su p p ly 

ing a v ia tio n  fue l  r e q u i r e m e n ts .  H ow ever, th is  p r o c e s s  p ro v ed  to  be  

e c o n o m ic a l ly  u n a t t r a c t iv e  due to the h igh  p r e s s u r e  eq u ip m en t and  

hy d ro g en  m a n u fa c tu r in g  eq u ip m en t r e q u i r e d .
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P e r h a p s  the m o s t  s ig n if ic an t  f a c to r  in  the r e c e n t  re ju v e n a t io n  of 

h y d ro c ra c k in g  h a s  b e e n  the d ev e lo pm en t of new c a ta ly s t s .  T h ese  c a t a 

ly s t s  have e x c e l le n t  a c t iv i ty  and a c t iv i ty  m a in ten a n ce  a t  o p e ra t in g  c o n ' '  

d i t io n s  f a r  l e s s  s e v e r e  th an  in the old p r o c e s s .  The a v a i la b i l i ty  of 

ch eap  h y d ro g e n  b y -p ro d u c t  f ro m  o th e r  p r o c e s s e s  a ls o  c o n tr ib u te d  to 

the r e c e n t  h y d ro c ra c k in g  grow th.

The o r ig in a l  c a ta ly s t  fo r  h y d ro c ra c k in g  w a s  tu n g s ten  d isu lf id e . 

T h is  c a ta ly s t  soon  w a s  r e p la c e d  by tu n g s ten  d isu lf ide  on a  c lay  su p p o r t .  

The m o d e rn  c a ta ly s t s  a r e  dual function  c a ta ly s t s  having  a b a la n ce  of 

b o th  c ra c k in g  and  hy d ro g en a tin g  a c t iv i ty .  The c ra c k in g  a c t iv i ty  i s  ty p i 

c a l ly  supp lied  by  a n  a c id ic  su p p o r t  su ch  a s  s i l ic a - a lu m in a ,  and  the 

hy d ro g en a tin g  a c t iv i ty  by a  d i s p e r s e d  m e ta l  o r  m e ta ls  su c h  a s  tu n g s ten  

and  n ick e l .

In the  n in e te e n  s ix t ie s ,  z e o l i te s  b e c a m e  im p o r ta n t  c a ta ly s t s  fo r  

s e v e r a l  ty p es  of c o n v e rs io n  p r o c e s s e s .  T h ese  c ry s ta l l in e  a lu m in o s i l i -  

c a te s  a l s o  have  b e en  u s e d  fo r  io n -ex c h an g e  in  w a te r  so ften ing  and  in  

s e le c t iv e  a d s o rp t io n  a p p lic a t io n s .  Synthetic  z e o l i te s  have  b e e n  found to 

have  e x t r e m e ly  high  c ry s ta l l in e  r e g u la r i ty .  The f a c t  th a t  z e o l i te s  have 

p o re  d i a m e te r s  of the sa m e  o r d e r  of m agn itud e  a s  in d iv idua l m o le c u le s  

a d d s  to th e i r  in te r e s t in g  c a ta ly t ic  c h a r a c t e r i s t i c s .

T h is  d i s s e r t a t io n  r e p r e s e n t s  a v e r y  s m a l l  f r a c t io n  of the e x te n 

s iv e  r e s e a r c h  c u r r e n t ly  be ing  c a r r i e d  out on zeo l ite  c a ta ly s t s .  T h is  

p a r t i c u l a r  s tudy  is  an  in v e s t ig a t io n  of two sy n th e tic  z e o l i te s ,  m o rd e n i te  

and  f a u ja s i te ,  w ith  r e s p e c t  to how they  h y d ro c ra c k  n -h ex a n e  and



c y c lo h e x a n e .  The p u rp o s e  of the  w o rk  p r e s e n te d  in  th is  d i s s e r t a t i o n  is  

(1) to  e v a lu a te  the h y d r o c ra c k in g  a c t iv i ty  an d  s e le c t iv i ty  of the  s e le c te d  

c a t a l y s t s  an d  (2) to  d eve lop  a  m a th e m a t i c a l  m o d e l  fo r  the  h y d ro c ra c k in g  

of n -h e x a n e  an d  c y c lo h e x a n e  u s in g  m e c h a n i s m s  f r o m  th e  l i t e r a t u r e  a s  a 

gu ide.



C H A P T E R  H 

L IT E R A T U R E  RE V IE W

A. C r y s t a l l i n e  Z e o l i t e s

1. In t ro d u c t io n

T he u n iq u e  p r o p e r t i e s  o f z e o l i t e s  h ave  a t t r a c t e d  i n c r e a s i n g  

a t t e n t io n  f r o m  the c h e m ic a l  p r o c e s s  i n d u s t r y  an d  s c ie n t i f i c  c i r c l e s  in  

th e  p a s t  few  y e a r s .  Z e o l i t e s ,  c r y s t a l l i n e  a lu m in o s i l i c a t e  m i n e r a l s ,  

w e r e  d i s c o v e r e d  an d  n a m e d  by  B a r o n  C r o n s t e d t  in  1756. T h e s e  m i n e r 

a l s  w e r e  r e c o g n iz e d  fo r  t h e i r  a b i l i ty  to e x ch a n g e  t h e i r  m e t a l  c a t io n s  by 

t r e a t m e n t  w i th  a q u e o u s  so lu t io n s  o f v a r i o u s  s a l t s .  A m o rp h o u s ,  g e l ,  

a l u m i n o s i l i c a t e s  h a v in g  th is  c a t io n  e x c h a n g e  a b i l i ty  a l s o  w e r e  c a l l e d  

" z e o l i t e s " .

E a r l y  w o rk  on  the  s o r p t iv e  p r o p e r t i e s  of z e o l i t e s  w a s  s u m m a r i 

z e d  b y  M c B a in ^ ^ w h o  p r o p o s e d  the  n a m e ,  " m o le c u l a r  s i e v e " .  No o th e r  

s o l id s  h ave  b e e n  found  to  b e  so  s p e c i f ic  a n d  q u a n t i t a t iv e  in  s e p a r a t in g  

m i x t u r e s  on  the  b a s i s  of the  s iz e  a n d  sh a p e  of the c o n s t i tu e n t  m o le c u le s ,  

a n d  the  n a m e ,  " m o le c u l a r  s ie v e ,  "  i s  p a r t i c u l a r l y  a p t .  W a te r  so f te n in g ,  

s e l e c t iv e  a d s o r p t io n ,  a n d  c a t a l y s i s  a r e  a m o n g  the m a jo r  u s e s  o f z e o 

l i t e s .  M any  of the  u n iq u e  p r o p e r t i e s  of z e o l i t e s  depend  on t h e i r  s t r u c 

t u r e ,  a n d  in v e s t ig a t io n s  s t im u la te d  by  th e s e  p r o p e r t i e s  h av e  r e v e a l e d  

m u c h  a b o u t  t h e i r  r e m a r k a b l e  m o le c u la r  a r c h i t e c t u r e .  E x c e l l e n t
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(5)r e v i e w s  of r e s e a r c h  on  z e o l i t e s  h av e  b e e n  p u b l is h e d  by B a r r e r  , 

B r e c k ^ ^ ,  a n d  N iko lina  e t  a l .^ ® ^

2. P h y s i c a l  P r o p e r t i e s  of C r y s t a l l i n e  Z e o l i t e s

a .  G e n e ra l

T h e r e  a r e  o v e r  t h i r t y  d i f f e r e n t  c r y s t a l l i n e  z e o l i t e s  o c c u r in g  in

n a tu r e .  S e v e r a l  of th e s e  h a v e  b e e n  s y n th e s i z e d  in  the  l a b o r a to r y .

Som e s y n th e t ic  v a r i a n t s  o f  th e  n a t u r a l  z e o l i t e s  h a v e  b e e n  m a d e  in  w h ic h

p r o p e r t i e s ,  su c h  a s  c h e m ic a l  c o m p o s i t io n  an d  s o r p t iv e  p r o p e r t i e s ,  m a y

d i f f e r  f r o m  the n a tu r a l l y  o c c u r in g  c o u n t e r p a r t s .

A ll  z e o l i t e s ,  n a t u r a l  a n d  s y n th e t i c ,  m a y  be  r e p r e s e n t e d  b y  the 

( 15)e m p i r i c a l  f o r m u la

Mex / n [ (Al°Z> X  < S i ° 2 » v ]  • M H 2 ° -

T h e  " M e ” r e p r e s e n t s  a  m e t a l  c a t io n  of v a le n c e  nn ,f, an d  "M "  r e p r e 

s e n t s  the m o le c u le s  of w a t e r .  T he  n u m b e r  of w a te r  m o le c u l e s  a s s o c i -

(15)
a te d  w ith  one  u n i t  c e l l  c a n  v a r y  o v e r  a  r a n g e  of a t  l e a s t  15 to  264.

T h e  S i /A l  r a t i o  o r  y / x  r a t i o  of th e  e m p i r i c a l  f o r m u la  r a n g e s  f r o m  u n i ty  

f o r  z e o l i te  type  A to  a  v a lu e  of f iv e  f o r  m o r d e n i t e .

A  p y r a m id ,  o r  t e t r a h e d r o n ,  i s  th e  b a s i c  b u i ld in g  b lo c k  c o m m o n  

to a l l  z e o l i te  c r y s t a l  s t r u c t u r e s .  T h is  t e t r a h e d r o n  h a s  a n  oxygen  a to m  

a t  e a c h  of the  fo u r  c o r n e r s  a n d  a  s i l i c o n  a to m  in  th e  c e n t e r .  A n a l u m i 

n u m  a to m  c a n  b e  s u b s t i tu t e d  fo r  th e  s i l i c o n  a to m .  S i l ic o n ,  h o w e v e r ,  

h a s  fo u r  e l e c t r o n s  to  s h a r e  w i th  the  o x y g e n  a to m s ,  w h e r e a s  a lu m in u m  

h a s  only t h r e e .  T h e r e f o r e ,  a lu m in u m  n e e d s  a  m o n o v a le n t  c a t io n  in



o r d e r  to  m a k e  up  fo r  th is  d e f ic ie n c y . A l te r n a te ly ,  the  a lu m in u m  can

s h a r e  a  d iv a le n t  c a t io n .  F i g u r e  1 (page 7 ) sh o w s t e t r a h e d r a  w ith

s i l ic o n - o x y g e n ,  a lu m in u m - s o d iu m - o x y g e n ,  a n d  a l u m i n u m - c a l c i u m -

oxygen . E a c h  of the  fo u r  o x y g e n s  of a  t e t r a h e d r o n  h a s  a  f r e e  v a le n c e

b ond , an d  the  t e t r a h e d r a  c a n  be  c o n n e c te d  by  t h e s e - f r e e  b o n d s .

T h e s e  t e t r a h e d r a  c a n  be  jo in e d  to g e th e r  to  f o r m  m a n y  d i f f e r e n t

z e o l i t e  c r y s t a l  s t r u c t u r e s .  T he  c r y s t a l  s t r u c t u r e s  c a n  be  c l a s s i u e d  in

t h r e e  g e n e r a l  g ro u p s :  (1) c h a in l ik e  o r  f i b r o u s  c r y s t a l s ,  (2) l a y e r

(44)s t r u c t u r e s ,  a n d  (3) s e m i - r i g i d  t h r e e  d im e n s io n a l  s t r u c t u r e s .  M o r 

d e n i te  i s  a  m e m b e r  of the  f i r s t  g ro u p ,  an d  f a u j a s i t e  i s  a  m e m b e r  of th e  

t h i r d  g ro u p .

b. F a u j a s i t e

F a u j a s i t e ,  a n  i m p o r t a n t  z e o l i t e ,  i s  found in  n a tu r e  an d  c a n  be 

s y n th e s iz e d .  S y n th e tic  z e o l i t e  type  Y is  a  w e l l -k n o w n  m e m b e r  of the 

f a u j a s i t e  f a m i ly .  A ty p ic a l  e m p i r i c a l  f o r m u la  f o r  type  Y i s :

N a56 [ (" ° 2 > S 6 < S10Z>1 J 6 ]  ' 264H 2 ° -

T ype  X h a s  a  s i m i l a r  c r y s t a l  s t r u c t u r e  to  type  Y; h o w e v e r ,  in  type  X 

th e  S i /A l  r a t i o  i s  lo w e r .  A  ty p ic a l  f o r m u la  f o r  type  X i s :

1N t [ ‘AIO2,t t (“ O*, 106] ‘ 2M H2 °-

B o th  n a t u r a l  and  s y n th e t ic  f a u ja s i t e  h ave  a  vo id  v o lu m e  of 0. 35 c c / g m  

b a s e d  on  th e  a m o u n t  of w a t e r  c o n ta in e d  p e r  g r a m  of d e h y d ra te d  c a ta ly s t .

T he  s t r u c t u r e  of f a u j a s i t e  i s  a  t r u n c a te d  o c ta h e d r a  a s  show n in  

F i g u r e  2 (page  8). E a c h  v e r t e x  r e p r e s e n t s  a  s i l ic o n  o r  a lu m in u m  a to m



T e t r a h e d r o n  of fo u r  
oxy gen  a to m s  w ith  a 
s i l ic o n  a to m  in  the  c e n te r

S i l ic o n  (Si ) r e p la c e d  w ith

a n  a lu m in u m  (A1 ) and  a

so d iu m  (Na**)

Two a lu m in u m  a to m s  
s h a r e  one d iv a le n t  c a lc iu m  a to m

F ig u r e  1 . B a s ic  F r a m e w o r k  of Z e o l i te  C r y s ta l s .
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F ig u re  2 . S t ru c tu re  of Type X or Y Z eo lite .



of the b a s ic  te t r a h e d ro n )  a n d  e a c h  " e d g e "  r e p r e s e n t s  a l inking  o r  

" b r id g in g "  oxygen a to m . A c c e s s  to  the in n e r  cav ity  o r  " c a g e - l ik e "  

n e tw o rk  is  by  fo u r  1 2 -s id e d  w indow s e a c h  hav ing  a d ia m e te r  of abou t 

9 a n g s t r o m s .  The in n e r  c a v i ty  h a s  a  d ia m e te r  of abou t 11 a n g s t r o m s .

c. M o rd e n ite

M o rd e n i te ,  a  m e m b e r  of the ch a in lik e  c r y s t a l  g roup , i s  found

in  n a tu re  and  c a n  be  s y n th e s iz e d .  R e c e n t  p a te n ts  to N o rton  Com*

(74 7 5) (77)pany  * and  to  A ir  L iq u id e  c o n c e rn  the sy n th e s is  of m o rd e n i te .

B a r r e r ^ *  7, 8 ) c a r r i e d  out s e v e r a l  in v e s t ig a t io n s  of the

s o rp t iv e  p r o p e r t i e s  a n d  the  s y n th e s i s  of m o rd e n i te ,

The fo rm u la  f o r  m o rd e n i te  i s :

N a8 [ (A1° 2 > 8 (Si° Z > 4 o ]  ' Z 4 H 2 ° -

T he void vo lu m e  is  0. 14 c c / g m ,  c o n s id e ra b ly  l e s s  than  th a t  of f a u j a 

s i te .

The m o rd e n i te  s t r u c tu r e  c an  be c o m p a re d  to a bundle  of p a r a l l e l  

tu b es .  A c r o s s - s e c t i o n a l  v iew  of the m o rd e n i te  c r y s t a l  s t r u c tu r e  

a p p e a r s  in F ig u r e  3 (page 10). The s i l ic o n  and a lu m in u m  a to m s  a r e  a t  

the  po in ts  of in te r s e c t io n ,  a n d  the  oxygen a to m s  a r e  r e p r e s e n te d  by the 

l in e s .  T h is  c r o s s - s e c t i o n  i s  r e p e a te d  a t  r e g u la r  in te r v a l s ,  fo rm in g  

p a r a l l e l  e l l ip t i c a l  tu b e s .  T h e s e  tu b es  w ith  a m a jo r  d ia m e te r  of abo u t 7 

a n g s t r o m s  and a m in o r  d i a m e te r  of abou t 6 a n g s t ro m s  ex tend  th ro u g h  

the  e n t i r e  c ry s ta l .  T he p a r a l l e l  tu b es  a r e  connec ted  by  s m a ll  e l l ip t ic a l  

openings w ith  m a jo r  an d  m in o r  d i a m e te r s  of abou t 5 and  4 a n g s t r o m s  

r e s p e c t iv e ly .



18. 13%

6. 95%5. 81

(zo)F ig u re  3 . C ro s s -S e c t io n a l  View of M o rd en ite
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3. C a ta ly t ic  P r o p e r t i e s  of C r y s t a l l i n e  Z e o l i t e s 

a .  Gene r a l

(82)The f i r s t  p a te n t  fo r  a  z e o l i t e  c a t a ly s t  w as  i s s u e d  in  1917 

T h is  p a te n t  c o n c e rn e d  a  p a l la d iu m - e x c h a n g e d  c h a b a s i te  fo r  h y d r o g e n a 

t io n  r e a c t io n s .  T he  f i r s t  of the  c o n te m p o r a r y  p a te n ts  a p p e a re d  in  I960. 

S ince  th a t  t im e  p a te n t  o f f ic e s  in  the  U n ited  S ta te s  an d  o th e r  c o u n t r ie s  

have  b e e n  f looded  w ith  a p p l i c a t io n s  c o n c e rn in g  z e o l i te  c a ta ly s t s .  The 

c u r r e n t  c o m m e r c i a l  u s e  of z e o l i te  c a t a l y s t s  i s  c o n s id e r a b le ,  and  i t  is  

be in g  ex p an d ed  ra p id ly .

The un ique  c r y s t a l  s t r u c t u r e  of z e o l i t e s  o f f e r s  c h e m ic a l  

r e s e a r c h e r s  the  p o s s ib i l i ty  of " s e l e c t iv e  c a t a l y s i s " .  T h a t  i s ,  a  z e o l i te  

c a n  be s e l e c te d  such th a t  th e  p o r e s  c a n  a d m i t  the  d e s i r e d  r e a c t a n t  and

ex c lu d e  l a r g e r  co m p o u n d s .  A n e x a m p le  of th is  w as  r e p o r t e d  by  W eisz  

( f>8)an d  c o - w o r k e r s  . A s o d iu m  type  5A z e o l i te  w a s  u se d  in the d e h y 

d r a t io n  of b u ta n o l  to f o r m  b u te n e s .  N o r m a l  b u tan o l  cou ld  e n te r  the 5A 

p o re  and  w a s  c o n v e r te d  e a s i l y  to  b u te n e ;  h o w e v e r ,  i so b u ta n o l  w a s  too 

bu lky  to  e n te r  the  5A p o re  a n d  r e m a in e d  u nch an g ed .

M any  z e o l i te  c a t a l y s t s  c a n  b e  m o d if ied  by  e x ch an g in g  the so d iu m  

in  the a lu m in u m  t e t r a h e d r o n  f o r  o th e r  c a t io n s .  F o r  exam ple, a m m o n iu m  

io n s  m a y  be  s u b s t i tu te d  f o r  th e  so d iu m . T hen  the a m m o n ia  c a n  be 

d r iv e n  off by h e a t in g .  E x a c t ly  w h a t  is  l e f t  a f t e r  the  a m m o n ia  is  d r iv e n  

off i s  s u b je c t  to  q u e s t io n .  I t  h a s  b e e n  r e f e r r e d  to  a s  the h y d ro g e n
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f o r m  of z e o l i te ,  the d e c a t io n iz e d  f o rm ,  and  the ac id  fo rm .  H y d ro g e n -  

z e o l i te s  have  b e e n  found to b e  e x t r e m e ly  a c t iv e  c a ta ly s t s  by n u m e ro u s  

in v e s t ig a to r s .

O the r  c a t io n s  a l s o  a r e  ex changed  fo r  the so d iu m  in  z e o l i te s .  A

c a lc iu m  ex ch an g ed  type  X c a t a l y s t  w a s  r e p o r t e d  to  be  v e r y  a c t iv e  fo r

(97)
i s o m e r iz in g  h e p ta n e s  and  l a r g e r  p a ra f f in s  . C a lc iu m  and sod iu m

(25)
type X w e re  r e p o r t e d  a c t iv e  fo r  c a ta ly t ic  c ra c k in g  . R a re  e a r th

exchanged  z e o l i te s  h av e  b e e n  found to  be  ac t iv e  c a ta ly s t s  fo r  the a lk y la -

. (6 2 ,6 3 )   ̂ . . (76, 80, 81) tt io n  of a r o m a t i c s  , c a ta ly t ic  r e fo rm in g  , c a ta ly t ic

c r a c k i n g ^  and  h y d r o c r a c k i n g ^ ^ .

C a ta ly t ic  c r a c k in g  i s  a  v e r y  im p o r ta n t  p r o c e s s  c a ta ly z e d  by 

z e o l i te s .  The m a jo r i t y  o f th e  p e t r o le u m  r e f i n e r s  now a r e  u s in g  zeo l i te  

b a s e d  c a ta ly s t s .  M any z e o l i t e s  have  b e e n  in v e s t ig a te d  fo r  c a ta ly t ic  

c ra c k in g  inc lud ing  type  type X ^ ^ ’ n a tu r a l  and  sy n th e tic

£ a u ja s i te (5Z> « •  69>, m o r d e n i te * 1 • 34> 35- 4 3‘ 69 > . type ZK 5(43), g m e l i -  

n i te^43\  c h a b a z i te ^ 43 ,̂ s t i lb i te ^ 43\  and  o f f re t i te  43 .̂

A n o th e r  im p o r ta n t  r e a c t io n  u s in g  zeo l ite  c a ta ly s t s  is  i s o m e r i z a 

tion. M ost of the  r e p o r t e d  in v e s t ig a t io n s  of i s o m e r iz a t io n  c o n c e rn e d  

the h y d ro g en  f o r m  of z e o l i te .  Som e of the z e o l i te s  w e re  im p re g n a te d  

w ith  a  h y d ro g e n a t io n -d e h y d ro g e n a t io n  m e ta l ,  such  a s  p la t in u m  o r  p a l l a 

d ium , w hile  o th e r s  w e r e  n o t  im p re g n a te d .  The l i t e r a t u r e  in c lu d es  the

■ *• r  i «■- (1 4 ,7 2 )  . . .. (9 , 16, 24, 42, 54,i s o m e r iz a t io n  of a lk y la r o m a t i c s  and  p a ra f f in s

98)



H y d ro c ra c k in g  is  a n o th e r  re f in in g  p r o c e s s  th a t  a p p e a r s  to be a 

p o te n t ia l  fo r  zeo l i te  c a ta ly s t s .  M o s t of the r e p o r te d  zeo lite  c a ta ly s t s  

fo r  h y d ro c ra c k in g  w e re  the h y d ro g en  f o r m  of z e o l i te s  im p re g n a te d  

w ith  a h y d ro g e n a t io n -d e h y d ro g e n a tio n  m e ta l .  Synthetic  f a u ja s i te ,  type

Y, a p p e a r s  to  be the m o s t  co m m o n ly  r e p o r t e d  c a ta ly s t .  M o rd e n i te ^ ® '

38) (18)and  type X a ls o  have  b e e n  te s te d .

P la t in u m  im p re g n a te d  z e o l i te s  have  b e e n  d e s c r ib e d  by s e v e r a l

.. * f . (42, 76, 79, 80, 81, 83, 85)in v e s t ig a to r s  fo r  c a ta ly t ic  r e fo rm in g .  » » » » ■ » *  The

(42,a lk y la t io n  r e a c t io n  of o le f in s  and a r o m a t i c s  i s  c a ta ly z e d  by z e o l i te s .

62, 63, 89) j j o r t o n ^ ^  in v e s t ig a te d  s e v e r a l  z e o l i te s ,  includ ing  typ es  A

and  X, fo r the p o ly m e r iz a t io n  of p ro p y le n e .  Z e o l i te s  im p re g n a te d  w ith

m o ly b d en u m  t r i o x i d e ^ ^  and cobalt^® ^ c a ta ly ze  h y d ro d e s u l fu r iz a t io n

r e a c t io n s .  O th e r  r e a c t io n s  r e p o r t e d  to be c a ta ly ze d  by z e o l i te s  include

the d is p ro p o r t io n a t io n  of a l k y l a r o m a t i c s ^ ^ ,  m e th an o l  s y n t h e s i s ^ ^ ,

(42)
h y d ro g en a tio n  of a r o m a t i c s  , the F i s c h e r  T ro p s c h  type of h y d ro g e n a 

t io n  r e a c t i o n ^  co n d en sa t io n  r e a c t io n s  of ca rb o n y l  com pound

(44) (44)m e th a n a t io n  , an d  the d eh y d ro g e n a t io n  of e thy lbenzene

b . F a u ja s i t e

F a u ja s i t e s ,  inc lud ing  type Y, a r e  the m o s t  w ide ly  u s e d  zeo l ite  

(44)c a ta ly s t s .  The l a r g e  w indow s in to  the c r y s t a l  " c a g e "  a r e  su ff ic ie n t  

in  s iz e  to a d m i t  m o s t  h y d ro c a rb o n  m o le c u le s ,  so f a u ja s i te s  a r e  not 

of the m o le c u la r  s h a p e - s e le c t iv e  v a r ie ty .  N e v e r th e le s s ,  f a u ja s i t e s  a r e  

e x t r e m e ly  a c t iv e  c a ta ly s t s  fo r  m an y  r e a c t io n s .



14

The fa u ja s i te  c a ta ly s t  c an  be m odif ied  in s e v e r a l  w ays to f a c i l i 

ta te  the d e s i r e d  re a c t io n .  The sod ium  fo rm  of fa u ja s i te  (N a -fau ja s i te )  

can  be  ion exchanged  to  r e p la c e  the sod ium  ions w ith  o th e r  m e ta l  

c a t io n s .  As m en tio n ed  p re v io u s ly ,  a v e ry  a c t iv e  c a ta ly s t  is  sy n th e 

s iz e d  by exchanging  the sod ium  fo r  a m m o n iu m  ions and then  d riv ing  off

the am m on ia . The r e s u l t in g  hyd ro gen  f o r m  of fau ja s i te  (H -fau ja s i te )  is

r * w . . .  (43,44,69) . . *. (14,44,54)v e ry  ac t iv e  fo r  c a ta ly t ic  c ra c k in g  , i s o m e r iz a t io n  ,

a l k y l a t i o n ^ ^ 'H  and s e v e r a l  o th e r  r e a c t io n s .  The H -fa u ja s i te  p ro v id es

ac id ic  ac t iv e  s i t e s  r e q u i r e d  fo r  the c a ta ly t ic  ac tiv ity  in th ese  re a c t io n s .

E xchanging  the so d iu m  ions f o r  m u lt iv a le n t  ca tions  a ls o  r e s u l t s  in  highly

ac tiv e  c a ta ly s t s .

A no ther  m etho d  of m odify ing  f a u ja s i te s  is  to im p re g n a te  v a r io u s  

m e ta l s  on the zeo lite  s u r f a c e .  F o r  ex am p le ,  H -fa u ja s i te  is  im p regna ted  

w ith  p a llad iu m  fo r  i s o m e r iz a t io n  re a c t io n s .  The p a llad iu m  p ro v id e s  the 

d e h y d ro g e n a tio n -h y d ro g en a tio n  a c t iv i ty  and  the H -fa u ja s i te  the ac id ic  

a c t iv i ty  r e q u i r e d  in dua l func tion  c a ta ly s t s .

c * M orden ite

M orden ite  h a s  s m a l l e r  p o re s  than  fa u ja s i te  (7 v e r s u s  9 A ng

s t ro m s ) .  A lso  the a c t iv e  s i t e s  in  the c r y s t a l  s t r u c tu r e  of m o rd en ite  a re  

m u ch  l e s s  a c c e s s ib le .  The m o rd e n i te  " tu b e -b u n d le"  ex tends  com ple te ly  

th rough  the 1 to 5 m ic ro n  p a r t i c l e s  of syn the tic  m o rd en ite .  T his  m ean s  

th a t  a  single  tube h a s  a leng th  to  d ia m e te r  r a t io  g r e a t e r  than  1000.

D esp ite  the d isa d v a n ta g e s  of i ts  s t r u c tu r a l  c h a r a c t e r i s t i c s ,  H- 

m o rd en ite  h a s  b een  found to be m o re  a c t iv e  than  H -fa u ja s i te  fo r  the
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c a ta ly t ic  c r a c k in g  of n - h e x a n e ^ ^ '  ^  \  the i s o m e r i z a t io n  of

n - p e n ta n e ^ * ^ ,  and  the i s o m e r i z a t io n  of n - h e x a n e ^  K K eough  a n d  
(3 5 )

Sand f i r s t  r e c o g n iz e d  the c a ta ly t ic  p r o p e r t i e s  of m o rd e n i te  in  1961. 

(3 4 )
K eough  l a t e r  r e p o r t e d  the h igh  a c t iv i ty  of H -m o rd e n i te  an d  B a -  

m o r d e n i te  in  the c a ta ly t ic  c r a c k in g  of c u m e n e , c e ta n e ,  and  d ecan e . In 

th i s  s tu d y  K eough  c o n c lu d ed  th a t  m o rd e n i te  had  an  e ffe c t iv e  p o re  d i a 

m e t e r  of 9 A n g s t r o m s .
( 9  )

B e e c h e r  d e m o n s t r a te d  th a t  H - m o r d e n i te ,  u n like  H - f a u ja s i t e ,

d id  n o t  r e q u i r e  im p re g n a t io n  w ith  a  d e h y d ro g e n a t io n -h y d ro g e n a t io n

m e t a l  fo r  the  i s o m e r i z a t io n  of n -p e n ta n e  an d  n -h e x a n e .  B r y a n t ^  ^

found  th a t  p a l la d iu m  im p re g n a te d  H - m o rd e n i te  w as  m o r e  a c t iv e  th a n  the

z in c  o r  m a g n e s iu m  f o r m s  of m o rd e n i te  im p r e g n a te d  w ith  p a l la d iu m .

The h y d ro g en  f o r m  of m o rd e n i te  f r o m  n a tu r a l  m o rd e n i te  w a s

found  to be a c t iv e  fo r  the  i s o m e r i z a t io n  of n -b u ta n e  and  cy c lo h ex a n e .

A d a m s  and  c o -w o rk e r s ^  *  ̂ found H - m o rd e n i te  to  be v e r y  a c t iv e  fo r

c a ta ly t ic  c r a c k in g  of g a s  o il ,  b u t  th a t  the m o r d e n i te  d e a c t iv a te d  ra p id ly .

( 7 3 )
A lso  a  r e c e n t  p a te n t  d e s c r i b e s  a  h y d ro c ra c k in g  p r o c e s s  u s in g  a  

m o r d e n i te  c a ta ly s t .

B. H y d ro c ra c k in g

1. In t ro d u c t io n

In p e t ro le u m  re f in in g  th e r e  a r e  two ty p e s  of h y d ro g en a t io n .  E x 

a m p le s  of one type , s im p le  h y d ro g e n a t io n ,  a r e  the s a tu r a t io n  of o le f in s  

an d  the c o n v e r s io n  of a r o m a t i c s  to n a p h th e n e s .  T he  s e c o n d  type  is
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d e s t ru c t iv e  h y d ro g e n a t io n  o r  h y d ro c ra c k in g .  H y d ro c ra c k in g  h a s  b een

d e s c r ib e d  a s  c a ta ly t ic  c ra c k in g  w ith  h y d ro g en a t io n  su p e r im p o s e d .

C o m m e r c ia l  h y d ro c ra c k in g  has  developed  rap id ly  in  the l a s t

few  y e a r s .  T he  f i r s t  m o d e rn -d a y  c o m m e r c ia l  u n i t  w as  put in  o p e ra t io n  

(59)in  1961 . S ince th a t  t im e  h y d ro c ra c k in g  has  beco m e  a key  tool in

ba la n c in g  r e f in e r y  p ro d u c t io n  and m a r k e t  d e m an d s .  In 1967 th e r e  w e re

(58)m o r e  than  fif ty  u n i ts  in  o p e ra t io n  o r  u n d e r  c o n s t ru c t io n .  F e e d

s to c k s  r a n g e  f r o m  naph tha  to r e s id u a ,  includ ing  r e f r a c t o r y  m a t e r i a l s  

not e a s i ly  c o n v e r te d  by o th e r  p r o c e s s e s  and  m a t e r i a l s  too  c o n ta m in a te d  

to  be c a ta ly t ic a l ly  c ra c k e d .  P ro d u c ts  c u r r e n t ly  ra n g e  f r o m  liquefied  

p e t r o le u m  gas to h ea t in g  oil.

2. E a r l y  H y d ro c ra c k in g

In 1927 the o r ig in a l  h y d ro c ra c k in g  p r o c e s s  w as  developed  in 

G e rm a n y  by the  I. G. F a rb e n in d u s t r i e  fo r  c o n v e r t in g  l ig n ite  o r  b ro w n  

co a l  into g aso l in e .  T h is  p r o c e s s  is  one of the o ld e s t  c a ta ly t ic  p r o c e s s 

e s  in p e t ro le u m  re f in in g .  In th is  co u n try  i t  w as  app lied  f ro m  1931 

to 1 9 4 4 ^ ^ .  T h is  e a r l y  v e r s io n  of h y d ro c ra c k in g  p ro v e d  v a lu ab le  in 

the p ro d u c t io n  of h igh  q u a li ty  d ie s e l  fuel and  lu b r ic a t in g  o i ls  f r o m  

p e tro le u m  fe e d  s to c k s .  D uring  W orld  W ar II, the p r o c e s s  w as  u s e d  to 

p ro d u ce  high  oc tane  a v ia tio n  g aso line . H ow ever, th is  e a r l y  p r o c e s s  

w a s  e c o n o m ic a l ly  u n a t t r a c t iv e  and w as  aband oned  in  fav o r  of the now 

w e ll-k n o w n  c a ta ly t ic  c ra c k in g  p r o c e s s ,  w h ich  a l s o  c o n v e r ts  h igh b o i l 

ing feed  s to c k s  to  lo w e r  bo iling  p ro d u c ts .  The m a jo r  d isa d v a n ta g e s  in
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h y d ro c ra c k in g  w e re  th a t  h igh  p r e s s u r e  eq u ip m en t  w as  r e q u i r e d  and  

th a t  h y d ro g en  c o n su m ed  in the p r o c e s s  had  to be m a n u fa c tu re d .

The e a r ly  h y d ro c ra c k in g  p r o c e s s  em p lo yed  a f ix e d -b e d , non -  

r e g e n e ra t iv e  c a ta ly s t  sy s te m . Since the  c h e m ic a l  r e a c t io n  is  e x o th e r -  

m ic i  m a k e -u p  h y d ro g en  w as added a t  s e v e r a l  po in ts  down the c a ta ly s t  

bed  to  s e rv e  a s  a  coo ling  m ed iu m  and to supply  som e  of the h yd ro g en  

r e q u i r e d  fo r  the h y d ro c ra c k in g  re a c t io n .  R e a c to r  p r e s s u r e s  of 200 

a tm o s p h e r e s  o r  g r e a t e r  w e re  r e q u i r e d  to  inh ib it  coking r e a c t io n s  th a t  

would d e s t ro y  c a ta ly s t  a c t iv i ty .  R e a c to r  t e m p e r a tu r e s  w e re  in  the 

ra n g e  of 600 to  1000°F. H ydrogen  fo r  the  p r o c e s s  w a s  m ade  in  a u x i 

l i a r y  e q u ip m en t  by the m e th a n e - s t e a m  re a c t io n .

The o r ig in a l  c a ta ly s t  fo r  h y d ro c ra c k in g  w a s  tu n g s ten  d isu lf ide . 

C a ta ly s ts  such  a s  tu n g s te n  d isu lf id e  and  m o lybdenum  d isu lf ide  w e re  

found to be h igh ly  a c t iv e  fo r  h y d ro c ra c k in g  and w e re  p ro m o te d  r a t h e r  

th an  p o isoned  by su lfu r  co n ta in ing  h y d ro c a rb o n  com pounds. T h ese  

c a ta ly s t s  gave high g aso lin e  y ie ld s ,  bu t  the g a so l in e s  w e re  low in 

oc tane  n u m b er .

The n e x t  c a ta ly s t  d ev e lo p m en t w a s  su pporting  the tu n g s te n  d i 

su lf ide  on a n a tu r a l  c lay . M o n tm o r il lo n ite  c lay  t r e a te d  w ith  h y d r o 

f lu o r ic  ac id  is  a n  e x am p le  of the su p p o r t .  About 10% w as  p lac ed  

on the su p p o r t .  The su p p o r te d  c a ta ly s t  had about the sa m e  v o lu m e tr ic  

a c t iv i ty  a s  the u n su p p o r te d  c a ta ly s t ,  bu t g a so l in e  oc tane  n u m b e rs  f ro m  

the su p p o r te d  c a ta ly s t  w e re  m uch  h ig h e r .  T h ese  high octane  n u m b e rs
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w e re  due to the  h igh  c o n te n t  of b r a n c h e d  p a ra f f in s  and a r o m a t i c s  in  

the p ro d u c t .

3. M o d e rn  H y d ro c ra c k in g

T he d o m e s t ic  r e f i n e r ' s  i n t e r e s t  in  h y d ro c ra c k in g  h a s  b e en  

ren e w e d  due to the i n c r e a s in g  d e m a n d  fo r  h igh  qua lity  g a so l in e  and  a 

d e c re a s in g  dem and  f o r  m id d le  d i s t i l l a t e s .  H ow ever, the m o s t  s ig n i f i 

c a n t  f a c to r  in the r e c e n t  g ro w th  of h y d ro c ra c k in g  lias b e e n  the d e v e lo p 

m e n t  of im p ro v e d  c a t a ly s t s .  T he  new c a t a ly s t s  a r e  cap ab le  of 

m a in ta in in g  a c t iv i ty  a t  o p e ra t in g  co n d it io n s  f a r  l e s s  s e v e re  th an  the 

c a ta ly s t  of the o r ig in a l  h y d ro c ra c k in g  p r o c e s s .  A no ther  f a c to r  in  the 

r e s u r g e n c e  of h y d r o c r a c k in g  h a s  b e e n  the  a v a i la b i l i ty  of c h e a p e r  h y d ro 

gen. H ydrogen  is  a  b y - p r o d u c t  f r o m  the c a ta ly t ic  r e fo rm in g  p r o c e s s  

and  a l s o  can  be m a n u fa c tu r e d  by a n  im p ro v e d  m e th a n e - s t e a m  p r o c e s s .

M o s t  of the m o d e r n  h y d ro c ra c k in g  p r o c e s s e s  a r e  f ixed  bed , 

s im i l a r  to the e a r l y  v e r s io n ,  b u t  o p e ra t in g  a t  abou t ha lf  of the to ta l  

p r e s s u r e  of the e a r l y  p r o c e s s .  One e x c e p tio n  is  the eb u lla t in g  bed

p r o c e s s  o ffe re d  fo r  l ic e n s in g  by H y d ro c a rb o n  R e s e a r c h  C o rp o ra t io n

(58)an d  C i t ie s  S e rv ic e  R e s e a r c h  an d  D ev e lopm en t.  In th is  p r o c e s s ,

h igh  l in e a r  gas v e lo c i t i e s  a r e  u s e d  to  expand  the c a ta ly s t  bed. The 

c a ta ly s t  bed  h as  enough f lu id i ty  to p e r m i t  s e m i-c o n t in u o u s  r e p la c e m e n t .  

S taging of the c a t a ly s t  bed  p e r m i t s  s e le c t iv e  w ith d raw a l  of c o n ta m in a 

ted  c a ta ly s t  f r o m  the  b o t to m  of the bed . O th e r  f ixed  bed  p r o c e s s e s  a r e  

o ffe re d  fo r  l i s c e n s in g  by the  I n s t i tu t  F r a n c a i s  du P e t r o le  and  B ad isch e  

A n i l in e -u n d -S o d a -F a b r ik ,  H ou dry  and  Gulf R e s e a r c h ,  C h ev ro n  R e s e a r c h
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and  U n iv e rs a l  Oil P ro d u c t s ,  and  Union Oil and  E s s o  R e s e a r c h  and

r  . {26, 41 , 58)E n g in e e r in g .

M o d ern  h y d ro c ra c k in g  p r o c e s s e s  u s e  dua l func tion  c a ta ly s t s  

hav ing  both  c ra c k in g  and h yd ro g en a tin g  a c t iv i ty .  The c ra c k in g  a c t iv i ty  

i s  sup p lied  by an  a c id ic  su p p o r t  such  a s  s i l i c a - a lu m in a  o r  s i l ic a  - 

m a g n e s ia .  Z e o l i te s  a l s o  have  been  d e s c r ib e d  a s  s u p p o r ts  fo r  h y d r o 

c ra c k in g  c a ta ly s t s .  The h y d ro g en a tin g  a c t iv i ty  is  supp lied  by c e r t a in  

m e ta l s  o r  m e ta l  su lf id es .  T h ese  m e ta l s  a r e  m o s t ly  f r o m  g ro u p s  VI B 

an d  VIII of the  p e r io d ic  tab le .  T he dual fu n c tion  c a ta ly s t s  a r e  c h a r a c 

t e r i z e d  by th e i r  e x tre m e  v e r s a t i l i t y  w ith  r e g a r d  to both  feed  s to c k s  

th a t  c an  be u s e d  and p ro d u c ts  tha t c an  be  m ade .

The m o s t  im p o r ta n t  a p p lic a t io n  of h y d ro c ra c k in g ,  e s p e c ia l ly  in  

th i s  c o u n try ,  h a s  b e e n  the c o n v e rs io n  of g a s  o i ls  in to  h igh  q u a li ty  g a s o 

l in e . A n o th e r  a p p lic a t io n  ou ts id e  of the United S ta te s  h a s  b e en  the c o n 

v e r s io n  of h igh  bo iling  d i s t i l l a te s  o r  r e s id u a  to m idd le  d i s t i l l a te s .

O th e r  u s e s  of the  h y d ro c ra c k in g  p r o c e s s  inc lude  j e t  fue l p ro d u c tio n  

f r o m  gas o i ls ,  r e s id u u m  h y d ro p ro c e s s in g ,  and  l iq u e f ied  p e t ro le u m  g as  

(L PG ) p ro d u c t io n  f r o m  low oc tane  naphtha .

4. H y d ro c ra c k in g  of Naphtha

L iquid  p e t ro le u m  gas  (LPG) is  u s e d  e x te n s iv e ly  a s  a fue l in  

m any  p a r t s  of the w o rld .  G e n e ra lly ,  th e s e  a r e a s  do not have re a d i ly  

a v a i la b le  p e t ro le u m  and  n a tu r a l  gas . The L P G  m u s t  be t r a n s p o r t e d  to  

th e se  a r e a s ,  and  u su a l ly  the c o s t  of sh ipp ing  i s  h igh  due to the  r e q u i r e d  

p r e s s u r e  v e s s e l s  and  r e f r i g e r a t io n  equ ipm en t.  In som e c a s e s ,  i t  is
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m o r e  e c o n o m ic a l  to sh ip  a  p e t r o le u m  liqu id , su c h  a s  naph tha , and  

c o n v e r t  the l iq u id  to  L P G  a t  the p o in t of u se .  H y d ro c ra c k in g  h a s  been  

show n capab le  of p ro d u c in g  h ig h  y ie ld s  of L P G  p lu s  h igh  oc tan e  p e n -  

t a n e s  and  h e x an e s  f r o m  a  low  oc tane  naph tha . F o u r  c o m 

m e r c i a l  p la n ts  u s in g  the I so m a x  p r o c e s s ,  l i c e n s e d  by  C hev ron

(58)
R e s e a r c h  and U n iv e rs a l  O il  P r o d u c t s ,  a r e  c u r r e n t ly  in  th is  s e r v ic e .

One of th e s e  p la n ts  i s  in  H aw aii ,  and  th re e  a r e  in Jap an .

5. H y d ro c ra c k in g  M e c h a n is m  S tud ies

a . G e n e ra l

The fu n c t io n s  of a  h y d ro c ra c k in g  c a ta ly s t  c o n s i s t  of i s o m e r i z a 

t ion , c ra c k in g ,  an d  h y d ro g e n a t io n .  P r e s e n t  c a ta ly s t s  fo r  h y d r o c r a c k 

ing a r e  dua l fu nc tio n  c a t a l y s t s  con ta in ing  h y d ro g en a tio n  and  a c id ic  sites.

H y d ro is o m e r iz a t io n  and o th e r  c a ta ly t ic  r e fo r m in g  r e a c t io n s  a ls o  r e -

1671q u i r e  dual func tion  c a t a l y s t s .  The in te r r e l a t io n s h ip s  b e tw e e n  the

h y d ro g e n a t io n -d e h y d ro g e n a t io n  s i t e s  and the a c id ic  s i t e s  a r e  com plex

and  a r e  the su b je c t  of m u c h  d e b a te .

A s im p li f ie d  m e c h a n s im  fo r  h y d ro c ra c k in g  can  be  b a s e d  on the

r a t h e r  e x te n s iv e  l i t e r a t u r e  of h y d r o i s o m e r iz a t io n  and c a ta ly t ic  c r a c k -

(45)ing w ith  a few  m o d if ic a t io n s .  As in  h y d ro i s o m e r iz a t io n ,  one of the 

r o l e s  of the m e ta l l ic  c o m p o n e n t  i s  to  c o n v e r t  p a ra f f in s  and  n a p h th en es  

to o lefin  i n t e r m e d ia te s .  H y d ro c ra c k in g  can  o c c u r  ev en  w hen the h y d r o 

g en a tio n  co m pon en t and  the  a c id ic  com p onen t a r e  s e p a ra te d  by m a c ro *

(67)scop ic  d is ta n c e s .  C a rb o n iu m  ions a r e  fo rm e d  and can  be a s s u m e d

to follow the m e c h a n is m  f o r  c a ta ly t ic  c ra c k in g .  The h ighly  r e a c t iv e



a c id ic  s i te s  then  c au se  r e a r r a n g e m e n t  and  d i s s o c ia t io n  of the c a rb o n iu m  

ion  w ith  the r e l e a s e  of an  olefin .

The r e a c t io n s  o c c u r r in g  on the a c id ic  s i t e s  of a  dual func tion

c a ta ly s t  have b e e n  found to  be  r a t e - l im i t i n g  in  g e n e ra l .  F o r  ex am p le ,

in  h y d ro is o m e r iz a t io n ,  i s o m e r iz a t io n  of c a rb o n iu m  ions by s k e le ta l

f361
r e a r r a n g e m e n t  h a s  b e e n  r e a s o n e d  to be the slow step . F o llow ing

the sa m e  re a so n in g ,  s te p s  lead in g  to s c i s s io n  of the c a rb o n  to  c a rb o n  

bond have been  su g g e s te d  a s  the slow  s tep  in h y d ro c ra c k in g .^  ^  Yet no 

s im p le  r e la t io n s h ip  e x is ts  b e tw een  h y d ro c ra c k in g  a c t iv i ty  and the n u m -

r <3 8 >b e r  of a c id ic  s i te s .

If a c id i ty  is  the m o s t  im p o r ta n t  c o r r e l a t in g  v a r ia b le ,  a c id i ty  

m e a s u r e m e n ts  on unaged  c a ta ly s t s  m u s t  inc lude  m any  ac id ic  s i t e s  th a t  

a r e  ac t iv e  only v e ry  b r ie f ly  and  have no r e la t io n  to the " l in e d -o u t"  c a t a 

ly s t  a c t iv i ty .  T h e re fo re  i t  h a s  b e en  p o s tu la te d  tha t only the a c id ic  s i te s  

c lo se  to m e ta l  s i te s  a r e  k e p t  f r e e  f ro m  coke and  a c t iv e .  T hen  the

e q u il ib r iu m  c a ta ly s t  a c t iv i ty  should  be r e la te d  to the n u m b er  of a c id ic  

s i t e s  th a t  c an  be kep t f r e e  f r o m  coke by the m e ta l  c r y s t a l l i t e s .

An in te r e s t in g  f e a tu r e  of h y d ro c ra c k in g  is th a t  lo w e r  m o le c u la r  

w e igh t h y d ro c a rb o n s  p ro d u ce d  d u rin g  the r e a c t io n  a r e  not in t h e r m o 

dyn am ic  e q u il ib r iu m . T h u s ,  i t  i s  p o ss ib le  to ob ta in  bu tane  and pentane  

f r a c t io n s  con ta in ing  s e v e r a l  t im e s  the p ro p o r t io n  of b ra n c h e d  i s o m e r s  

th a t  e q u i l ib r iu m  would p re d ic t .  F l in n  and  c o -w o r k e r s  a d eq u a te ly  e x 

p la in ed  the h igh  b ra n c h e d  i s o m e r  f r a c t io n s  by  a rap id  i s o m e r iz a t io n
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r e a c t io n ,  then  c ra c k in g ,  w ith  l i t t le  r e a d s o r p t io n  of the c r a c k e d  p r o -  

(23)
d u c ts .  T hey  i l lu s t r a te d  th is  th e o ry  by h y d ro c ra c k in g  n -h e x a d e c a n e ,

n -o c ta n e ,  d e c a l in  (d ecah y d ro n a p h th a len e ) ,  t e t r a l i n  ( te t ra h y  d r  © naphtha

len e ) ,  an d  n -b u ty lb e n ze n e  o v e r  a su lf ided  n ick e l  on s i l ic a - a lu m in a  

c a ta ly s t .

b. H y d ro c ra c k in g  P a r a f f in s  and  O lefins

(19)C o o n ra d t  and G arw ood p ro p o s e d  a m o r e  c o m p l ic a te d  m e c h a 

n i s m  fo r  h y d ro c ra c k in g  p a ra f f in s .  T h is  m e c h a n is m  invo lv es  the f o r m a 

tion  of an  o lefin  a t  the  m e ta l  (d eh y d ro gena tio n )  s i te ,  the f o r m a t io n  of a  

c a rb o n iu m  ion a t  the  a c id ic  s i te ,  and  then  e i th e r  i s o m e r iz a t io n  of the 

c a rb o n iu m  ion  by sk e le ta l  r e a r r a n g e m e n t  o r  h y d ro c ra c k in g  of the c a r 

bo n iu m  ion to a s m a l l e r  ion p lus  an  olefin . The s m a l l e r  c a rb o n iu m  ion 

could  th en  i s o m e r i z e  and  be c o n v e r te d  to  an  o le f in  and  then  a  p a ra f f in ,  

o r  i t  cou ld  h y d ro c ra c k .  The o le f in  p ro d u c e d  by  the  o r ig in a l  h y d r o c r a c k 

ing r e a c t io n  cou ld  e i th e r  be h y d ro g en a ted  to a p a ra f f in  a t  the m e ta l  s i te  

o r  c o n v e r te d  to a n o th e r  c a rb o n iu m  ion a t  the a c id ic  s i te .  T h is  new  ion 

w ould  be  a v a i la b le  fo r  f u r t h e r  r e a c t io n .  I t  w as  su g g e s te d  th a t  the  r e l a 

tive  h y d ro g en a tio n ,  i s o m e r iz a t io n ,  and  c ra c k in g  a c t iv i t ie s  and  the r e l a 

tive  a d s o rp t io n  of the i n te r m e d ia te s  c o n tro l  the  types  of p ro d u c ts  

p ro d u c e d  f r o m  h y d ro c ra c k in g .  The ty p es  of p ro d u c ts  can  be changed  

d r a s t i c a l ly  by a l t e r in g  the r e la t io n s h ip s  of the  h y d ro g en a tio n  and a c id ic  

fu n c t io n s .

(47)M y e rs  and  M unns r e p o r te d  th a t  p la t in u m  on s i l i c a - a lu m in a  

c a ta ly s t s  w e re  m o re  a c t iv e  th an  p la t in u m  on a lu m in a  c a ta ly s t s  fo r
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h y d ro c ra c k in g  p e n ta n e s ,  h e x a n e s ,  and  h e p ta n e s .  T hey found th a t  

n ic k e l  on SiO^ o r  S iO ^-A l^O ^ p ro d u c e d  v e r y  h igh  m e th an e  c o n c e n t r a 

t io n s  in  the h y d ro c ra c k e d  p ro d u c t.  In h y d ro c ra c k in g  p e n ta n e s  and 

h e x a n e s  they  found th a t  the r e la t iv e  f re q u e n c y  of c a r b o n - to - c a r b o n  bond 

c le a v a g e  w as  ab o u t  the sa m e  fo r  a l l  c a r b o n  p o s i t io n s  in the m o le cu le  

w ith  p la t in u m  c a ta ly s t s .  T he  c e n te r  bonds w e r e  b ro k e n  p r e f e r e n t i a l ly

in  hep tane  h y d ro c ra c k in g  w ith  p la t in u m  on S iO ^-A l^O ^, p ro d u c in g  p r o -

1671pane  and b u ta n e s .  L a t e r  W eisz  a t t r ib u te d  in d is c r im in a te  bond 

c le a v a g e  to r e a c t io n  a t  the m e ta l  s i t e s  a lo n e  and  te r m e d  th is  " h y d ro -  

g e n o ly s is "  a s  opposed  to  a dual func tio n  " h y d ro c ra c k in g "  w h ich  p r e f e r 

e n t ia l ly  p ro d u c e s  f r a g m e n ts  of th r e e  o r  fo u r  c a rb o n  a to m s .

A rc h ib a ld  and c o -w o rk e rs ^  ^  ̂ in v e s t ig a te d  h y d ro c ra c k in g  of

to  C . ,  p a ra f f in s  and o le fin s  w ith  tu n g s te n  d isu lf id e  on HF t r e a te d  1 o

" F i l t r o l "  c lay  and  tu n g s te n  d isu lf ide  on s i l ic a - a lu m in a .  T hey  r e p o r t e d  

th a t  the  m e c h a n is m  fo r  h y d ro c ra c k in g  p a ra f f in s  w a s  s im i la r  to c a ta ly t ic  

c ra c k in g  and th a t  the follow ing r u le s  app ly  fo r  h y d ro c ra c k in g :

1. The n o r m a l  p a ra f f in  r e a c t s  to  f o r m  a se c o n d a ry  

c a rb o n iu m  ion a t  any s e c o n d a ry  c a rb o n  a to m  in  

the  m o le cu le .

2. C ra c k in g  o c c u r s  a t  a c a r b o n - c a r b o n  bond in  a 

p o s i t io n  once re m o v e d  f r o m  (beta  posit io n )  the 

c a rb o n iu m  ion c a rb o n  a to m  and  y ie ld s  an  o lefin  

and  a s m a l l e r  s e c o n d a ry  o r  t e r t i a r y  c a rb o n iu m  

ion.
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3. When m o r e  th an  one b e ta  bond is a v a i la b le ,  

th e s e  a l t e r n a t e  b onds c r a c k  w ith  equa l p r o b a 

b i l i ty  p ro v id e d  th a t  the r e s u l t in g  o le f in  is

o r  l a r g e r  and  the a c c o m p a n y in g  c a rb o n iu m  ion 

i s  o r  l a r g e r .

4. C a rb o n iu m  io n s  f r o m  the in ita l  s te p  c r a c k  

f u r t h e r  u n t i l  r e d u c e d  in  s iz e  to o r  s m a l l e r  

f r a g m e n ts .

5. One h a lf  of the  o le f in s  a r e  a s s u m e d  to fo r m

s e c o n d a ry  o r  t e r t i a r y  c a rb o n iu m  ions and

c r a c k  f u r t h e r  u n t i l  r e d u c e d  to o r  s m a l l e r .
128)

H artw ig  in v e s t ig a te d  the i s o m e r iz a t io n  an d  h y d ro c ra c k in g  of

n -h e x a n e  o v e r  p a l la d iu m  on m e ta l  oxide su p p o r ts .  His da ta  in d ic a te d

a n  a p p a re n t  a c t iv a t io n  e n e rg y  of ab o u t  60 k c a l /g m o le  fo r  h y d ro c ra c k in g

( 27)n -h ex a n e .  G u e n th e r  in v e s t ig a te d  h y d ro c ra c k in g  of h ig h e r  m o le c u la r

w e igh t p a ra f f in s  o v e r  a tu n g s te n  d isu lf id e  c a ta ly s t .  He r e p o r te d  th a t

h is  data  f i t  a  f i r s t  o r d e r  r e a c t io n  r a te  m o de l and  th a t  the a c t iv a t io n

( 53)e n e rg y  w as  ab o u t  64 k c a l /g m o le .  P o l l i t z e r  and  c o - w o r k e r s

r e p o r t e d  th a t  in  h y d r o c r a c k in g  n -h e p ta n e  w ith  the c o m m e r c i a l  Iso m a x

c a ta ly s t  ove r  85 m o le  % of the c ra c k e d  p ro d u c t  w a s  p ro p a n e  and b u tan es ,

in d ic a t in g  the c a rb o n iu m  ion m e c h a n is m . T h e re  w as  no t enough and

C_ to acc o u n t  fo r  the  C_ and  C , p ro d u c ts .  T h is  in d ic a te s  the fo rm a t io n  2 5 o

of a n  in te r m e d ia te  by a  c o m b in a t io n  of two f r a g m e n ts  an d  su b se q u e n t  

h y d ro c ra c k in g  of th is  in te r m e d ia te .



(  2*?)H enke a n d  c o - w o r k e r s  a l s o  found in  h y d r o c r a c k in g  n -h e x a n e  

th a t  the  m o la r  r a t i o s  of C ^ / C j  an d  ° f  the  p ro d u c t  w e re  g r e a t e r

th a n  un ity  a n d  th a t  p ro p a n e  w a s  the  p r e d o m in a n t  p ro d u c t .  T hey  s u g 

g e s te d  th a t  a  c a r b o n iu m  io n  r e a c t in g  w ith  a  o le f in  to  f o r m  a 

c a r b o n iu m  ion , w h ic h  s u b s e q u e n t ly  i s  h y d ro c r a c k e d ,  w ou ld  e x p la in  

th e s e  m o la r  r a t i o s .  T hey  a l s o  found  th a t  n -p e n ta n e  an d  iso p e n ta n e  

h y d r o c r a c k e d  a t  the  s a m e  r a t e .

( 31)H u tc h in s  in v e s t ig a te d  the  h y d r o c ra c k in g  of p e n ta n e  o v e r  a 

p la t in u m  on a lu m in a  c a t a ly s t .  He found th a t:

1. I so p e n ta n e  h y d r o c r a c k s  f a s t e r  th an  n -p e n ta n e .

2. T he h y d r o c r a c k in g  r a t e  i s  m a x im iz e d  a t  100- 

250 p s ia .

3. T he  h y d r o c r a c k in g  r a t e  d e c r e a s e s  a s  h y d ro g e n  

p a r t i a l  p r e s s u r e  i n c r e a s e s .

4. T he  h y d r o c r a c k in g  r a t e  v a r i e s  w ith  pen tan e  

p a r t i a l  p r e s s u r e  r a i s e d  to a  p o w e r  g r e a t e r  

th a n  one.

5. T he h y d r o c r a c k in g  r a t e  i s  v e ry  t e m p e r a t u r e  

s e n s i t iv e ,  i n c r e a s in g  a b o u t  te n - fo ld  f r o m  

70 0 °  to  8 0 0 °F .

6. T he  h y d r o c r a c k in g  of p e n ta n e s  da ta  f i t  a  m o d e l  

w h ic h  a s s u m e s  th e  c o n tro l l in g  s te p  to be a  c o l l i 

s io n  of a  g a s - p h a s e  p en tan e  m o le c u le  w ith  an  

o le f in  a d s o r b e d  a d ja c e n t  to  two v a c a n t  s i t e s .



Sinfelt and  R o h r e r ^ * ^  found th a t  som e is o p a ra f f in s  h y d ro c ra c k

m o r e  re a d i ly  than  n - p a ra f f in s  ov e r  a p la t in u m  on a lu m in a  c a ta ly s t .

F o r  e x am p le ,  2, 2, 4 t r im e th y lp e n ta n e  h y d ro c ra c k e d  s ix  t im e s  f a s t e r

th an  n -o c ta n e .  Z h an g ^ * ^  found th a t  h igh h y d ro g en  p a r t i a l  p r e s s u r e s

w e re  b e n e f ic ia l  to h y d ro c ra c k in g  n o rm a l  p a ra f f in s  o v e r  n ick e l

su lfide  on s i l i c a - a lu m in a ,  bu t  a d v e r s e  over  tu n g s ten  s u l f id e -n ic k e l  s u l -

( 3 7 )
fide  on a lu m in a .  L an g lo is  and  c o - w o r k e r s  found th a t  su lfid ing  a  

n ic k e l  on s i l i c a - a lu m in a  c a ta ly s t  p ro d u c e d  the fo llow ing  in  h y d r o c r a c k 

ing n -d e c a n e :

1. The o v e ra l l  r a t e  of r e a c t io n  in c r e a s e d  g r e a t ly  

o v e r  th a t  of the u n su lf id ed  c a ta ly s t .

2. The p re d o m in a n t  r e a c t io n  changed f r o m  i s o m e r i 

z a t io n  to  c ra c k in g .

3. H y d ro c ra c k e d  p ro d u c ts  w e re  C ^-C ^  i s o p a ra f f in s  

in s te a d  of n o rm a l  p a ra f f in s .

4. The p ro d u c t  f r o m  i s o m e r iz a t io n  is  m o re  highly  

b ra n c h e d .

T h e i r  ex p lan a tio n  of th is  d i f fe re n c e  in  c a ta ly s t  p e r fo rm a n c e  w as  th a t  

so m e  of the n ick e l  fo rm e d  s a l t s  w ith  the s i l i c a - a lu m in a  and  thus  n e u t r a 

l iz e d  som e of the a c id ic  s i te s .  Upon su lfid ing ; the  H^S com b ined  w ith  

the n ick e l  f r o m  the n ick e l  s i l ic a - a lu m in a  s a l t s  and r e g e n e r a te d  the 

o r ig in a l  s t ro n g  a c id ic  s i t e s  of the s i l ic a -a lu m in a .
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c. H y d ro c ra c k in g  of N aph thenes

The g e n e ra l ly  a c c e p te d  m e c h a n i s m  fo r  naph thene  h y d ro c ra c k in g

is  s im i l a r  to th a t  of p a ra f f in s .  F i r s t ,  a  cy c l ic  o lefin  is  fo rm e d .  T hen

the o le fin  i s  c o n v e r te d  to  a  c a rb o n iu m  ion. T he c a rb o n iu m  ion  can  be

(2 1 )i s o m e r i z e d  o r  c ra c k e d .  E g a n  and  c o - w o r k e r s  found in h y d r o c r a c k - 

ing ^  a lk y lc y c lo h e x a n e s  o v e r  a  n ic k e l  su lf id e -o n  s i l i c a - a lu m in a

c a ta ly s t  th a t  the b ra n c h e d  c h a in s  w e re  s e le c t iv e ly  " p a r e d " .  The p r in c i 

p a l  h y d ro c ra c k e d  p ro d u c t  w a s  iso b u tan e .  The cy c lo a lk an e  r in g  w as  

u n e x p e c te d ly  s ta b le .  E g a n  and  c o - w o r k e r s  su g g e s te d  th a t  the c a r b o n - 

to - c a r b o n  bonds in  the r in g  m ig h t  c r a c k  abou t a s  r e a d i ly  a s  the  side  

c h a in s ,  but th a t  in  c ra c k in g  the r in g ,  the  p ro b a b i l i ty  of r e c y c l iz a t io n  is  

p a r t i c u l a r ly  h igh. T h is  i s  b e c a u s e  the  a lk en e  double bond is  h e ld  in  the 

im m e d ia te  v ic in i ty  of the  r e a c t iv e  c a t io n ic  c e n te r  by  the  c a r b o n  chain . 

T h e r e fo r e ,  the  n e t  lo s s  of r in g  s t r u c t u r e s  would be s m a l l ,  and  the

e s s e n t ia l ly  i r r e v e r s i b l e  s id e  c h a in  c le a v a g e  would p re d o m in a te ,

(33)K a l ib e rd o  and  K a le c h i t s  in v e s t ig a te d  cyc loh ex an e  h y d r o c r a c k 

ing o v e r  a tu n g s te n  d isu lf id e  on c la y  c a ta ly s t .  T hey  p ro p o s e d  a m e c h a 

n i s m  w hich  involved  i s o m e r i z a t io n  to  m e th y lcy c lo p e n ta n e  fo llow ed  by

se le c t iv e  r in g  opening to  2 -m e th y lp e n ta n e .

(32)
I i j im a  and c o - w o r k e r s  found th a t  h y d ro c ra c k in g  cy c lo h ex an e

o v e r  a  p la t in u m  on a lu m in a  c a t a ly s t  w a s  a  f i r s t  o r d e r  r e a c t io n  w ith  an

(17)a c t iv a t io n  e n e rg y  of 3 0 -35  k c a l /g m o le .  Chang and K a le c h i ts  a l s o  

found th a t  cyc lo hexane  h y d ro c ra c k in g  w ith  a p la t in u m  c a ta ly s t  w a s  f i r s t  

o r d e r .
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d. H y d ro c ra c k in g  w ith  Z eo lite  C a ta ly s ts

(18)
C le m e n t  and  c o - w o r k e r s  in v e s t ig a te d  the r e a c t io n s  of c y c lo 

h e x an e  and b e n ze n e  ov er  s e v e r a l  f o r m s  of type X sy n th e tic  z e o l i te .  

T h e s e  in c lu d ed  N a-X , C a -X , M g-X , C e -X . It w a s  concluded  th a t  the 

m o r e  a c id ic  c a ta ly s t  w as  m o re  r e a c t iv e  fo r  h y d ro c ra c k in g  and  th a t  

h y d ro c ra c k in g  fo llow ed  a c a rb o n iu m  ion  m e c h a n is m .  P ro p a n e  and

b u ta n e s  w e re  the m a jo r  co m p o n e n ts  of the  h y d ro c ra c k e d  p ro d u c t .

( 10)
B e e c h e r  and  c o - w o r k e r s  s tu d ied  the h y d ro c ra c k in g  of d ecan e

and  d e ca h y d ro n a p h th a len e  (decalin )  o v e r  two ty p e s  of sy n th e tic  m o r d e 

n i te  c a ta ly s t s .  One c a ta ly s t  w as  p a l la d iu m  on H -m o rd e n i te ,  and  the 

o th e r  w as  p a l la d iu m  on a lu m in a  d e f ic ie n t  H -m o rd e n i te .  Some of the 

a lu m in a  had  b e e n  ac id  e x t r a c te d  f ro m  the m o rd e n i te  c r y s t a l  s t r u c tu r e  

in  the  seco nd  c a ta ly s t .  The a p p a r e n t  a c t iv a t io n  e n e rg y  fo r  d ecane  

h y d ro c ra c k in g  w as  33 k c a l /g m o le  fo r  the P d - H - m o r d e n i t e  c a ta ly s t  and 

44 k c a l /g m o le  f o r  the P d -a lu m in a  d e f ic ie n t -H -m o rd e n i te .  T h e se  c a t a 

ly s t s  m ay  have  so m e  d iffu s iona l l im i ta t io n s  a s  ev id en ced  by the 33-44

k c a l /g m o le  a c t iv a t io n  e n e rg ie s .  Data f r o m  a tu n g s te n  d isu lf id e  c a t a -

(27)l y s t  in d ic a te d  an  a c t iv a t io n  e n e rg y  of 64 k c a l /g m o le .  B e e c h e r  e t  a l.

found th a t  d e c a l in  h y d ro c ra c k in g  had  an  a p p a r e n t  a c t iv a t io n  e n e rg y  of 

25 k c a l /g m o le  w ith  bo th  c a ta ly s t s .  They a l s o  found th a t  d e c a l in  had  a 

lo w e r  r e a c t io n  r a t e  than  decane  w hen  h y d ro c ra c k e d  in  p u re  com pound 

s tu d ie s ,  b u t  th a t  d e ca lin  w a s  p r e f e r e n t i a l ly  c o n v e r te d  in a d e c a n e - 

d e c a l in  m ix tu re .
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O sipov  and  K h a v k i n ^ ^  in v e s t ig a te d  h y d ro c ra c k in g  o v e r  a n ick e l  

im p re g n a te d  z eo l i te  c a ta ly s t .  T h e i r  da ta  in d ic a te d  a f i r s t  o r d e r  r e a c 

tion.

C. P r o d u c t s  F r o m  Hexane H y d ro c rac k in g

I, Hexane I s o m e r s

T he c a t a ly s t s  u s e d  in  th is  r e s e a r c h  have  been  found to  be e x c e l -

( 9 16 54)
le n t  i s o m e r iz a t io n  c a ta ly s t s .  ' * T h e r e fo r e ,  a l l  f ive  hexane

i s o m e r s  w e r e  e x p e c te d  to  be  in  the  p ro d u c t  f r o m  e x p e r im e n ta l  ru n s  on

n -h e x a n e  h y d ro c ra c k in g .  T h ese  p a ra f f in s  a r e  n -h e x a n e  (n -C ^), 3-

m e th y lp en tan e  (3 -M P ),  2 -m e th y lp e n ta n e  (2 -M P ),  2, 3 -d im e th y lb u tan e

(2, 3-D M B ), and  2, 2 -d im e th y lb u ta n e  (2, 2-DM B). S e v e ra l  i n v e s t ig a to r s

(13*have  s tu d ied  the e q u i l ib r iu m  c o n c e n tra t io n s  of the hexane  i s o m e r s .  ’

22* 54* 55* 56* 57) >phese s tu d ie s  a r e  i l l u s t r a te d  in F ig u r e s  4 -8  (p ag es  

30-34). B eech er^  ^  ̂ u s e d  the data  f ro m  R idgw ay and S c h o e n ^ ^  a s  the 

s ta n d a rd  in h is  study  of hexane  i s o m e r iz a t io n  o v e r  a m o rd e n i te  c a ta ly s t ,  

and  th e s e  da ta  a ls o  w ill  be  u s e d  a s  the s ta n d a rd  in  th is  study.

2. H y d ro c ra c k e d  P r o d u c ts

T he h y d ro c ra c k e d  p ro d u c ts  f r o m  hexane  h y d ro c ra c k in g  should  

be  m o s t ly  p a ra f f in s  w ith  a  m o le c u la r  w e igh t lo w e r  than  hexane . T h ese  

p ro d u c ts  would inc lud e  m e th a n e ,  e th a n e ,  p ro p a n e ,  n -b u ta n e ,  iso b u ta n e ,  

n -p e n ta n e ,  and  iso p e n ta n e .  N eopentane  (2, 2 d im e th y lp ro p a n e )  i s  no t 

n a tu r a l ly  o c c u r r in g  and is  no t ex p ec te d  in the h y d ro c ra c k e d  p ro d u c ts .  

E q u i l ib r iu m  c o n c e n tra t io n s  c a lc u la te d  f r o m  f r e e  e n e rg y  d a t a ^ ^  in d ic a te
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th a t  e s s e n t i a l l y  c o m p le t e  c o n v e r s i o n  of h e x a n e  to  l ig h t e r  p a r a f f in s  i s  

th e r m o d y n a m ic a l ly  p o s s ib l e .  T h e r m o d y n a m ic  e q u i l i b r iu m  c a lc u la t io n s  

a l s o  show  t h a t  low  m o l e c u l a r  w e ig h t  o le f in s  m ig h t  be  f o r m e d  in  v e r y  

s m a l l  c o n c e n t r a t i o n s  (<0. 1 %).

3. B e n z e n e

C a lc u la t io n s  of the  e q u i l i b r iu m  c o n c e n t r a t i o n s  of b e n z e n e  

f o r m e d  by d e h y d r o c y c l i z a t io n  of n - h e x a n e  show  th a t  v e r y  l i t t l e  b e n z e n e  

w ou ld  be  t h e r m o d y n a m ic a l ly  f e a s i b l e  a t  the  o p e ra t in g  c o n d i t io n s  u s e d  in

th i s  s tudy.

D. P r o d u c t s  F r o m  C y c lo h e x a n e  H y d ro c r a c k in g

1. I s o m e r i z a t i o n

I s o m e r i z a t i o n  of th e  c y c lo h e x a n e  to  m e th y lc y c lo p e n ta n e  c a n  b e  

e x p e c te d  in  t h i s  r e s e a r c h .  T he  e q u i l i b r iu m  c o n c e n t r a t i o n s  of c y c l o 

h e x a n e  and  m e th y lc y c lo p e n ta n e  c a l c u l a t e d  f r o m  f r e e  e n e r g y  d a ta  a r e  

p r e s e n t e d  in  F i g u r e  9 (p ag e  36).

2. H y d r o c r a c k e d  P r o d u c t s

A s in  n - h e x a n e  h y d r o c r a c k in g ,  lo w e r  m o le c u l a r  w e ig h t  p a r a f f in s  

a r e  p ro d u c e d  in  c y c lo h e x a n e  h y d r o c r a c k in g .  A lso  r i n g  o p en in g  of the  

c y c lo h e x a n e  a n d  m e th y lc y c lo p e n ta n e  c a n  p ro d u c e  h ex an e  i s o m e r s .

3. B e n z e n e

T h e  p r o d u c t io n  of s e v e r a l  p e r c e n t  b e n z e n e  w ould  be  t h e r m o 

d y n a m ic a l ly  f e a s i b l e  a t  the  o p e r a t in g  c o n d i t io n s  u s e d  in  th i s  s tu d y  of
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c y c lo h e x a n e  h y d ro c ra c k in g .  H o w ever ,  no a p p re c ia b le  b e n z e n e  c o n 

c e n t r a t i o n s  w e r e  found.

E. C o n c lu s io n s  f r o m  the  L i t e r a t u r e  S u rv ey

S e v e ra l  c o n c lu s io n s  p e r t in e n t  to  th is  w o rk  can  b e  d ra w n  f r o m

the  l i t e r a t u r e  rev ie w . F i r s t ,  s e v e r a l  z e o l i te  c a t a ly s t s  a r e  v e r y  a c t iv e

f o r  i s o m e r i z a t io n  of p a ra f f in s .  P d - H - m o r d e n i t e  h a s  b e e n  show n to be

m o r e  a c t iv e  th an  P d - H - f a u ja s i t e  in  the i s o m e r i z a t io n  of n -p e n ta n e  and

n -h e x a n e .  B o th  m o rd e n i te  and  f a u ja s i t e  a r e  a c t iv e  fo r  h y d ro c ra c k in g

( 7 3 ,8 8 ,9 0 - 9 6 ,
p r a c t i c a l  fe e d  s to c k s  a s  e v id e n c e d  in  the p a te n t  l i t e r a t u r e .

102, 103)

The r e a c t io n s  a t  the a c id ic  s i te  of dua l fu n c t io n  c a t a l y s t s  

a p p e a r s  to be  the c o n tro l l in g  s te p  in  b o th  h y d ro c ra c k in g  and  h y d r o i s o 

m e r i z a t io n .  In h y d ro c ra c k in g ,  th e  a c tu a l  s c i s s i o n  r e a c t io n  on the 

a c id ic  s i te  i s  the  r a t e - c o n t r o l l i n g  s te p .  T he  h y d ro c ra c k in g  r e a c t i o n  is  

f i r s t  o r d e r  w ith  r e s p e c t  to  the h y d ro c a rb o n  fo r  s e v e r a l  r e a c t a n t s .  

A c t iv a t io n  e n e r g i e s  fo r  h y d ro c ra c k in g  n -h e x a n e  and  c y c lo h ex an e  o v e r  

nob le  m e ta l  on a lu m in a  c a t a ly s t s  have  b e e n  found to  be ab o u t 60 and  BO- 

35 k c a l /g m o le  r e s p e c t iv e ly .  In h y d ro c ra c k in g  d ecane  o v e r  P d - H -  

m o r d e n i te  the a c t iv a t io n  e n e rg y  w a s  lo w e r  th an  th a t  found fo r  o th e r  

c a t a l y s t s .  T h is  in d ic a te s  p o s s ib le  d if fu s io n a l  l im i ta t io n s  in  the m o r d e 

n i te  p o r e s  fo r  d ecan e .



C H A PT E R  HI

E X P E R IM E N T A L  EQ U IPM EN T AND PR O CED U RE

A. G e n e ra l

The e q u ip m e n t  u se d  in th is  study  w a s  o r ig in a l ly  o b ta ined  f ro m  

E s s o  R e s e a r c h  L a b o r a to r i e s  fo r  a  r e s e a r c h  p r o je c t  sp o n s o re d  by E s s o  

R e s e a r c h  and E n g in e e r in g  Com pany. B ry a n t ,  the o r ig in a l  m e m b e r  of 

the r e s e a r c h  p r o je c t ,  c a r r i e d  out the p lan s  and  d es ig n  of th is  equ ipm ent. 

M o d if ica tio ns  to the s y s te m  w e re  c a r r i e d  out by the a u th o r .  The e q u ip 

m e n t  is  lo c a te d  in the P e t r o le u m  P r o c e s s in g  L a b o ra to ry  of the  C h e m i

c a l  E n g in e e r in g  D e p a r tm e n t  a t  L o u is ian a  S ta te  U n iv e rs i ty .

B. E q u ip m en t

1. R e a c to r  S y s tem

a. F low  P la n

A s im p li f ie d  flow p lan  of the liqu id  fee d  sy s te m , g as  feed  sy s te m , 

r e a c t o r  s y s te m ,  and the p ro d u c t  r e c o v e r y  eq u ip m en t a p p e a r s  in  F ig u re  

10 (page 39). The r e a c t o r  s y s te m  includ ing  the p ro d u c t  r e c o v e r y  e q u ip 

m e n t  w as  lo c a te d  in s id e  a w a lk - in  hood, the  l iqu id  feed  s y s te m  w as 

lo c a te d  b e s id e  the  hood, and  the gas  feed  s y s te m  w as lo c a te d  p a r t ly  o u t 

s ide  the bu ild ing  and p a r t ly  in the hood.

b. R e a c to r

A sk e tc h  of the r e a c to r  is  show n in  F ig u r e  11 (page 40). The 

r e a c t o r  i t s e l f  w as  m ade  of 1 /2"  sch ed u le  80 Inconel pipe and  he ld  up to
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ab o u t  50 cc of c a ta ly s t .  P o r o u s  m e ta l  f r i t s  w e re  p lac ed  above and  

below  the c a ta ly s t  bed . A m e a n s  of e a s i ly  c h a rg in g  and d is c h a rg in g  

the  c a ta ly s t  w a s  p ro v id e d  by  a  t e m p e r a tu r e - c o m p e n s a t in g  coupling . A 

s t e e l  O - r in g  p ro v id ed  a  p r e s  s u r e - t i g h t  s e a l  in  the coupling.

An i ro n - c o n s ta n ta n  th e rm o c o u p le  in s id e  the c a ta ly s t  bed  

m e a s u r e d  the c a ta ly s t  t e m p e r a t u r e .  The 1 /1 6 "  d ia m e te r  t h e r m o 

couple  p a s s e d  th ro u g h  the  r e a c t o r  w a ll  th ro u g h  a Conax f i t t in g  and  1 /4 "  

in to  the c a ta ly s t  bed. In o r d e r  to  c o n tro l  the r e a c to r  t e m p e r a tu r e  a s  

c lo s e ly  a s  p o s s ib le ,  the  r e a c t o r  w a s  p la c e d  in  a  f lu id ized  bed . T h is  bed  

c o n s i s te d  of s i l i c a - a lu m in a  p a r t i c l e s  f lu id ize d  by a  con tinuous s t r e a m  

of a i r .  E l e c t r i c a l  s t r i p  h e a t e r s ,  f ive  k i lo w a t ts  on m an u a l  c o n tro l  and 

two k i lo w a tts  on a u to m a t ic  c o n t r o l ,  h e a te d  the f lu id ized  bed . The 

h e a t e r s  w e re  on the o u ts id e  w a l l s  of the f lu id ize d  bed  v e s s e l  b e n e a th  

two in ch es  of in su la t io n .  T he  m an u a lly  c o n tro l le d  h e a t e r s  w e re  

a d ju s te d  by a r h e o s t a t  to  p ro v id e  m o s t  of the r e q u i r e d  h e a t .  The a u t o 

m a t ic a l ly  c o n tro l le d  h e a t e r s  w e r e  c o n tro l le d  by a W est t e m p e r a t u r e - 

i n d ic a to r - c o n t r o l l e r .  The W e s t  i n s t r u m e n t  u se d  an  i ro n - c o n s ta n ta n  

th e rm o c o u p le  i m m e r s e d  in  the  f lu id iz e d  bed . The c a ta ly s t  bed  t e m p e r a 

tu r e  data  w e re  tak e n  by  a  L e e d s  an d  N o r th ru p  t e m p e r a tu r e  in d ic a to r .

The gas and liq u id  f e e d s  w e re  m ix e d  in  a  tee  p r i o r  to e n te r in g  

the h e a ted  zone. The fe e d  l in e  co n ta in in g  the liqu id  and  g a s  f e e d s  m ade  

s e v e r a l  tu rn s  a ro u n d  the r e a c t o r  and  then  e n te re d  in to  the top of the 

r e a c to r .  T h e se  tu r n s  w e r e  m a d e  to in s u re  th a t  the to ta l  feed  would be 

v a p o r iz e d  and w ould e n te r  the  r e a c t o r  a t  the d e s i r e d  t e m p e r a tu r e .
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c. P r o d u c t  R e c o v e ry

The r e a c t o r  p ro d u c ts  p a s s e d  th ro u g h  a  G rove " M ity -M ite "  u p 

s t r e a m  p r e s s u r e  r e g u la to r  w h ich  m a in ta in e d  the r e a c t o r  p r e s s u r e  a t  

the d e s i r e d  le v e l .  An ice~ w ate r  b a th  w as a v a i la b le  to con dense  so m e  of 

the h e a v ie r  h y d ro c a rb o n  c o m p o n e n ts  w hen  the dew poin t of the r e a c to r  

p ro d u c ts  h appened  to be above  ro o m  t e m p e r a tu r e .  T h is  l iqu id  p ro d u c t  

r e c o v e r y  w as  not n e c e s s a r y  in  m a n y  of the e x p e r im e n ta l  ru n s .  The gas 

p h ase  p ro d u c t  p a s s e d  th ro u g h  a  w a te r  s a tu r a to r  and  a w e t - t e s t  m e te r .

d. C o n tac tin g  in  R e a c to r

(16)
B ry a n t  m ade  a  d e ta i le d  study  of contacting in a  r e a c t o r  s i m i 

l a r  to the one u s e d  in th is  s tudy . B r y a n t 's  r e s u l t s  show ed th a t  a t  u su a l  

o p e ra t in g  co nd it ion s  the flow w a s  e s s e n t ia l ly  plug flow an d  th a t  

B i s c h o f f ' s ^ ^  m eth o d  could  p r e d i c t  P e c le t  n u m b e rs  fo r  the  sy s te m . 

P a r t i c l e  R eyno lds  n u m b e r s  f o r  th i s  study  ran g ed  f r o m  abou t 2 to  10, 

and  p re d ic te d  P e c le t  n u m b e r s  ra n g e d  f r o m  abou t 50 to ab o u t  80.

2. L iqu id  F e e d  S y s te m

The liqu id  feed  s y s te m  c o n s i s t e d  of a  250 cc g la s s  b u r e t  and  a 

p r e c i s io n ,  h igh p r e s s u r e  R u sk a  pum p. L iqu id  w as  fo rc e d  f r o m  the 250 

cc  pum p c y l in d e r  by a  p is to n  d r iv e n  by  a  sy n ch ro n o u s  m o to r  and  a n  a d 

ju s ta b le  g e a r  sy s te m . F low  r a t e s  w e r e  a d ju s te d  m an u a lly  by in s ta l l in g  

the a p p ro p r ia te  re d u c t io n  g e a r s .

3. Gas F e e d  S y s tem

The gas  fee d  s y s te m  c o n s i s t e d  of s e p a ra te  n i t ro g e n  and hydrogen  

feed  equ ipm en t.  N i t ro g e n  an d  h y d ro g e n  c y l in d e r s  w e re  bo th  lo ca te d
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o u ts id e  the bu ild ing . T he n i t ro g e n ,  u s e d  fo r  p u rg in g  the s y s te m ,  w en t  

in s id e  the hood to  a d r i e r ,  p r e s s u r e  r e g u la to r ,  r o t a m e t e r ,  and  then  to 

the  r e a c t o r  in le t .  T he  h y d ro g e n ,  one of the r e a c ta n t s ,  w en t in  a  s e p a 

r a t e  l ine  to the hood, to  a d r i e r ,  p r e s s u r e  r e g u la to r ,  i n te g r a l  o r i f ic e  

d P  c e l l  fo r  m e a s u r e m e n t ,  a  n e e d le  va lve  f o r  c o n tro l ,  p a s t  a  p r e s s u r e  

gage , s a fe ty  v a lv e , a n d  to  th e  r e a c t o r  in le t .

4. L ayou t

The lay ou t of the  r e a c t o r  s y s te m  and  the p ro d u c t  r e c o v e r y  equip

m e n t  i s  show n in  F i g u r e  12 (page 44). A s m e n t io n e d  p re v io u s ly ,  the 

r e a c t o r  and p ro d u c t  r e c o v e r y  s y s te m s  w e re  lo c a te d  in  a  w a lk - in  hood, 

in s id e  the hood the e n t i r e  s y s te m  w a s  m oun ted  on a th r e e  f e e t  by th re e  

f e e t  by s ix  f e e t  h igh  s t e e l  f r a m e .  A 3000 c fm  e x h a u s t  fan  and  s l id ing  

s a f e ty - g l a s s  p a n e ls  c o m p le te d  the hood a s s e m b ly .

5. A n a ly tica l  S y s te m

A n a ly se s  of the  fee d  and  p ro d u c t  w e re  m ade  w ith  a  F& M  M odel 

81 OR d u a l-c o lu m n  g a s  c h ro m a to g ra p h .  A ten  foot c o lu m n  of 10% s i l ic o n  

r u b b e r ,  S E -30 , on 90%  w h ite  c h ro m o s o rb  (80-100  m e s h )  w a s  u s e d  fo r  

the  s e p a r a t io n  of the h y d r o c a rb o n  co m p o n en ts .  The co lu m n  w as m a i n 

ta in e d  a t  8 0 °F  fo r  n -h e x a n e  ru n s  and  a t  120°F  fo r  cy c lo hexane  ru n s .  

A dd itiona l d e ta i l s  a p p e a r  in  A ppendix  C.

C. M a te r i a l s

1. G a se s

C y l in d e rs  of p r e p u r i f i e d  n i t ro g e n  (99.99% ) and  p r e p u r i f i e d  

h y d ro g en  (99. 95%) w e r e  u s e d .  B o th  gas s t r e a m s  p a s s e d  th ro u g h  a
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p l a t i n u m - o n - a lu m i n a  b e d ,  a  3A m o l e c u l a r  s ie v e  b e d ,  a n d  a n  in d ic a t in g  

D r i e r i t e  b e d  to  i n s u r e  t h a t  the  g a s e s  w e r e  d ry .

2. L iq u id  F e e d s

A ll  l iq u id  f e e d s ,  n - h e x a n e  an d  c y c lo h e x a n e ,  w e r e  P h i l l i p s  p u r e  

g r a d e ,  99 + m o le  %. T he  l iq u id  f e e d s  w e r e  s t o r e d  o v e r  13X m o l e c u l a r  

s ie v e .

3. C a ta ly s t s

T w o  c a t a l y s t s ,  P d - H - m o r d e n i t e  a n d  P d - H - f a u j a s i t e ,  w e r e  u s e d  

in  th i s  w o rk .  T he  P d - H - m o r d e n i t e  w a s  p r e p a r e d  a t  E s s o  R e s e a r c h  

L a b o r a t o r i e s  in  B a to n  R o u g e , L o u is ia n a  f r o m  1 - 5  m i c r o n  p a r t i c l e s  of 

N a - m o r d e n i t e  o b ta in e d  f r o m  N o r to n  C o m p an y . T he  N a - m o r d e n i t e  w a s  

e x c h a n g e d  to  N H ^ - m o r d e n i t e ,  i m p r e g n a t e d  w ith  0. 5 w t. % p a l la d iu m ,  

p i l l e d ,  a n d  th e n  c r u s h e d  in to  v a r i o u s  s iz e  p a r t i c l e s .  T he  P d - N H ^ -  

m o r d e n i t e  th e n  w a s  c o n v e r t e d  in to  P d - H - m o r d e n i t e  a s  fo l lo w s :

(1) S ha llo w  g l a s s  d i s h  c o n ta in in g  the  c a t a l y s t  w a s  p la c e d  

in  a n  oven .

(2) D ry  a i r  w a s  m e t e r e d  a t  1000 c c / h r  p e r  cc  of c a t a l y s t  

a c r o s s  the  c a ta ly s t .

(3) T e m p e r a t u r e  w a s  r a i s e d  f r o m  a m b ie n t  to  3 5 0 ° F  a t  a  

r a t e  of 1 0 0 ° F / h r .

(4) T e m p e r a t u r e  w a s  h e ld  a t  3 5 0 °F  fo r  16 h o u r s .

(5) T e m p e r a t u r e  w a s  r a i s e d  f r o m  3 5 0 ° F  to  1 0 0 0 °F  a t  a  

r a t e  of 1 0 0 ° F / h r .

(6) T e m p e r a t u r e  w a s  h e ld  a t  1 0 0 0 °F  f o r  2 h o u r s .



4 6

(7) T e m p e r a t u r e  w a s  c o o le d  to  5 5 0 ° F .

(8) C a t a l y s t  w a s  t r a n s f e r r e d  to  g l a s s  v i a l s  w i th  

s t o p p e r s .

(9) C a t a l y s t  w a s  p l a c e d  in  a  d e s s i c a t e r  a t  r o o m  

t e m p e r a t u r e .

T h e  P d - H - f a u j a s i t e ,  SK 100, w a s  o b ta in e d  f r o m  th e  L in d e  C o m 

p a n y .  T h i s  c a t a l y s t  w a s  o b ta in e d  a s . p i l l s  a n d  s u b s e q u e n t ly  w a s  c r u s h e d  

a n d  s e p a r a t e d  in to  v a r i o u s  s i z e  p a r t i c l e s .  T h is  c a t a l y s t  a l s o  h a d  0. 5 

w t .  % p a l l a d iu m .  T he  c a l c i n a t i o n  in  d r y  a i r  t r e a t m e n t  d e s c r i b e d  f o r  the  

m o r d e n i t e  a l s o  w a s  u s e d  o n  th e  f a u j a s i t e  c a t a l y s t  p r i o r  to  the  e x p e r i 

m e n t a l  s t u d i e s .

D. P r o c e d u r e

1. E x p e r i m e n t a l

T h e  s a m e  p r o c e d u r e  w a s  fo l lo w e d  c lo s e ly  in  a l l  e x p e r i m e n t s .  

F i r s t ,  a  w e ig h e d  s a m p le  of th e  d e s i r e d  c a t a l y s t  w a s  c h a r g e d  in to  the  

r e a c t o r .  T h e  s t a n d a r d  c h a r g e  w a s  a p p r o x i m a t e l y  15 c c  of c a t a l y s t ,  a n d  

t h i s  v o lu m e  w a s  u s e d  in  a l l  e x p e r i m e n t s  e x c e p t  th e  b u lk  d i f fu s io n  

s t u d i e s .  T h e  b u lk  d i f f u s io n  e x p e r i m e n t s  h a v e  th e  v o lu m e  of c a t a l y s t  

c h a r g e d  in d ic a t e d  on  th e  d a ta  t a b l e s  in  A p p e n d ix  A.

A f t e r  th e  c a t a l y s t  w a s  p l a c e d  in  th e  r e a c t o r ,  a  p i e c e  o f g l a s s  

w o o l  w a s  a d d e d  to  h o ld  th e  c a t a l y s t  in  p l a c e .  T h e n  the  r e a c t o r  w a s  

s e a l e d  w i th  a  s t e e l  O - r i n g ,  a n d  a  c l a m p  w a s  t ig h te n e d  a r o u n d  th e  

c o u p lin g .  T h e  r e a c t o r  w a s  p r e s s u r e  t e s t e d  a t  800 p s ig  p r i o r  to  b e in g
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p la c e d  in  the f lu id iz e d  h e a t in g  v e s s e l .  T he h ea t in g  v e s s e l  had  b e e n  a d 

ju s te d  p re v io u s ly  to  the  d e s i r e d  t e m p e ra tu re .  A f te r  the r e a c t o r  w a s  

p la c e d  in  the h e a t in g  v e s s e l ,  a  n i t ro g e n  p u rg e  w a s  s e t  a t  0. 5 ft. ^ /h r .  

A f te r  30 m in u te s  of p u rg e ,  the c a ta ly s t  t e m p e r a tu r e  r e a c h e d  the f lu id i 

zed  b a th  t e m p e r a tu r e .

W hile the r e a c t o r  w as  be ing  p u rg e d  w ith  n i t ro g e n ,  the feed  pump 

w a s  c h a rg e d ,  and  the  re d u c t io n  g e a r s  w e re  s e t  to g ive the d e s i r e d  feed  

r a t e  w hen  s ta r te d .  H y d ro g e n  flow w as  s t a r t e d  th ro u g h  the r e a c t o r  a t
3

0. 5 ft. / h r .  a f t e r  the  30 m in u te  n i t ro g e n  p u rg e . A f te r  30 m in u te s  on 

h y d ro g en , the r e a c t o r  w as  p r e s s u r e  te s te d  a g a in  a t  800 p s ig . T hen  the 

s y s te m  p r e s s u r e  w a s  s e t  a t  the d e s i r e d  o p e ra t in g  lev e l  by a d ju s t in g  the 

" M ity -M ite "  r e g u la to r .

N ext the h y d ro g e n  r a t e  w as  s e t  by a d ju s tin g  the need le  va lve . A 

s top  w a tch  and  the w e t  t e s t  m e t e r  d e te rm in e d  the h y d ro g en  r a te .  T hen  

th e  feed  pum p  w as  s t a r t e d .  A fte r  90 m in u te s  of o p e ra t io n ,  a  20 m inu te  

m a t e r i a l  b a la n c e  w a s  m a d e .

D uring  the m a t e r i a l  b a la n c e  a sa m p le  of p ro d u c t  g a s  w as  tak en  

f o r  a n a ly s is  by g a s  c h ro m a to g ra p h .  L iqu id  p ro d u c t ,  c o l le c te d  w hen  the 

p ro d u c t  g a s  dew p o in t  w as  above a m b ie n t  t e m p e r a tu r e ,  w as  c o llec ted ,  

w e ighed , and  a n a ly z e d  by  gas  c h ro m a to g ra p h .  In m o s t  of the  e x p e r i 

m e n ts  no liq u id  p r o d u c t  w as  c o l le c te d .  The b a la n c e  t e m p e r a tu r e ,  p r e s 

s u r e ,  l iqu id  feed  r a t e ,  h y d ro g e n  feed  r a t e  and o u t le t  gas  r a t e  w e re  

re c o rd e d .  T hen the  o p e ra t in g  cond itions  w e re  a d ju s te d  fo r  the nex t 

m a t e r i a l  b a la n ce .  A f te r  the f in a l  b a la n c e  p e r io d ,  the l iq u id  and  gas



f e e d s  w e re  d iscon tinu ed , the r e a c t o r  d e p r e s s u r e d  and re m o v e d  f r o m  

th e  hea ting  v e s s e l .

2. C a lc u la t io n s

A n a ly tica l  da ta  f ro m  the e x p e r im e n ta l  ru n s  w e re  the in te g r a te d  

a r e a s  of gas  c h ro m a to g ra p h  peak s  r e l a te d  to v a r io u s  h y d ro c a rb o n  c o m 

pounds in  the p ro d u c t  gas  and  liqu id . The c o m p o s i t io n  of the p ro d u c ts  

w a s  c a lc u la te d  f r o m  the peak  a r e a s  a s  d e s c r ib e d  in Appendix  C.

T he p ro d u c t  c o m p o s it io n  to g e th e r  w ith  r e a c to r  t e m p e r a tu r e  and  

p r e s s u r e ,  in le t  and o u t le t  flow r a t e s ,  t im e  of m a te r i a l  b a la n c e ,  w e ig h t 

of c a ta ly s t  c h a rg e d ,  and  s ize  of the  c a ta ly s t  p a r t i c l e s  w e r e  u s e d  to  c a l 

c u la te  the r e s u l t s  of the e x p e r im e n ta l  ru n . C a lc u la t io n s  m ade  w ith 

th e s e  d a ta  a r e  d e s c r ib e d  in  d e ta il  in  Appendix D.



C H A PT E R  IV

K IN ETIC M O D EL

A. In i t ia l  S im p lif ied  M odel

I. N -H exane  H y d ro c ra c k in g

The in i t ia l  m o d e l  fo r  h y d ro c ra c k in g  n -h ex a n e  w a s  b a s e d  on the 

fo llow ing a s s u m p t io n s :

1. T he r a t e - c o n t r o l l i n g  s te p  is  the r e a c t io n  of 

h y d ro c a rb o n  and h y d ro g en  to  f o r m  low er 

m o le c u la r  w e igh t p a ra f f in s .

2. The h y d ro c ra c k in g  r e a c t io n  c a n  be c o n s id e re d  

i r r e v e r s i b l e .

3. The hexane i s o m e r s  have  abo u t the sam e  h y d r o - 

c ra c k in g  r a te .

The f i r s t  a s s u m p t io n  is  b a s e d  on c o n c lu s io n s  f r o m  the l i t e r a t u r e  survey. 

T he second  a s s u m p t io n  a p p e a r s  to be v a l id  f r o m  th e rm o d y n a m ic  e q u i l i 

b r iu m  c o n s id e ra t io n s .  In the t e m p e r a tu r e  r a n g e  of th is  study a lm o s t  

c o m p le te  c o n v e r s io n  to h y d ro c ra c k e d  p ro d u c ts  is  th e rm o d y n a m ic a l ly  

p o s s ib le .  T he  th i rd  a s s u m p t io n  w ill have  to be  e v a lu a ted  by exam in ing  

e x p e r im e n ta l  r e s u l t s .

The r e a c t io n  w ould  be
1 Jq

[ n C ,  -  i C . ' s J  + H- -5 hyd r o c r a c k e d  p ro d u c ts .
D O  2
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The r a t e  of h y d ro c ra c k in g  h e x a n e s  is

R a te  = - d C A/ d t  = k C AC_,A A B

w h e re  C A = c o n c e n tr a t io n  of h e x a n e s ,  m o le s /u n i t  vo lum e
A

C = c o n c e n tr a t io n  of h y d ro g en , m o le s /u n i t  vo lum e

t  = c o n ta c t  t im e  w ith  the  c a ta ly s t

k = s im p li f ie d  r e a c t io n  r a t e  co n s tan t .

T h is  f o r m  of k in e t ic  e x p r e s s io n  c a n  be c o n s id e re d  p se u d o -h o m o g en e o u s  

a s  d i s c u s s e d  by P e te r s e n ^   ̂ an d  L e v e n sp ie l .   ̂ ^  ^

In h y d ro c ra c k in g , th e  h y d ro g e n  c o n c e n tra t io n  is  r e q u i r e d  to be 

l a r g e  in c o m p a r is o n  w ith  the  h y d ro c a rb o n  c o n c e n tra t io n  in  o r d e r  to 

p re v e n t  c a t a ly s t  a c t iv i ty  l o s s  due to  "co k in g " . T h is  m e a n s  th a t  the 

h y d ro c a rb o n  c o n c e n tr a t io n  w il l  be  r a t e - c o n t r o l l in g ,  and  the r a te  e q u a 

t io n  w ill  beco m e

R a te  = - d C ^ / d t  = k  C ^ .  (2)

S e p a ra t in g  v a r i a b le s  an d  in te g r a t in g ,

d t , (3)
- z  « » « *  • « { *

Ao

an d  " ln  ^Ca ^CA o  ̂ = k  ^

w h e re  t = s u p e r f ic ia l  c o n ta c t  t im e  b a s e d  on c a ta ly s t  w eight.

A lso ,  s ince  the r e a c t io n  is  e q u i -m o la l ,

C = C A - C A X , (5)A Ao Ao

w h e re  X = f r a c t io n  c o n v e r te d .

S ubstitu t ing  in  e q u a tio n  (4)
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- In CAo (1 ‘ X) = k t „ ,  (6)

CA o  H

o r  - In (1 - X) = k t „ .  (7)H

T he s u p e r f ic ia l  c o n ta c t  t im e  w ith  the  c a ta ly s t  c an  be c a lc u la te d  b a s e d  

on c a ta ly s t  w e ig h t by  the  fo llow ing  equation

*H = 3600 W • p g  - M / F(1 + R) (8)

w h e re

t  -  s u p e r f ic i a l  c o n ta c t  t im e ,ri

s e c  - g m  /  c c  to ta l  g a s  

W = w e ig h t  of c a t a ly s t ,  gm

pg  = g a s  d e n s i ty  a t  o p e ra t in g  c o n d it io n s ,  gm  m o l e s / c c

M = m o le c u la r  w e ig h t  of h y d ro c a rb o n

F  = flow  r a t e  of h y d ro c a rb o n ,  g m / h r

R = m o la r  r a t i o  of h y d ro g en  to  h y d ro c a rb o n  in feed  g a s .

A lso  the c o n ta c t  t im e  cou ld  be  b a s e d  on the c a ta ly s t  vo lu m e . The c o n 

t a c t  t im e  b a se d  on v o lu m e  i s  r e l a t e d  to the t im e  b a s e d  on w e ig h t  by 

t  = t H /  p c  (9)

w h e re

t  ~ c o n ta c t  t im e  b a s e d  on c a ta ly s t  v o lu m e , sec  - cc

c a t a l y s t / c c  g a s

t  = c o n ta c t  t im e  b a s e d  on c a ta ly s t  w e igh t,  se c  - g m /c c  gas
H

p c  = c a t a l y s t  b u lk  d e n s i ty ,  g m /c c .
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In th is  w o rk  the  c o n ta c t  t im e  b a s e d  on w e igh t w il l  be  u s e d  in  the  c a l c u 

la t io n s  b e c a u se  the c a t a l y s t  w e ig h t  i s  m e a s u r e d  m o re  p r e c i s e ly  than  

the  vo lum e .

2. C yc lohexane  H y d ro c ra c k in g

The s im p li f ie d  m o d e l  fo r  cy c lo h ex an e  h y d ro c ra c k in g  is  b a se d  on 

a s s u m p t io n s  s i m i l a r  to  the  a s s u m p t io n s  f o r  n -h e x a n e .  -T he  s im p le  

r in g  opening  p lus  h y d ro g e n a t io n  r e a c t io n  is  no t  c o n s id e re d  s e p a ra te ly .  

The r e a c t io n  w ould  be
k i

[CH s  M C P J  +■ nH ~ “* h y d ro c r a c k e d  p ro d u c ts  

w h e re  n = 1 fo r  r in g  o p en in g , n  = 2 fo r  p ro d u c ts

CH = cy c lo h ex an e  

M C P = m e th y lc y c lo p e n ta n e

h y d r o c r a c k e d  p r o d u c ts  = p a ra f f in s ,  m e th an e  th ro u g h  h e x an e s .

T h is  r e a c t io n  r a t e  i s

R a te  = - dC / d t  = k,  C - C 2_  (10)
C 1 C

fo r  the r e a c t io n  to  f o r m  m e th a n e  th ro u g h  p en tan e , 

and

R a te  = - dCc /d t  = k j  C c Cfi (10a)

fo r  the r e a c t io n  to  f o r m  h e x a n e s ,  

w h e re

C _  = c o n c e n tr a t io n  of n a p h th e n es  (M CP + CH), m o le s /u n i tc
vo lum e

C _ = c o n c e n tr a t io n  of h y d ro g en , m o le s /u n i t  vo lum e
B

t  = c o n ta c t  t im e  w ith  the c a ta ly s t



k j  = s i m p l i f i e d  r e a c t i o n  r a t e  c o n s ta n t .

A s  in  h e x a n e  h y d r o c r a c k i n g ,  the  h y d r o g e n  c o n c e n t r a t i o n  i s  v e r y  l a r g e  

in  c o m p a r i s o n  to  th e  n a p h th e n e  c o n c e n t r a t i o n .  A g a in  the  h y d r o c a r b o n  

c o n c e n t r a t i o n  w i l l  b e  r a t e - c o n t r o l l i n g .  T h e r e f o r e ,

R a te  = - d C ^ / d t  = k j  C^,. (11)

In  th e  e x a c t  m a n n e r  o f e q u a t io n s  (Z) -  (8 ) ,  e q u a t io n  (11) y i e ld s  

- In  (1 - X) ^ k j t H  . (1Z)

B. L a n g m u i r  - H in sh e lw o o d  E q u a t io n s

1. N -H e x a n e  H y d r o c r a c k in g

A s s u m in g  th e  a p p l i c a b i l i t y  of L a n g m u i r  a d s o r p t i o n  i s o t h e r m s  

{ 30 ) f o r  the  r e a c t i o n  r a t e - c o n t r o l l e d  s y s t e m ,  the  s i m p l i f i e d  r a t e  c o n 

s t a n t  w i l l  be  r e l a t e d  to  the  a d s o r p t io n  t e r m s  a s  fo l lo w s

k = k oKA / ( l  + Ka p a  ♦ Kb p b  + KpPp) (13)

f o r  a  " s i n g l e  s i t e "  m e c h a n i s m ,  a n d

k  = k  K . / ( l  + K aP a + K n p _  + K  p )2 (14)o A  A r A  B B P P

f o r  a  " d u a l  s i t e "  m e c h a n i s m ;  w h e r e  

k  = s i m p l i f i e d  r a t e  c o n s ta n t

k Q= r e a c t i o n  r a t e  c o n s t a n t ,  d e p e n d in g  on  the  c a t a l y s t  a n d  the  

t e m p e r a t u r e

K .  , K „ ,  K  = a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t s  f o r  h e x a n e s ,  
A B p

h y d r o g e n ,  an d  h y d r o c r a c k e d  p r o d u c t s ,  r e s p e c  

t iv e ly .

p  , p  . p = p a r t i a l  p r e s s u r e s  of h e x a n e s ,  h y d r o g e n ,  an d  A  B p

h y d r o c r a c k e d  p r o d u c t s ,  r e s p e c t i v e l y .
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A " s i n g l e  s i t e "  m e c h a n i s m  in v o lv in g  tw o  r e a c t a n t s ,  h y d r o 

c r a c k i n g  f o r  e x a m p le ,  w o u ld  be  a  s y s t e m  w h e r e i n  one of the  r e a c t a n t s  

i s  a d s o r b e d  on  the  c a t a l y s t  s u r f a c e .  R e a c t i o n  o c c u r s  w h e n  th e  o th e r  

r e a c t a n t  in  th e  g a s  p h a s e  " c o l l i d e s "  w i th  th e  a d s o r b e d  r e a c t a n t .  One 

" d u a l  s i t e "  m e c h a n i s m  f o r  h y d r o c r a c k i n g  w o u ld  be  a  s y s t e m  w h e r e i n  

a n  a d s o r b e d  m o le c u le  r e a c t s  w i th  a n o t h e r  m o le c u le  on a d ja c e n t ly  

s i t u a t e d  a c t iv e  c e n t e r s .  A n o th e r  " d u a l  s i t e "  m e c h a n i s m  c o u ld  be  a  

s y s t e m  w h e r e i n  one of the  r e a c t a n t s  i s  a d s o r b e d  on one  a c t iv e  s i t e .

O ne of th e  a d j a c e n t  s i t e s  m u s t  be  u n o c c u p ie d  f o r  th e  r e a c t i o n  to  o c c u r .  

D u r in g  th e  r e a c t i o n ,  p a r t  of the  a d s o r b e d  m o le c u le  i s  c o n n e c te d  to  the  

o r i g i n a l  s i t e  a n d  p a r t  to  the  s i t e  t h a t  w a s  o r i g in a l l y  v a c a n t .  A t the  

c o m p le t io n  of th e  r e a c t i o n ,  one of th e  h y d r o c r a c k e d  f r a g m e n t s  i s  

d e s o r b e d  f r o m  one s i t e  a n d  th e  o t h e r  f r a g m e n t  f r o m  th e  se c o n d  s i t e .

S in c e  th e  d a ta  in  t h i s  s tu d y  w e r e  o b ta in e d  w i th  a n  i n t e g r a l  

r e a c t o r ,  p a r t i a l  p r e s s u r e s  o f  the  c o m p o n e n ts  w e r e  c h a n g in g  a lo n g  th e  

l e n g th  of th e  c a t a l y s t  b e d  d u r in g  e v e r y  ru n .  H o w e v e r ,  th e  h y d r o g e n  

c o n c e n t r a t i o n s  w e r e  v e r y  l a r g e  and  r e m a i n e d  a l m o s t  c o n s ta n t .  T he  

h y d r o c a r b o n  p a r t i a l  p r e s s u r e s  v a r i e d ,  b u t  w e r e  r e l a t i v e l y  s m a l l .

S e v e r a l  p o s s i b i l i t i e s  m a y  s im p l i f y  e q u a t io n s  (13) and  (14). F o r  

e x a m p le ,  i f  a l l  r e a c t a n t s  a n d  p r o d u c t s  a r e  w e a k ly  a d s o r b e d ,  s u c h  th a t

(KA PA  + K B P B + V p ’ << 1

th e n  e q u a t io n s  (13) a n d  (14) w o u ld  r e d u c e  to

k  = k  K  (15)o A



55

T h is  in d ic a te s  th a t  the in i t ia l  s im p lif ie d  m o d e l  w il l  a d e q u a te ly  d e s c r ib e

a s y s te m  w ith  w eak  a d so rp t io n .  The s im p li f ie d  m o d e l im p l ie s  th a t ,  a t  

a  g iven t e m p e r a tu r e ,  the c o n v e rs io n  is  a func tion  of c o n ta c t  t im e  a lo n e , 

and  is  ind ep en d en t of the p a r t i a l  p r e s s u r e s  of c o m p o n e n ts  in  the  sy s te m .

th ro u g h o u t  the len g th  of the  r e a c t o r .

S ince h igh  h y d ro g en  p a r t i a l  p r e s s u r e s  a r e  r e q u i r e d  to  m a in ta in  c a ta ly s t  

a c t iv i ty ,  th is  p o s s ib i l i ty  is  l ik e ly  a t  co n v en tio n a l  h y d ro c ra c k in g  c o n d i 

t io n s .  T h is  does  no t m e a n ,  of c o u r s e ,  th a t  th e  a d s o rp t io n  c o n s ta n t  fo r  

h y d ro g en  i s  m u ch  l a r g e r  than  those  fo r  h y d ro c a rb o n s .

A n o th e r  p o s s ib i l i ty  would be  th a t

In th is  c a s e  eq u a tio n  (13) b e c o m e s

k  = k oKA / ( l  ♦ KBp B > (16)

and eq u a tio n  (14) b e c o m e s

2 (17)

An a l t e r n a te  p o s s ib i l i ty  is

and

T hen  equ atio n  (13) b e c o m e s

(18)

and eq u a tio n  (14) b e c o m e s

(19)
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2. C yc lohexane  H y d ro c ra c k in g

A gain  a s s u m in g  th e  a p p l ic a b i l i ty  of L a n g m u ir  a d s o rp t io n  i s o 

t h e r m s ,  the s im p li f ie d  r a t e  c o n s ta n t  fo r  cy c lohexane  h y d ro c ra c k in g  

w ill  be r e l a t e d  to  the a d s o rp t io n  t e r m s  a s  fo llow s

k l  '  k l , 0KC / ( I  + Kc p c  + KBPB + V p ’ (20)

f o r  a  " s in g le  s i te "  s y s te m ,  and

k i = k i , o Kc /(1  + KCPC + k b Pb  + V p ,Z (21>

f o r  a " d u a l  s i te "  s y s te m .  T h e s e  e q u a t io n s  can  be  r e d u c e d  in a  s im i l a r  

m a n n e r  to  e q u a tio n s  (13) th ro u g h  (19).

T he  a p p l ic a b i l i ty  of the  k in e t ic  e x p r e s s io n s  p r e s e n te d  in  th is  

c h a p te r  w il l  be  t e s te d  fo r  h y d ro c ra c k in g  n -h e x a n e  and cy c lo h ex an e  

o v e r  P d - H - f a u ja s i t e  and  P d - H - m o r d e n i t e  c a ta ly s t s .  The fo llow ing 

c h a p te r s  p r e s e n t  the e x p e r im e n ta l  r e s u l t s  f r o m  th is  study.



C H A P T E R  V

E X P E R IM E N T A L  R E SU L T S - FA U JA SIT E  CATALYST

A. In tro d u c tio n

A s w as  d i s c u s s e d  e a r l i e r ,  a n  in te g r a l  r e a c t o r  w ith  a  f ixed  bed  

of c a ta ly s t  w as  u s e d  to  o b ta in  d a ta  on h y d ro c ra c k in g  n -h ex a n e  and 

cy c lo h ex an e  o v e r  P d - H - f a u ja s i t e  a n d  P d - H - m o r d e n i t e  c a ta ly s t s .  The 

o b jec tiv e  of th e s e  s tu d ie s  w a s  to d e te rm in e  the a c t iv i ty  and  s e le c t iv i ty  

of th e se  c a t a ly s t s  and to  deve lop  a  m a th e m a t ic a l  m odel fo r  the h y d r o 

c ra c k in g  of n -h e x a n e  a n d  c y c lo h ex a n e .  T he  m o d e ls ,  p r e s e n te d  in  the 

p re v io u s  c h a p te r ,  w e re  b a s e d  on c o n c lu s io n s  d raw n  f r o m  the l i t e r a t u r e .  

In th is  c h a p te r  and the n e x t  the a p p l ic a b i l i ty  of th e s e  m o d e ls  w il l  be 

ex am in ed . T h is  c h a p te r  d e a ls  w ith  the e x p e r im e n ta l  r e s u l t s  on the 

f a u ja s i te  c a ta ly s t .

B. N -H exane  H y d ro c ra c k in g

1. E f fe c t  of M a ss  T r a n s f e r

In h e te ro g e n e o u s  c a t a ly s i s  w ith  p o ro u s  so lid  c a ta ly s t s  th e re  a r e  

s e v e r a l  p r o c e s s e s  th a t  m a y  c a u s e  r e s i s t a n c e  to  the c h e m ic a l  r e a c t io n .  

T h ese  p r o c e s s e s  a r e  n o r m a l ly  though t of a s

1. M a ss  t r a n s f e r  f r o m  the  m a in  body of the flu id  to 

the  e x te r io r  s u r f a c e  of the c a ta ly s t .
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2. D iffusion  th ro u g h  the  c a ta ly s t  p o r e s  to the i n t e r io r  

of the c a ta ly s t .

3. A d so rp t io n  of the r e a c t a n t  on the i n t e r io r  c a ta ly s t  

s u r f a c e .

4. C h e m ica l  r e a c t io n  on the c a ta ly s t  su r fa c e .

5. D e so rp t io n  of the p r o d u c ts  f r o m  the c a ta ly s t  

su r f a c e .

6. D iffusion  of the  p ro d u c ts  out of the c a ta ly s t  p o r e s .

7. M a s s  t r a n s f e r  of the  p ro d u c ts  f ro m  the e x te r io r  

of the c a ta ly s t  in to  the m a in  g as  s t r e a m .

The second  p r o c e s s ,  p o re  d iffus ion , c an  he  subd iv ided  fo r  

c e r t a in  c a ta ly s t s .  T h e se  c a t a ly s t s  a r e  p r e p a r e d  by co m p a c tin g  sm a l l  

p a r t i c l e s  to f o r m  p i l l s  o r  p e l le t s .  In the p i l le d  c a ta ly s t s  the r e a c ta n t s  

d iffuse  th ro u g h  the " m a c r o p o r e s "  fo rm e d  by sp a c e s  s e p a ra t in g  the 

o r ig in a l  s m a l l  p a r t i c l e s  and  th en  d iffuse  th ro u g h  the . ' 'm ic ro p o re s "  into 

the  i n te r io r  of the s m a l l  p a r t i c l e s .

One of the e a r ly  p h a s e s  of th is  r e s e a r c h  w as c o n c e rn e d  w ith  the 

f i r s t  of th e se  p r o c e s s e s ,  m a s s  t r a n s f e r .  An e v a lu a t io n  of the e f fe c ts  of 

m a s s  t r a n s f e r  w as  m ad e  by  m ak ing  a  s e r i e s  of ru n s  w ith  v a ry in g  gas 

v e lo c i t ie s .  O th e r  p r o c e s s  co n d it io n s  w e re  k ep t  r e l a t iv e ly  co ns tan t .  

T h ese  ru n s  a r e  s u m m a r iz e d  in  T ab le  1 (page 59), an d  a  p lo t  of the 

s im p lif ied  r e a c t io n  r a t e  c o n s ta n t  v e r s u s  the gas  v e lo c ity  is  shown in 

F ig u r e  13 (page 60). As c an  be se en ,  the c o n v e rs io n s  and  the o b se rv e d  

r a t e  c o n s ta n ts  w e re  not a f fe c te d  by the gas v e lo c ity .  If f lu id - to -p a r t ic le



T ab le  1. T e s t  fo r  M a ss  T r a n s f e r  L im i ta t io n s  - -  

R a te  C o n s ta n t  v s .  Gas V e lo c ity , F a u ja

S im p lif ied  R e a c t io n  

s i te  C a ta ly s t

O p e ra t in g  C onditions

T e m p e r a tu r e ,  ° F 750

P r e s s u r e ,  p s ia 765

F e e d n -H ex an e

C a ta ly s t P d - H - F a u ja  s i te

Run R e s u l ts

Run No. 10 U  12

Gas V e loc ity ,  c m / s e c 0. 71 0 .9 9  0 .2 2

F e e d  R a te ,  w / h r - w 2. 16 2. 25 2. 16

H , R a te ,  m o le s /m o le  C , Z b 9. 05 8. 33 8. 20

H y d ro c ra c k in g ,  % 46. 6 48. 2 52. 3

S im p lif ied  R a te  C o n s tan t,
k , c c / g m - s e c 0. 0464 0 .0 4 6 7  0. 0500



0. 0900

0. 0700

0. 0500
k,

c c / g m - s e c

0 .0300

0 . 0100

F ig u re  13. T e a t fo r  M ass  T ra n s fe r  L im ita tio n s , H exane H y d ro c rack in g  O ver P d -H -F a u ja  s ite

R uns 10, 11, 12

*s i
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S u p e rf ic ia l  Gas V elocity , c m / s e c
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m a s s  t r a n s f e r  had  b e e n  a l im i t in g  s te p  in  the p r o c e s s ,  the high velocity- 

ru n  would have  show n a s ig n if ic a n t ly  h ig h e r  c o n v e rs io n  than  w a s  

o b s e rv e d  a t  the lo w e r  g a s  ve loc itie -s . T h e se  th r e e  ru n s  in d ica te  th a t  

m a s s  t r a n s f e r  i s  not l im i t in g  w ith in  the ra n g e  of v e lo c i t ie s  em p lo y ed  in 

th is  in v e s t ig a t io n .

2. E f fe c t  of P o r e  D iffusion

The n e x t  s te p  to be  in v e s t ig a te d  w a s  the d iffu s io n  r e s i s t a n c e .

A s r e p o r t e d  by  B r y a n t ^ ^  a n d  B e ec h er^  ^ \  te s t in g  of d iffus ion  in the  

u l t im a te  z eo l i te  c r y s t a l l i t e  can n o t  be d e te rm in e d  by the co nven tio na l  

m ethod . N o rm a l ly ,  in p o r o u s  c a t a l y s t s ,  the c a ta ly s t  p e l l e t  s iz e  is  

v a r i e d  to t e s t  fo r  p o re  d iffus ion . As the p e l le t  s ize  is  lo w e re d ,  the 

a v e ra g e  p o re  len g th  is  sh o r te n e d .  If p o re  d iffusion  is  a  l im i t in g  r e s i s 

ta n c e ,  then  the  s m a l l e r  p e l l e t  w i l l  p ro d u c e  h ig h e r  c o n v e rs io n s  a s  long 

a s  the o th e r  p r o c e s s  co n d it io n s  r e m a in  c o n s ta n t .

Z e o l i te  c a t a ly s t s ,  h o w e v e r ,  a r e  m ad e  f r o m  p a r t i c l e s  in  the 1-10 

m ic r o n  s iz e  r a n g e .  T h e s e  p a r t i c l e s  w il l  be r e f e r r e d  to  a s  " m i c r o p a r t i 

c le s .  " The m i c r o p a r t i c l e s  a r e  then  p illed . F o r  th is  s tudy , the f a u j a 

s i t e  c a t a ly s t  p i l l s  w e re  c r u s h e d  an d  s iz e d .  F o u r  s iz e  r a n g e s  w e re  

ob ta ined  f r o m  the  c ru s h in g  a n d  s iz in g  o p e ra t io n .  The s i z e s  of th e se  

" m a c r o p a r t i c l e s "  w e r e  0. 0 4 3 -0 .0 7 4  m m , 0 .0 7 4 -0 .  147 m m , 0. 147- 

0. 370 m m , and  0. 4 2 -0 . 84 m m . T h e s e  s iz e  r a n g e s  of f a u ja s i te  m a c r o -

Q
p a r t i c l e s  w e r e  t e s te d  fo r  n -h e x a n e  h y d ro c ra c k in g  a t  750 F ,  765 p s ia ,

2 v / h r - v ,  and  10 m o le s  H _ /m o le  C . .  The r e s u l t s ,  shown in  T ab le  2L b



62

(page 63) and  F ig u r e  14 (page 64) in d ic a te  no t re n d  of in c r e a s e d  c o n 

v e r s io n  a t  the s m a l l e r  s iz e s .

T h e s e  r e s u l t s  im p ly  th a t  th e re  is  no d iffu s iona l  l im i ta t io n  in  

th e  " m a c r o p o r e s .  " T h ese  m a c r o p o r e s  a r e  c h a n n e ls  b e tw ee n  the 

m ic r o p a r t i c l e s .  H ow ever, d iffusion  in  the m ic r o p a r t i c l e  p o r e s  w as  

n o t  te s te d  in  th e se  e x p e r im e n ts  s ince  the m ic r o p a r t i c l e s  w e re  the 

sa m e  s iz e  in a l l  c a s e s .  If m ic r o p o re  d iffu s ion  is  s ig n if ic an t ,  i t s  e ffe c t  

w ould  be inc lud ed  in  the o v e ra l l  r e a c t io n  r a te .

3. P s e u d o - F i r s t  O r d e r  R e ac tio n

In C h a p te r  IV a s im p li f ie d  r e a c t io n  m o d e l  w as  a s s u m e d .
k

[nC^ 5s “* h y d ro c ra c k e d  p ro d u c ts

In te g ra t io n  of the r a t e  equ a tio n  led  to

- l n ( l - x )  = k t ^ .  (22)

T h e re fo r e  a  p lo t  of the func tion  - log  (1-x) v e r s u s  the c o n ta c t  tim e  

sho u ld  y ie ld  a  l in e a r  re la t io n sh ip .  A s e r i e s  of ru n s  w as  m ade  a t  a 

c o n s ta n t  t e m p e r a tu r e ,  c o n s ta n t  to ta l  p r e s s u r e ,  and  r e la t iv e ly  c o n s ta n t  

p a r t i a l  p r e s s u r e s .  The c o n ta c t  t im e  w a s  v a r i e d  by v a ry in g  h y d ro c a rb o n  

an d  h y d ro g e n  feed  r a t e s  a t  a  r e la t iv e ly  c o n s ta n t  r a t io  of th e se  two r a t e s .  

A p lo t  of th e se  r e s u l t s  is  shown in F ig u r e  15 (page 65). As can  be seen , 

a  l in e a r  r e la t io n s h ip  w a s  ob ta ined . T h ese  d a ta  r e p r e s e n t  h y d ro c ra c k in g  

c o n v e r s io n s  f r o m  13 to 92%.

4. E f fe c t  of H ydrogen  P a r t i a l  P r e s s u r e

A s m en tio n ed  p re v io u s ly ,  the h y d ro g en  p a r t i a l  p r e s s u r e  m u s t  be 

r e la t iv e ly  h igh  in  h y d ro c ra c k in g  in o r d e r  to m a in ta in  c a ta ly s t  a c t iv i ty .



T ab le  2. E f fe c t  of C a ta ly s t  P a r t i c l e  Size on n -H e x a n e  H y d ro c ra c k in g

o v e r  P d - H - F a u j a s i t e

O p e ra t in g  C on d itio n s

T e m p e r a tu r e ,  ° F 750

P r e s s u r e ,  p s ia 765

F e e d n -H e x an e

C a ta ly s t P d - H - F a u j a s i t e

Space  v e lo c i ty ,  v / h r - v 2

H _ / C . ,  m o le  r a t i o  2 o 9

R un Nos. IB ,  2A, 7, 8, 9

Run R e s u l t s

C a ta ly s t  H y d ro c ra c k in g ,  
S ize ,  m m  %

S im p lif ied  R a te  
C o n s ta n t ,  k , c c /g m  se c

0 .0 4 3 - 0 .0 7 4  4 1 .5 0. 0457

0 ,0 7 4 - 0 .1 4 7  4 4 .5 0 .0 4 6 9

0 .1 4 7 - 0 .3 7 0  4 7 .8 0. 0477

0 . 4 2 - 0 . 8 4  3 9 .7 0. 0470

0 . 4 2 - 0 . 8 4  4 0 .8 0. 0500



0. 0900

0. 0700

0. 0500
k,

c c / g m - s e c
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F ig u re  14. E ffe c t of C a ta ly s t  P a r t ic le  Size on H exane H y d ro c rack in g  O ver P d -H -F a u ja s i te

R uns IB , 2A, 7, 8, 9
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750 F ,  765 p s iaRuns IB , F ,  H, J ;  2 A-D ; 6 A -C , E
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F ig u re  15. T e s t  of S im plified  F i r s t  O rd e r  M odel, H exane H y d ro c rack in g  O ver P d -H -F a u ja s i te
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T h e r e f o r e ,  th e  h y d r o g e n - to - h e x a n e  m o le  r a t i o  w a s  l a r g e  in  a l l  the  

e x p e r i m e n t a l  r u n s .  A s e r i e s  of r u n s  w a s  m a d e  w i th  the  h y d ro g e n  

r a t i o  v a r y in g  f r o m  a b o u t  5 /1  to  a b o u t  1 8 /1 . In th e s e  r u n s  the  m o le  

f r a c t i o n  of h y d ro g e n  v a r i e d  f r o m  a b o u t  0. 83 to  0. 95. T h e r e f o r e ,  a t  a  

c o n s ta n t  to ta l  p r e s s u r e ,  the  h y d ro g e n  p a r t i a l  p r e s s u r e  v a r i e d  on ly  

s l ig h t ly .  A n o th e r  s e r i e s  of r u n s  w a s  m a d e  by  v a r y in g  the  t o ta l  p r e s 

s u r e .  A g a in  the  h y d r o g e n  p a r t i a l  p r e s s u r e  w a s  a b o u t  90%  of the  to ta l  

p r e s s u r e .  S ince  the  h y d r o g e n  p a r t i a l  p r e s s u r e  w a s  80-95%  of the to ta l  

p r e s s u r e  in  a l l  c a s e s ,  a n d  the  L a n g m u ir - H in s h e lw o o d  m o d e l  e m p lo y s

a n  e f f e c t  of h y d ro g e n  p a r t i a l  p r e s s u r e ,  the  H p a r t i a l  p r e s s u r e  i s  u s e d£

in  the  fo l lo w in g  c o r r e l a t i o n s .  T he  r e s u l t s  of the  r a t i o  an d  to ta l  

p r e s s u r e  v a r i a b le  s tu d y  a r e  show n in  T a b le  3 (page  67). The e f f e c t  of 

p a r t i a l  p r e s s u r e  on the  s im p l i f i e d  r a t e  c o n s t a n t  i s  show n in  F i g u r e  16 

(page  68).

A s p r e s e n t e d  in  C h a p te r  IV , the  s im p l i f i e d  r a t e  c o n s ta n t ,  k ,  i s  

r e l a t e d  to  the  p a r t i a l  p r e s s u r e s  by

k = k K A / ( l  + Ka p a  ♦ Kb p b  + KpPp)n (23)

w h e r e  n = 1 f o r  a s in g le  s i t e  m e c h a n i s m  a n d  n  = 2 f o r  a  dua l s i t e  m e c h a 

n i s m .  S in ce  the  H_ p a r t i a l  p r e s s u r e ,  p , i s  m u c h  l a r g e r  th a n  the
i  a

h e x a n e  o r  h y d r o c r a c k e d  p r o d u c t  p a r t i a l  p r e s s u r e s ,  i t  a p p e a r s  lo g ic a l  to  

a s s u m e

K p n  »  K Ap A + K p .B B A 1 A p*p

T h e n  the  r a t e  e q u a t io n  w o u ld  b e c o m e

R a te  = -d C A / d t  = k QKA CA /{ l  + K ^ ) *  (24)
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T ab le  3. E f fe c t  of H y d ro g e n  P a r t i a l  P r e s s u r e  on  S im p lif ied  R a te  C o n 

s t a n t  in  n -H e x a n e  H y d ro c ra c k in g  O v e r  P d - H - F a u ja s i t e

O p e ra t in g  C ond ition s

T e m p e r a tu r e ,  F  

P r e s s u r e ,  p s ia  

F e e d  

C a ta ly s t

Space  v e lo c i ty ,  v / h r - v  

R un Nos.

750

365-815

n -H e x a n e

P d - H - F a u j a s i t e

2

2 C - I

itun R e s u l t s

k , P a r t i a l  P r e s s u r e s ,  a tm
n No. c c / g m - s e c -Ha -

3. 7

Pu

2C 0. 0500

B

38. 2

P 
10. 1

2D 0. 0416 44. 8 3. 4 3. 8

2E 0 .0 3 7 0 47. 3 3. 7 4. 5

2F 0. 0460 39. 1 3. 1 3. 0

2G 0. 0767 30. 3 2. 1 2. 6

2H 0. 1150 21. 3 1. 4 2. 1

21 0. 0400 45. 6 3. 4 3. 0



Runs 2 C - I
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H ydrogen  P a r t i a l  P r e s s u r e ,  p , a tm

F ig u re  16. E ffe c t  of H ydrogen P a r t i a l  P r e s s u r e  on S im plif ied  R a te  C onstan t,  Hexane H y d ro c rack in g  
O ver P d - H -F a u ja s i t e



Since the h y d ro g en  m o le  f r a c t io n s  a r e  v e ry  l a rg e  in a l l  the e x p e r i 

m e n ta l  ru n s ,  the change  in  the hy d ro g en  m o le  f r a c t io n s  o v e r  the leng th  

of the c a ta ly s t  bed  is  v e ry  sm a l l .  T h e re fo re ,  the hy d ro gen  p a r t i a l  

p r e s s u r e  c an  be c o n s id e re d  independen t of the hexane  c o n c e n tra t io n .  

Then eq u a tio n  (24) can  be r e a r r a n g e d  and in te g ra te d  to

Fa (*h

■} dCA /C A -  W ' 1 + Kb V  j
C  A  0Ao

dt (25)

and

- l n ( l - x )  = k QKA t H / ( l  + KBp B )n . (25a)

Dividing equ a tion  (25a) by equa tio n  (22) and r e a r r a n g in g  y ie ld s  

k  = k oKA /<l t  KB PB )n . (26)

A ssu m in g  a s ing le  s i te  m o de l,  n = 1, and  r e a r r a n g in g  eq ua tion  

(26) y ie ld s

l / k  = l / k K A + (KB / k oKA )pB . (27)

E q u a tio n  (27) in d ic a te s  th a t  the r e c ip r o c a l  of the s im p li f ied  r a te  c o n 

s ta n t ,  k , should be a  l in e a r  function  of the p a r t i a l  p r e s s u r e ,  p ^ .

If i t  i s  a s s u m e d  in equ a tion  (26) th a t

then

k  * W ' V b - ( 2 8 )

R e a r ra n g in g ,

l / k  = (KB / k oKA )pB . (29)

E q u a tion  (29) in d ic a te s  a l in e a r  r e la t io n s h ip  of l / k  v e r s u s  p p a s s in g
B



th ro u g h  the o rg in .  E q u a t io n s  (27) and  (29) w e re  te s te d  w ith  the da ta  in  

T ab le  3 (page 67). The r e s u l t s  a r e  i l l u s t r a t e d  in  F ig u re  17 (page 71). 

E q u a tio n  (27) is  in d ic a te d  to  have  a  n e g a t iv e  in te rc e p t .  T h is  i s  not 

a c c e p ta b le  s ince  i t  w ould  m e a n  th a t  would be nega tive . E q u a tio n

(29) does not a p p e a r  to  be c o n s i s te n t  w ith  the data  a s  in d ic a te d  by the 

d a sh ed  line  in F ig u r e  17.

A dual s i te  m e c h a n is m ,  n = 2, w ith  the sam e  a s s u m p t io n s  a s  in 

eq u a tio n  (27) y ie ld s

i / A  = ( 3 0 )

and w ith  the s a m e  a s s u m p t io n s  a s  in eq u a tio n  (29) y ie ld s

1 /A  = (KB/ A ^ A) pb - (31>
The data  in  T able  3 a r e  u s e d  to  t e s t  the dual s i te  m e c h a n is m  eq u a tio n s

in  F ig u r e  18 (page 7 2). E q u a t io n  (30) a p p e a r s  to be c o n s is te n t  w ith  the

d a ta  and g iv es  a p o s i t iv e  in te r c e p t .  E q u a t io n  (31) does not a p p e a r  to  be

c o n s is te n t  w ith  the d a ta .  E q u a t io n  (30) th en  is  a c c e p te d  a s  the b e s t

i n te r p r e ta t io n  of the da ta .

The f i t  of e q u a t io n  (30) y ie ld s  the fo llow ing n u m e r ic a l  r e s u l t s

1 / A  = 1. 1 + 0. 086 pB (32)

Solving fo r  and  KB y ie ld s

k  K A = 0 .8 2 6  (33)o A

K = 0. 0782. (34)
f i

5. E ffec t  of T e m p e r a tu r e

The e ffe c t  of t e m p e r a t u r e  on the s im p lif ied  r a te  c o n s ta n t  is  

show n in F ig u r e  19 (page 73). S ince the  s im p lif ie d  c o n s ta n t  i s  a
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fu n c tio n  of H_ p a r t i a l  p r e s s u r e  a s  w e ll  a s  t e m p e r a t u r e ,  th e s e  d a ta  a r e  £

a t  a  r e l a t i v e ly  c o n s ta n t  H p a r t i a l  p r e s s u r e  of 46 a tm .  The a p p a r e n t  

a c t iv a t io n  e n e r g y  f r o m  the s lope  of th is  p lo t  i s  54 k c a l /g m  m o le .  A
I2 8 \

v a lu e  of 60 k c a l /g m  m o le  is  in d ic a te d  fo r  a  Pd-A l^O ^ c a t a ly s t  w ith  

th e  da ta  t r e a t e d  in  a  s i m i l a r  m a n n e r .

The e f fe c t  of t e m p e r a t u r e  on the h y d ro g e n  a d s o r p t io n  c o e f f ic ie n t  

w a s  d e te r m in e d  by the va lue  of the c o e f f ic ie n t  c a lc u la te d  f r o m  th e  n -  

hex an e  h y d r o c ra c k in g  d a ta  a t  7 5 0 ° F  and a  v a lu e  c a lc u la te d  f r o m  the 

c y c lo h ex a n e  h y d ro c ra c k in g  da ta  a t  7 0 0 °F . The v a lu e s  of the  h y d ro g e n  

a d s o r p t io n  c o e f f ic ie n t  a t  v a r io u s  t e m p e r a t u r e s  a r e  i l l u s t r a t e d  in  F ig u r e  

26 (page 89). U s in g  th e s e  v a lu e s  of K ^ ,  the  v a lu e s  of c an  be  c a l 

c u la te d  f r o m  the eq u a t io n

k  K a  -  k  <1 ♦ Kb p b )2 (35)

T h is  c a lc u la t io n  w a s  m ad e  f o r  a l l  n -h e x a n e  h y d ro c ra c k in g  ru n s .  The 

fo llow ing  e x p r e s s io n  w a s  u s e d

k '  = k  K a . (36)o o A

A n A r r h e n iu s  type  p lo t  of log k ' Q v e r s u s  r e c i p r o c a l  t e m p e r a t u r e  a p p e a r s  

in  F ig u r e  20 (page 75). The a v e ra g e  of a l l  r e s u l t s  a t  a  g iven  t e m p e r a 

tu r e  i s  in d ic a te d  by the  d a ta  po in t,  and  the r a n g e  of v a lu e s  i s  in d ic a te d  

by  the  v e r t i c a l  l in e .  The a c t iv a t io n  e n e rg y  c a lc u la te d  f r o m  the  slope  of 

the  p lo t  in  F ig u r e  20 w a s  48 k c a l /g m  m o le .  V a lu es  of k '^  and  fo r  

a l l  r u n s  a p p e a r  in  A ppendix  T ab le  A - l .



log  k '

8 . 0

10, 0 0 0 /T  R

F ig u r e  20. E ffe c t  of T e m p e r a tu r e  on R eac tio n  R ate  C o nstan t,  Hexane 
H y d ro c ra c k in g  O v e r  P d - H - F a u ja s i t e



76

6. M e ch a n ism

The m o d e l  fo r  h y d ro c ra c k in g  n -h ex a n e  developed  in  the  p r e 

ced in g  s e c t io n s  a p p e a r s  ad equa te  o v e r  a w ide ran g e  of p r o c e s s  c o n d i

t io n s .  T he in te g ra te d  f o r m  of th is  eq u a t io n  w a s

- l n ( l - x )  = k ' ot H / ( l  + KBp B )2 (37)

w h e re  k '  and K a r e  fu nc tions  of t e m p e r a tu r e  only. The r e la t io n s h ip s  
o B

of k '  and  K_ w ith  t e m p e r a tu r e  can  be d e s c r ib e d  a s  o B

I n k '  = 35. 4 -  (43. 0 x  10 ) /T ° R  (38)
o

and

In K_ = - 4 .6 3  + (2. 54 x 103) /T ° R .  (39)D

T h is  m o d e l w as  b a se d  on the l im it in g  s te p  b e in g  the h y d ro c ra c k in g  

r e a c t io n  on the c a t a ly s t  i n t e r io r  s u r f a c e .  Since the e x p e r im e n ta l  data  

a r e  c o n s is te n t  w ith  a  dua l s i te  m e c h a n is m ,  th is  l im i t in g  s te p  m ay  be 

the r e a c t io n  of an  a d s o rb e d  h y d ro g en  w ith  the a d s o rb e d  h y d ro c a rb o n  on 

a n  a d ja c e n t  a c t iv e  s i te .

One of the b a s ic  a s s u m p t io n s  in  th is  m o d e l  w a s  th a t  the n o rm a l  

hex an e  and the i s o -h e x a n e s  could  be  t r e a te d  a s  a  s ing le  com pound.

T h is  a s s u m p t io n  is e x a m in e d  in F ig u r e  21 (page 77). T h is  f ig u re  show s 

the  hexane  i s o m e r  c o n c e n tra t io n  in  the to ta l  hexane  p a ra f f in  m ix tu re  

v e r s u s  the h y d ro c ra c k in g  c o n v e rs io n .  The da ta  in d ica te  c lo s e  to a 

th e rm o d y n a m ic  e q u i l ib r iu m  m ix tu re  of the h ex an es  f r o m  a h y d r o c r a c k 

ing c o n v e rs io n  of about 14% to  a  c o n v e rs io n  of abou t 94%. The d ash ed
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l in e s  in F ig u re  21 r e p r e s e n t  the e q u i l ib r iu m  v a lu e s  of the  hexane  i s o -

(55)m e r s  a s  d e te rm in e d  by R idgw ay and  Schoen. T h is  h igh  i s o m e r i z a -

(54)
t io n  a c t iv i ty  is  c o n s i s te n t  w ith  the s tu d ie s  of Rabo and c o - w o r k e r s  on 

the sa m e  type of c a ta ly s t .  The da ta  in  F ig u r e  21 ind ica te  two p o s s ib i l i 

t ie s :  (1) th a t  the hexane  i s o m e r s  a l l  h y d r o c ra c k  a t  ab o u t the sam e  r a t e ,  

th u s  m a in ta in in g  the s a m e  r e la t iv e  c o n c e n tra t io n s  indepen den t of the 

a m o u n t  of h y d ro c ra c k in g ,  or (2) th a t  if one o r  m o re  of the h ex ane  i s o 

m e r s  h y d r o c r a c k  p r e f e r e n t i a l ly ,  the i s o m e r iz a t io n  r a te  is  r a p id  enough 

to  p r e v e n t  th a t  i s o m e r  o r  i s o m e r s  f r o m  be in g  dep le ted . In any  even t, 

the s im p lify in g  a s s u m p t io n  of h and ling  a l l  the  hexane i s o m e r s  a s  one 

com pound a p p e a r s  to be ju s t i f ie d  in  th a t  the r a t i o s  of hexane  i s o m e r  c o n 

c e n t r a t io n s  r e m a in  c o n s ta n t  a s  the h y d ro c ra c k in g  c o n v e rs io n  in c re a s e s . .

An e x a m in a t io n  of the c o m p o s i t io n  of the h y d ro c ra c k e d  p ro d u c ts  

c a n  a l s o  y ie ld  in fo rm a t io n  on the m e c h a n is m  of h y d ro c ra c k in g .  The 

hex an e  i s o m e r s  can  h y d ro c r a c k  to 2 p ro p a n e  m o le c u le s ,  one m e th an e  and 

one pen tane  m o le c u le ,  o r  one e th an e  and  one bu tane  m o le c u le .  The 

bu tan e  and  p en tan e  m o le c u le s  can  be  e i th e r  s t r a ig h t  c h a in  o r  b ra n c h e d  

depend ing  on the p a r t i c u l a r  hexane  m o le c u le  h y d ro c ra c k e d ,  the p a r t i c u 

l a r  c a r b o n - to - c a r b o n  bond b ro k e n ,  and  w h e th e r  the h y d ro c ra c k e d  f r a g 

m e n t  i s o m e r i z e s  b e fo re  be in g  d e so rb e d .  One of the in te r e s t in g

(29 53 ]o b s e rv a t io n s  m ad e  p re v io u s ly  ’ is  th a t  the m o la r  r a t io s  of m e th an e  

to to ta l  pen tane  and  of e than e  to to ta l  bu tane  a r e  l e s s  th an  un ity . T h is  is  

a l s o  the c a s e  in  the  p r e s e n t  study a s  show n below
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A v e rag e  of a l l  n -h ex a n e
H *dr o c ra c k e d  p ro d u c t  ru n s  o v e r  P d -H - f a u ja s i t e

C _ /C  . m o la r  r a t io  0. 502 4

C j /C g  m o la r  r a t io  0. 26

The v a lu e s  of th e s e  m o la r  r a t io s  f r o m  ind iv idua l ru n s  v a r ie d  s lig h tly , 

b u t  no c o r r e l a t io n s  w ith  p r o c e s s  v a r i a b le s  w e r e  found.

Of c o u r s e ,  in  the  c a s e  of s im p le  h y d ro c ra c k in g  of hexane  i s o -

<29,m e r s ,  th e se  r a t i o s  should  be un ity . T h e r e fo r e ,  i t  h a s  b e e n  p ro p o se d  

53) th a t  a  co m p lex  of m o re  th an  six  c a rb o n  a to m s  f o r m s  and th en  h y d r o 

c r a c k s .  F o r  e x a m p le ,  a th re e  c a rb o n  a to m  f r a g m e n t  (c a rb o n iu m  ion) 

m ay  jo in  w ith  a n  a d s o rb e d  six  c a rb o n  m o le c u le  (olefin) and  p ro d u c e  a 

n ine  c a rb o n  a to m  co m p lex  (ca rb o n iu m  ion). The co m p lex  could h y d r o - 

c r a c k  to one bu tane  and  one p en tan e  m o le cu le .

The p re d o m in a n t  h y d ro c ra c k e d  p ro d u c t  w as  p ro p an e . The c e n te r  

bond c a rc k in g  of n -h ex a n e  and 2, 3 -d im e th y lb u tan e  p ro d u c e s  two p ro p an e  

m o le c u le s .  A lso  2 -m e th y lp e n tan e  c an  h y d r o c ra c k  to two p ro p an e  m o le 

c u le s .  A p p ro x im a te ly  tw o - th i rd s  of the hexane  i s o m e r s  c o n v e r te d  in  a 

g iv en  r u n  w e re  h y d ro c ra c k e d  to p ro p an e .  T h is  s e le c t iv i ty  w a s  c a l c u l a 

ted  a s  fo llow s

S = 1 /2  C 3/x  (40)

w h e re

S = s e le c t iv i ty  to  p ro p a n e ,  %

= m o le s  of p ro p an e  p ro d u c e d  p e r  100 m o le s  of hexane  fed

x  = f r a c t io n  of hex an es  c o n v e r te d  to h y d ro c ra c k e d  p ro d u c ts .
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The s e le c t iv i ty  to  p ro p a n e  v a r ie d  f r o m  r u n  to  run , b u t  did not c o r r e l a t e  

w ith  t e m p e r a tu r e  o r  c o n v e rs io n .  The ran g e  of v a lu e s  and the a v e ra g e  

v a lu e s  fo r  a l l  n -h e x a n e  ru n s  w ith  the fa u ja s i te  c a t a ly s t  a r e  show n below .

S e lec tiv i ty  to  R ange A v e rag e

p ro p a n e ,  S, % 5 2 .9 - 8 7 .0  6 5 .7

A n o th e r  in te r e s t in g  fe a tu re  in h y d ro c ra c k in g  i s  th a t  the isob u tane  

to n o rm a l  bu tane  r a t io  and the iso p en tan e  to n o r m a l  pen tane  r a t i o  can  

e x c e e d  the e q u i l ib r iu m  r a t io s .  If the m e c h a n is m  fo r  iso b u tan e  f o r m a 

t io n  w a s  th a t  n -h e x a n e  h y d ro c ra c k e d  to  p ro d u ce  a n -b u tan e  m o le cu le  

w h ich  in tu rn  i s o m e r i z e d  to  iso b u ta n e ,  th en  the e q u i l ib r iu m  r a t i o  of i s o -  

to - n o r m a l  would be the m a x im u m  th a t  cou ld  be ob ta ined . A re a s o n a b le  

e x p la n a t io n  of the h igh  i s o - t o - n o r m a l  r a t i o s  is  th a t  a  b ra n c h e d  h y d r o 

c a rb o n  in te rm e d ia te  con ta in in g  nine o r  m o r e  c a rb o n  a to m s  h y d ro c r a c k s  

to  give iso b u tan e . T hen  if the h y d ro c ra c k e d  p ro d u c ts  a r e  not re -a d so rb e d  

on the c a ta ly s t ,  the iso b u tan e  h as  no op po rtu n ity  to i s o m e r i z e  to n-butane. 

A s i m i l a r  ex p la n a t io n  ho lds  fo r  iso p e n ta n e .

T h e re  w as no a p p a re n t  c o r r e l a t io n  of the i s o - t o - n o r m a l  r a t io s

w ith  o p e ra t in g  v a r i a b le s  a lthough  the r a t io s  v a r i e d  f r o m  ru n  to run . The

ra n g e  of r a t io s  and  the a v e ra g e  v a lu e s  a r e  shown below

N -H exane  H y d ro c ra c k in g  
o v e r  P d -H - f a u ja s i t e _____

M ola r  r a t io s
in  p ro d u c t  R ange A v e rag e

iC  /n C  0 .6 7 - 1 .9 7  1 .04 . 4

iC _ /n C  1 .0 7 - 3 .4 6  1 .75 D
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M o s t  of the v a r ia t io n  in  th e s e  r a t io s  can  be  a t t r ib u te d  to  e x p e r im e n ta l  

e r r o r .

7. C a ta ly s t  A c tiv ity  M ain tenance

C a ta ly s t  a c t iv i ty  w a s  r e la t iv e ly  c o n s ta n t  in  the study  of n -h e x a n e  

o v e r  P d - H - f a u ja s i t e .  A few  p r e l im in a r y  ru n s  b e fo re  th is  r e s e a r c h  

b e g a n  in d ic a te d  th a t  h igh  h y d r o g e n - to - h y d ro c a rb o n  r a t i o s  w e re  n e c e s 

s a r y  to  m a in ta in  c a ta ly s t  a c t iv i ty .  T h e r e fo r e  the ra n g e  of h y d ro g en  

r a t i o s  w as  l im i te d  in  o r d e r  to  m a in ta in  a  c o n s ta n t  a c t iv i ty .  In beg inn ing  

a  ru n  i t  w as  n o tic ed  th a t  a  f r e s h  c a ta ly s t  would show a h igh  a c t iv i ty  fo r  

the f i r s t  few m in u te s  on feed . The a c t iv i ty  w ould  dec line  to  a " l in e d -o u t"  

a c t iv i ty  a f t e r  30-45  m in u te s  on feed . The " l in e d -o u t"  a c t iv i ty  h e ld  c o n 

s ta n t  w ith in  5-10%  o v e r  s e v e r a l  h o u rs  on feed . P r o c e s s  co n d it io n s  w e re  

r e p e a te d  f r o m  t im e - t o - t im e  du rin g  a  ru n  to  ch eck  a c t iv i ty  m a in te n a n c e .  

No c o r r e c t io n s  w e re  m ade  to  the p r o c e s s  da ta  fo r  a c t iv i ty  d i f fe re n c e s  

s ince  the a c t iv i ty  dec line  w as  sm a ll .

C. C yc lohexane  H y d ro c ra c k in g

1. Gene r a l

The a p p ro a c h  to the study of h y d ro c ra c k in g  cy c lo hexane  o v e r  P d -  

H - fa u ja s i te  w a s  s im i l a r  to th a t  of h y d ro c ra c k in g  n -h e x a n e .  In the  hexane  

study  i t  w a s  concluded  th a t  m a s s  t r a n s f e r  a n d  m a c r o p o r e  d iffu s io n  w e re  

n o t  l im it in g  s te p s .  Since the s y s te m s  and p r o c e s s  co nd it ions  w e re  s i m i 

l a r ,  i t  w as  a s s u m e d  th a t  m a s s  t r a n s f e r  and m a c r o p o r e  d iffusion  w e re  not
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l im i t in g  in  the cy c lo h ex a n e  s tudy . If a  m ic r o p o r e  d iffu s io na l  l im i ta t io n  

e x i s t s ,  i t s  e f fe c t  w ould  be in c lu d e d  in  the o v e ra l l  r e a c t io n  r a te .

2. P s e u d o - F i r s t  O r d e r  R e a c t io n

The s im p li f ie d  m o d e l  f o r  h y d ro c ra c k in g  cy c lo h ex an e  w as
k l

[C H  M C P ]  + n H ^  "* h y d ro c ra c k e d  p ro d u c ts  

In te g ra t io n  of the r a t e  e q u a t io n  led  to

- l n ( l - x )  = k j  t H. (41)

A p lo t  of - log (1 -x )  v e r s u s  the  c o n ta c t  t im e  shou ld  y ie ld  a l in e a r  r e l a 

t io n sh ip .  T h is  t e s t  w a s  m a d e  a t  two d i f f e r e n t  t e m p e r a t u r e s .  The 

r e s u l t s  a r e  i l l u s t r a t e d  in  F i g u r e s  22 and 23 (pages  83 and 84). The 

d e ta i le d  da ta  a p p e a r  in  A ppend ix  T a b le s  A and A - 2. As can  be  se e n ,  a 

l i n e a r  r e l a t io n s h ip  w a s  o b ta in e d  in  bo th  s tu d ie s .  T h ese  da ta  r e p r e s e n t  

h y d ro c ra c k in g  c o n v e r s io n s  o f  17 to  99%.

3. E f fe c t  of H yd ro g en  P a r t i a l  P r e s s u r e

A s in  n -h e x a n e  h y d r o c r a c k in g ,  the s im p lif ie d  r a t e  c o n s ta n t ,  k j ,  

f o r  cy c lo h ex an e  h y d r o c r a c k in g  a p p e a r e d  to be a  fu n c t io n  of p a r t i a l  

p r e s s u r e .  T h is  e f fe c t  is  i l l u s t r a t e d  in  T ab le  4 (page 85) and F ig u r e  24 

(page 86). As d e v e lo p ed  in  C h a p te r  IV, the  s im p li f ie d  r a t e  c o n s ta n t  m ay  

be  r e l a te d  to  the p a r t i a l  p r e s s u r e s  by

k l ■ k 1 . 0 KC/ ( I  + V c  + KBPB + V P ’"  ‘42>

T he dua l s i te  m e c h a n i s m  a n d  the  s im p lify in g  a s s u m p t io n

K p »  K p + K p B B C^C p p

a g a in  gave the  b e s t  a g r e e m e n t  w ith  the d a ta .  The t e s t  of the eq u a tio n  is
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T a b le  4. E f f e c t  of H y d ro g e n  P a r t i a l  P r e s s u r e  on S im p l i f ie d  R a te  C o n -

s t a n t  in  C y c lo h e x a n e  H y d r o c r a e k in g  Ove r  P d - H - F a u j a s i t e

O p e r a t in g  C o n d i t io n s

T e m p e r a t u r e ,  ° F 700

P r e s s u r e , p s i a 3 6 5 -7 6 5

F e e d C y c lo h e x a n e

C a ta ly s t P d - H - F a u j a s i t e

R u n  N os. 20A , 2 0 K -R

R un  R e s u l t s

k i-c c / g m - s e c
P a r t i a l  P r e s s u r e s ,  a tm

R un  No. —E-b —

46. 5

- * C -  

3. 4

-Ea  P..

20A 0. 180

A P 

0 . 7  1 .4

20K 0. 181 49. 5 1. 9 0 . 2  0 . 4

20L, 0. 185 45 . I 1. 1 1 .3  4 . 5

20M 0. 180 49. 9 1. I 0. 5 0. 5

20N 0. 187 44. 0 1. 0 1 .6  5 .4

2 0 0 0. 179 46. 0 1. 2 1 . 4  3 . 4

2 0 P 0. 249 36. 6 0. 8 0. 8 3. 6

20Q 0. 520 21. 3 0. 4 0. 2 2. 9

20R 0. 178 46. 0 1. 2 1 .4  3 . 4
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p r e s e n t e d  in  F ig u re  25 (page 88). The n u m e r ic a l  equa tion  ob tained

f r o m  F ig u r e  25 is

l / / k .  = 0 .4 4  + 0. 0407 p n  (43)
1 s

Solving fo r  K and k .  K _  y ie ld s  
15 1 9 U O

K = 0. 092 (44)
15

k i > 0 Kc = 5 . 1  (45)

4. E f fe c t  of T e m p e r a tu r e

The e ffe c t  of t e m p e r a tu r e  on the H_ a d s o rp t io n  co e ff ic ien t ,  K ,
i t  B

i s  shown in  F ig u r e  26 (page 89). The v a lu e s  of K w e re  u s e d  in c a lc u -
15

la t in g  k K a t  v a r io u s  t e m p e r a t u r e s  by the  equation  
l i  0  c

* ! . ?  - , k 1 . 0 KC - V 1 ♦ KB*B>2 (46)
A n A r r h e n iu s  type p lo t of k ' . _ fo r  a l l  cy c lohexane  h y d ro c ra c k in g  da ta

1 1 0

a p p e a r s  in F ig u r e  27 (page 90), and  the  d e ta i le d  data  a p p e a r  in  Appendix 

T a b le s  A and A-2. The da ta  p o in ts  in  F ig u r e  27 ind ica te  the a v e ra g e  

v a lu e s  f o r  e a c h  t e m p e r a tu r e  le v e l  and  the v e r t i c a l  l in e s  in d ic a te  the 

ra n g e  of v a lu e s .  An a c t iv a t io n  e n e rg y  of 31 k c a l /g m  m o le  w as c a l c u l a 

ted  f r o m  the s lope . A va lu e  of 30-35  k c a l /g m o le  w as  r e p o r t e d  fo r  a P t -

(32)
A1 O* c a ta ly s t  b a s e d  on a f i r s t  o r d e r  m e c h a n ism .

5. M e c h a n ism

C yclohexane  h y d ro c ra c k in g  da ta  a r e  c o n s is te n t  w ith  a  m o d e l 

s i m i l a r  to  the m o d e l  fo r  n -h e x a n e  h y d ro c ra c k in g .  The in te g ra te d  f o r m  

of th is  eq u a tio n  w as

- l n ( l - x )  = k ' l i 0 t H/ ( l  + K b p b )Z (47)
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E qu a tio n  (39) fo r  K w a s  r e p o r te d  in  the  m e c h a n is m  d is c u s s io n  fo r  n -B

hexane  h y d ro c ra c k in g .  T he equ ation  fo r  k ' is11 0

I n k ' ,  n = 25. 4 - (27, 5 4 0 /T °R ) .  (48)1 f 0

A b a s ic  a s s u m p t io n  in th is  m o d e l  w as  th a t  the m e th y lc y c lo -  

pen tane  and  the cy c lo h ex an e  can  be  t r e a te d  a s  a  s ing le  com pound. The 

p e r c e n t  of M C P in  the M C P + CH p ro d u c t  m ix tu re  a p p e a r s  to  be c lo se  

to  the e q u i l ib r iu m  va lue  fo r  h y d ro c ra c k in g  c o n v e rs io n s  of 16 to  85%.

The e q u i l ib r iu m  le v e l  is  in d ic a te d  by the d a sh ed  line  in F ig u re  28 (page 

92). T h is  e q u i l ib r iu m  w as  c a lc u la te d  f r o m  f r e e  e n e rg y  da ta  and  m ay  

not be a s  a c c u r a t e  a s  the e x p e r im e n ta l ly  d e te rm in e d  hexane i s o m e r  

e q u il ib r iu m  d a ta .  N e v e r th e le ss*  the  da ta  in d ic a te  o v e r  a 90% a p p ro a c h  

to  the e q u i l ib r iu m  a s  c a lc u la te d  f r o m  th e  f r e e  e n e rg y  data . T h is  h igh 

i s o m e r iz a t io n  a c t iv i ty  i s  in  a g re e m e n t  w ith  the da ta  f ro m  n -h ex a n e  

h y d ro c ra c k in g .  The a s s u m p t io n  of t r e a t in g  the M CP and CH sum  a s  one 

com pound a p p e a r s  to be ju s t i f ie d  s in c e  the r a t i o  of th e ir  c o n c e n tra t io n s  

r e m a in s  r e la t iv e ly  c o n s ta n t  o v e r  a  w ide ran g e  of c o n v e rs io n s .

The h y d ro c ra c k e d  p ro d u c t  can  be  of two d if fe re n t  ty pes . F i r s t ,  

the n ap h th en es  can  be opened  and h y d ro g en a ted  to p a ra f f in s .  T h is  r i n g -  

opening  r e a c t io n  i s  p r e v a le n t  a t  low c o n v e r s io n s  a s  i l l u s t r a te d  in  F ig u re  

29 (page 93). The s e le c t iv i ty  to C^ p a ra f f in s  d e c r e a s e s  w ith  in c re a s in g  

c o n v e rs io n  and  in c r e a s in g  t e m p e r a tu r e .  The second  type of h y d r o c r a c k 

ing w ould  be the fo rm a t io n  of two lo w e r  m o le c u la r  w e igh t p a ra f f in s .

Table  5 (page 94) s u m m a r iz e s  the lo w e r  m o le c u la r  w eigh t h y d r o 

c ra c k e d  p ro d u c ts  f r o m  a l l  the c y c lo h e x a n e - fa u ja s i te  ru n s .  As can  be



R uns 20A, K -R ; 22 B -D 700°F

100

80

MCP in
P ro d u c t ,  %
of (MCP + CH) 60

40

■

£Q U I L .
f £ I ~ / s p iV,s c D 8 \

r c N
0 o 1 13 Vs

L -

0 20 40 60 80 100

H ydroc rack in g , %

F ig u re  28. M ethy lcyclopen tane  C o n cen tra tio n  in  P ro d u c t N aph thenes, C yclohexane H yd ro c rack in g
O ver P d -H -F a u ja s i te



A 650°F  

O  7 0 0 °F  

□  750 °F  

V 800°F650 F
Se lec tiv i ty  to 
C ,  P a ra f f in s ,  % 

6 40

XT  700°F

750 F

1004020

H y d ro c rack in g ,

F ig u re  29. E ffe c t  of C o n v e rs io n  and  T e m p e ra tu r e  on S e lec tiv ity  to P a ra f f in s ,  Cyclohexane H ydro - 
c ra c k in g  O ver P d - H - F a u ia s i t e



94

T a b le  i .  P r o d u c t s  f r o m  C y c lo h e x an e  

P d - H - F a u j a s i t e

H y d ro c ra c k in g  O v e r

O p e ra t in g  C o n d itio n s

T e m p e r a tu r e ,  ° F 650-800

P r e s s u r e ,  p s i a 365-765

F e e d C yclo hexane

C a ta ly s t P d - H - F a u j a s i t e

R un Nos. 2 0 A -R , 2 2 A -E

R un R e s u l ts

H y d ro c r a c k e d  P r o d u c t R ange A v e ra g e

S e le c t iv i ty  to P r o p a n e ,  % 4. 9 -3 4 .  5 14. 0

C _ / C .  m o la r  r a t i o  2 4
0. 04 4 -0 . 151 0. 07 5

C . / C -  m o la r  r a t i o  1 5
0. 00 0 -0 . 091 0. 037

i C . / n C .  m o l a r  r a t i o  4 4
1. 51 -3 . 99 2 .4

iC _ /n C  m o la r  r a t i o  5 5
1. 57-4 . 09 2. 4

H y d ro c ra c k in g  C o n v e rs io n ,

% 8-99 66
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s e e n ,  the  a v e r a g e  s e le c t i v i ty  to  p ro p a n e  i s  m u c h  lo w e r  in  c y c lo h ex a n e  

h y d r o c r a c k in g  th a n  in  n - h e x a n e  h y d ro c r a c k in g  (14. 0% v s .  65. 7%).

A ls o  the  a v e r a g e  C ^ /C ^  a n d  C ^ /C ,.  r a t i o s  a r e  m u c h  lo w e r  in  c y c l o 

h e x an e  h y d r o c r a c k in g  (0. 075 v s .  0. 50 f o r  C ^ /C ^  an d  0. 037 v s .  0. 26 fo r  

C j / C g ) .  T h is  i n d ic a t e s  t h a t  the  p r e d o m in a n t  r e a c t i o n  in  c y c lo h e x a n e  

h y d r o c r a c k in g  i s  th e  f o r m a t io n  of a  c o m p le x  of m o r e  th a n  s ix  c a r b o n  

a t o m s  and  the s u b s e q u e n t  h y d r o c r a c k in g  of th is  c o m p le x .  T he iC ^ /n C ^

a n d  iC _ /n C  r a t i o s  a r e  m u c h  l a r g e r  th an  in  n -h e x a n e  r u n s .  T h e  h ig h  5 5

c o n c e n t r a t i o n s  of i s o b u ta n e  an d  i s o p e n ta n e  in d ic a te  th a t  th e  c o m p le x  i s  

p r o b a b ly  a  b r a n c h e d  c h a in  h y d ro c a rb o n .

6. C a ta ly s t  A c t iv i ty  M a in te n a n c e

C a ta ly s t  a c t iv i t y  w a s  no t a  p r o b l e m  in  h y d r o c r a c k in g  c y c lo h e x a n e  

o v e r  P d - H - f a u j a s i t e .  A f te r  the  " l in e d - o u t"  a c t iv i ty  w a s  r e a c h e d ,  the  

a c t iv i t y  d e c l in e d  v e r y  s lo w ly  w ith  t im e  on feed .  In R un  20 the  c a t a l y s t  

" s a w "  feed  f o r  o v e r  25 h o u r s ,  and  the a c t iv i ty  d u r in g  the f in a l  d a ta  

p e r io d  a p p e a r e d  to  be a b o u t  1% lo w e r  th an  the  in i t i a l  d a ta  p e r io d .

D. H y d ro c r a c k in g  N -H e x a n e -C y c lo h e x a n e  M ix tu re

A m ix tu r e  of 56 m o le  % c y c lo h e x a n e  a n d  44 m o le  % n - h e x a n e  w a s  

h y d r o c r a c k e d  o v e r  P d - H - f a u j a s i t e  in  o r d e r  to  d e te r m in e  w h e th e r  o r  no t 

th e  p r e v io u s ly  d e v e lo p e d  m o d e l  w ould  ap p ly  fo r  m ix t u r e s .  It i s  not 

u n u s u a l  in  h e te r o g e n e o u s  c a t a l y s i s  th a t  r e a c t io n  r a t e  d a ta  f r o m  p u r e  

co m p o u n d  s tu d ie s  do no t a p p ly  in  the  c a s e  of m ix e d  f e e d s .  One of the  

m a j o r  r e a s o n s  f o r  th is  i s  th e  c o m p e t i t iv e  a d s o r p t io n  of the  r e a c t a n t s .
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F o r  e x a m p le ,  i f  th e  l e s s  r e a c t i v e  s u b s ta n c e  is  a l s o  th e  m o r e  s t r o n g ly  

a d s o r b e d ,  th e n  i t  c a n  b e  p r e f e r e n t i a l l y  c o n v e r t e d .  W a u q u ie r  a n d  

J u n g e r s ^  ^   ̂ fo u n d  th i s  to  b e  th e  c a s e  in  th e  h y d r o g e n a t io n  of a r o m a t i c s .

T he  r e s u l t s  of th e  m ix e d  f e e d  s tu d y  a r e  s u m m a r i z e d  in  T a b le  6 

(p ag e  97). T he  p r e d i c t e d  c o n v e r s i o n s  c o m p a r e  f a i r l y  w e l l  to  th e  a c t u a l  

c o n v e r s i o n s ,  in d ic a t i n g  t h a t  th e  p r e v i o u s l y  d e v e lo p e d  m o d e l s  a l s o  a p p ly  

to  th e  m ix e d  fe e d .  T h i s  i m p l i e s  t h a t  the  r e l a t i v e  a d s o r p t i o n  c o e f f i c i e n t s  

f o r  n - h e x a n e  a n d  c y c lo h e x a n e  a r e  o f a b o u t  the  s a m e  m a g n i tu d e .  In  th e  

a n a l y s i s  of the  m ix e d  f e e d  d a ta ,  s i n c e  c y c lo h e x a n e  p r o d u c e s  so m e  

h e x a n e  i s o m e r s ,  th e  a m o u n t  of h e x a n e  in  th e  f e e d  w a s  a d ju s t e d  to  

a c c o u n t  f o r  th i s  r e a c t i o n .



Table  6. H y d ro c rac k in g  of N -H exane-C y c lo hexane  M ix tu re  O ver P d - H - F a u ja s i t e  

R e su l ts

- -  S u m m ary  of

O pera tin g  Conditions

C a ta ly s t P d  -H -F a u ja s i te

Space v e lo c ity ,  v / h r - v 2

P r e s s u r e ,  p s ia 7 65

Run No. 23A 23B 23C 23D 23E 23F

T e m p e ra tu re ,  ° F 700 700 725 725 750 750

C o n v e rs io n  of (M CP + CH), %

A ctual 70. 2 63. 8 80. 5 92. 3 95. 5 9 6 .4

P re d ic te d 69. 3 54. 0 79. 8 91. 9 94. 3 95. 0

C onv ers io n  of h e x an e s ,  %

A ctual 4 .9 4. 6 8 .9 26. 0 22. 5 28. 3

P re d ic te d 4. 8 3. 0 8. 2 12. 1 19. 3 20. 3



C H A PT ER  VI

E X P E R IM E N T A L  R ESU LTS - M O RDENITE CATALYST

A. In tro d u c tio n

T h is  c h a p te r  d e s c r ib e s  the r e s u l t s  of h y d ro c ra c k in g  n -h ex a n e  

a n d  cyc lohexane  o v e r  a  P d - H - m o rd e n i te  c a ta ly s t .  The a p p ro a c h  to the 

m o rd e n i te  c a ta ly s t  study is  s im i la r  to  th a t  d i s c u s s e d  in  C h a p te r  V fo r  

the f a u ja s i te  c a ta ly s t .

B. N -H exane  H y d ro c rac k in g

1. E ffe c t  of M a ss  T r a n s f e r

F l u i d - to - p a r t i c l e  m a s s  t r a n s f e r  should  not be a l im it in g  s te p  fo r  

the  m o rd e n i te  c a ta ly s t  s ince  m a s s  t r a n s f e r  did not a p p e a r  l im i t in g  fo r  

the  f a u ja s i te  c a ta ly s t  a t  s im i la r  p r o c e s s  co n d it ion s . N e v e r th e le s s ,  i t  

w a s  d ec id ed  to m ake  a few  ru n s  on the m o rd e n i te  in  o r d e r  to s t r e n g th e n  

th is  con c lu s io n . T h e se  ru n s  w e re  m ade  by v a ry in g  the gas  v e lo c ity  and  

ho ld ing  o th e r  co n d it io n s  r e la t iv e ly  c o n s ta n t .  The r e s u l t s  a r e  s u m m a r i 

zed  in  T ab le  7 (page 99), and a p lo t of the s im p lif ied  r a te  c o n s ta n t  

v e r s u s  gas v e lo c ity  a p p e a r s  in F ig u re  30 (page 100). If the f lu id - to -  

p a r t i c l e  m a s s  t r a n s f e r  w e re  l im itin g ,  the h ig h e r  v e lo c ity  ru n s  should  

have  in d ic a te d  h ig h e r  c o n v e rs io n .  Since the  r a te  c o n s ta n t  w as  r e la t iv e ly  

c o n s ta n t  w ith  gas  v e lo c ity ,  m a s s  t r a n s f e r  w as  not l im itin g .
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T able  7. T e s t  fo r  M a ss  T r a n s f e r  L im ita t io n s  - -  S im plified  R eac tio n  R ate  C o n s tan t  v s .  Gas V elocity , 

M orden ite  C a ta ly s t

O pera ting  Conditions

T e m p e r a tu r e ,  ° F  

P r e s s u r e ,  p s ia  

F e e d  

C a ta ly s t

Run R e su l ts

Run No.

Gas V elocity , c m / s e c

F e e d  R a te ,  w /h r - w

H- R ate , m o le s  /m o le  C ,  L o

H y d ro c rack in g ,  % 

S im plif ied  R ate  C onstan t, 

k , c c / g m - s e c

550

765

n-H exane  

P d -H -M o r  denite

3B 14C 14F

0. 31 0. 32 0. 29

1 .99 2. 00 2. 00

9. 66 9 .7 5 9. 00

19. 1 18. 0 20. 5

0. 0132 0. 0126 0. 0131

17 18 19

0. 62 0. 95 0. 23

2. 00 2. 04 2. 02

9. 54 9 .7 5 10. 50

19. 3 19. 2 18. 3

0. 0129 0. 0132 0. 0134
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2. E f fe c t  of P o r e  D iffu s io n

The m o rd e n i te  c a t a l y s t  u s e d  in  th is  study  w as  sy n th e s iz e d

in i t ia l ly  a s  1-5 m ic r o n  c r y s t a l s .  T h ese  p a r t i c l e s  w e re  p i l le d  to g e th e r ,

and  the p i l ls  w e re  s u b s e q u e n t ly  c ru s h e d  and  s ized . T h re e  d i f fe re n t

s iz e d  m a c r o p a r t i c l e s  w e re  in v e s t ig a te d .  The s iz e  r a n g e s  w e r e  0. 043-

0. 074 m m , 0. 147-0. 210 m m ,  and  0. 210-1 . 2 m m . T h ese  s i z e s  w e re

te s te d  fo r  n -h e x a n e  h y d ro c r a c k in g  a t  5 5 0 °F , 765 p s ia ,  2 v / h r - v ,  and

10 m o le s  of H _ /m o le  C , .  A s  c a n  be  se e n  in  T ab le  8 (page 102) and  
L o

F ig u r e  31 (page 103), no  t r e n d  of in c r e a s in g  a c t iv i ty  w a s  no ted  a t  the 

s m a l l e r  p a r t i c l e  s i z e s .  As w a s  the c a s e  in  the study of the f a u ja s i te  

c a ta ly s t ,  no  d if fu s io n a l  l im i ta t io n  e x i s t s  in  the m o rd e n i te  m a c r o p o r e s .  

No co n c lu s io n  c a n  be d ra w n  a b o u t  m ic r o p o r e  d iffus ion  s in ce  the m i c r o 

p a r t i c l e  s iz e  w a s  the s a m e  in  a l l  c a s e s .

3. P s e u d o - F i r s t  O r d e r  R e a c t io n

T h r e e  g ro u p s  of e x p e r im e n t s  w e r e  m ade  to d e te rm in e  w h e th e r  

the r e a c t io n  o v e r  the m o rd e n i te  c a t a ly s t  w as  f i r s t  o r d e r  w ith  r e s p e c t  to 

the  h y d ro c a rb o n  c o n c e n tra t io n .  E a c h  of the  s e t s  of ru n s  w e re  m ade  a t  

a  s e t  t e m p e r a tu r e ,  to ta l  p r e s s u r e ,  and  r e la t iv e ly  c o n s ta n t  p a r t i a l  p r e s 

s u r e s .  The c o n ta c t  t im e  w a s  v a r i e d  by chang ing  n -h ex a n e  and  h y d ro g en  

fe e d  r a t e s .  A s c a n  b e  s e e n  in  F i g u r e s  32 (page 104), 33 (page 105), and  

34 (page 106), the fu n c t io n  of c o n v e rs io n ,  - log ( I - x ) ,  w a s  l in e a r  w ith  

c o n ta c t  t im e . T h e s e  d a ta  s t ro n g ly  r e in f o r c e  the f i r s t  o r d e r  r e la t io n s h ip  

w ith  r e s p e c t  to the h y d ro c a rb o n .
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T ab le  8. E f fe c t  of C a ta ly s t  P a r t i c l e  on n 

P d -H -M o rd e n i te

-H exane H y d ro c ra c k in g  o v e r

O p era t in g  C onditions

oT e m p e r a tu r e ,  F 550

P r e s s u r e ,  p s ia 765

F e e d n -H ex an e

C a ta ly s t P d -H -M o rd e n i te

Run Nos. 3B, 14C, 14F, 15, 

16

R un R e s u l ts

C a ta ly s t  H y d ro c ra c k in g S im plif ied  R ate
S ize, m m % C o n stan t,  k , c c / g m - s e c

0. 043-0 . 074 19. 5 0. 0130

0. 147-0. 210 19. 0 0. 0128

0. 21-1 . 2 19. 1 0. 0132

0. 21-1 . 2 18. 0 0. 0126

0. 21 -1 . 2 20. 5 0. 0131



Runs 3B; 14C, F j  15, 16 550°F
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4. E f fe c t  of H y drogen  P a r t i a l  P r e s s u r e

T he  e ffe c t  of h y d ro g e n  p a r t i a l  p r e s s u r e  on, the s im p lif ie d  r a te  

c o n s ta n t  fo r  h y d ro c ra c k in g  n -h e x a n e  o v e r  P d -H -m o rd e n i te  a p p e a r s  to 

be s im i l a r  to  the e f fe c t  d e s c r ib e d  p re v io u s ly  fo r  the fa u ja s i te  c a ta ly s t .  

The da ta  f r o m  th is  s tudy  a p p e a r  in  T ab le  9 (page 108), and  a  p lo t of the 

s im p lif ie d  r a te  c o n s ta n t  v e r s u s  the p a r t i a l  p r e s s u r e  a p p e a r s  in  

F ig u r e  35 (page 109). The s in g le  and  dual site  m e c h a n is m s  a r e  t e s te d  

in  F ig u r e s  36 (page 110) an d  37 (page 111). A gain  the m o s t  c o n s i s te n t  is  

the dual s i te  m e c h a n is m . V a lu e s  c a lc u la te d  f r o m  the l e a s t  s q u a r e s  f i t  

of equa tio n  (30) a r e

k K .  = 1 .9  (49)o A

K b  = 0 .2 3 .  (50)

5. E f fe c t  of T e m p e r a tu r e

The e ffe c t  of t e m p e r a t u r e  on the s im p li f ie d  r a t e  c o n s ta n t  is  

show n in F ig u r e  38 (page 112). F o r  c o m p a r is o n ,  the r e s u l t s  w ith  the 

f a u ja s i te  a r e  inc luded . As c a n  be se e n ,  the P d - H - m o rd e n i te  h a s  abou t 

the sa m e  a c t iv i ty  a s  P d - H - f a u ja s i t e  a t  a p p ro x im a te ly  180°F low er  

t e m p e r a tu r e .  About the  s a m e  d if fe re n c e  in a c t iv i ty  w as found by M iale  

and  c o - w o r k e r s ^ ^   ̂ f o r  H - fa u ja s i t e  and H -m o rd e n i te  in  the c a ta ly t ic  

c ra c k in g  of n -h ex a n e .  The a p p a r e n t  a c t iv a t io n  e n e rg y  c a lc u la te d  f r o m  

the slope of the p lo t  of log  k  v e r s u s  1 /T  w as 54 k c a l /g m  m o le . T h is  is  

the  sam e value  c a lc u la te d  f o r  h y d ro c ra c k in g  n -h ex a n e  o v e r  P d - H - f a u ja 

s i te .
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T ab le  9. E ffe c t  of H ydrogen  P a r t i a l  P r e s s u r e  on S im plif ied  Rate

C o n s tan t  in  n -H ex an e  H y d ro c ra c k in g  O ver Pd  -H -M o rd e n i te

O p era tin g  C onditions

T em pe  r a tu r e , ° F 550

P r e s s u r e ,  p s ia 215 -965

F e e d n-H exane

C a ta ly s t P d - H -M o rd en ite

Run R e s u l ts

P a r t i a l  P r e s s u r e s ,  a tm
Run No. k, c c / g m - s e c - * B - * A - - V

3B 0. 0132 48. 7 2. 1 1. 2

3J 0 . 0100 52. 8 2 .4 0 . 2

3K 0. 0174 40. 6 3 .9 0. 7

3L 0 .0 2 90 31. 3 2. 4 1. 4

3M 0. 133 12. 8 0 . 8 1. 0

3N 0. 00903 62. 2 2. 9 0. 6

14A 0 . 0128 48. 5 3. 2 0. 3

14B 0. 0134 45. 3 5 .4 1. 3

14C 0. 0126 46. 7 4. 0 1. 3

14D 0. 0133 48. 5 2. 7 0 . 8
14E 0. 0132 48. 0 3. 1 0 . 9

14F 0. 0131 46. 0 4. 2 1. 8

14G 0. 0130 46. 4 2. 9 2. 7
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1/ k
E qu a tio n  (29) -a*.

E quation  (27)

704020

H ydrogen P a r t i a l  P r e s s u r e ,  p , a tm

F ig u re  36. T e s t  fo r  Single Site M ech an ism , Hexane H y d ro c rack in g  O ver P d -H -M o rd e n i te



10.0
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E q u a tio n  (31)
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F ig u r e  38. E f f e c t  of T e m p e r a tu r e  on S im p lif ied  R a te  
C o n s ta n t ,  H exane H y d ro c ra c k in g
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V a lu es  of k  K .  w e re  c a lc u la te d  f r o m  the  r e la t io n s h ip  o A

k ' „  = koKA  = k + K BPB>2 - (51>

V a lu es  of K w e re  d e te rm in e d  f r o m  a  p lo t  of the  va lue  in eq u a tio n  (50) 
f i

f o r  h y d ro c ra c k in g  n -h e x a n e  and  the va lue  d e te rm in e d  fo r  h y d r o c r a c k 

ing  cy c lo h ex an e . T h is  p lo t  is  shown in  F ig u r e  46 (page 127). U sing the

v a lu e s  of K and k, k 1 w a s  c a lc u la te d  fo r  e a c h  h y d ro c ra c k in g  run . An 
fi o

A r r h e n iu s  type p lo t  of log k 1 v e r s u s  r e c i p r o c a l  t e m p e r a tu r e  a p p e a r s
o

in  F ig u r e  39 (page 114). The d a ta  po in t a t  e a c h  t e m p e r a tu r e  le v e l  r e p r e 

s e n t s  the a v e ra g e  va lue  a t  th a t  p a r t i c u l a r  t e m p e r a tu r e ,  and  the v e r t i c a l  

l in e  r e p r e s e n t s  the ra n g e  of v a lu e s .  T he a p p a re n t  a c t iv a t io n  e n e rg y  

c a lc u la te d  f r o m  the s lope  of th is  p lo t  w as  49 k c a l /g m o le .  T h is  c o m 

p a r e s  w e ll  w ith  the 48 k c a l /g m o le  a c t iv a t io n  e n e rg y  d e te rm in e d  fo r  the 

f a u ja s i te  c a ta ly s t .  D e ta i le d  d a ta  fo r  a l l  hexane  ru n s  a p p e a r  in  Appendix 

T a b le s  A and  A - l .

6 . M e c h a n ism

The m o d e l  f o r  n -h e x a n e  h y d ro c ra c k in g  a p p e a r s  ad equ a te  fo r

bo th  the m o rd e n i te  and f a u ja s i te  c a t a ly s t s .  The in te g ra te d  f o r m  of th is

e x p r e s s io n  w as

- In  (1 -x )  = k ' QtH / ( I  + K Bp B )2. (52)

F o r  the  m o rd e n i te  c a t a ly s t  the v a lu e s  of k '  and  K _ can  be  c a lc u la te d
o -d

f r o m
A

I n k '  = 44. 45 - (44. 1 x  10 ) / T ° R  (53)
o

and

In  = - 3. 127 + (1 .7 6  x  10 ) /T ° R .  (54)
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F i g u r e  39. E f f e c t  of T e m p e r a t u r e  on R e a c t io n  R a te  C o n s ta n t  
H ex an e  H y d r o c r a c k in g  O v e r  P d - H - M o r d e n i t e
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F i g u r e  40 (p ag e  116) p r e s e n t s  the  hex an e  i s o m e r  c o n c e n t r a t i o n  in  

the  p r o d u c t  h e x a n e s  m i x t u r e  v e r s u s  h y d r o c r a c k in g  c o n v e r s io n .  T he  

d a ta  in d ic a te  a  c lo s e  a p p r o a c h  to  e q u i l i b r i u m  a t  the  h ig h e r  c o n v e r s io n s .  

T h e  d a s h e d  l in e s  in d ic a t e  th e  e q u i l i b r iu m  v a lu e s  a t  the t e m p e r a t u r e  of 

th e  s tu d y , 6 0 0 °F .  T h e  c o n c e n t r a t i o n s  of the  i s o m e r s  a p p e a r  to be  

b e lo w  the  e q u i l i b r i u m  v a l u e s  a t  low  h y d r o c r a c k in g  c o n v e r s i o n s ,  b u t  

th e y  s t i l l  r e p r e s e n t  8 0 -9 0 %  a p p r o a c h  to th e  e q u i l i b r iu m  v a lu e s .  T h e r e 

f o r e ,  the  a s s u m p t io n  t h a t  a l l  h e x a n e  i s o m e r s  c a n  b e  c o n s i d e r e d  c o l l e c 

t iv e ly  a p p e a r s  to  b e  a d e q u a te .

T h e  s e l e c t i v i t y  of th e  h y d r o c r a c k in g  r e a c t i o n  to  f o r m  p ro p a n e  

w a s  c a lc u la te d  f o r  a l l  h e x a n e  o v e r  m o r d e n i te  r u n s  by  e q u a t io n  (40).

T he a v e r a g e  s e l e c t i v i t y  f o r  t h e s e  r u n s  w a s  36. l % a s  c o m p a r e d  to  65. 7% 

f o r  the  f a u j a s i t e  c a t a l y s t .  S e le c t iv i ty  v a lu e s  f o r  in d iv id u a l  r u n s  v a r i e d  

s l ig h t ly ,  b u t  no  d e f in i te  t r e n d  w i th  p r o c e s s  c o n d it io n s  w a s  in d ic a te d .

T he  m o la r  r a t i o s  of an<  ̂ C ^ / C 5 in  the  p r o d u c t  w e r e  a g a in  m u c h

l e s s  th a n  u n i ty .  T h e  a v e r a g e  v a lu e s  f o r  a l l  h e x an e  r u n s  a r e  c o m p a r e d  

b e lo w

A v e ra g e  f o r  h e x a n e  r u n s  o v e r  

H y d r o c r a c k e d  P r o d u c t  M o rd e n i te  F a u j a s i t e

C - / C .  m o l a r  r a t i o  0. 34 0. 502 4

C . / C  m o l a r  r a t i o  0. 11 0 . 2 6
1 D

S i n c e  the C / C .  a n d  C . / C  r a t i o s  sh o u ld  be  u n i ty  f o r  the  s im p le  h y d r o -
M  7  1 D

c ra c k in g  r e a c t i o n ,  th e  d a ta  f r o m  b o th  c a t a l y s t s  s u g g e s t  th a t  a m o r e  

c o m p l ic a te d  m e c h a n i s m  i s  ta k in g  p la c e .  A s s ta te d  p r e v io u s ly ,  one
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p ro p o s a l  to  e x p la in  the  d a ta  i s  the f o rm a t io n  of a  com plex  con ta in in g  

m o re  than  six  c a r b o n  a to m s .  T h is  co m p lex  would h y d ro c r a c k  and 

f o r m  b u ta n e s  and  p e n ta n e s .  The da ta  on the  m o rd e n i te  c a ta ly s t  in d i 

c a te  th a t  the co m p lex  f o r m a t io n  r e a c t io n  is  m uch  m o re  p re v a le n t  than

w ith  the f a u ja s i te  c a ta ly s t .  T he  m a jo r  h y d ro c ra c k e d  p ro d u c t  in  hexane

h y d ro c ra c k in g  o v e r  P d - H - m o r d e n i t e  w as  b u ta n e s  and p e n ta n e s ;  ove r  

P d - H - f a u ja s i t e  the m a j o r  p ro d u c t  w a s  p ro p an e .

The iso b u tan e  to  n -b u ta n e  and the iso p en tan e  to n -p e n ta n e  r a t i o s  

in the p ro d u c t  f r o m  h y d r o c r a c k in g  o v e r  the m o rd e n i te  c a ta ly s t  a r e  

s l ig h tly  h ig h e r  th an  w e r e  found fo r  the f a u ja s i te  c a ta ly s t .  The a v e r a g e  

v a lu e s  found fo r  a l l  h ex an e  h y d ro c ra c k in g  ru n s  a r e  c o m p a re d  below.

N -H exane  H y d ro c ra c k in g  o ve r

M o la r  r a t i o s  in  p r o d u c t  M o rd en ite  F a u ja s i t e

i C , / n C  1 .2  1 .04 4

i C e /nC _  2 .3  1 .7

7. C a ta ly s t  A c tiv i ty  M a in ten an ce

In the study  of h y d ro c r a c k in g  n -h ex a n e  over  P d - H - m o r d e n i t e ,  

the c a ta ly s t  a c t iv i ty  w a s  r e l a t iv e ly  c o n s ta n t .  No c o r r e c t i o n s  w e re  

m ad e  fo r  a c t iv i ty  d i f f e r e n c e s  s ince  the a c t iv i ty  decline  w as  n eg lig ib le .

C. C yclohexane  H y d ro c ra c k in g

1. G e n e ra l

The a p p ro a c h  to th i s  s tudy  w a s  s im i l a r  to tha t  p re v io u s ly  d i s 

c u s s e d  fo r  n -h e x a n e  h y d ro c ra c k in g  o v e r  P d -H - m o r d e n i te .  Since the 

m a s s  t r a n s f e r  f r o m  f lu id  to  c a t a ly s t  and  the m a c ro p o re  d iffusion  did not
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a p p e a r  l im i t in g  in  the study  of n -h e x a n e ,  i t  w as a s s u m e d  th a t  th e se  

s te p s  w ould  not be l im it in g  fo r  the cyclohexane  study. T he  c a ta ly s t  

a c t iv i ty  d ec l in e  in  cy c lo h ex an e  h y d ro c ra c k in g  w a s  a  p ro b le m  not 

e n c o u n te re d  in  the p re v io u s  s tu d ie s .  T h e r e fo r e ,  c a ta ly s t  a c t iv i ty  w il l  

be d i s c u s s e d  f i r s t .

2. C a ta ly s t  A c tiv i ty  M ain tenance

C a ta ly s t  a c t iv i ty  in  cycloh exan e  h y d ro c ra c k in g  o v e r  P d - H -  

m o rd e n i te  a p p e a re d  to  d ec lin e  f o r  lo n g e r  t im e s  on feed  th an  w a s  found 

p re v io u s ly  fo r  the f a u ja s i te  c a ta ly s t .  In h y d ro c ra c k in g  n -h ex a n e  o v e r  

P d - H - f a u ja s i t e  and  P d - H - m o r d e n i t e  the c a ta ly s t  a c t iv i ty  r e a c h e d  a 

" l in e d -o u t"  le v e l  a f t e r  30-45  m in u te s  on feed . S im ila r  r e s u l t s  w e re  

found fo r  cy c lo hexane  o v e r  f a u ja s i te .  As show n in  F ig u re  41 (page 119), 

the a c t iv i ty  fo r  cy c lo h ex an e  h y d ro c ra c k in g  o v e r  m o rd e n i te  a t  650°F  

d e c l in e d  u n t i l  abou t 250 m in u te s  on feed . A f te r  250 m in u te s ,  the s i m 

p l if ie d  r a te  c o n s ta n t ,  k j ,  a p p e a re d  to r e a c h  a  " l in e d -o u t"  va lue  w ith  

t im e  on feed , ©. F ig u r e  42 (page 120)i l l u s t r a t e s  s im i l a r  da ta  a t  600°F . 

In the  6 0 0 °F  study  the a c t iv i ty  a p p e a r s  f a i r l y  co n s tan t .  It w as  decided  

to  u s e  a  few  p en tan e  i s o m e r iz a t io n  ru n s  to  in v e s t ig a te  the a c t iv i ty  of 

the  m o rd e n i te .

B r y a n t ^ ^  r e p o r te d  th a t  P d - H - m o r d e n i t e  r e a c h e d  a " l in e d -o u t"  

a c t iv i ty  a f t e r  30-60  m in u te s  on feed ,  and  the dec line  w a s  v e ry  sm a l l  

a f t e r  the " l in e d -o u t"  v a lu e  w a s  re a c h e d .  A fte r  Run 25 a t  6 0 0 °F , a 

p en tan e  i s o m e r iz a t io n  ru n  w as m ad e . T h is  ru n  (26A) w as  fo llow ed by 

24 h o u rs  of h y d ro g en  s t r ip p in g  a t  5 5 0°F  and 465 p s ia .  A n o ther ru n
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(26B) w a s  then  m ad e  on pen tane  i s o m e r iz a t io n .  Run 27 on pen tan e  

i s o m e r iz a t io n  w a s  m ad e  w ith  a  f r e s h  c a ta ly s t  c h a rg e  a t  i t s  " l in e d -o u t"  

a c t iv i ty .  R uns 26A and  B and  27 a r e  c o m p a re d  in  T ab le  10 (page 122). 

T h e se  ru n s  w e re  m ad e  a t  B r y a n t ’s s ta n d a rd  co nd it ions  of 5 5 0 °F , 465 

p s ia ,  8 v / h r - v ,  and  3 .4  m o le s  H /m o le  C_. The s im p li f ie d  r a t e  co n -  

s ta n ts  fo r  th e s e  ru n s  w e re  c a lc u la te d  by B r y a n t 's  m ethod . It a p p e a r s  

f r o m  th e s e  da ta  th a t  cycloh ex an e  o p e ra t io n s  d e p r e s s e d  the i s o m e r i z a 

t io n  a c t iv i ty .  T h is  a c t iv i ty  lo s s  w as  not r e g a in e d  a f t e r  a  24 hou r  

h y d ro g en  t r e a t .  P e r h a p s  the cyclohexane  c a u s e s  coking o r  som e 

r e a c t io n  th a t  b lo ck s  out som e  of the  a c t iv e  s i t e s .  B a se d  on the ru n  

m ad e  a f t e r  h y d ro g en  t r e a t in g ,  i t  a ls o  a p p e a r s  th a t  th is  b lockage  i s  not 

re m o v e d  by hydrogen . No a t t e m p t  w as m ade  to r e g e n e r a t e  by a i r  

t r e a t in g .

In c o r r e l a t in g  the  d a ta  f r o m  cy c lo h ex an e  h y d ro c ra c k in g  i t  w as 

dec ided  th a t  the " l in e d -o u t"  a c t iv i t ie s  should  be u se d .  T h e r e fo r e ,  a l l  

da ta  a t  6 5 0 °F  and l e s s  th an  250 m in u te s  on feed  w e re  not u se d  in  c o r 

r e l a t io n s .  A ll  d a ta  a t  6 0 0°F  a p p e a re d  to be  " l in e d -o u t" .  T h e r e fo r e ,  

a l l  6 0 0°F  d a ta  w e re  u se d .

3. P s e u d o - F i r s t  O rd e r  R eac tio n

In o r d e r  to t e s t  eq u a tio n  (39) fo r  a l in e a r  r e la t io n s h ip  b e tw ee n  

- log ( 1 -x) and  c o n ta c t  t im e ,  two s e t s  of ru n s  w e re  m ade  by v a ry in g  

the  feed  r a t e s .  The f i r s t  t e s t  a t  6 50°F  a p p e a r s  in  F ig u r e  43 (page 123), 

and  the  seco nd  t e s t  a t  600°F  a p p e a r s  in  F ig u r e  44 (page 124). As can  

be se e n ,  the f i r s t  o r d e r  r e la t io n s h ip  fo r  the h y d ro c a rb o n  co m pon en t
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a p p e a r s  to ho ld  f o r  c y c lo h e x a n e  o v e r  m o r d e n i te  a s  i t  h a s  in  the  

p r e v io u s  t e s t s  f o r  n - h e x a n e .

4. E f f e c t  of H y d ro g e n  P a r t i a l  P r e s s u r e  

A  t e s t  of the  r e l a t i o n s h i p  of

l / / k ,  = i / ^ 7 k c +  <k b * \ V V  p b  (55)

w a s  m a d e  a t  6 0 0 ° F .  T h e s e  d a ta  a r e  show n  in  F i g u r e  45 (page 126).

T he  fo l lo w in g  v a lu e s  w e r e  c a l c u l a t e d  by e q u a t io n  (53).

K b  = 0. 24 (56)

k’i,o * ki . o Kc ■ 3 0 (57)
5. E f fe c t  of T e m p e r a t u r e

T he  e f f e c t  of t e m p e r a t u r e  on th e  h y d ro g e n  a d s o r p t io n  c o e f f ic ie n t ,  

K_» is  c o m p a r e d  w ith  the  d a ta  f r o m  the  f a u j a s i t e  c a t a l y s t  in  F i g u r e  46
D

(page  127). The v a lu e s  f o r  the  m o r d e n i t e  c a t a l y s t  in d ic a te  th a t  h y d ro g e n

a d s o r p t io n  i s  h ig h e r  th a n  f o r  th e  f a u j a s i t e  c a t a ly s t .

V a lu e s  of K a n d  k .  a r e  u s e d  in  the  fo llo w in g  r e l a t i o n s h i p  to  
£  1

c a lc u la te  k (
1*0

k ' l , 0  = k l (1 + K B PB ,Z (58)

T he  c a l c u l a t e d  v a lu e s  of k ’ a r e  u s e d  in  a n  A r r h e n iu s  p lo t  in  F i g u r e1»u

47 (page 128). T he  d a ta  p o in t  a t  e a c h  t e m p e r a t u r e  i n d ic a t e s  the  a v e r a g e

v a lu e ,  a n d  the  v e r t i c a l  l in e  i n d ic a t e s  the r a n g e  of v a lu e s .  T he  a c t i v a 

t io n  e n e r g y  c a l c u l a t e d  f r o m  th e  s lo p e  of th e  l ine  b e tw e e n  the  d a ta  p o in ts  

in  F i g u r e  47 w a s  32 k c a l / g m  m o le .  T h is  a c t iv a t io n  e n e r g y  c o m p a r e s  

w e l l  w i th  the  v a lu e  of 31 k c a l / g m  m o le  f o r  c y c lo h e x a n e  o v e r  the 

f a u j a s i t e  c a t a ly s t .
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In c o m p a r in g  the  r e a c t i v i t y  of c y c lo h e x a n e  w ith  n -h e x a n e  o v e r  

m o r d e n i t e ,  i t  is  s e e n  th a t  n - h e x a n e  is  the  m o r e  r e a c t i v e .  F o r  e x 

a m p le ,  the  fo llow ing  v a lu e s  of the  r a t e  c o n s t a n t s  a r e  in d ic a te d  in  

F i g u r e s  39 a n d  46 a t  6 0 0 ° F .

R e a c t io n  r a t e  c o n s t a n t  a t  6 0 0 °F  P d - H - M o r d e n i t e  

n -H e x a n e  1. 22

C y c lo h e x a n e  0 . 4 3

A d a m s  and  c o - w o r k e r s ^  *  ̂ found  a  s i m i l a r  e f fe c t  in  c a ta ly t i c  c r a c k in g  

n - h e p ta n e  and  m e th y lc y c lo h e x a n e  o v e r  H - m o r d e n i t e .  In t h e i r  s tu d y  n -  

h e p ta n e ,  the  p a r a f f in ,  w a s  m o r e  r e a c t i v e  th a n  m e th y lc y c lo h e x a n e ,  the  

n a p h th e n e .  In the  p r e s e n t  s tu d y , the  o p p o s i te  e f f e c t  w a s  n o te d  in  h y d r o 

c r a c k in g  o v e r  P d - H - f a u j a s i t e .  T h e  c y c lo h e x a n e  w a s  m o r e  r e a c t i v e  

th a n  n -h e x a n e .  In c o m p a r in g  the  tw o c a t a l y s t s  u s e d  in the  p r e s e n t  

s tu d y , b o th  n -h e x a n e  an d  c y c lo h e x a n e  w e r e  m o r e  r e a c t i v e  o v e r  P d - H -  

m o r d e n i te .

6 . M e c h a n is m

The d a ta  f r o m  c y c lo h e x a n e  h y d r o c r a c k in g  o v e r  P d - H - m o r d e n i t e

a p p e a r  to  be c o n s i s t e n t  w i th  the  p r e v io u s ly  d i s c u s s e d  m o d e l .  The

e q u a t io n  f o r  the  H_ a d s o r p t io n  c o e f f ic ie n t  i s  the  s a m e  d e s c r i b e d  in  the

h e x a n e - o v e r - m o r d e n i t e  s tu d y .  T h is  w a s  e q u a t io n  (54). T h e  e q u a t io n

f o r  k ' , n  i s  
1 . 0

I n k '  = 2 8 .1 9  - { 2 8 ,  8 5 0 /T ° R ) .  (57)1 * u

It  is  now e v id e n t  th a t  h y d r o c r a c k in g  b o th  n -h e x a n e  and  c y c lo h e x a n e  o v e r  

b o th  c a t a l y s t s  c an  be c o r r e l a t e d  w ith  a  s in g le  m o d e l .  T h is  m o d e l  i s
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f i r s t  o r d e r  w ith  r e s p e c t  to the h y d ro c a rb o n  c o n c e n tra t io n ,  and  is  b a se d  

on a  dual s i te  m e c h a n ism .

F ig u r e  48 (page 131) p r e s e n t s  the M C P  in  the p ro d u c t  M C P  + CH 

m ix tu re .  A t h igh  c o n v e r s io n s  the M CP c o n c e n tra t io n  a p p e a r s  to  be a t  

the e q u i l ib r iu m  va lue  in d ic a te d  by the d a sh e d  line . The M C P  c o n c e n 

t r a t io n s  a r e  c o n s id e ra b ly  below  the e q u i l ib r iu m  va lue  a t  low h y d r o - 

c ra c k in g  c o n v e r s io n s ,  bu t they  a p p e a r  to  be r i s in g  rap id ly .  A p p a ren tly  

the  i n t r i n s i c  i s o m e r iz a t io n  a c t iv i ty  and  h y d ro c ra c k in g  a c t iv i ty  a r e  

f a i r l y  c lo se  to g e th e r  w ith  the m o rd e n i te ,  w h e r e a s  the i s o m e r iz a t io n  

a c t iv i ty  fo r  the f a u ja s i te  is  m u ch  h ig h e r  th an  the h y d ro c ra c k in g  ac t iv i ty .

The r in g -o p e n in g  h y d ro c ra c k in g  r e a c t io n  is  m u ch  s m a l l e r  w ith  

the  m o rd e n i te  than  w as  found w ith  the f a u ja s i te  c a ta ly s t .  The s e l e c 

t iv i ty  to hexane  i s o m e r s  fo rm e d  by h y d ro c ra c k in g  the n a p h th e n es  is  

show n in  F ig u r e  49 (page 132).

The p ro d u c ts  f r o m  h y d ro c ra c k in g  to  lo w e r  m o le c u la r  w e igh t 

p a ra f f in s  a r e  s u m m a r iz e d  in Table  11 (page 133). As can  be seen , 

th e r e  a p p e a r s  to  be  an  e f fe c t  of t e m p e r a tu r e .  The se le c t iv i ty  to p r o 

p a n e s  i n c r e a s e s  w ith  t e m p e r a tu r e ,  and  the  i s o - t o - n o r m a l  bu tan e  and 

p en tane  r a t i o s  in c r e a s e  w ith  t e m p e r a tu r e .  The and

m o la r  r a t io s  a r e  m u ch  h ig h e r  than  p re v io u s ly  found fo r  any  of the o ther  

h y d ro c ra c k in g  s tu d ie s .  The p ro d u c ts  f r o m  h y d ro c ra c k in g  cyclohexane  

o v e r  m o rd e n i te  in d ic a te  m o re  s im p le  c a r b o n - to - c a r b o n  bond sp li t t ing  

of the m o le c u le  th an  w as  ev id enced  in p re v io u s  s tu d ie s .  As noted

e a r l i e r ,  the C -,/C  and C , / C  m o la r  r a t i o s  should be equ a l  to  un ity  fo r  2 4 1 5



R uns 4C , 4 F -H , 21 A -E , 24 A -D  6 5 0 °F
100

80

M CP, % 

of Product 60

(MCP + CH)

40

20

0 20 40 60 80 100

H y d ro c rack in g ,  %

F ig u re  48, M ethy lcyclopen tane  C o n c en tra tio n  in  P ro d u c t N aph thenes, C yclohexane
H y d ro c rac k in g  O ver P d -H -M o rd e n ite

( c) EQ1JIL.
b

O
vJOo

/ \ Q

r)



Runs 4C, 4  F -H ,  5, 21 A -E ,  24 A -D  6 5 0 °F
20

15

S e le c t iv i ty  to
10

P a r a f f in s ,  %

5

0

F ig u re  49. E f fe c t  of C o n v e rs io n  on S e lec tiv i ty  to  P a ra f f in s ,  C yclohexane  H y d ro c rac k in g
O ver P d -H -M o rd e n i te

<
do o 0:0- n.

3 S3
3

0 20 40 60 80 100

H y d ro c rac k in g ,  %



133

T a b le  11. P r o d u c t s  f r o m  H y d r o c ra c k in g  C y c lo h e x a n e  O v e r  P d - H -  

M o rd e n i te

O p e ra t in g  C o n d i t io n s

T e m p e r a t u r e ,  ° F 60 0 -6 5 0

P r e s s u r e ,  p s ia 4 6 5 -7 6 5

F e e d C y c lo h e x an e

C a ta ly s t P d - H - M o r d e n i t e

Run Nos. 4A, 4 E - H ,  2 I C - E ,  

2 4 C -D , 25A -C

R un R e s u l t s

6 0 0 °F  P r o d u c t R ang e A v e ra g e

S e le c t iv i ty  to  C y  % 43. 3 -5 4 .  6 47. 4

C - / C .  m o la r  r a t i o  2 4 0. 2 4 -0 .  29 0 . 26

C j / C g  m o l a r  r a t i o 0. 2 9 -0 .  74 0. 41

i C J n C  . m o la r  r a t i o  4 4 0. 19 -0 . 25 0 . 22

i C _ / n C c m o la r  r a t i o  5 5 1. 0 0 - 1. 39 1. 18

6 5 0 ° F  P r o d u c t

S e le c t iv i ty  to  C ^  % 53. 9 -6 1 .  2 57. 1

C ../C ,. m o la r  r a t i o  2 4 0. 4 2 -0 .  82 0. 65

C j / C g  m o la r  r a t i o 0. 4 7 -1 .  00 0. 63

iC . /n C , .  m o la r  r a t i o  4 4 0. 5 8 -1 . 00 0 . 69

iC g /n C g  m o la r  r a t io 2. 2 5 -3 .  90 2. 75
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a  s t r a i g h t - f o r w a r d  h y d r o c r a c k in g  r e a c t i o n  of a  s ix  c a r b o n  a to m  m o l e 

c u le .  The C^/C.,, and  C , / C r r a t i o s  l e s s  th a n  u n i ty  w e r e  a t t r ib u t e d  to 2 4 1 5

a  h ig h e r  m o le c u l a r  w e ig h t  c o m p le x  w h ic h  f o r m e d  by  h y d r o c r a c k e d  

f r a g m e n t s  jo in in g  to  m o le c u l e s  c o n ta in in g  s ix  c a rb o n  a to m s .  T h is  

c o m p le x  su b s e q u e n t ly  m u s t  h av e  h y d r o c r a c k e d  to  b u ta n e s  and  p e n ta n e s .

D. H y d ro c ra c k in g  N - H e x a n e -C y c lo h e x a n e  M ix tu re

A few  r u n s  w e r e  m a d e  w ith  a  56 m o le  % c y c lo h e x a n e -44  m o le  

% n -h e x a n e  m ix tu r e  fe e d  s to c k .  T h e s e  d a ta  a r e  s u m m a r i z e d  in  T ab le  

12 (page 135). A ltho ugh  p u r e  co m p o u n d  s tu d ie s  in d ic a te d  th an  n -h e x a n e  

w a s  m o r e  r e a c t i v e  th a n  c y c lo h e x a n e ,  the  cy c lo h ex a n e  w a s  p r e f e r e n 

t ia l ly  c o n v e r t e d  in  the  m ix e d  fee d .  In T ab le  12, the  a c tu a l  c o n v e r s io n s  

a r e  c o m p a r e d  to  the  c o n v e r s io n s  p r e d i c te d  f r o m  the m o d e ls  d ev e lo p ed  

fo r  p u re  f e e d s .  T he a c tu a l  c y c lo h e x a n e  p lu s  m e th y lc y c lo p e n ta n e  c o n 

v e r s i o n s  w e r e  c o n s i s t e n t ly  h ig h e r  th an  the  p r e d ic te d  v a lu e s ,  and  the 

c o n v e r s io n s  of the h e x a n e s  w e r e  c o n s i s t e n t ly  lo w e r .  T h e s e  d a ta  

s t ro n g ly  s u g g e s t  th a t  c y c lo h e x a n e  a n d  m e th y lc y c lo p e n ta n e  a r e  m uch  

m o r e  h ig h ly  a d s o r b e d  th a n  the  h e x a n e s .

In o r d e r  to a d ju s t  f o r  the  d i f f e r e n c e s  in  a d s o r p t io n ,  a n  e m p i r i 

c a l  f a c to r  c a n  be a d d e d  to  the  c o n v e r s io n  e q u a t io n s .  F o r  e x a m p le ,  the 

c y c lo h ex a n e  e q u a t io n  b e c o m e s

- l n ( l - x )  = 5 .3  k ' 1 ()t H/ ( l  + Kb p b )2 . (60)

T h e  c o n v e r s io n s  p r e d i c te d  by  e q u a t io n  (60) a r e  c o m p a r e d  w ith  the 

a c tu a l  c o n v e r s io n s  be low .



Table  12. H y d ro c rack in g  of N -H exan e-C yc loh exane  M ix tu re  O ver P d -H -M o rd e n i te  - -  S u m m ary  of 

R e su l ts

O pera ting  Conditions

C a ta ly s t P d  -H -M o rd e n ite

Space v e loc ity , v / h r - v 2

P r e s s u r e ,  p s ia 765

Run No. 28A 28B 28C 28D

T e m p e ra tu re ,  ° F 600 600 650 650

C o n v e rs io n  of (M CP + CH), %

A ctua l 61. 3 74. 8 99. 5 9 9 .6

P re d ic te d 16. 2 22 . 6 63. 5 68 . 1

C o n v e rs io n  of h ex an es ,  %

A ctua l 21. 3 42. 3 93. 0 98 . 0

P re d ic te d 68. 3 81. 2 - 100.0 - 100. 0
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M C P  -f CH C o n v e rs io n ,  % 

Run No. P r e d ic t e d  A ctual

28A 6 0 . 9 .  6 1 .3

28B 74. 3 74. 8

28C 95. 1 9 9 .5

28D 9 7 .7  9 9 .6

The a d ju s te d  eq u a tio n  fo r  n -h ex a n e  h y d ro c ra c k in g  b e c o m e s

- In ( i - x )  = 0 . 29 k 'o t H/ ( l  + KBp B )2. (61)

T he c o n v e rs io n s  p re d ic te d  by eq u a tio n  (61) a r e  c o m p a re d  w ith  the

a c tu a l  c o n v e rs io n s  below.

H exanes  C o n v e rs io n )  % 

Run No. P r e d ic te d  A ctua l

28A 2 8 .4  2 1 .3

28B 38. 3 42. 3

28C 9 8 .1  9 3 .0

28D 9 8 .9  9 8 .0

The p r e f e r e n t i a l  a d s o rp t io n  of the naphthene  on m o rd e n i te  c a t a 

l y s t s  a l s o  w a s  no ted  by B e e c h e r  and  c o - w o r k e r s ^ ® \  In t h e i r  study of 

h y d ro c ra c k in g  n -d e c a n e  and  d e c a l in  o v e r  m o rd e n i te ,  d e ca lin  w a s  l e s s  

r e a c t iv e  than  n -d e c a n e  in  p u re  com pound s tu d ie s ,  bu t  d e c a lin  w a s  p r e 

f e r e n t ia l ly  c o n v e r te d  f r o m  a m ix tu re  of d e ca lin  and  n -d e c a n e .  The 

p r e s e n t  r e s u l t s  on cyc lohexane  and n -h ex an e  a r e  in a g re e m e n t  w ith  th is  

p re v io u s  w o rk  on d e c a lin  and n -d e c a n e .



C H A PT E R  VII 

CONCLUSIONS AND RECOM M ENDATIONS

A. C o n c lu s io n s

1. P d - H - m o rd e n i te  and P d - H - fa u ja s i t e  a r e  bo th  e x t r e m e ly  a c t iv e  

c a ta ly s t s  fo r  h y d ro c ra c k in g  n -h ex a n e  and  cyc lo hexane .

2. B o th  m o rd e n i te  and f a u ja s i te  have  c o m m e r c ia l  p o s s ib i l i t i e s  fo r  

p ro d u c in g  l iq u e f ie d  p e t ro le u m  g as  p lu s  a h igh  oc tane  p e n ta n e /  

h exane  f r a c t io n  by h y d ro c ra c k in g  low oc tane  naphtha .

3. In p u re  com pound s tu d ie s ,  the r e s u l t s  of th is  in v e s t ig a t io n  a r e  

c o m p a tib le  w ith  an  i r r e v e r s i b l e  r e a c t io n  th a t  is  f i r s t - o r d e r  

w ith  r e s p e c t  to the  h y d ro c a rb o n  and  th a t  ta k e s  p lace  a t  a " d u a l 

s i te .  "

4. The r e s u l t s  of h y d ro c ra c k in g  a n -h e x a n e -c y c lo h e x a n e  m ix tu re  

o v e r  P d - H - f a u ja s i t e  w e re  p r e d ic te d  s u c c e s s fu l ly  f r o m  the 

r e s u l t s  of p u re  com pound s tu d ie s .  T h is  im p l ie s  th a t  the 

a d s o rp t io n  of n -h ex a n e  and cycloh exan e  a r e  abou t e q u a l .o n  P d -  

H -fa u ja s i te .

5. The r e s u l t s  of h y d ro c ra c k in g  a n -h e x a n e -c y c lo h e x a n e  m ix tu re  

o v e r  P d - H - m o rd e n i te  in d ica te  th a t  cy c lo h ex an e  is  m o re  

a d s o r b e d  than  n -h e x a n e ,  and  cycloh exan e  is  p r e f e r e n t i a l ly  c o n 

v e r te d .
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6 i P d -H - m o r d e n i t e  i s  m o re  a c t iv e  th an  P d - H - fa u ja s i t e  f o r  h y d r o 

c ra c k in g  n -h e x a n e ,  cy c lo h ex an e , and  m ix tu r e s  of n -h e x a n e  and  

cyc lo h ex an e ,

•

B. R e c o m m e n d a tio n s

1. M o re  i s  needed  to be known abou t the r e la t iv e  a d s o rp t io n  of 

v a r io u s  ty p es  of h y d ro c a rb o n s  d u r in g  h y d ro c ra c k in g  r e a c t io n s  

o v e r  m o rd e n i te  c a ta ly s t s .

2. D iffusion  in  the m ic r o p o r e s  of z e o l i te s  should be in v e s t ig a te d  

by u s in g  c a ta ly s t s  m ade  f r o m  d i f fe re n t  s ize  c r y s t a l s .
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A PPE N D IX  A 

D E T A ILE D  HYDROCRACKING DATA



TA BLE A - l .  S u m m arize d  n -H exane  H y d ro c rack in g  Data

Run C a ta ly s t
T em p. , 

° F t, sec
PB> a tm H y d ro c rack ing ,

%
-log
( 1 -x) k k 'o k b

11 F a u ja s i te 650 44. 5 46. 6 4. 0 0 . 018 0 . 002 0 . 06 0. 093
1A F a u ja s i te 700 23.9 46. 0 8 . 5 0 . 039 0 . 008 0 . 20 0. 087
ID F a u ja s i te 700 23. 9 46. 0 8 . 1 0. 037 0 . 008 0 . 19 0. 087
IE F a u ja s i te 700 7. 0 46. 9 2 . 2 0. 010 0. 007 0 . 18 0. 087
IK F a u ja s i te 700 42. 3 45. 9 18. 4 0 . 089 0 . 010 0. 25 0. 087
1L F a u ja s i te 700 21 . 1 46. 7 8. 3 0. 038 0 . 009 0 . 22 0. 087
2H F a u ja s i te 750 10. 7 21. 3 43. 6 0. 248 0. 115 0 . 82 0 . 079
2G F a u ja s i te 7 50 14. 5 30. 3 40. 3 0. 224 0. 077 0. 87 0 . 079
2F F a u ja s i te 750 19. 4 39. 1 33. 9 0 . 180 0. 046 0. 76 0 . 079
IB F a u ja s i te 750 23. 2 44. 3 39. 7 0 . 220 0. 047 0. 94 0. 079
IF F a u ja s i te 750 9. 3 46. 5 13. 6 0. 064 0. 034 0. 73 0 . 079
1H F a u ja s i te 7 50 9. 5 46. 5 14. 3 0. 067 0 . 035 0 .7 6 0 . 079
1J F a u ja s i te 750 41. 3 43. 8 63. 1 0 .433 0. 052 1. 02 0 . 079
2A F a u ja s i te 750 22 . 6 44. 9 40. 8 0 . 228 0. 050 1. 01 0 . 079
2B F a u ja s i te 7 50 11 .4 48. 7 21 . 9 0 . 108 0. 047 1. 08 0. 079
2C F a u ja s i te 7 50 38. 1 38. 2 58. 7 0. 384 0. 050 0 . 80 0 . 079
2D F a u ja s i te 750 21. 3 44. 8 33. 4 0 . 179 0. 037 0. 84 0 . 079
21 F a u ja s i te 750 21. 1 45. 6 32. 5 0. 171 0. 040 0. 83 0. 079
6A F a u ja s i te 750 25. 4 44. 2 43. 8 0. 251 0. 049 0 .9 7 0 . 079
6B F a u ja s i te 750 87. 6 42. 5 87. 8 0 .9 1 4 0. 052 0 .9 6 0 . 079
6C F a u ja s i te 750 106. 0 40. 1 92. 2 1. 108 0. 052 0 . 88 0 . 079

* •
sO



TA BLE A - l .  S u m m arize d  n -H exane  H y d ro c rac k in g  Data

Run C a ta ly s t
Tcinp* t 

° F t, sec PB » a tm
H y d ro c rack in g ,

%
-log
( 1 -x) k k 'o

6E F a u ja s i te 750 22. 2 45. 3 40. 9 0 . 228 0. 051 1. 05 0 . 079
7 F a u ja s i te 7 50 25. 2 45. 2 41. 5 0. 233 0. 046 0 .9 5 0 . 079
8 F a u ja s i te 750 27. 0 44. 5 44. 5 0. 256 0. 047 0. 96 0. 079
9 F a u ja s i te 750 29. 5 44. 5 47. 8 0. 283 0. 048 0. 97 0 . 079
10 F a u ja s i te 750 29. 1 44. 8 46. 6 0 . 292 0. 046 0 .9 6 0. 079
11 F a u ja s i te 750 30. 3 44. 0 48. 2 0 . 286 0. 047 0 .9 3 0. 079
12 F a u ja s i te 750 31. 8 44. 0 52. 3 0. 322 0. 050 1. 00 0. 079
2E F a u ja s i te 750 28. 8 47. 3 39. 1 0. 215 0. 037 0 . 82 0 . 079
1C F a u ja s i te 800 22. 2 41. 3 91. 6 1. 076 0. 240 3. 78 0. 074
1G F a u ja s i te 800 9 .7 44. 4 57. 2 0. 368 0 . 188 3. 32 0. 074
6D F a u ja s i te 800 24. 1 40. 6 92 . 8 1. 143 0. 235 3. 62 0. 074
3M M orden ite 550 6. 3 12. 8 42. 3 0 . 239 0. 133 2. 34 0. 25
3L M orden ite 550 16. 4 31. 3 2 6 .9 0. 136 0 . 029 2. 26 0. 25
3K M orden ite 550 8. 4 40. 6 9. 2 0. 042 0. 017 2. 16 0. 25
3B M orden ite 550 24. 4 48. 7 19. 1 0 . 092 0. 013 2. 30 0. 25
14A M orden ite 550 - 4. 6 48. 5 3 .9 0. 017 0. 013 2 . 20 0. 25
14B M ordenite 550 15. 9 45. 3 13. 0 0 . 061 0. 013 2 . 02 0. 25
14C M orden ite 550 23. 8 4 6 .7 18. 0 0 . 086 0. 013 2. 03 0. 25
14D M orden ite 550 16. 0 48. 5 13. 0 0 . 061 0. 013 2. 24 0. 25
14E M orden ite 550 18. 8 48. 0 15. 0 0 . 071 0. 013 2. 23 0. 25
14F M orden ite 550 26. 7 46. 0 20. 5 0 . 100 0. 013 2 .0 5 0. 25
14G M o rden ite 550 59.7 4 6 .4 40. 2 0. 223 0. 013 2 . 06 0. 25
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TA BLE A - l .  S u m m a r iz e d  n -H ex an e  H y d ro c rac k in g  Data

Run C a ta ly s t ° F t» se c

15 M orden ite 550 25. 5
16 M o rden ite 550 25. 0
17 M orden ite 550 25. 5
18 M orden ite 550 24. 6
19 M o rden ite 550 22 .9
3J M or denite 550 10. 5
3N M o rd en ite 550 15.9
3C M orden ite 565 24. 7
13A M orden ite 565 7 .4
13B M orden ite 565 23. 0
13D M orden ite 565 10.9
13E M orden ite 565 42. 6
13F M o rden ite 565 7. 8
3D M o rden ite 600 24. 0
3E M or den ite 600 9. 3
3F M orden ite 600 3. 8
3G M o rden ite 600 14. 5
3H M orden ite 600 2 3 .4
31 M o rden ite 600 25. 0
13C M o rden ite 600 14, 5
3A M orden ite 650 22 .9

, a tm
B

H y d ro c ra c k in g ,
%

-log
( 1 -x) k k 'o k b

46. 3 19. 5 0. 095 0. 013 2. 06 0. 25
46. 2 19. 0 0 . 092 0. 013 2 . 02 0. 25
46. 5 19. 3 0. 094 0. 013 2 . 06 0. 25
46. 8 19. 2 0. 093 0. 013 2. 13 0. 25
4 6 .9 18. 3 0 . 088 0. 013 2. 17 0. 25
52. 8 6 . 5 0. 030 0 . 010 2 . 02 0. 25f
62. 2 9. 0 0. 041 0 . 009 2 .4 8 0. 25
45. 8 37. 1 0. 202 0 . 029 4. 12 0. 24
46. 2 12. 1 0. 056 0. 027 3. 89 0. 24
41. 4 35. 5 0 . 190 0. 029 3 .4 6 0. 24
45. 3 18.9 0 . 091 0 . 029 4. 12 0. 24
37. 1 55. 6 0. 352 0 . 029 2. 82 0. 24
45. 8 13. 9 0. 065 0 . 029 4. 18 0. 24
43. 8 86 . 5 0. 870 0. 127 15. 7 0. 23
46. 6 53. 7 0. 335 0. 125 17. 1 0. 23
48. 3 27. 2 0. 138 0 . 126 18. 4 0. 23
49. 5 70. 5 0. 531 0 . 128 19. 7 0. 23
43. 8 86 . 7 0. 876 0. 131 16. 1 0. 23
4 3 .4 88. 8 0 .951 0. 133 16. 1 0. 23
47. 9 70. 6 0 . 532 0 . 128 18. 4 0. 23
42. 3 9 9 .4 2. 215 0. 337 33. 3 0 . 21
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TA B L E  A -2. S u m m a r iz e d  C yclohexane H y d ro c rack in g  D ata

Run C a ta ly s t
Temp* $ 

° F t, sec
PB> a tm

H y d ro c rack in g ,
%

* 
I 

•—1
 h-*
 

I 
0

£0
Q

k l
V'

1,0 k b

20J F a u ja s i te 650 3. 57 48. 0 8. 1 0. 037 0. 051 1. 64 0. 093
22A F a u ja s i te 650 10.7 49. 2 22 . 1 0 . 108 0. 050 1 .6 6 0 .0 93
22E F a u ja s i te 650 10. 8 46. 3 2 1 .4 0 . 106 0. 049 1.47 0. 093
20Q F a u ja s i te 700 7 .9 8 21. 3 85. 5 0. 838 0. 520 4. 38 0. 087
20P F a u ja s i te 700 14. 1 36. 6 80. 4 0. 708 0. 249 4. 50 0. 087
20A F a u ja s i te 700 4. 54 46. 5 31. 5 0. 165 0 . 180 4. 73 0. 087
20K F a u ja s i te 700 2. 15 49. 5 16. 7 0 . 079 0 . 181 5. 29 0. 087
20L F a u ja s i te 700 18. 5 45. 1 79. 6 0 . 690 0. 185 4. 64 0. 087
20M F a u ja s i te 700 6 . 85 49. 9 43. 8 0. 250 0 . 180 5. 33 0. 087
20N F a u ja s i te 700 21 . 2 44. 0 8 4 .3 0 . 802 0. 187 4. 53 0. 087
2 0 0 F a u ja s i te 700 17. 1 46. 0 7 5 .9 0. 618 0 . 179 4. 66 0. 087
20R F a u ja s i te 700 17. 1 46. 0 75. 9 0 . 616 0. 178 4 .6 3 0. 087
22B F a u ja s i te 700 11. 3 48. 4 61. 5 0. 414 0 . 181 5. 10 0. 087
22C F a u ja s i te 700 6 . 32 50. 2 41. 0 0. 230 0 . 180 5. 39 0. 087
22D F a u ja s i te 700 9 .6 2 46. 8 55. 3 0. 350 0. 180 4 .6 5 0. 087
20B F a u ja s i te 750 4. 35 4 4 .9 74. 8 0. 598 0 . 680 14. 3 0 . 079
20C F a u ja s i te 750 17. 5 42. 5 99. 6 2 . 369 0. 672 13. 1 0. 079
20D F a u ja s i te 750 8 .7 2 48. 3 93. 6 1. 197 0 . 680 16. 1 0 . 079
20E F a u ja s i te 750 9 . 18 44. 4 93. 5 1. 188 0. 640 13. 3 0 . 079
20F F a u ja s i te 750 9. 27 4 4 .4 93. 6 1. 190 0. 635 13. 2 0. 079
20G F a u ja s i te 750 5. 32 44. 0 81. 6 0. 736 0. 684 14.0 0. 079
20H F a u ja s i te 800 4. 86 42. 5 97. 5 1. 594 1. 62 28. 5 0. 074
201 F a u ja s i te 800 4. 34 43. 4 96. 9 1. 506 1.71 3 1 .0 0. 074



T A B L E |A -2 . S u m m a riz e d  C yclohexane H y d ro c rac k in g  Data

Run C ata ly  st
T em p. , 

° F t, sec PB , a tm
H y d ro c rac k in g ,

%
-log
<l-x) k i 1,0

4A M orden ite 600 9. 14 28 .9 24. 8 0. 124 0. 047 2. 77
4E M orden ite 600 22 . 6 45. I 24. 8 0. 133 0 . 021 2 . 66
25A M orden ite 600 23. 6 45. 2 27. 5 0. 140 0 . 021 2. 69
25B M orden ite 600 11.6 46. 0 15. 2 0. 072 0 . 022 2. 90
25C M orden ite 600 27. 9 43. 8 31. 4 0. 164 0 . 021 2. 53
4H M orden ite 650 10. 1 27. 3 66 .7 0 .477 0. 165 7. 60
4F M orden ite 650 21 . 1 42. 8 68 . 0 0. 494 0 . 082 8. 33
4G M orden ite 650 6 . 76 47. 5 30. 6 0. 158 0. 082 10. 0
21C M orden ite 650 25. 0 41. 2 74. 2 0 . 589 0 . 082 7. 8
21D M orden ite 650 2. 97 48. 7 14. 9 0. 070 0 . 082 10. 5
21E M orden ite 650 3. 58 4 7 .9 17. 5 0. 084 0 . 082 10. 3
24C M orden ite 650 20. 7 44. 0 67. 6 0 . 489 0 . 082 8 . 8
24D M orden ite 650 20. 7 44. 3 63. 5 0 .4 3 8 0. 074 8 . 0

0. 23 
0. 23 
0. 23 
0. 23 
0. 23 
0 . 21 
0 . 21 
0 . 21 
0 . 21 
0 . 21 
0 . 21 
0 . 21 
0 . 21

153



T A B L E  A

RUN DATA

R un N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize , m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

M in u tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
M ethane
E thane
P ro p a n e
1- Butane
N -B utane
1 -P en tane  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P
N -H exane  
M CP
C yclohexane

H y d ro c rac k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen B a lan ce , %

R ate  c o n s tan t ,  c c / g m - s e c

n -H ex an e

P d - H - f a u ja s i t e  
0. 8 4 -0 .4 2

700 
765 
2. 04 
2 .9 2  
8. 33

824. 0 
1 .07 
1 .24

11. 17 
3 .0 4  
1. 54 
1. 54 
0. 64

12. 60 
6 . 60

30 .40  
21. 20 
20. 70 

0 . 00 
0. 00

8 . 5 
70. 8 

101 . 0

0. 0081



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize , m m

oT e m p e r a tu r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

M in u tes  on F e e d

IB

n -H ex an e

P d - H - f a u ja s i t e  
0. 8 4 -0 .4 2

750 
765 
2 .0 4  
2 .9 2  
8. 33

210

P ro d u c t ,  m o le s  p e r  
ZOO m o le s  feed

H ydrogen 7 9 3 .0
M ethane 4. 62
E thane 4. 79
P ro p a n e 50 .90
I-B u tan e 5. 26
N -B u tan e 5. 34
I -P e n ta n e 3. 76
N -P e n ta n e 2 . 26
2, 2-DM B 7 .9 0
2 ,3 -D M B  ' 5. 10
2 -M P 19. 30
3 -M P 13.77
N -H exane 14. 22
M CP 0 . 00
C yclohexane 0 . 00

H y d ro c rac k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen  B a la n ce ,  %

39. 7 
46. 1 

101 . 0

R ate  c o n s ta n t ,  c c / g m - s e c 0. 0470



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize , m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s / m o le

M in u tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
M ethane
E thane
P ro p a n e
I-B u tan e
N -B u tane
1 -P en tan e  
N -P e n ta n e
2 ,2 -D M B  
2, 3-DM B
2 -M P
3 -M P
N -H exane  
M C P
C yclohexane

H y d ro c ra c k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen  B a lan ce , %

1C

n -H e x an e

P d  - H -fau ja  s i te  
0. 84 -0 . 42

800 
765 
2. 04 
2 .9 2  
8. 33

280

7 4 2 .0  
3 .9 3

10. 34
133 .00  

7. 05 
9. 31 
7 .4 8  
4. 79
1. 03 
0. 40
2. 76 
2 . 01 
2. 22 
0 . 0 0  
0 .0 0

9 1 .6
6 . 2

101 .9

R a te  c o n s ta n t ,  c c / g m - s e c 0. 240



T A B L E  A

RUN DATA

Run N um ber ID

F e e d  Stock n -H e x a i

C a ta ly s t  Type P d-H -fa
Size, m m •

oi00•
o

T e m p e r a tu r e ,  ° F 700
P r e s s u r e ,  p s ia 765
F e e d ,  v / h r - v 2. 04

w / h r - w 2 .9 2
H ydrogen , m o le s /m o le 8. 33

M in u tes  on F e e d 420

P ro d u c t ,  m o le s  p e r
100 m o le s  feed

H ydrogen 825. 0
M ethane 0. 73
E thane 1 .07
P ro p a n e 9. 88
I -B u tan e 1 .37
N -B u tane 1. 37
I -P e n ta n e 1 .07
N -P e n ta n e 0. 30
2, 2-D M B 12. 90
2, 3-DM B 7 .9 0
2 -M P 29. 80
3 -M P 20 . 80
N -H exane 20. 50
M C P 0 . 00
C yclohexane 0 .0 0

H y d ro c ra c k in g ,  % 8 . 1
I s o m e r iz a t io n ,  % 7 1 .4
H ydrogen  B a lan ce , % 100. 4

R a te  c o n s ta n t ,  c c / g m - s e c 0. 0077



T A B L E  A 

RUN DATA

Run. N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize, m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r  -w 
H ydrogen , m o le s /m o le

M inu tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
M ethane
E thane
P ro p a n e
I-B u tan e
N -B utane
1 -P en tan e  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P  
N -H exane  
M C P
C yclohexane

H y d ro c ra c k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen B a la n ce ,  %

R a te  c o n s tan t ,  c c / g m - s e c

n -H ex an e

P d - H - f a u ja s i t e  
0. 84 -0 . 42

700 
765 
4 .0 8  
5. 84 
9.68

480

966. 0 
0. 09 
0 .4 5  
3. 83 
0. 32 
0 .41  
0 . 00 
0 . 0 0  

13. 20 
7 .0 0  

32. 10 
22 .40  
23. 10 

0 . 00 
0 . 00

2. 2 
7 4 .7  

100 . 8

0. 0071



T A B L E  A

RUN DATA

R un N um ber I F

F e e d  Stock n -H ex an e

C a ta ly s t  Type P d -H - f a u ja s i t e
S ize , m m  0 .8 4 - 0 .4 2

T e m p e r a tu r e ,  ° F  750
P r e s s u r e ,  p s ia  765
F e e d ,  v / h r - v  4 .0 8

w / h r - w  5, 84
H ydrogen , m o le s /m o le  9 .6 8

M in u tes  on F e e d  545

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  9 5 4 .0
M ethane  0. 53
E th a n e  1 .3 5
P r o p a n e  19 .50
I-B u tan e  1 .73
N -B u tan e  1. 73
1 -P en tan e  1. 35
N -P e n ta n e  0. 39
2 .2 -D M B  11 .30
2 . 3-D M B 7 .6 0
2 -M P  2 7 .2 0
3 -M P  19 .90
N -H exane  2 0 .4 0
M C P 0 .0 0
C yclohexane  0. 00

H y d ro c ra c k in g ,  % 1 3 .6
I s o m e r iz a t io n ,  % 66 . 0
H ydrogen  B a la n c e ,  % 101.9

R ate  c o n s ta n t ,  c c / g m - s e c  0 .0 3 4 0



T A B L E  A

RUN DATA

Run N u m b er

F e e d  Stock

C a ta ly s t  Type 
S ize, m m

„  o _T e m p e r a tu r e ,  F
P r e s s u r e ,  p s ia
F e e d ,  v / h r - v

w / h r - w
H ydrogen , m o le s /m o le

1G

n-H exane

P d - H - f a u ja s i t e  
0 . 8 4 -0 .4 2

800 
765 
4 .0 8  
5. 84 
9. 68

M inu tes  on F e e d 620

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  9 1 1 .0
M ethane  1 .77
E thane  5 . 8 8
P ro p a n e  79. 80
I -B u ta n e  5 .5 2
N -B u tan e  8.2 2
1 -P en tan e  4 .6 2
N -P e n ta n e  2 .9 3
2, 2-D M B 5. 32
2 , 3-D M B 3 .0 0
2 -M P  13 .70
3 -M P  9 .9 3
N -H exane  10 .80
M C P  0 .0 0
C yclohexane  0 .0 0

H y d ro c ra c k in g ,  % 57. 2
I s o m e r iz a t io n ,  % 32. 0
H ydrogen  B a la n c e ,  % 102. 2

R a te  c o n s ta n t ,  c c / g m - s e c  0. 188



T A B L E  A

RUN DATA

Run N um b er

F e e d  Stock

C a ta ly s t  T ype 
S ize , m m

oT e m p e r a tu r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

M inu tes  on F e e d

P ro d u c t ,  m o le s  p e r  
 100 m o le s  feed

H ydrogen  
M ethane  
E thane  
P ro p a n e  
I -B u tan e  
N -B u tane
1 -P en tan e  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P
N -H exane  
M C P
C yclohexane

H y d ro c ra c k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen  B a la n ce ,  %

1H

n -H ex an e

P d  -H - fa u ja s i te  
0. 8 4 -0 .4 2

750
765
4. 08
5. 84 
9 .6 8

660

954. 0
0 .7 0
1. 60 

19. 30
1 .73  
1 .93  
1. 65 
0 .7 9  

11. 35 
6 . 80 

27. 60
19. 70
20. 20 

0. 00 
0 . 00

14. 3 
65. 5 

101. 9

R a te  con s tan t ,  c c / g m - s e c 0. 0350



T A B L E  A

R U N  DA TA

R un  N u m b e r  I I

F e e d  S to ck  n -H e x a n e

C a ta ly s t  T ype  P d - H - f a u j a s i t e
S ize ,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  650
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  1 .0 9

w / h r - w  1. 55
H y d ro g e n ,  m o l e s / m o l e  8 .9 4

M in u te s  on F e e d  850

P r o d u c t ,  m o le s  p e r  
100 m o le s  fe e d

H y d ro g e n  8 9 0 .0
M e th an e  T r
E th a n e  0 .6 4
P r o p a n e  3 .6 0
I -B u ta n e  0 .6 4
N -B u ta n e  0. 80
1 -P e n ta n e  0 .4 0
N - P e n ta n e  0 .4 0
2, 2 -D M B  1 4 .0 0
2, 3 -D M B  7 .6 0
2 - M P  3 1 .6 0
3 - M P  2 1 .6 0
N -H e x a n e  2 1 .2 0
M C P  0 .0 0
C y c lo h e x an e  0. 00

H y d r o c ra c k in g ,  % 4 .  0
I s o m e r i z a t i o n ,  % 74. 8
H y d ro g e n  B a la n c e ,  % 100. 0

R a te  c o n s t a n t ,  c c / g m - s e c  0 .0 0 2 0



T A B L E  A

R U N  DA TA

R un N u m b e r

F e e d  S tock

C a ta ly s t  T y p e  
S ize , m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro g e n , m o l e s / m o l e

1J

n -H e x a n e

P d  - H -f  a u  ja  s i te
0. 8 4 -0 .  42

750
765
1 .0 9
1. 55 
8 . 94

M in u te s  on  F e e d 940

P r o d u c t ,  m o le s  p e r  
100 m o le s  f e e d

H y d ro g e n  8 3 1 .0
M e th an e  2. 64
E th a n e  7. 68
P r o p a n e  86 . 00
I -B u ta n e  6 . 48
N -B u ta n e  9 .3 6
1 -P e n ta n e  4. 80
N - P e n ta n e  2 .8 0
2 .2 -D M B  5 .0 4
2 . 3 -D M B  2 .1 5
2 - M P  1 2 .4 0
3 - M P  8 .4 8
N -H e x a n e  8 . 80
M C P  0 .0 0
C y c lo h e x a n e  0 .0 0

H y d ro c r a c k in g ,  % 63. 1
I s o m e r i z a t i o n ,  % 28. 1
H y d ro g e n  B a la n c e ,  % 99. 1

R a te  c o n s t a n t ,  c c / g m - s e c  0 .0 5 2 0



T A B L E  A

RUN DATA

R un N u m b e r  IK

F e e d  S tock  n -H e x a n e

C a ta ly s t  T ype  P d - H - f a u j a s i t e
S ize ,  m m  0. 8 4 -0 .  42

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  1 .0 9

w / h r - w  1. 55
H y d ro g e n ,  m o l e s / m o l e  8 .9 4

M in u te s  on F e e d  1020

P r o d u c t ,  m o le s  p e r  
100 m o le s  f e e d

H y d ro g e n  8 7 6 .0
M e th an e  0. 56
E th a n e  2 .0 0
P r o p a n e  2 3 ,2 0
I -B u ta n e  1 .8 4
N -B u ta n e  2 .4 8
1 -P e n ta n e  2. 16
N - P e n ta n e  1 .4 4
2 .2 -D M B  1 1 .0 3
2 . 3 -D M B  7 .0 0
2 - M P  2 6 .7 0
3 - M P  18 .60
N -H e x a n e  18. 25
M C P  0. 00
C y c lo h e x a n e  0. 00

H y d ro c ra c k in g ,  % 1 8 .4
I s o m e r i z a t i o n ,  % 63. 3
H y d ro g e n  B a la n c e ,  % 98. 9

R a te  c o n s t a n t ,  c c / g m - s e c  0 .0 1 0 4



165

T A B L E  A

RUN DATA

R un N u m b e r  1L

F e e d  S tock  n -H e x a n e

C a ta ly s t  T ype  P d - H - f a u j a s i t e
S iz e ,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r  -w  2. 92
H y d ro g e n ,  m o l e s / m o l e  9 .6 1

M in u te s  on F e e d  1145

P r o d u c t ,  m o le s  p e r  
100 m o le s  fe e d

H y d ro g e n  9 5 3 .0
M e th an e  0. 34
E th a n e  1 .8 0
P r o p a n e  1 0 .2 0
I -B u ta n e  0 .7  3
N -B u ta n e  0 .9 0
1 -P e n ta n e  1. 20
N - P e n ta n e  0 .7 8
2, 2 -D M B  1 3 .3 0
2 , 3 -D M B  7 .0 0
2 - M P  2 9 .8 0
3 - M P  2 0 .8 0
N -H e x a n e  2 0 .8 0
M C P  0 .0 0
C y c lo h e x a n e  0 .0 0

H y d r o c r a c k in g ,  % 8 . 3
I s o m e r i z a t i o n ,  % 70. 9
H y d ro g e n  B a la n c e ,  % 9 9 .7

R a te  c o n s t a n t ,  c c / g m - s e c  0 .0 0 8 9



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  S tock

C a ta ly s t  T ype 
S ize , m m

oT e m p e r a tu r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H yd ro g en , m o l e s / m o l e

M in u te s  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  fee d

H yd ro g en  
M eth an e  
E th a n e  
P ro p a n e  
I -B u ta n e  
N -B u ta n e
1 -P e n ta n e  
N -P e n ta n e  
2, 2 -D M B  
2, 3-D M B
2 -M P
3 -M P  
N -H ex an e  
M C P
C y c lo h ex an e

H y d ro c ra c k in g ,  % 
I s o m e r i z a t io n ,  % 
H ydrogen  B a la n c e ,  %

R a te  c o n s t a n t ,  c c / g m - s e c

2A

n -H ex an e

P d - H - f a u j a s i t e  
0. 8 4 -0 .  42

750 
765 
2. 04 
2. 87 
8 . 81

130

840. 0 
1 .41  
3. 38

5 0 .4 0  
5. 64 
5 .7 2  
5. 22 
3. 21 
7. 88 
5. 60

18 .40
13. 12
14. 15 
0 . 00 
0 . 00

40. 8 
45. 0 

101. 4

0. 050



T A B L E  A

RUN DATA

R un N um ber 2B

F e e d  Stock n -H ex an e

C a ta ly s t  Type P d -H -fa i
S ize , m m •

o100•
o

T e m p e r a tu r e ,  ° F 750
P r e s s u r e ,  p s ia 765
F e e d ,  v / h r - v 2. 04

w / h r - w 2, 87
H ydrogen , m o le s /m o le 18 .4

M in u tes  on F e e d 250

P ro d u c t ,  m o le s  p e r
100 m o le s  feed

H ydrogen 1818. 0
M ethane 0 . 81
E thane 2. 86
P ro p a n e 35. 10
I-B u tan e 1. 34
N -B u tane 1.97
I -P e n ta n e 1. 28
N -P e n ta n e 0. 56
2, 2-D M B 9. 23
2, 3-DM B 7 .4 0
2 -M P 25. 00
3 -M P 17. 80
N -H exane 18 .70
M C P 0 . 00
C yclohexane 0 . 00

H y d ro c ra c k in g ,  % 2 1 .9
I s o m e r iz a t io n ,  % 5 9 .4
H ydrogen  B a la n c e ,  % 101. 2

R a te  c o n s ta n t ,  c c / g m - s e c 0. 0470



T A B L E  A

RUN DATA

Run N um ber 2C

F e e d  Stock n -H ex an e

C a ta ly s t  Type P d - H - f a u ja s i t e
S ize , m m  0 .8 4 - 0 .4 2

T e m p e r a tu r e ,  ° F  750
P r e s s u r e ,  p s ia  765
F e e d ,  v / h r - v  2 .0 4

w / h r - w  2. 87
H ydrogen , m o le s /m o le  4, 90

M inu tes  on F e e d  330

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  431. 0
M ethane 1 .78
E thane  6 .7 7
P ro p a n e  8 1 .70
I-B u tan e  9. 45
N -B u tan e  1 0 .78
1 -P en tan e  2 .6 3
N -P e n ta n e  1.21
2 . 2-D M B 5 .1 2
2 .3 -D M B  3 .4 5
2 -M P  1 3 .60
3 -M P  9 .6 8
N -H exane  9. 50
M CP 0 .0 0
C yc lohexane  0* 00

H y d ro c ra c k in g ,  % 58. 7
I s o m e r iz a t io n ,  % 3 1 .8
H ydrogen B a la n ce ,  % 103. 0

Rate  con s tan t ,  c c / g m - s e c 0 .05 0 0



T A B L E  A

RUN DATA

Run N u m b e r 2D

F e e d  Stock n -H exane

C a ta ly s t  Type 
S ize , m m

P d - H - f a u ja s i t e  
0. 8 4 -0 .4 2

  ^

T e m p e r a tu r e ,  F
P r e s s u r e ,  p s ia
F e e d ,  v / h r - v

w / h r - w
H ydrog en , m o le s / m o le

7 SO 
765 
2. 04 
2. 87 
9 .0 8

M inu tes  on F e e d 400

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrog en  875 ,0
M ethane  1.41
E th an e  3 .91
P ro p a n e  4 4 .8 0
1-B utane  4 .4 8
N -B u tan e  4. 39
1 -P e n tan e  2 . 8 6
N - P e n ta n e  1.71
2 . 2-D M B 8 .7 8
2 . 3-D M B 3 .5 0
2 -M P  2 3 .4 0
3 -M P  16 .70
N -H exan e  14 ,25
M CP 0 .0 0
C yclohexane  0 .0 0

H y d ro c ra c k in g ,  % 3 3 .4
I s o m e r iz a t io n ,  % 52. 4
H ydrogen  B a la n c e ,  % 98. 8

Rate  c o n s ta n t ,  c c / g m - s e c  0 ,0416



T A B L E  A

RUN DATA

Run N u m b er 2E

F e e d  Stock n-H exane

C a ta ly s t  Type P d - H - f a u ja s i t e
S ize , m m 0. 8 4 -0 .4 2

_  o _  T e m p e r a tu r e ,  F 750
P r e s s u r e ,  p s ia 815
F e e d ,  v / h r - v 2. 04

w / h r - w 2. 87
H ydrog en , m o le s /m o le 8. 10

M in u tes  on F e e d 460

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H yd ro g en  7 7 1 .0
M eth an e  1 .43
E th an e  6 .0 5
P ro p a n e  4 9 .6 0
I -B u ta n e  4. 80
N -B u tan e  5 .4 4
1 -P e n tan e  4 .2 0
N -P e n ta n e  2 .4 2
2 .2 -D M B  8 .2 0
2 .3 -D M B  4 .5 0
2 -M P  19.60
2 -M P  14 .00
N -H exane  14. 60
M C P  0 .0 0
C yclohexane  0 .0 0

H y d ro c ra c k in g ,  % 39. 1
I s o m e r iz a t io n ,  % 46. 3
H ydrogen  B a lan ce , % 9 9 .4

R a te  c o n s tan t ,  c c / g m - s e c  0. 0370



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
S ize , m m

oT e m p e r a tu r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

M inu tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  
M ethane 
E thane  
P ro p a n e  
I -B u tan e  
N -B u tan e
1 -P en tan e  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P  
N -H exane  
M C P
C yclohexane

H y d ro c rac k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen  B a lan ce , %

2F

n -H ex an e

P d - H - f a u ja s i t e  
0. 8 4 -0 .4 2

750  
665 
2. 04 
2. 87 
8 . 81

520

847. 0
0 .7 1  
4. 63

48. 30 
3 .9 2  
3. 38 
2. 85
1. 50 
8. 67 
3 .7 0

22. 20 
15. 80 
15 .70  
0 . 00 
0 . 0 0

3 3 .9  
50. 4 
99. 8

Rate  con s tan t ,  c c / g m - s e c 0. 0460



T A B L E  A

RUN DATA

Run N u m b er

F e e d  Stock

C a ta ly s t  Type 
Size* m m

oT e m p e r a tu r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen, m o le s /m o le

M inutes on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  
M ethane 
E thane  
P ro p a n e  
I -B u tan e  
N- B utane
1 -P en tan e  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P  
N -H exane  
M CP
C yclohexane

H y d ro c rac k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen B a la n c e ,  %

2G

n -H exane

P d - H - f a u ja s i t e  
0. 84 -0 . 42

750 
515 
2. 04 
2. 87 
9 . 18

590

878. 0 
1 .06
4. 63 

52. 50
5. 80 
3. 56 
4 .2 8  
3. 20 
8 .0 3  
5. 30

18. 80 
13 .40  
14. 20 

0 . 00 
0 . 0 0

40. 3 
45. 5 
97. 3

Rate  co ns tan t ,  c c / g m - s e c 0. 0767



T A B L E  A

RUN DATA

R un N u m b e r

F e e d  S tock

C a ta ly s t  T ype 
S iz e ,  m m

ZH

n -H e x a n e

P d  -H - f a u ja  s i t e  
0. 8 4 - 0 .4 2

T e m p e r a t u r e ,  ° F 750
P r e s s u r e ,  p s i a 365
F e e d ,  v / h r - v 2 .0 4

w / h r - w 2. 87
H y d ro g e n ,  m o l e s / m o l e 8. 83

M in u te s  on F e e d 650

P r o d u c t ,  m o le s  p e r  
100 m o le s  fe e d

H y d ro g e n 839. 0
M e th an e 0 .7 1
E th a n e 4 . 82
P r o p a n e 54. 30
I -B u ta n e 7. 31
N -B u ta n e 7 . 85
I - P e n ta n e 3. 70
N - P e n ta n e 2 . 20
2, 2 -D M B 7. 50
2, 3 -D M B 4 .4 0
2 - M P 18. 20
3 - M P 1 3 .0 0
N -H e x a n e 13. 30
M C P 0 . 00
C y c lo h e x a n e 0 . 00

H y d r o c ra c k in g ,  % 43 . 6
I s o m e r i z a t i o n ,  % 43 . 1
H y d ro g e n  B a la n c e ,  % 100. 4

R a te  c o n s ta n t ,  c c / g m - s e c 0 . 11



T A B L E  A

' RUN DATA

R u n  N u m b e r  21

F e e d  S tock  n -H e x a n e

C a ta ly s t  T y p e  P d - H - f a u j a s i t e
S ize ,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s ia  765
F e e d ,  v / h r - v  2 .0 4

w / h r  -w  2. 87
H y d ro g e n  9 .3 0

M in u te s  on  F e e d  710

P r o d u c t ,  m o le s  p e r  
100 m o le s  f e e d

H y d ro g e n  8 9 7 .0
M e th a n e  1 .0 6
E th a n e  4. 10
P r o p a n e  4 2 .2 0
I -B u ta n e  4 .6 3
N -B u ta n e  4. 63
1 -P e n ta n e  3. 06
N -P e n ta n e  1 .6 4
2 , 2 -D M B  9 .0 9
2, 3 -D M B  4 .8 0
2 - M P  22. 10
3 - M P  1 5 .7 5
N - H ex an e  1 5 .7 5
M C P  0 .0 0
C y c lo h e x a n e  0 .0 0

H y d ro c ra c k in g ,  % 32. 5
I s o m e r i z a t i o n ,  % 5 1 .7
H y d ro g e n  B a la n c e ,  % 99. 5

R a te  c o n s t a n t ,  c c / g m - s e c 0 .0 4 0 0



T A B L E  A

RUN DATA

R un  N u m b e r 3A

F e e d  S tock n -H e x a n e

C a ta ly s t  T ype  
S ize ,  m m

P d - H - m o r d e n i t e
1 . 2 - 0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro g e n ,  m o l e s / m o l e

650 
765 
2. 04 
1 .9 7  
9 . 66

M in u te s  on F e e d 120

P r o d u c t ,  m o le s  p e r  
100 m o le s  fe e d

H y d ro g e n  8 66 . 0
M e th an e  5. 68
E th a n e  20. 30
P r o p a n e  11 4 .8 0
I -B u ta n e  1 9 .6 8
N -B u ta n e  24. 15
1 -P e n ta n e  4. 13
N - P e n ta n e  2. 35
2, 2 -D M B  0 .4 8
2, 3 -D M B  0 .0 2
2 - M P  0 .0 4
3 - M P  0 .0 3
N -H e x a n e  0. 04
M C P  0. 00
C y c lo h e x a n e  0. 00

H y d r o c r a c k in g ,  % 9 9 .4
I s o m e r i z a t i o n ,  % 0. 5
H y d ro g e n  B a la n c e ,  % 103. 0

R a te  c o n s t a n t ,  c c / g m - s e c  0 .3 3 7



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize , m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

3B

n-H exane

P d - H -m o rd e n i te  
1. 2 - 0 . 21

550 
765 
2. 04
1 .99  
9 . 6 6

M inu tes  on F e e d 180

P ro d u c t ,  m o le s  p e r  
J.00 m o le s  feed

H ydrogen  9 4 7 .0
M ethane  0 .7 3
E th an e  2 .8 6
P ro p a n e  8. 55
I-B u tan e  5 .0 8
N -B u tane  2. 95
1 -P en tan e  8 . 20
N -P e n ta n e  2. 26
2 . 2-D M B 7 .5 7
2 . 3-DM B 5 .3 0
2 -M P  27. 20
3 -M P  17 .30
N -H exane  23. 50
M C P  0 .0 0
C yclohexane  D.JiO

H y d ro c ra c k in g ,  % 19. 1
Is o m e r iz a t io n ,  % 5 7 .4
H ydrogen  B a la n ce ,  % 100. 8

R ate  co n s tan t ,  c c / g m - s e c  0 .0 13 2



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize, m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

M inu tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
M ethane
E thane
P ro p a n e
I-B u tan e
N -B utane
1 -P en tan e  
N -P e n ta n e  
2, 2-DM B
2 ,3 -D M B
2 -M P
3 -M P  
N -H exane  
M CP
C yclohexane

H y d ro c ra c k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen  B a la n ce ,  %

Rate  co n s tan t ,  c c / g m - s e c

3C

n -H ex an e

Pd  -H -m o rd e n i te  
1. 2 - 0 . 21

565 
765
2. 04
1.99 
9. 66

290

929. 0
1. 41
5. 51

23. 10
9. 23
6 . 67

11. 60
4. 28
8 . 55
3. 50

22 . 60
14. 40 
13. 80
0 . 00
0 . 00

37. 1 
49. 1 

101 . 2

0. 0286



T A B L E  A .

RUN DATA

Run N u m ber

F e e d  Stock

C a ta ly s t  Type 
S ize , m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

M inu tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
M ethane
E thane
P ro p a n e
I-B u ta n e
N -B u tane
1 -P en tan e  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P  
N -H exane  
M C P
C yclohexane

H y d ro c ra c k in g ,  %
Is o m e r iz a t io n ,  %
H ydrogen  B a la n ce ,  %

Rate  con s tan t ,  c c / g m - s e c

3D

n -H ex an e

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

600 
765
2. 04
1.99
9. 66

350

880. 0
2. 14

12. 80 
74. 80 
2 4 .40  
18. 35 
13. 20

6 . 32
1. 80
1. 15
4. 62
3. 08
2. 87
0 . 00
0 . 00

86 . 5 
10. 6 

101 . 8

0. 127



T A B L E  A

RUN DATA

Run N u m b er  3E

F e e d  Stock n -H exane

C a ta ly s t  Type P d -H -m o rd e n i te
S ize , m m  1. 2-0 . 21

o
T e m p e r a tu r e ,  F  600
P r e s s u r e ,  p s ia  765
F e e d ,  v / h r - v  4 .0 8

w / h r - w  3 .9 8
H ydrogen , m o le s /m o le  12 .6

M inu tes  on F e e d  400

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  1206.0
M ethane  0. 89
E thane  5. 35
P ro p a n e  41. 10
I-B u tan e  18. 50
N -B u tan e  11 .60
1 -P en tan e  9 .4 0
N -P e n ta n e  4. 16
2 .2 -D M B  7 .2 0
2 .3 -D M B  4 .5 7
2 -M P  14. 38
3 -M P  9 .5 8
N -H exane  10. 60
M C P 0. 00
C yclohexane  0. 00

H y d ro c ra c k in g ,  % 53. 7
I s o m e r iz a t io n ,  % 35. 7
H ydrogen  B a lan ce , % 99. 2

Rate  con s tan t ,  c c / g m - s e c  0. 125



T A B L E  A

RUN DATA

R un N um ber

F e e d  Stock

C a ta ly s t  Type 
Size, m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

3F

n-H exane

P d - H -m o rd e n i te  
1. 2 - 0 . 21

600 
765
8. 17
7. 96
15. 7

M inu tes  on F e e d 450

P ro d u c t ,  rpo les  p e r  
100 m o le s  feed

H ydrogen  1543. 0
M ethane  0. 62
E thane  2. 72
P ro p a n e  19. 55
I-B u tan e  8 . 35
N -B utane  6 . 17
1 -P en tan e  5. 58
N -P e n ta n e  2. 53
2 . 2-DM B 6 .97
2 . 3-DM B 5 .3 0
2 -M P  19 .35
3 -M P  12 .90
N -H exane  28. 30
M C P 0. 00
C yclohexane 0. 00

H y d ro c rac k in g ,  % 27. 2
I s o m e r iz a t io n ,  % 44. 5
H ydrogen  B a lance , % 100.4

R a te  cons tan t ,  c c / g m - s e c  0. 126



T A B L E  A

RUN DATA

R un N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize , m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

M in u tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  fee d

H ydrogen
M ethane
E thane
P ro p a n e
I-B u tane
N -B utane
1-P en tane  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P  
N -H exane  
M C P
C yclohexane

H y d ro c ra c k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen B a lan ce , %

3G

n -H ex an e

P d -H - m o rd e n i te  
1. 2 - 0 . 21

600 
765
1. 07
I. 06
32. 1

510

3140. 0
2. 67
8 . 33 

62. 70 
19. 20 
15 .30
10. 53 

5. 07
4. 89
2 . 62
8. 85
5. 90 
7. 25
0 . 00
0. 00

70. 5 
22 . 2
99. 6

Rate  cons tan t ,  c c / g m - s e c 0. 128



T A B L E  A

R U N  DATA

R un N u m b e r

F e e d  S tock

C a ta ly s t  T y p e  
S ize ,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro g e n ,  m o l e s / m o l e

M in u te s  on  F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  fe e d

H y d ro g e n  8 9 6 .0
M e th an e  3. 55
E th a n e  15. 30
P r o p a n e  8 1 .7 0
I -B u ta n e  20. 10
N -B u ta n e  15. 20
1 -P e n ta n e  13. 05
N - P e n ta n e  7. 27
2, 2 -D M B  2. 09
2 ,3 - D M B  0 .5 7
2 - M P  4 . 56
3 - M P  3 .0 4
N -H e x a n e  2 .9 9
M C P  0. 00
C y c lo h e x a n e  0. 00

H y d r o c r a c k in g ,  % 86 . 7
I s o m e r i z a t i o n ,  % 10. 3
H y d ro g e n  B a la n c e ,  % 101. 1

R a te  c o n s t a n t ,  c c / g m - s e c  0. 131

3H

n -H e x a n e

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

600 
7 65
2. 04
1 .9 9  
9. 83

570



T A B L E  A

R U N  DATA

R u n  N u m b e r 31

F e e d  S to ck n - H e x a n e

C a t a l y s t  T ype  
S iz e ,  m m

P d  - H - m o r  d e n i te
1. 3 -0 .  21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro g e n ,  m o l e s / m o l e

600 
765 
2. 04 
1. 99 
9. 22

M in u te s  on  F e e d 7 50

P r o d u c t ,  m o le s  p e r  
100 m o le s  f e e d

H y d ro g e n  833. 0
M e th a n e  2. 14
E th a n e  8 . 72
P r o p a n e  7 8 .8 0
I - B u ta n e  24, 20
N - B u ta n e  22. 20
1 -P e n ta n e  12. 60
N - P e n t a n e  5. 90
2, 2 -D M B  2. 14
2, 3 -D M B  1 .4 4
2 - M P  3. 39
3 - M P  2. 26
N -H e x a n e  1 .9 6
M C P  0. 00
C y c lo h e x a n e  0. 00

H y d r o c r a c k in g ,  % 8 8 . 8
I s o m e r i z a t i o n ,  % 9. 2
H y d ro g e n  B a la n c e ,  % 9 7 .0

R a te  c o n s t a n t ,  c c / g m - s e c  0. 133



T A B L E  A

RUN DATA

R u n  N u m b e r 3J

F e e d  S tock n -H e x a n e

C a ta ly s t  Type 
S ize , m m

P d - H - m o r d e n i t e
1. 2 - 0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro g e n ,  m o l e s / m o l e

M in u te s  on F e e d

550 
815 
2. 04 
1. 99
2 0 . 8

960

P r o d u c t ,  m o le s  p e r  
100 m o le s  f e e d

H y d ro g e n  
M e th an e  
E th a n e  
P r o p a n e  
I -B u ta n e  
N -B u ta n e
1 -P e n ta n e  
N - P e n ta n e  
2, 2 -D M B  
2, 3 -D M B
2 - M P
3 - M P  
N -H e x a n e  
M C P
C y c lo h e x an e

H y d r o c r a c k in g ,  % 
I s o m e r i z a t io n ,  % 
H y d ro g e n  B a la n c e ,  %

2074. 0 
0. 23
0. 89 
4. 87
1. 25 
1. 51 
1. 92 
0. 78 
9. 87 
6 . 70

27. 80 
17. 70 
31. 40 

0 . 00 
0 . 00

6 . 5 
62. 1 

101. 5

R a te  c o n s t a n t ,  c c / g m - s e c 0. 0100



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size, m m

oT e m p e r a tu r e ,  F
P r e s s u r e ,  p s ia
F e e d ,  v / h r - v

w / h r - w
H ydrogen , m o le s /m o le  C ,o

M inu tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
Me thane
E thane
P ro p a n e
I-B u tan e
N -B utane
1 -P en tane  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P  
N -H exane  
M C P
C yclohexane

H y d ro c rac k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen  B a lan ce , %

3K

n -H exane

P d - H -m o r d e n i te
1 . 2 - 0 . 21

550 
665
2. 04
1 .99  
9. 57

1000

948. 0
0. 36 
1 .96  
7. 00
1. 96
1. 78
2. 64
0. 71

11. 05 
7. 50 

29. 20
18. 55
24. 50

0 . 00
0 . 00

9. 2 
66 . 3 

1 0 0 . 2

Rate  co ns tan t ,  c c / g m - s e c 0. 0174



T A B L E  A

RUN DATA

Run N um ber 3L

F e e d  Stock n -H exane

C a ta ly s t  Type P d - H - m o r d e n i te
Size, m m  1. 2 -0 . 21

T e m p e r a tu r e ,  ° F  550
P r e s s u r e ,  p s ia  515
F e e d ,  v / h r - v  2 ,0 4

w / h r - w  1 .99
H ydrogen , m o le s /m o le  9. 92

M inutes  on F e e d  1040

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  9 6 5 .0
M ethane 0. 36
E thane  2. 14
P ro p a n e  19. 10
I-B u tan e  9. 73
N -B u tane  5. 62
1 -P en tan e  5 .9 8
N -P e n ta n e  1 .99
2 . 2-D M B 12 .10
2 . 3-DM B 4 .4 0
2 -M P  23. 20
3 -M P  14. 75
N -H exane  18. 65
M C P 0. 00
C yclohexane  0. 00

H y d ro c ra c k in g ,  % 26. 9
I s o m e r iz a t io n ,  % 54. 4
H ydrogen B a la n ce ,  % 101. 2

Rate  con s tan t ,  c c / g m - s e c  0. 0290



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize , m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

M inu tes  on F eed

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
M ethane
E thane
P ro p a n e
I-B u tan e
N -B u tane
1 -P en tan e  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P
N -H exane  
M C P
C yclohexane

H y d ro c ra c k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen  B a lan ce , %

3M

n -H exane

P d  -H -m o rd e n i te
1. 2 - 0 . 21

550 
215
2. 04
1.99
9. 30

1080

8 8 8 . 0
0. 36
1. 60

33. 90
13. 20
11. 05 
7. 41 
3 .4 9
3. 50
5. 65

12. 25
7. 80

28. 50
0 . 00
0 . 00

42. 3
29. 2 

100. 3

R a te  co n s tan t ,  c c / g m - s e c 0. 133



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Siz e , m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r  -w 
H ydrogen , m o le s /m o le

M in u tes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  
M ethane 
E thane  
P ro p a n e  
I-B u tan e  
N -B u tane
1 -P en tan e  
N -P e n ta n e  
2, 2-DM B 
2, 3-DM B
2 -M P
3 -M P
N -H exane  
M C P
C yclohexane

H y d ro c ra c k in g ,  % 
I s o m e r iz a t io n ,  % 
H ydrogen  B a la n c e ,  %

3N

n -H exane

P d - H -m o rd e n i te
1. 2 - 0 , 21

550 
965
2. 04
1.99
19. 69

1120

1960. 0
0. 36
1. 61
5. 94
1. 78 
1. 96
2. 78
1. 07

10. 18
6 . 20 

28. 20 
17. 95 
28. 50

0 . 00
0 . 00

9. 0 
62. 5

100 . 9

R a te  con s tan t ,  c c / g m - s e c 0. 00903



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
S ize, m m

T e m p e r a tu r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen , m o le s /m o le

4A

C yclohexane

P d - H -m o r d e n i te
1. 2 - 0 . 21

600 
465
2. 04
2. 32
13. 2

M in u tes  on F e e d 120

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrog en  1274. 0
M ethane  1. 20
E thane  3. 25
P ro p a n e  27. 10
I-B u tan e  1.77
N -B utane  9. 26
1 -P en tan e  0. 81
N -P e n ta n e  0. 81
2 . 2-DM B 0 .3 5
2 . 3-D M B 0 .3 0
2 -M P  0 .4 3
3 -M P  0. 30
N -H exane  0. 28
M C P  4 1 .0 0
C yclohexane  34. 20

H y d ro c rac k in g ,  % 24. 8
I s o m e r iz a t io n ,  % 4 1 .0
H ydrogen  B a lan ce , % 99. 6

Rate  cons tan t ,  c c / g m - s e c 0. 0473



T A B L E  A

RUN DATA

Run N u m b er 4B

F e e d  Stock Cyclohexane

C a ta ly s t  Type 
Size,  m m

P d - H - m o r d e n i t e
1. 2 - 0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e  C^

640 
465 
2. 04 
2. 32 
15. 1

M inu tes  on F e e d 240

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  1415. 0
Methane 4 .7 0
E thane  12. 80
P r o p a n e  51 .90
I -B u tan e  6 .40
N -B u tane  12. 60
1 -P en tan e  1 .94
N - P e n ta n e  1. 06
2 . 2-DM B 0 .5 0
2 . 3-DM B 0 .5 0
2 - M P  0 .8 6
3 - M P  0 .6 0
N-H exane  0. 60
M C P  36. 10
Cyclohexane  14. 60

H y d ro c rac k in g ,  % 49. 3
I s o m e r i z a t i o n ,  % 36. 1
Hydrogen  B a la n ce ,  % 99. 0

Rate  con s tan t ,  c c / g m - s e c  0. 133



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen
M ethane
Ethane
P r o p a n e
1-Butane
N -B utane
1 -Pen tane  
N -P e n ta n e  
2, 2 -DM B 
2, 3-DMB
2 - M P
3 - M P
N -H exane
M C P
Cyclohexane

H y d ro c ra c k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen  B a la n ce ,  %

Rate  co ns tan t ,  c c / g m - s e c

4C

Cyclohexane

P d  - H - m o r  denite
1. 2 - 0 . 21

650 
465
2. 04
2. 32
10. 4

360

904. 0
3. 91

15. 25 
80. 20
10. 52
16. 05
4. 21
1. 92 
0 . 18
0. 71
1. 29 
0. 90
1. 50

23. 00
6 . 60

7 0 .4
23. 0 

101 . 0

0. 170



T A B L E  A

RUN DATA

Run N u m b e r  4D

F e e d  S tock C y c lo h ex ane

C a ta ly s t  Type  P d - H - m o r d e n i t e
Size,  m m  1 . 2 - 0 . 2 1

oT e m p e r a t u r e ,  F  550
P r e s s u r e ,  p s i a  465
F e e d ,  v / h r - v  2. 04

w / h r - w  2. 32
H ydrogen ,  m o l e s / m o l e  C^ 9. 62

M inu tes  on F e e d  480

P r o d u c t ,  m o l e s  p e r  
100 m o l e s  feed

H y d ro g e n  9 4 3 .0
M ethane  0. 88
E th a n e  3. 10
P r o p a n e  12. 00
I -B u ta n e  0. 96
N -B u ta n e  2 .4 3
1 -P e n ta n e  0. 47
N - P e n t a n e  0. 35
2, 2 -D M B  0 . 2 0
2, 3 -D M B  0. 18
2 - M P  0. 36
3 - M P  0. 25
N -H e x a n e  0. 20
M C P  4 1 .2 0
C y c lo h e x an e  47. 70

H y d r o c r a c k in g ,  % 11. 1
I s o m e r i z a t i o n ,  % 41. 2
H y d ro gen  B a la n c e ,  % 99. 1

R a te  c o n s ta n t ,  c c / g m - s e c  0 .0 1 2 5



T A B L E  A

R U N  D A TA

R un  N u m b e r 4 E

F e e d  S tock

C a t a l y s t  Type  
S ize ,  m m

C y c lo h e x a n e

P d - H - m o r d e n i t e  
1. 2 -0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro g e n ,  m o l e s  m o le  C^

600 
765 
2. 04 
2. 32 
8 . 45

M in u te s  on  F e e d 600

P r o d u c t ,  m o l e s  p e r  
100 m o l e s  f e e d

H y d r o g e n 797. 0
M e th an e 0 . 88
E th a n e 3. 39
P r o p a n e 24. 90
I - B u t a n e 2 . 60
N - B u t a n e 10. 50
I - P e n t a n e 1. 40
N - P e n t a n e 1. 39
2, 2 -D M B 0 . 10
2, 3 -D M B 0 . 21
2 - M P 0. 43
3 - M P 0. 30
N -H e x a n e 0. 30
M C P 58. 00
C y c lo h e x a n e 17. 20

H y d r o c r a c k i n g ,  % 24. 8
I s o m e r i z a t i o n ,  % 58. 0
H y d ro g e n  B a la n c e ,  % 100. 9

R a te  c o n s t a n t ,  c c / g m - s e c 0. 0205



T A B L E  A

RU N  DATA

R u n  N u m b e r  4 F

F e e d  S to ck  C y c lo h e x a n e

C a t a l y s t  T yp e  P d - H - m o r d e n i t e
S ize ,  m m  1. 2 -0 .  21

T e m p e r a t u r e ,  ° F  650
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 . 0 4

w / h r - w  2. 32
H y d ro g e n ,  m o l e s / m o l e  C^  8 . 7 0

M in u te s  on F e e d  720

P r o d u c t ,  m o l e s  p e r  
100 m o l e s  f e e d

H y d r o g e n  738. 0
M e th an e  2. 66
E th a n e  13. 00
P r o p a n e  78. 50
1 -B u tan e  9. 50
N - B u ta n e  14. 10
1 - P e n t a n e  3 . 9 4
N - P e n t a n e  1. 75
2, 2 -D M B  0 . 3 0
2, 3 -D M B  0 . 8 8
2 - M P  1 .2 2
3 - M P  0 . 8 5
N - H e x a n e  1 .0 2
M C P  25. 80
C y c lo h e x a n e  6 . 20

H y d r o c r a c k i n g ,  % 6 8 . 0
I s o m e r i z a t i o n ,  % 25. 8
H y d ro g e n  B a la n c e ,  % 100. 5

R a te  c o n s t a n t ,  c c / g m - s e c  0 .0 8 2 0



T A B L E  A

R U N  DATA

R u n  N u m b e r

F e e d  S tock

C a t a l y s t  T ype  
S ize ,  m m

4G

C y c lo h e x a n e

P d - H - m o r d e n i t e  
1 . 2 - 0 . 21

T e m p e r a t u r e ,  ° F 650
P r e s s u r e ,  p s i a 765
F e e d ,  v / h r - v 4. 08

w / h r - w 4. 64
H y d r o g e n ,  m o l e s / m o l e  C^ 14. 1

M in u te s  on  F e e d 840

P r o d u c t ,  m o l e s  p e r
100 m o l e s  f e e d

H y d r o g e n 1351. 0
M e th an e 1. 66
E th a n e 6 . 71
P r o p a n e 36. 50
I - B u t a n e 2 . 90
N - B u t a n e 5. 00
I - P e n t a n e 2. 05
N - P e n t a n e 0. 75
2, 2 -D M B 0 . 10
2, 3 -D M B 0 . 11
2 - M P 0 . 69
3 - M P 0. 48
N -H e x a n e 0. 50
M C P 42. 50
C y c lo h e x a n e 26. 90

H y d r o c r a c k i n g ,  % 30. 6
I s o m e r i z a t i o n ,  % 42. 5
H y d r o g e n  B a la n c e ,  % 99. 5

R a te  c o n s t a n t ,  c c / g m - s e c 0. 0815



T A B L E  A

R U N  DA TA

R u n  N u m b e r 4 H

F e e d  S to ck C y c lo h e x a n e

C a t a l y s t  T y p e  
S iz e ,  m m

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H y d r o g e n ,  m o l e s / m o l e  C^

650 
465 
2. 04 
2. 32 
1 1 . 2

M i n u t e s  on F e e d 920

P r o d u c t ,  m o l e s  p e r  
100 m o l e s  f e e d

H y d r o g e n  990 .  0
M e t h a n e  3. 30
E t h a n e  14. 80
P r o p a n e  7 4 . 9 0
1 -B u ta n e  9. 15
N - B u t a n e  15. 00
1 - P e n t a n e  3. 72
N - P e n t a n e  1 .4 8
2, 2 - D M B  0 . 4 0
2, 3 - D M B  0 . 7 0
2 - M P  1- 22
3 - M P  0 . 8 5
N - H e x a n e  1. 15
M C P  2 5 .9 0
C y c lo h e x a n e  7. 40

H y d r o c r a c k i n g ,  % 66 . 7
I s o m e r i z a t i o n ,  % 25. 9
H y d r o g e n  B a l a n c e ,  % 98. 5

R a te  c o n s t a n t ,  c c / g m - s e c 0. 165



T A B L E  A

RUN DATA

Run N u m b e r  5

F e e d  Stock C yc lohexane

C a t a l y s t  Type P d - H - m o r d e n i t e
Size,  m m  1. 2 -0 .  21

T e m p e r a t u r e ,  ° F  650
P r e s s u r e ,  p s i a  465
F e e d ,  v / h r - v  2. 04

w / h r - w  2. 17
H y drogen ,  m o l e s / m o l e  C^ 12 .7

M in u te s  on F e e d  120

P r o d u c t ,  m o l e s  p e r  
100 m o le s  f e e d

H y d ro g e n  114 1 .0
M eth an e  3. 83
E th a n e  14. 90
P r o p a n e  7 2 .7 0
I - B u ta n e  9. 35
N - B u ta n e  14. 95
1 - P e n ta n e  3. 89
N - P e n t a n e  1. 59
2 . 2 -D M B  0 .4 2
2 . 3 -D M B  0 .7 3
2 - M P  1. 17
3 - M P  0 .8 2
N -H e x a n e  1. 13
M C P  26. 00
C yc lo h e x an e  7. 35

H y d r o c r a c k in g ,  % 66 . 6
I s o m e r i z a t i o n ,  % 26. 0
H y d ro g e n  B a la n c e ,  % 99. 3

R a te  c o n s ta n t ,  c c / g m - s e c  0. 17 3



T A B L E  A

RUN DATA

Run N u m b e r  6A

F e e d  Stock n -H exane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r - w  2 .7 3
Hydrogen ,  m o le s  / m o l e  8 . 16

M inu tes  on F e e d  90

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  772, 0
M ethane  3 .2 0
E thane  7 .1 2
P r o p a n e  46. 20
I -B u ta n e  7 .7  5
N -B u tane  6. 88
1-P e n tan e  6. 13
N - P e n ta n e  3 .9 9
2, 2-DMB 7 .2 5
2 ,3 - D M B  4 .4 0
2 - M P  18.00
3 - M P  12.80
N -H ex an e  13.72
M C P  0 .0 0
C yc lohexane  0 .0 0

H y d ro c ra c k in g ,  % 43. 8
I s o m e r i z a t i o n ,  % 42. 5
Hydrogen B a lan ce ,  % 99. 5

Rate  cons tan t ,  c c / g m - s e c  0 .0491



T A B L E  A

RUN DATA

Run N u m b e r  6B

F e e d  Stock n -H exan e

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  0 .5 3 0

w / h r - w  0 .727
H ydrogen ,  m o l e s / m o l e  8 .9 0

M inu tes  on F e e d  27fl

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen 802. 0
M ethane 2. 67
E thane 9 . 01
P r o p a n e 118. 20
I -B u tane 10. 59
N -B utane 14. 10
I - P e n t a n e 6 .40
N - P e n ta n e 4. 50
2, 2 -DM B 2. 14
2, 3 -DM B 0. 48
2 - M P 3 .9 5
3 - M P 2 . 81
N -H exane 2 .7 6
M C P 0 . 00
C yclohexane 0 . 00

H y d ro c ra c k in g ,  % 87. 8
I s o m e r i z a i o n ,  % 9. 4
H ydrogen  B a la n ce ,  % 100. 5

R a te  con s tan t ,  c c / g m - s e c 0. 0517



T A B L E  A

RUN DATA

Run N u m ber

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e

M inutes  on F e e d

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  
M ethane 
E thane  
P r o p a n e  
I -B u tane  
N -B utane
1 -Pen tane  
N -P e n ta n e  
2, 2-DM B 
2, 3-DMB
2 - M P
3 - M P  
N-H exane  
M C P
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen  B a lan ce ,  %

6C

n -H ex ane

P d - H - f a u j a s i t e  
0. 84-0.  42

750 
765 
0. 530 
0. 727 
7. 15

420

623. 0 
1. 33 
8 . 81 

144. 80 
5. 41
5. 92
6 . 80 
4. 42
1. 27
0. 59
2. 44
1. 74 
1. 80 
0 . 00 
0 . 00

92. 2 
6 . 0 

99. 0

Rate  constan t ,  c c / g m - s e c 0. 0515



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
S ize ,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M in u te s  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H y dro g e n  
M ethane  
E thane  
P r o p a n e  
I -B u ta n e  
N -B u ta n e
1 -P e n tan e  
N - P e n t a n e  
2, 2 -DM B  
2, 3 -DM B
2 - M P
3 - M P  
N -H ex an e  
M C P
Cyc lohexane

H y d r o c r a c k in g ,  % 
I s o m e r i z a t i o n ,  % 
H ydrogen  B a la n c e ,  %

6D

n -H e x a n e

P d - H - f a u j a s i t e  
0. 84-0 .  42

800 ‘
765 
2. 04 
2. 73 
8 . 17

530

724. 0 
3. 60 
9. 05 

135. 30 
13. 62 
10. 15 
3 .99  
2 . 99
1. 25
0. 32
2 . 36
1. 72 
1. 55 
0 . 00 
0 . 00

92. 8 
5. 6 

99. 5

R a te  c o n s tan t ,  c c / g m - s e c 0. 235



T A B L E  A

RUN DATA

Run N u m b e r  6E

F e e d  Stock n -H e x an e

C a ta ly s t  Type P d - H - f a u j a s i t e
S ize ,  m m  0. 84-0.  42

T e m p e r a t u r e ,  ° F  7 50
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2. 04

w / h r - w  2. 73
H ydrogen ,  m o l e s / m o l e  9 . 4 8

M in u te s  on F e e d  680

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H y d ro g e n  9 0 7 .0
M ethane  1. 06
E th a n e  5. 70
P r o p a n e  4 7 .9 0
I -B u tan e  4. 53
N -B u ta n e  5. 08
1 -P e n tan e  6 . 19
N - P e n t a n e  4. 27
2, 2 -DM B 8 .2 5
2 ,3 - D M B  4 .3 0
2 - M P  19. 10
3 - M P  13 .60
N -H ex a n e  13. 85
M C P  0. 00
C y c lohexane  0. 00

H y d r o c r a c k in g ,  % 4 0 .9
I s o m e r i z a t i o n ,  % 45. 2
H y dro g e n  B a la n c e ,  % 99. 3

R a te  c o n s ta n t ,  c c / g m - s e c  0 .0 5 1 0



T A B L E  A

RUN DATA
l.

Run N u m b e r  7

F e e d  Stock n -H exane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0, 074-0. 043

T e m p e r a t u r e ,  ° F 750
P r e s s u r e ,  p s ia 765
F e e d ,  v / h r - v 2. 04

w / h r - w 2. 44
Hydrogen,  m o l e s / m o l e 9. 23

M inu tes  on F e e d 90

P ro d u c t ,  m o le s  p e r
100 m o le s  feed

H ydrogen 881. 0
M ethane 1. 07
E thane 4. 79
P r o p a n e 50.90
1- Butane 5. 00
N-B utane 6 . 59
I - P e n ta n e 4. 41
N - P e n ta n e 4. 13
2, 2-DMB 8 . 37
2, 3-DMB 3. 90
2 - M P 18. 80
3 - M P 13. 40
N -H exane 14. 00
M CP 0 . 00
Cyclohexane 0 . 00

H y d ro c rac k in g ,  % 41. 5
I s o m e r i z a t io n ,  % 44. 5
Hydrogen B a la n ce ,  % 99. 5

Rate  cons tan t ,  c c / g m - s e c 0. 04!



T A B L E  A

RUN DATA

Run N u m b e r  8

F e e d  Stock n -H e x a n e

C a ta ly s t  Type  P d - H - f a u j a s i t e
Size ,  m m  0. 1 4 7 -0 .0 7 4

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r - w  2 .4 0
H ydrogen ,  m o l e s / m o l e  8. 72

M in u te s  on F e e d  90

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H y dro g e n  o i t . M
M ethane  1. 07
E th a n e  6 . 23
P r o p a n e  56. 00
I -B u ta n e  6 . 78
N -B u ta n e  6 . 69
1 -P e n ta n e  3. 85
N - P e n t a n e  2. 7 8
2, 2 -D M B  7 .3 0
2 ,3 - D M B  3 .7 3
2 - M P  18 .42
3 - M P  13. 12
N -H ex a ne  12. 90
M C P  0. 00
C y c lohexane  0. 00

H y d ro c ra c k in g ,  % 44. 5
I s o m e r i z a t i o n ,  % 42. 6
H ydrogen  B a la n ce ,  % 99. 2

R a te  c o n s tan t ,  c c / g m - s e c 0. 0469



T A B L E  A

RUN DATA

Run N u m b e r  9

F e e d  Stock n -H exane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size, m m  0 .3 7 0 - 0 .  147

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r - w  2. 27
Hydrogen ,  m o l e s / m o l e  8 .49

M inu tes  on F e e d  90

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen 801. 0
Methane 1. 42
Ethane 6 . 23
P r o p a n e * 55. 50
I-B u tane 5. 55
N -B utane 5. 55
I - P e n ta n e 6 . 20
N - P e n ta n e 4. 83
2, 2 -DM B 6 . 83
2 ,3 - D M B 4. 60
2 - M P 16. 40
3 - M P 11. 70
N -H exane 12. 60
M C P 0 . 00
Cyclohexane 0 . 00

H y d ro c rac k in g ,  % 4 7 .8
I s o m e r i z a t io n ,  % 39. 6
Hydrogen  B a la n ce ,  % 100. 5

Rate  cons tan t ,  c c / g m - s e c 0. 0477



TA BLE A

RUN DATA

Run N um ber 10

F e e d  Stock n -H exane

C a ta ly s t  Type 
Size ,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M inutes  on F e e d

P d - H - f a u j a s i t e  
0. 84-0.  42
30cc c a t a l y s t  c h a rg e
750
765
2. 04
2 . 16
9. 05

90

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen 858. 0
Methane 1. 42
Ethane 4. 98
P r o p a n e 56. 70
I-B u tane 6. 50
N-B utane 6. 50
I - P e n ta n e 5. 27
N -P e n ta n e 4. 33
2, 2 -DM B J7. 87
2, 3-DMB 3. 02
2 - M P 17. 28
3 - M P 12. 30
N-H exane 12. 90
M C P 0 . 00
Cyclohexane 0 . 00

H y d ro c rac k in g ,  % 
I s o m e r i z a t io n ,  % 
Hydrogen  B a lan ce ,  %

46. 6 
40. 5 
99. 1

R a te  cons tan t ,  c c / g m - s e c 0. 0464



T A B L E  A

RUN DATA

Run N u m b er

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen
M ethane
E thane
P r o p a n e
I-B u tane
N -B utane
1-Pen tane  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P  
N-H exane  
M C P
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen  B a lan ce ,  %

11

n-H exane

Pd -H - fa u ja s i t e
0. 84-0 .  42
45cc  c a t a ly s t  c h a r
7 50
765
2. 04
2. 23
8 . 33

90

784. 0
1. 42
7. 48

62. 00 
6 . 41 
6 . 50
4. 43
2 . 93
6 . 60
4. 50

16. 70
11. 90
12 . 10

0 . 00
0 . 00

48. 2 
39. 7 
99. 8

Rate  co n s tan t ,  c c / g m - s e c 0. 0467



TA BLE A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

„  o _T e m p e r a t u r e ,  F
P r e s s u r e ,  p s ia
F e e d ,  v / h r - v

w / h r - w
Hydrogen,  m o l e s / m o l e

M inu tes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  
Me thane 
E thane  
P r o p a n e  
I -B u tane  
N -B utane
1 -Pen tane  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P  
N -H exane  
M C P
C yclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t io n ,  % 
H ydrogen  B a lan ce ,  %

12

n -H exane

P d - H - f a u j a s i t e
0, 84-0 .  42
10 c a t a l y s t  c h a r
750
765
2. 04
2. 16
8 . 20

90

768, 0
1. 06
4. 44 

64. 10
5. 98 
5. 88 
7, 55
5. 12
6 . 30
3. 65

15. 35
10. 95
11. 50
0 . 00
0 . 00

52. 3 
36. 2 

101 . 1

R ate  cons tan t ,  c c / g m - s e c 0 .0 5 00



T A B L E  A

RUN DATA

Run N u m b e r  

F e e d  Stock

13A

n -H e x an e

C a ta ly s t  Type 
Size,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e

M in u tes  on F e e d

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

565 
765 
8. 17
7. 27
8 . 84

90

P r o d u c t ,  m o le s  pe r  
100 m o le s  feed

Hydrogen
Methane
E thane
P r o p a n e
I -B u tane
N -B utane
1-P en tan e  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P  
N-H exane  
M CP
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen B a lan ce ,  %

872. 0
0. 45 
2. 59 
9. 48 
2 .47  
2. 70 
2. 52
1. 29 
7. 01 
5. 80

22 .40  
14.95 
37. 70 

0 . 00 
0 . 00

12 . 1 
50. 2 
98. 5

Rate  cons tan t ,  c c / g m - s e c 0. 0266



T A B L E  A

RUN DATA

Run .Number

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

13B

n-HexSne

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

565
765
4. 09
3. 64
5. 25

180

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  
Methane 
E thane  
P ro p a n e  
I-B u tane  
N -B u tane
1-P en tan e  
N - P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P  
N-H exane  
M C P
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t io n ,  % 
Hydrogen  B a lan ce ,  %

490. 0 
1. 07
5. 17 

26. 40
8 . 43 
8 . 15 
7. 76 
3. 95
6 . 84 
5. 10

21 . 10 
14. 05 
17. 40 

0 . 00 
0 . 00

35. 5 
47. 1
99. 2

Rate  con s tan t ,  c c / g m - s e c 0. 0288



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

13C

n -H exane

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

600 
765
2. 04
1. 82 
18. 3

M inu tes  on F e e d 270

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  1759. 0
Methane 2. 50
E thane  12. 10
P r o p a n e  6 5 .75
I -B u tan e  __ 14, 80
N -B utane  11 .80
1 -P en tan e  12. 50
N - P e n ta n e  6. 55
2, 2-DM B 4 .7 0
2, 3-DMB 1.60
2 - M P  10.00
3 - M P  6 .6 6
N -H exane  6 . 48
M C P  0. 00
Cyclohexane  0. 00

H y d ro c ra c k in g ,  % 70. 6
I s o m e r i z a t io n ,  % 22. 9
Hydrogen  B a lan ce ,  % 99 . 8

Rate  co n s tan t ,  c c / g m - s e c  0. 128



T A B L E  A

RUN DATA

Run N u m ber  13D

F e e d  Stock n -H exane

C a ta ly s t  Type  P d - H - m o r d e n i t e
Size,  m m  I .  2-0 . 21

T e m p e r a t u r e ,  ° F  565
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  5 .4 5

w / h r - w  4. 84
Hydrogen,  m o l e s / m o l e  8 .9 2

Minutes  on F e e d  330

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  873. 0
M ethane  0. 80
Ethane  3. 74
P r o p a n e  21. 60
I-B u tane  7 .4 2
N -B u tane  5. 20
1-P en tan e  6. 83
N - P e n ta n e  3. 85
2 . 2-DM B 8 .5 8
2 .3 -D M B  13.20
2 - M P  22. 20
3 - M P  14.80
N -H exane  22. 30
M C P  0 .0 0
Cyclohexane  0. 00

H y d ro c ra c k in g ,  % 18. 9
I so m e r i z a t io n ,  % 58. 8
Hydrogen  B a lance ,  % 99. 1

Rate  co n s tan t ,  c c / g m - s e c 0. 0291



T A B L E  A

RUN DATA

Run N u m b e r  13E

F e e d  S tock n - H e x a n e

C a ta ly s t  Type P d - H - m o r d e n i t e
Size,  m m  1. 2 -0 .  21

T e m p e r a t u r e ,  ° F  565
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .7 2

w / h r - w  2. 42
H ydrogen ,  m o l e s / m o l e  4. 05

M in u tes  on F e e d  420

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  34 9 .0
M ethane  1. 85
E th a n e  6 . 67
P r o p a n e  4 7 .8 0
I -B u ta n e  -  14. 25
N -B u ta n e  7. 89
1 -P e n tan e  11 .83
N - P e n t a n e  5 .77
2 ,2 - D M B  7 .4 9
2, 3 -DM B 3 .3 0
2 - M P  14 .40
3 - M P  9 .6 2
N -H ex a n e  9. 60
M C P  0. 00
C yc lohexane  0. 00

H y d r o c r a c k in g ,  % 55. 6
I s o m e r i z a t i o n ,  % 34. 8
H ydro g en  B a la n ce ,  % 99. 0

R a te  c o n s tan t ,  c c / g m - s e c  0 .0 2 8 8



T A B L E  A

RUN DATA

Run N um b e r

F e e d  Stock

C a ta ly s t  Type 
Size, m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  
Methane 
E thane  
P ro p a n e  
I -B u tane  
N -B utane
1 -Pen tane  
N - P e n ta n e  
2, 2-DMB 
2, 3-DM B
2 - M P
3 -M P  
N -H exane  
M C P
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t io n ,  % 
H ydrogen  B a lan ce ,  %

I3 F

n-H exane

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

565 
765
8 . 17
7. 27
8 . 20

510

806. 0 
0 .4 5  
2 . 00
9. 58
3. 68 
2 .7 4
3. 35
2. 03
6. 68
5. 30 

19.70 
13. 15 
41. 25

0 . 00
0 . 00

13. 9 
44. 8
99. 7

R a te  con s tan t ,  c c / g m - s e c 0 .0290



T A B L E  A

RUN DATA

Run N u m b er  

F e e d  Stock

14A

n-Hexane

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / v r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e

Minutes  on F e e d

P d - H - m o r d e n i t e
1. 2 - 0 . 21

550 
765
8 . 17 
8. 00
14. 72

590

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen
Methane
Ethane
P ro p a n e
I-B u tane
N-B utane
1-Pen tane  
N -P e n ta n e  
2, 2 -DM B 
2, 3-DMB
2 -M P
3 - M P  
N -H exane  
M C P
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen B a lance ,

1468. 0 
0. 00
0. 57
3. 80
1. 60 
I. 60 
0 . 00 
0 . 00 
1. 98
4. 20 
8 . 85
5. 62 

75. 50
0 . 00 
0. 00

3. 9 
2 0 . 6 
99. 3

Rate  co ns tan t ,  c c / g m - s e c 0. 0128



T A B L E  A

RUN DATA

Run N u m b e r  14B

F e e d  S tock  n -H e x an e

C a ta ly s t  Type P d - H - m o r d e n i t e
Size ,  m m  1. 2 -0 .  21

T e m p e r a t u r e ,  ° F  550
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  4 . 0 8

w / h r - w  4. 00
H y dro gen ,  m o l e s / m o l e  7. 40

M inu tes  on F e e d  680

P r o d u c t ,  m o l e s  p e r  
100 m o l e s  f ee d

H y dro g e n  7 2 7 .0
M ethane  0. 36
E thane  1. 69
P r o p a n e  8 .91
I -B u ta n e  2. 05
N -B u ta n e  2. 63
1 -P e n ta n e  3. 52
N - P e n t a n e  2. 57
2 , 2 - D M B  5 .4 7
2, 3 -D M B  4 .9 0
2 - M P  19. 60
3 - M P  12. 50
N -H e x a n e  44. 50
M C P  0 .0 0
C y c loh ex an e  0. 00

H y d r o c r a c k in g ,  % 13. 0
I s o m e r i z a t i o n ,  % 42. 5
H y dro g e n  B a la n c e ,  % 100. 4

R a te  c o n s ta n t ,  c c / g m - s e c  0 .0 1 3 4



T A B L E  A

RUN DATA

Run N u m b er  14C

F e e d  Stock n -H exane

C a ta ly s t  Type P d - H - m o r d e n i t e
Size,  m m  1. 2-0 .  21

T e m p e r a t u r e ,  ° F  550
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r - w  2 .00
Hydrogen ,  m o l e s / m o l e  9 .7 5

M inu tes  on F e e d  770

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  957, 0
M ethane 0. 53
Ethane 2, 67
P r o p a n e  10.80
I -B u tane  3. 39
N -B u tane  3. 65
1 -P en tan e  4 .7 6
N - P e n ta n e  1.96
2 , 2-DMB 9 .4 2
2, 3-DMB 4 .0 0
2 - M P  27 .50
3 - M P  17 .50
N-H exane  2 3 .6 0
M C P  . 0. 00
Cyclohexane  0. 00

H y d ro c ra c k in g ,  % 18. 0
I s o m e r i z a t i o n ,  % 58. 4
H ydrogen  B a la n ce ,  % 101. 0

Rate  con s tan t ,  c c / g m - s e c  0 .01 2 6



T A B L E  A

RUN DATA

Run N u m b e r 14D

F e e d  Stock n -H e x a n e

C a t a l y s t  Type 
S ize ,  m m

P d - H - m o r d e n i t e
1. 2 -0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M in u tes  on F e e d

550 
765 
2. 04 
2 . 00  
15. 60

860

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H y dro gen
M ethane
E thane
P r o p a n e
I -B u ta n e
N -B u ta n e
1 -P e n ta n e  
N - P e n t a n e
2 ,2 - D M B  
2, 3 -D M B
2 - M P
3 - M P  
N -H ex a n e  
M C P
Cyc lo hexane

H y d r o c r a c k in g ,  % 
I s o m e r i z a t i o n ,  % 
H ydrogen  B a la n c e ,  %

1547.0  
0. 35 
2 . 49 
8 . 55 
2. 23
2. 58
3. 70 
2. 06 
7. 25 
6 . 20

21. 70 
13. 80 
38. 10 

0 . 00 
0 . 00

13. 0 
48. 9 

100. 0

R ate  c o n s ta n t ,  c c / g m - s e c 0. 0133



T A B L E  A

RUN DATA

Run N u m b e r 14E

F e e d  Stock n-Hexane

C a ta ly s t  Type 
Size, m m

P d - H -  m o r d e n i t e
1 . 2 - 0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

550 
765 
2. 04 
2 . 00 
13. 12

M inutes  on F e e d 950

P r o d u c t ,  m o le s  p e r
100 m o le s  feed

H ydrogen 1297. 0
Methane 0. 36
Ethane 2. 14
P r o p a n e 8 . 32
I-B u tane 2. 85
N -B utane 2. 76
I - P e n ta n e 5. 27
N - P e n ta n e 2 . 49
2, 2-DMB 8 . 90
2, 3-DMB 5. 40
2 - M P 23. 90
3 -M P 15. 20
N -H exane 31. 60
M C P 0. 00
Cyclohexane 0 . 00

H y d ro c rac k in g ,  % 15. 0
I s o m e r i z a t i o n ,  % 53. 4
Hydrogen  B a la n ce ,  % 99. 2

Rate  cons tan t ,  c c / g m - s e c 0. 01



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M inutes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
M ethane
Ethane
P ro p a n e
I -B u tan e
N -B u tane
1 -P en tan e  
N - P e n ta n e  
2, 2 -DM B 
2, 3-DM B
2 - M P
3 - M P  
N -H exane  
M C P
Cyclohexane

H y d ro c ra c k in g ,  % 
I s o m e r i z a t i o n ,  % 
H ydrogen  B a la n ce ,  %

14F

n -H e x an e

P d - H - m o r d e n i t e
1. 2 - 0 . 21

550 
765
2 .0 4  
2. 00 
9 .0 0

1040

880. 0 
0. 57
4. 83

11. 90
5. 17
4. 27
5. 62
2. 42

10. 50
5. 50

26. 00
16. 60 
20 . 90 

0 . 00 
0 . 00

20. 5 
58. 6 
99. 3

Rate  c o n s ta n t ,  c c / g m - s e c 0. 0131



T A B L E  A

RUN DATA

I4G

n -H e x an e

P d - H - m o r d e n i t e
1. 2 - 0 . 21

550 
765 
0. 740 
0. 725 
U .  20

M inutes  on F e e d  1130

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  1080.0
M ethane  1 .43
E thane  8 .0 4
P r o p a n e  28. 30
I -B u tan e  15 .00
N -B utane  8 . 9 5
1 -P e n tan e  6. 25
N - P e n ta n e  2. 50
2 .2 -D M B  10.60
2 .3 -D M B  4 .6 0
2 - M P  20 .0 0
3 - M P  12.70
N -H exane  11 .90
M C P  0. 00
Cyclohexane  0. 00

H y d ro c ra c k in g ,  % 40. 2
I s o m e r i z a t io n ,  % 47. 9
Hydrogen  B a lan ce ,  % 98. 2

R a te  c o n s ta n t ,  c c / g m - s e c  0. 0130

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
Size, m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e  C,



T ABLE A

RUN DATA

15

n-Hexane

P d - H - m o r d e n i t e
0. 074-0.  043

550 
765 
2. 04 
2. 05 
9. 25

M inutes  on F e e d  90

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen -9-05. 0
M ethane 0. 80
Ethane  2. 70
P r o p a n e  9 .0 2
I -B u tan e  4. 88
N -B utane  2. 82
1 -P en tan e  8 . 50
N -P e n ta n e  2. 21
2 .2 -D M B  7 .6 0
2 .3 -D M B  5 .9 0
2 - M P  26 .90
3 - M P  17. 10
N-H exane  23. 00
M C P  0. 00
Cyclohexane 0. 00

H y d ro c rac k in g ,  % 19. 5
I s o m e r i z a t i o n ,  % 5 7 .5
Hydrogen  B a lance ,  % 99. 5

Rate  co ns tan t ,  c c / g m - s e c  0 .0130

Run N u m ber

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e  C ,



T A B L E  A

RUN DATA

Run N u m b e r 16

F e e d  Stock n -H e x an e

C a ta ly s t  Type 
Size ,  m m

P d - H - m o r d e n i t e
0 . 2 1 - 0 . 1 4 7

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

550 
765 
2. 04 
2 . 12 
9. 12

M inu tes  on F e e d 90

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H y d ro g e n  893. 0
M ethane  0. 50
E th a n e  3. 10
P r o p a n e  8 . 02
I -B u ta n e  4. 12
N -B u ta n e  4. 02
1 -P e n tan e  7. 86
N - P e n t a n e  3. 57
2 ,2 - D M B  8 .0 5
2, 3 -D M B  5 .2 5
2 - M P  2 6 .7 0
3 - M P  17 .00
N -H ex a n e  24. 00
M C P  0. 00
C yc lohexane  0. 00

H y d r o c r a c k in g ,  % 19 .0
I s o m e r i z a t i o n ,  % 57. 0
H y dro g e n  B a la n c e ,  % 101. 0

R a te  c o n s tan t ,  c c / g m - s e c  0 .0 1 2 8



T A B L E  A

RUN DATA

Run N u m b er 17

F e e d  Stock n -H exane

C a ta ly s t  Type 
Size,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

M inutes  on F e e d

P d - H - m o r d e n i t e
1. 2 - 0 . 21
30cc c a t a l y s t  c h a rg e  
550 
765 
2. 04 
2 . 00 
9. 54

90

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen
M ethane
E thane
P r o p a n e
I-B u tane
N -B utane
1-Pen tane  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P  
N-H exane  
M C P
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t io n ,  % 
H ydrogen B a lance ,  %

935. 0 
0 . 61 
2. 90 
8. 05
3. 95
4. 07 
6 , 20 
3. 15 
7. 60 
6 . 20

26. 70 
17. 00 
23. 20 

0 . 00 
0 . 00

19. 3 
57. 5 

100 . 0

Rate  cons tan t ,  c c / g m - s e c 0. 0129



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e

M inu tes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen
Methane
Ethane
P r o p a n e
I -B u tan e
N -B utane
1-Pen tane  
N -P e n ta n e  
2, 2-DMB
2 ,3 -D M B
2 - M P
3 -M P  
N -H exane  
M C P
Cyclohexane

H y d ro c ra c k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen B a lance ,  %

18

n -H exane

P d - H - m o r d e n i t e  
1. 2 - 0 . 21
45cc  c a t a l y s t  c h a r g e
550
765
2. 04
2. 04
9. 75

90

956. 0
0 .41  
2. 50
8 . 62 
2. 42 
2. 50 
5 .9 0
2. 95 
7. 70
5. 50

27. 00
17. 20 
23. 40

0 . 00
0 . 00

19. 2 
57. 4
99. 0

Rate  con s tan t ,  c c / g m - s e c 0. 0132



T A B L E  A

RUN DATA

Run N u m b e r 19

F e e d  Stock n-H exan e

C a ta ly s t  Type 
Size,  m m

_  o _T e m p e r a t u r e ,  F
P r e s s u r e ,  p s ia
F e e d ,  v / h r - v

w / h r - w
Hydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

P d - H - m o r d e n i t e  
1. 2 - 0 . 21
lOcc c a t a l y s t  c h a rg e
550
765
2. 04
2 . 02
10. 50

90

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  
Methane 
E thane  
P r o p a n e  
I -B u tane  
N -B utane
1 -P en tan e  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P  
N-H exane  
M C P

* Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t io n ,  % 
Hydrogen  B a lan ce ,  %

1032. 0 
0. 51
2. 49 
8 . 62 
4. 01
4. 10 
6 . 92
3. 45 
7. 80
5. 90 

27. 00
17. 20 
23. 80

0 . 00 
0 . 00

18. 3 
57. 9

101 . 2

Rate  con s tan t ,  c c / g m - s e c 0. 0134



T A B L E  A

RUN DATA

Run N u m b e r  20A

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0. 84-0,  42

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  8, 17

w / h r - w  12.9
Hydrogen,  m o l e s / m o l e  9. 95

Minutes  on F e e d  90

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  946. 0
Methane 0. 12
E thane  0 .72
P r o p a n e  3. 79
I -B u ta n e  9. 97
N -B utane  3. 02
1 -Pen tane  8 ,9 2
N - P e n ta n e  2. 51
2, 2-DMB 0. 54
2, 3-DMB 1 .90
2 - M P  5. 08
3 - M P  3. 54
N -H exane  3. 50
M C P  58. 50
Cyclohexane  10. 00

H y d ro c ra c k in g ,  % 31. 5
I s o m e r i z a t io n ,  % 58. 5
Hydrogen  B a la n ce ,  % 99. 7

Rate  con s tan t ,  c c / g m - s e c 0. 180



T A B L E  A

RUN DATA

Run N u m b er  2OB

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0. 84-0.  42

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s ia  765
F e e d ,  v / h r - v  8 . 17

w / h r  -w 12. 9
Hydrogen ,  m o l e s / m o l e  C^ 9. 95

Minutes  on F e e d  180

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  863 .0
M ethane  0. 52
Ethane  3 .0 2
P ro p a n e  25.91
I-B u tane  30. 10
N -B utane  12.77
1-Pen tane  15.95
N - P e n ta n e  5 .98
2, 2-DMB 0 .4 0
2 , 3-DM B 1.48
2 - M P  6 . 17
3 - M P  4 .3 0
N-H exane  5 .99
M C P  20. 30
Cyclohexane 4 .9 0

H y d ro c rac k in g ,  % 74. 8
I s o m e r i z a t i o n ,  % 20. 3
Hydrogen  B a lance ,  % 100. 5

R a te  cons tan t ,  c c / g m - s e c  0 .680



T A B L E  A

RUN DATA

Run N u m b e r  20C

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0. 84-0.  4E

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2. 04

w / h r - w  3. 22
Hydrogen,  m o l e s / m o l e  C^ 9 .9 5

M inutes  on F e e d  300

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  795. 0
Methane  2. 02
Ethane  4. 62
P r o p a n e  68 . 30
I -B u tan e  59. 00
N -B utane  31 .70
1-Pen tane  8 .4 6
N -P e n ta n e  4. 24
2, 2-DM B 0 .07
2, 3-DMB 0. 10
2 - M P  0.47
3 - M P  0 .3 3
N-Hexane  0 .4 5
M CP 0 .4 3
Cyclohexane  0. 00

H y d roc rack in g ,  % 99. 6
I s o m e r i z a t i o n ,  % 0. 4
Hydrogen B a lan ce ,  % 98, 2

Rate  con s tan t ,  c c / g m - s e c  0 .672



T A B L E  A

RUN DATA

Run N u m b er  20D

F e e d  Stock C yc lohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0. 84-0. 42

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2. 0*1

w / h r - w  3. 22
H ydrogen ,  m o l e s / m o l e  C^ 2 0 .9

M inutes  on F e e d  390

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  1923. 0
Methane 0. 84
Ethane  3. 84
P r o p a n e  _ 39. 10
I-B u tane  35. 00
N -Butane  16. 20
1 -Pen tane  16. 10
N -P e n ta n e  10. 25
2 ,2 -D M B  2 .0 4
2, 3-DMB 1 .44
2 - M P  6 .4 6
3 - M P  4 .51
N -H exane  5 .92
M CP 5 .45
Cyclohexane  0 .90

H y d ro c rac k in g ,  % 93. 6
I s o m e r i z a t i o n ,  % 5 ,5
Hydrogen B a la n ce ,  % 99. 3

Rate  co ns tan t ,  c c / g m - s e c  0 .680



T A B L E  A

RUN DATA

Run N u m b e r  20E

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size, m m  0. 84-0 .  42

T e m p e r a t u r e ,  ° F  7 50
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  4 .0 8

w / h r  -w 6 . 43
Hydrogen ,  m o l e s / m o l e  C^ 9. 27

M inu tes  on F e e d  480

P r o d u c t ,  m o le s  p e r  
100 m o l e s  feed

H ydrogen  833. 0
Methane  0 .9 2
E thane  3. 89
P r o p a n e  3 7 .9 0
I -B u tan e  34. 10
N -B utane  16. 05
1 -P en tan e  15 ,50
N - P e n ta n e  8 . 85
2 ,2 - D M B  2 .10
2, 3 -DM B 1 .58
2 - M P  6 . 17
3 - M P  4. 30
N -H exane  5 .91
M C P  5. 30
C yclohexane  1. 20

H y d ro c ra c k in g ,  % 93. 5
I s o m e r i z a t io n ,  % 5. 3
H ydrogen  B a lance ,  % 100. 8

R ate  cons tan t ,  c c / g m - s e c  0 .6 4 0



T A B L E  A

RUN DATA

Run N um b e r  20F

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  750
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  4 .0 8

w / h r - w  6 .4 3
Hydrogen ,  m o l e s / m o l e  C^ 9. 26

M inu tes  on F e e d  550

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  832. 0
Methane 1. 03
E thane  3 .9 8
P r o p a n e  38 .40
I-B u tane  33 .90
N -B u tane  15 .55
1 -Pen tane  15. 65
N -P e n ta n e  8 . 63
2, 2-DM B 2. 14
2 , 3-DM B 1 .58
2 - M P  6 .0 9
3 - M P  4 .2 4
N-H exane  5. 83
M CP 5. 25
Cyclohexane  1. 20

H y d ro c rac k in g ,  % 93. 5
I s o m e r i z a t i o n ,  % 6 . 3
Hydrogen B a lance ,  % 100. 6

Rate  co ns tan t ,  c c / g m - s e c  0. 635



233

T A B L E  A

RUN DATA

Run N u m ber 20G

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size, m m 0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F 7 50
P r e s s u r e ,  p s i a 765
F e e d ,  v / h r - v 8 . 17

w / h r - w 12.9
Hydrogen,  m o l e s / m o l e  C^ 8. 18

M inutes  on F e e d 630

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  736. 0
M ethane  0 .4 4
Ethane  3 .12
P r o p a n e  26. 65
1-Butane 31. 20
N -B utane  13. 65
1-Pen tane  15.40
N -P e n ta n e  6. 22
2 .2 -D M B  0 .4 2
2 . 3-DM B 1.29
2 - M P  6 .4 8
3 - M P  4. 53
N -H exane  6 . 63
M C P 14. 20
Cyclohexane  4 ,21

H y d ro c ra c k in g ,  % 81. 6
I s o m e r i z a t i o n ,  % 14. 2
Hydrogen  B a la n ce ,  % 101.9

R a te  cons tan t ,  c c / g m - s e c 0. 684



T A B L E  A

RUN DATA

Run N u m b e r 20H

F e e d  Stock C yc lohexane

C a ta ly s t  Type P d  - H -f a u  j a  s ite
Size ,  m m 0. 84-0 .  42

T e m p e r a t u r e ,  ° F 800
P r e s s u r e ,  p s i a 765
F e e d ,  v / h r - v 8 . 17

w / h r - w 12.9
H y drogen ,  m o l e s / m o l e  C^ 8 . 00

M in u te s  on F e e d 690

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H y d ro g e n  703. 0
M ethane  2. 02
E th a n e  8 . 45
P r o p a n e  60. 10
I -B u ta n e  34. 05
N -B u ta n e  2 1 .9 5
1 -P e n tan e  14. 60
N - P e n t a n e  7 .5 2
2, 2 -DM B 0 .1 5
2 ,3 - D M B  0 .51
2 - M P  2. 29
3 - M P  1 .6 0
N -H ex an e  3. 40
M C P  2. 20
Cyc lohexane  0. 35

H y d r o c r a c k in g ,  % 97. 4
I s o m e r i z a t i o n ,  % 2. 2
H y d ro gen  B a la n ce ,  % 99. 2

R a te  c o n s ta n t ,  c c / g m - s e c  1. 620



T A B L E  A

RUN DATA

Run N u m b e r  201

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0 . 8 4 - 0 , 4 2

T e m p e r a t u r e ,  ° F  800
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  8 . 17

w / h r - w  12 ,9
Hydrogen,  m o l e s / m o l e  C^ 9. 02

M inu tes  on F e e d  750

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  805. 0
M ethane 1 .92
E thane  8 . 32
P r o p a n e  59. 60
I -B u tan e  33. 80
N -B utane  22 .40
1 -Pen tane  14. 50
N -P e n ta n e  7 .4 2
2, 2-DM B 0. 17
2 ,3 -D M B  0 .4 4
2 - M P  2 .3 5
3 - M P  1 .64
N-H exane  3 .4 5
M C P  2. 74
Cyclohexane  0. 38

H y d ro c rac k in g ,  % 9 6 .9
I s o m e r i z a t i o n ,  % 2. 7
Hydrogen B a la n c e ,  % 99. 8

Rate  co n s tan t ,  c c / g m - s e c  1.71



236

T A B L E  A

RUN DATA

Run N u m b e r  20J

F e e d  S tock Cyc lohexane

C a ta ly s t  Type  P d - H - f a u j a s i t e
S ize ,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  650
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  8 . 17

w / h r - w  12. 9
H y drogen ,  m o l e s / m o l e  C^ 12. 5

M in u te s  on F e e d  830

P r o d u c t ,  m o l e s  p e r  
100 m o l e s  feed

H y d ro g e n  1 242 .0
M eth an e  0. 00
E th a n e  0. 15
P r o p a n e  0. 66
I -B u ta n e  2. 26
N -B u ta n e  0. 74
1 - P e n ta n e  1. 58
N - P e n t a n e  0 .41
2, 2 -D M B  0 .3 0
2, 3 -D M B  0. 10
2 - M P  1 .5 6
3 - M P  1 .09
N -H ex a n e  1. 13
M C P  6 5 .4 0
C y c lo hexan e  26. 50

H y d r o c r a c k in g ,  % 8 . 1
I s o m e r i z a t i o n ,  % 65. 4
H ydrogen  B a la n c e ,  % 99. 8

R ate  c o n s ta n t ,  c c / g m - s e c  0 .0 5 1 3



T A B L E  A

RUN DATA

Run N u m b e r 20K

F e e d  Stock C yc lohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size ,  m m 0. 84-0 .  42

T e m p e r a t u r e ,  ° F 700
P r e s s u r e ,  p s i a 7 65
F e e d ,  v / h r - v 8 . 17

w / h r - w 12. 9
H ydrogen ,  m o l e s / m o l e 22 . 0

M in u tes  on F e e d 920

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  2183. 0
M eth an e  0. 00
E thane  0. 29
P r o p a n e  1. 92
I - B u ta n e  5. 30
N -B u ta n e  1. 33
1 -P e n ta n e  3. 68
N - P e n t a n e  0 .9 0
2, 2 -DM B 0 .2 5
2 ,3 - D M B  0 .9 7
2 - M P  2 .4 7
3 - M P  1 .73
N -H ex an e  1 .92
M C P  69. 00
C y c lo hexane  14. 30

H y d r o c r a c k in g ,  % 16. 7
I s o m e r i z a t i o n ,  % 69. 0
H ydrogen  B a la n ce ,  % 100. 3

R a te  c o n s ta n t ,  c c / g m - s e c 0. 181



TA B L E  A

RUN DATA

Run N u m b er  20L

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0. 84-0.  42

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s ia  765
F e e d ,  v / h r - v  2 .04

w / h r - w  3. 22
Hydrogen ,  m o l e s / m o l e  C^ 9. 32

M inu tes  on F e e d  1010

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  852 .0
Methane 0. 88
Ethane  2 . 35
P r o p a n e  20. 50
I -B u tan e  29. 60
N -B utane  10.40
1 -Pen tane  14. 07
N - P e n ta n e  6. 84
2, 2-DM B 1.72
2, 3-DM B 2 .30
2 - M P  8 . 15
3 - M P  5 .7 0
N-H exane  6 . 50
M C P  17.00
Cyclohexane  3. 39

H y d ro c rac k in g ,  % 79. 6
I s o m e r i z a t io n ,  % 17. 0
Hydrogen  B a lance ,  % 102. 0

Rate  con s tan t ,  c c / g m - s e c  0. 185



T A B L E  A

RUN DATA

Run N u m be r  20M

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size, m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r - w  3. 22
Hydrogen ,  m o l e s / m o l e  C^ 25 .9

M inutes  on F e e d  1100

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen 2546. 0
Methane 0. 29
E thane 1. 03
P r o p a n e  7. 08
I-Butane  10. 40
N-Butane  5. 15
I - P e n ta n e  5. 17
N -P e n ta n e  2. 00
2, 2-DMB 1. 18
2 ,3 -D M B  1 .82
2 -M P  8 .2 8
3 - M P  5 .79
N -H exane  6 . 48
M C P 46. 60
Cyclohexane 9. 65

H y d ro c rac k in g ,  % 43. 7
I s o m e r i z a t i o n ,  % 46. 6
Hydrogen  B a lance ,  % 99. 8

Rate cons tan t ,  c c / g m - s e c  0. 180



TA B LE A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size, m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

20N

Cyclohexane

P d - H - f a u j a s i t e  
0. 84-0. 42

700
765
2. 04
3. 22 
8 . 00

M inutes  on F e e d 1190

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen 716 .0
Methane 0. 29
.Ethane 1. 62
P ro p a n e  22. 80
I-B u tane  31 .40
N -B utane  11.50
1 -Pen tane  14. 15
N -P e n ta n e  7. 65
2, 2-DMB 1.80
2, 3-DMB 2.51
2 - M P  8 .4 4
3 - M P  5 .9 0
N -H exane  7 .61
M C P 12.45
Cyclohexane 3. 29

H y d ro c rac k in g ,  % 84. 2
I s o m e r i z a t i o n ,  % 12. 5
Hydrogen B a lance ,  % 99. 3

Rate  cons tan t ,  c c / g m - s e c  0. 187



t a b l e  a

RUN DATA

Run N u m b e r 20 0

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size, m m 0. 84-0. 42

o ^T e m p e r a t u r e ,  F 700
P r e s s u r e ,  p s i a 765
F e e d ,  v / h r - v 2. 04

w / h r - w 3. 22
Hydrogen ,  m o l e s / m o l e  C^ 10. 20

M inu tes  on F e e d 1280

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  944. 0
Methane  0. 29
E thane  1.91
P r o p a n e  16. 40
I -B u tan e  24. 40
N -B utane  9. 22
1 -Pen tane  12 .95
N - P e n t a n e  6 . 84
2 ,2 -D M B  1.23
2, 3-DMB 2.47
2 - M P  9 .4 8
3 - M P  6 .6 3
N-H exane  8 . 44
M C P  ' 19. 45
Cyclohexane  4. 62

H y d ro c ra c k in g ,  % 75 .9
I s o m e r i z a t i o n ,  % 19. 5
H ydrogen  B a lan ce ,  % 101. 0

Rate  con s tan t ,  c c / g m - s e c 0. 179



T A B L E  A

RUN DATA

Run N u m b er

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  ps ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

Minutes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen 
Methane 
E thane  
P ro p a n e  
I -Butane  
N-Butane
1-Pentane  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 -M P
N-H exane  
M C P
Cyclohexane

H y d ro c rack in g ,  % 
I so m e r i z a t io n ,  % 
Hydrogen  B a lance ,  %

Rate  cons tan t ,  c c / g m - s e c

20P

Cyclohexane

P d - H - f a u j a s i t e  
0. 84-0.  42

700
615
2. 04
3. 22 
9. 88

1370

908. 0
0. 59 
2 .79

19. 45 
31. 50 
14. 85 
14. 55 
7. 60
1. 18
2. 04 
6 . 76 
4» 73 
5. 70

16. 10
3. 48

80. 4 
16. 1 
99. 3

0. 249



T A B L E  A

RUN DATA

Run N u m b e r  20Q

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  mrri 0. 84-0. 42

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s i a  365
F e e d ,  v / h r - v  2 .0 4

w / h r  -w 3. 22
H ydrogen ,  m o l e s / m o l e  C^ 9. 39

Minutes  on F e e d  1460

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  8 54 .0
Methane  1.77
Ethane  7. 20
P r o p a n e  24. 00
I -B u tan e  40. 60
N -B utane  17.30
1 -Pen tane  21 .70
N -P e n ta n e  6 .9 5
2 , 2-DMB 0 .4 4
2, 3 -DM B 0 .89
2 - M P  2 .60
3 - M P  1 .82
N-H exane  2. 60
M C P  10.95
Cyclohexane 3. 58

H y d ro c rac k in g ,  % 85. 4
I s o m e r i z a t i o n ,  % 11.0
Hydrogen  B a lance ,  % 100. 1

Rate  con s tan t ,  c c / g m - s e c  0 .520



TA B L E  A

RUN DATA

Run N u m b e r  20R

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r - w  3 .2 2
Hydrogen ,  m o l e s / m o l e  C^ 10. 2

M inu tes  on F e e d  1550

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  944. 0
Methane 0. 29
Ethane 2. 01
P r o p a n e  16 . 32
I-B u tane  24. 20
14-Butane 9. 50
1-P en tan e  13. 00
N -P e n ta n e  6. 60
2, 2-DMB 1.23
2 , 3-DM B 3 .1 8
2 - M P  8 .8 2
3 - M P  8 .59
N-H exane  8 .42
M C P  20. 00
Cyclohexane  4. 10

H y d ro c rac k in g ,  % 7 5 .9
I s o m e r i z a t i o n ,  % 20. 0
H ydrogen  B a la n ce ,  % 100. 8

Rate  cons tan t ,  c c / g m - s e c  0. 178



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size, m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

M inutes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen
Methane
Ethane
P ro p a n e
1-Butane
N -B utane
1-Pen tane  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P
N-Hexane  
M CP
Cyclohexane

H y d ro c rac k in g ,  % 
I so m e r i z a t io n ,  % 
Hydrogen  B a lance ,  %

R ate  con s tan t ,  c c / g m - s e c

21A

Cyclohexane

P d - H - m o r d e n i t e
1. 2-0 . 21

650
765
2. 04 
2 . 20 
7. 92

90

616. 0
2. 65

11. 90 
96. 80 
16. 22 
21 . 00

6 .95
3. 30 
0 . 39
0. 44
1. 13 
0. 79
0. 93 
9. 18
1. 42

8 9 .4
9. 2

100. 5

0. 141



T A B L E  A

RUN DATA

Run N um ber 21B

F e e d  Stock

C a ta ly s t  Type 
Size, m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e

M inu tes  on F e e d

Cyclohexane

P d - H - m o r d e n i t e  
1 . 2 - 0 . 21

650 
765
2. 04 
2 . 20
12. 25

165

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  
Methane 
E thane  
P ro p a n e  
I -B u tane  
N -B utane
1-Pen tane  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P
N- Hexane 
M C P
Cyclohexane

H y dro c rac k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen B a lan ce ,  %

1074.0  
3. 53

12. 95 
83. 10
13. 30 
17. 50

5. 12 
2. 41 
0. 44
0. 41
1. 25 
0 . 88 
1. 67

19. 20 
2 .90

77. 9 
19. 2 
98 . 8

Rate cons tan t ,  c c / g m - s e c 0. 125



T A B L E  A

RUN DATA

Run N um ber 2 1 C

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M inutes  on F e e d

Cyclohexane

Pd  - H - m o r d e n i t e  
1 . 2 - 0 . 2 1

650 
765
2. 04 
2. 20 
7. 60

255

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen
M ethane
Ethane
P r o p a n e
I-B u tane
N -Butane
1 -P en tan e  
N -P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 - M P
N -H exane  
M C P
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t io n ,  % 
Hydrogen  Ba lance ,  %

6 1 6 . 0
3. 24 

13. 25 
80. 00 
13. 65 
18. 00
4. 00 
1.47
0. 30 
0. 66
1. 06 
0. 74 
0 .9 8

21. 40 
4. 40

74. 2
21. 4 

100. 4

Rate  con s tan t ,  c c / g m - s e c 0. 0820



T A B L E  A

RUN DATA

Run N u m ber 21D

F e e d  Stock Cyclohexane

C a ta ly s t  Type 
Size, m m

Pd - H - m o r  denite
1 . 2 - 0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e  C^

650 
765 
8 . 17 
8 . 80 
17. 1

M inu tes  on F e e d 345

P ro d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  1681.0
Methane 0. 73
E th a n e  3. 31
P r o p a n e  18. 20
I-B u tane  1.47
N -B utane  2. 57
1 -Pen tane  0. 88
N -P e n ta n e  0. 29
2 . 2-DM B 0 .0 4
2 . 3-DM B 0.01
2 - M P  0 .3 6
3 - M P  0 .2 5
N -H exane  0. 25
M C P  4 1 .4 0
Cyclohexane  43. 70

H y d ro c rac k in g ,  % 14.9
I s o m e r i z a t i o n ,  % 4 1 .4
Hydrogen B a la n ce ,  % 99. 6

Rate  cons tan t ,  c c / g m - s e c  0 .0822



249

T A B L E  A

RUN DATA

Run N u m ber 21E

F e e d  Stock Cyclohea

C a ta ly s t  Type P d -H -rm
Size,  m m 1. 2 - 0 . 21

m O-r- T e m p e r a t u r e ,  F 650
P r e s s u r e ,  p s i a 765
F e e d ,  v / h r - v 8 . 17

w / h r - w 8 . 80
Hydrogen,  m o l e s / m o l e 14. 1

Minutes  on F e e d 435

P r o d u c t ,  m o le s  p e r
100 m o le s  feed

Hydrogen 1377. 0
Methane 1.47
Ethane 4. 42
P r o p a n e 19. 65
I-Butane 3. 00
N -B utane 3. 00
I - P e n ta n e I. 17
N -P en tan e 0. 30
2, 2-DMB 0 . 06
2, 3-DMB 0. 14
2 - M P 0. 36
3 - M P 0. 25
N-Hexane 0. 25
M CP 49. 10
Cyclohexane 33. 40

H y dro c rac k in g ,  % 17. 5
I so m e r i z a t io n ,  % 49. 1
Hydrogen B a lance ,  % 99. 6

Rate co ns tan t ,  c c / g m - s e c 0. 0819



T A B L E  A

RUN DATA

Run N u m b e r  22A

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0. 84-0. 42

T e m p e r a t u r e ,  ° F  650
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r  -w 3. 17
Hydrogen,  m o l e s / m o l e  C^ 18. 8

M inutes  on F e e d  120

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  1832.0
M ethane 0. 15
E thane  0. 44
P ro p a n e  2. 26
I -B u tane  5, 23
N -B utane  1.91
1 -Pen tane  3. 24
N -P e n ta n e  1. 00
2 ,2 -D M B  0 .79
2, 3-DMB 1 .05
2 - M P  4 .0 2
3 - M P  2. 80
N -H exane  3 .9 4
M C P  64. 80
Cyclohexane 13. 10

H y d ro c rac k in g ,  % 22. 1
I s o m e r i z a t i o n ,  % 64. 8
Hydrogen  B a lance ,  % 99. 3

Rate  cons tan t ,  c c / g m - s e c  0. 0500



T A B L E  A

RUN DATA

Run N u m b e r  22B

F e e d  Stock Cyc lohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m  0 . 8 4 - 0 . 4 2

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2. 04

w / h r - w  3. 17
H yd ro g en ,  m o l e s / m o l e  C^ 16 .8

M in u tes  on F e e d  270

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H y d ro gen  1583. 0
M ethane  0. 29
E thane  1. 77
P r o p a n e  9 . 9 2
I -B u tan e  16 .90
N -B u ta n e  9. 13
1 -P e n tan e  9. 92
N - P e n t a n e  4. 70
2, 2 -DM B 1 .38
2, 3 -DM B 1 .45
2 - M P  9 .4 5
3 - M P  6 . 58
N -H exa ne  7 .51
M C P  30. 10
C yc lo h ex ane  8 . 43

H y d r o c r a c k in g ,  % 61. 5
I s o m e r i z a t i o n ,  % 30. 1
H ydrogen  B a la n c e ,  % 100. 3

R a te  c o n s tan t ,  c c / g m - s e c 0. 181



TA B L E  A

RUN DATA

Run N um ber 22C

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size,  m m 0. 84-0. 42

T e m p e r a t u r e ,  ° F 700
P r e s s u r e ,  p s ia 765
F e e d ,  v / h r - v 2 .0 4

w / h r - w 3. 17
Hydrogen,  m o l e s / m o l e  C^ 31. 0

M inu tes  on F e e d 360

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  3038. 0
M ethane 0. 29
E thane  1. 33
P ro p a n e  6. 29
I -B u tane  10. 70
N -B utane  4 .4 9
1 -Pen tane  5. 65
N -P e n ta n e  3. 40
2 .2 -D M B  1 .08
2 . 3-DMB 1.28
2 - M P  6.77
3 - M P  4 .7 2
N -H exane  5. 85
M C P  45. 60
Cyclohexane  13.40

H y d ro c rac k in g ,  % 4 1 .0
I s o m e r i z a t i o n ,  % 45. 6
Hydrogen B a lan ce ,  % 99. 0

R a te  cons tan t ,  c c / g m - s e c 0. 180



TA B L E  A

RUN DATA

Run N u m b er  22D

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - f a u j a s i t e
Size, m m  0. 84-0.  42

T e m p e r a t u r e ,  ° F  700
P r e s s u r e ,  p s ia  765
F e e d ,  v / h r - v  4 .0 8

w / h r  -w 6 . 34
Hydrogen ,  m o l e s / m o l e  C^ 9. 50

M inutes  on F e e d  480

P ro d u c t ,  m o le s  p e r
100 m o le s  feed

Hydrogen 861. 0
Methane 0. 74
Ethane 2. 50
P ro p a n e 8 . 54
I-B u tane 17 .50
N-Butane 6. 70
I -P e n ta n e 11. 50
N -P e n ta n e 4. 47
2, 2-DMB 1. 35
2, 3-DMB 1. 32
2 -M P 6.91
3 -M P 4. 82
N -H exane 6 .43
M CP 34. 50
Cyclohexane 10 . 20

H y dro c rac k in g ,  % 55. 3
I s o m e r i z a t i o n ,  % 34. 5
Hydrogen B a lan ce ,  % 100. 2

Rate  co ns tan t ,  c c / g m - s e c 0 . 181



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
Size ,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o l e s  feed

H ydro g en
M ethane
E thane
P r o p a n e
I -B u tan e
N -B u tan e
1-P en tan e  
N - P e n t a n e  
2, 2 -DM B 
2, 3-DM B
2 - M P
3 - M P  
N -H ex an e  
M C P
Cyclohexane

H y d r o c r a c k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen  B a la n ce ,  %

22E

C yc lohexane

P d - H - f a u j a s i t e  
0. 84-0.  42

650 
7 65 
4. 08 
6 . 34 
8 . 85

570

855. 0 
0 . 16 
0. 50 
2 . 10 
5. 02 

- 1. 8»
3. 15 
0 . 92
0. 84
1. 16
4. 00
2 . 79
3. 95 

65. 20 
13. 40

21. 4 
65. 2 
98. 5

R a te  c o n s tan t ,  c c / g m - s e c 0. 0487



T A B L E  A

RUN DATA

Run N u m b er

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

oT e m p e r a t u r e ,  R 
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro g e n { ^ m o le s /m o le

M inu tes  on F e e d

23A

56 m o le  % Cyclohexane,  
44 mole  % n -H exane

P d - H - f a u j a s i t e
0 . 8 4 - 0 . 4 2

700 
765 
2. 04 
2 . 91
15. 02

120

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  1460. 0
Methane 0. 32
Ethane  1. 45
P r o p a n e  16. 00
I-B u tane  13. 10
N -B utane  5.71
1 -P en tan e  7 .2 8
N -P e n ta n e  4. 18
2, 2-DM B 6 .98
2, 3-DMB 3 .55
2 - M P  17.35
3 - M P  12. 10
N -H exane  12. 90
M C P 13.34
Cyclohexane  3. 33

H y d ro c ra c k in g ,  %
I s o m e r i z a t io n ,  %
Hydrogen  B a lan ce ,  % 100. 4

Rate  con s tan t ,  c c / g m - s e c



256

T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

23B

56 m ole  % Cyclohexane,  
44 m ole  % n -H e x an e

P d - H - f a u j a s i t e  
0. 84-0. 42

700 
7 65 
2. 04
2.91 
2 3 .4

210

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  2240 .0
Methane 0. 58
E thane  1 .45
P r o p a n e  10. 20
I-B u tane  10. 53
N -B utane  5. 23
1-P en tan e  6. 56
N -P e n ta n e  3, 28
2, 2-DMB 6 . 87
2, 3-DMB 2 .2 0
2 - M P  19. 20
3 - M P  13.40
N -H exane  13 .90
M C P 16.90
Cyclohexane 3. 33

H y dro c rac k in g ,  %
Is o m e r i z a t io n ,  %
Hydrogen  B a lan ce ,  % 98. 0

R a te  con s tan t ,  c c / g m - s e c



257

T A B L E  A

RUN DATA

Run N u m ber

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M in u tes  on F e e d

23C

56 m o le  % C yc lohexane ,  
44 mole  % n -H exane

P d - H - f a u j a s i t e  
0. 84-0.  42

725 
765 
2. 04 
2. 91
23. 1

300

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  2220 .0
Methane 0. 64
Ethane  2 . 74
P r o p a n e  20 .90
I -B u tan e  15.95
N -B utane  7. 23
1 -Pen tane  8 . 81
N -P e n ta n e  4 .7 0
2 ,2 -D M B  7 .0 8
2, 3-DMB 3 .7 5
2 - M P  16.20
3 - M P  11.30
N-H exane  12.70
M C P  8 . 68
Cyclohexane  2. 20

H y dro c rac k in g ,  %
I s o m e r i z a t i o n ,  Vo
Hydrogen  B a lan ce ,  % 99. 2

Rate  con s tan t ,  c c / g m - s e c



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type  
Size,  m m

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M in u te s  on F e e d

23D

56 m o le  % C y c lohexane ,  
44 m o le  % n - H e x a n e

P d - H - f a u j a s i t e  
0. 84-0 .  42

725 
765 
2. 04 
2. 91 
14. 4

390

P r o d u c t ,  m o le s  p e r  
100 m o l e s  feed

H y d ro g e n
M ethane
E th a n e
P r o p a n e
I -B u ta n e
N -B u ta n e
1 -P e n ta n e  
N - P e n t a n e  
2, 2 -DM B 
2, 3 -DM B
2 - M P
3 - M P  
N -H ex a n e  
M C P
C yc lohexane

H y d r o c r a c k in g ,  % 
I s o m e r i z a t i o n ,  % 
H ydro g en  B a la n c e ,  %

1320 .0
2. 25 
4. 34

40. 25 
18. 27 
9. 00 

13. 00 
6 . 18
3. 01
2. 50 

13. 95
9. 72 
9 .9 7
3. 80 
0. 54

98. 5

R a te  c o n s ta n t ,  c c / g m - s e c



T A B L E  A

RUN DATA

Run N u m ber

F e e d  Stock

C a ta ly s t  Type 
Size, m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  ps ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e

Minutes  on F e e d

23E

56 m o le  % C yc lohexane ,  
44 m ole  % n -H exane

P d - H - f a u j a s i t e  
0. 84-0 .  42

7 50 
765 
2. 04 
2. 91 
2 1 . 0

480

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  2020. 0
Methane  1.61
E thane  5 .9 4
P r o p a n e  4 7 .3 0
I -B u tan e  20. 10
N -B utane  12. 63
1 -P en tan e  11.84
N - P e n ta n e  55. 92
2, 2-DMB 3 .3 3
2, 3-DM B 3 .77
2 - M P  11- 15
3 - M P  7 .7 8
N -H exane  9 .0 8
M C P  2. 20
C yclohexane  0, 27

H y d ro c rac k in g ,  %
I s o m e r i z a t i o n ,  %
Hydrogen  B a la n ce ,  % 101. 5

Rate  co ns tan t ,  c c / g m - s e c



TA BLE A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
Size ,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H ydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

23F

56 mole  % Cyc lohexane ,  
44 m ole  % n -H exane

Pd  - H - fa u ja s i t e  
0. 84-0. 42

750 
765 
2. 04 
2 . 91 
2 0 . 1

570

P r o d u c t ,  m o le s  p e r
100 m o le s  feed

Hydrogen 1880. 0
M ethane 0. 64
Ethane 4. 02
P ro p a n e 36. 20
1- Butane 27. 00
N -B utane 15. 70
I - P e n ta n e 13.25
N -P e n ta n e 7. 32
2, 2-DMB 4. 62
2, 3-DM B 2. 75
2 - M P 10. 15
3 - M P 7. 08
N -H exane 8. 39
M C P 1. 82
Cyclohexane 0 . 22

H y dro c rac k in g ,  %
I s o m e r i z a t i o n ,  %
Hydrogen  B a lan ce ,  % 98. 3

Rate  co n s tan t ,  c c / g m - s e c



T A B L E  A

RUN DATA

Run N u m b er 24A

F e e d  Stock Cyclohexane

C a ta ly s t  Type 
Size,  m m

P d - H - m o r d e n i t e
1 . 2 - 0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e  C^

650 
765 
2. 04 
2 . 09 
9 .9 2

M inu tes  on F e e d 180

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  837. 0
Methane 4. 13
Ethane  15 .40
P r o p a n e  82. 50
I -B u tan e  9. 35
N -Butane  17 .40
1 -P en tan e  8. 65
N - P e n ta n e  4. 12
2, 2-DMB 0 .39
2, 3-DMB 0 .79
2 - M P  1. 13
3 - M P  0 .7 9
N -H exane  1. 08
M C P  17. 20
Cyclohexane  3. 29

H y d ro c ra c k in g ,  % 79. 5
I s o m e r i z a t i o n ,  % 17.2

. H ydrogen  B a lan ce ,  % 100. 0

Rate  co ns tan t ,  c c / g m - s e c  0. 116



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e

24B

C yclohexane

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

650 
765 
2. 04 
2 . 09
9 .9 2

M inu tes  on F e e d 220

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  848. 0
Methane 4. 13
E thane  15 .90
P r o p a n e  88 . 00
I -B u tan e  9. 65
N -B utane  14. 31
1-P en tan e  4. 00
N -P e n ta n e  1. 12
2 . 2-DMB 0 .5 4
2 .3 -D M B  0 .8 3
2 - M F  I - 33
3 - M P  0 .9 3
N-H exane  1- 03
M C P 21. 50
Cyclohexane  3 .97

H y d ro c ra c k in g ,  % 74. 5
I s o m e r i z a t io n ,  % 21. 5
Hydrogen  B a lan ce ,  % 99. 3

Rate  cons tan t ,  c c / g m - s e c 0. 0985



T A B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s ia  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

24C

Cyclohexane

P d - H - m o r d e n i t e  
1. 2 -0 . 21

650 
765 
2. 04 
2 . 09
9 .9 2

M inu tes  on F e e d 250

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  862. 0
Methane 2 .9 4
Ethane  13. 55
P r o p a n e  77. 20
I -B u tan e  9. 27
N -B utane  13.70
1 -Pen tane  3. 82
N - P e n ta n e  1.65
2, 2-DMB 0 .3 4
2, 3-DMB 0 .81
2 - M P  1.21
3 - M P  0. 84
N-H exane  1 .08
M C P  26. 00
Cyclohexane  6 . 38

H y d ro c rack in g ,  % 67. 6
I s o m e r i z a t i o n ,  % 26. 0
Hydrogen B a lance ,  % 99. 9

Rate  co ns tan t ,  c c / g m - s e c  0 .0 8 24



T A B L E  A

RUN DATA

Run N u m b e r  24D

F e e d  Stock Cyc lohexane

C a ta ly s t  Type P d - H - m o r d e n i t e
Size, m m  1. 2-0 .  21

T e m p e r a t u r e ,  ° F  650
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r  -w 2 . 09
Hydrogen ,  m o l e s / m o l e  C^ 9 .9 2

Minutes  on F e e d  280

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  8 7 1 .0
M ethane  2 .9 4
E thane  12. 65
P r o p a n e  69 .90
I -B u tan e  8 . 70
N -B utane  12 .90
1 -P en tan e  3. 60
N - P e n ta n e  1.41
2 . 2-DM B 0 .6 4
2 . 3-DM B 0 .9 2
2 - M P  1 .48
3 - M P  1.03
N -H exane  1. 33
M C P  29. 10
Cyclohexane  7. 35

H y d ro c rac k in g ,  % 63. 5
I s o m e r i z a t io n ,  % 29. 1
Hydrogen  B a la n ce ,  % 99. 7

Rate  cons tan t ,  c c / g m - s e c 0. 0739



TA B L E  A

RUN DATA

Run N um ber

F e e d  Stock

C a ta ly s t  Type 
Size, m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

25A

Cyclohexane

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

600 
765
2. 04 
2 . 21 
8 . 53

180

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  
Methane 
E thane  
P r o p a n e  
I -B u tane  
N -B utane
1-Pen tane  
N - P e n ta n e  
2, 2-DMB 
2, 3-DMB
2 - M P
3 -M P  
N-H exane  
M C P
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t i o n ,  % 
Hydrogen  B a lan ce ,  %

800. 0 
0 . 88 
3. 39 

24. 10 
2 . 80 

11 . 12 
1.65  
1. 35 
0 . 20 
0. 36 
0 . 92 
0. 64 
0. 54 

56. 00 
16. 50

27. 5 
56. 0 

100 . 2

Rate  con s tan t ,  c c / g m - s e c 0. 0207



T A B L E  A

RUN DATA

Run N u m b er

F e e d  Stock

C a ta ly s t  Type 
Size, m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen,  m o l e s / m o l e

25B

Cyclohexane

P d  - H - m o r d e n i t e  
1. 2 - 0 . 21

600 
7 65 
4. 08 
4. 42 
8 . 68

M inutes  on F e e d 250

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  840. 0
M ethane  0. 47
E thane  2. 06
P r o p a n e  13. 17
I -B u tan e  1. 40
N -B u tane  6. 12
1 -P en tan e  0. 82
N - P e n t a n e  0. 59
2, 2 -DM B 0 .2 0
2, 3-DMB 0. 11
2 - M P  0 .6 3
3 - M P  0 .4 4
N -H exane  0. 49
M C P  4 8 .7 0
Cyclohexane  36. 10

H y d ro c rac k in g ,  % 15. 2
I s o m e r i z a t i o n ,  % 48. 7
Hydrogen  B a la n ce ,  % 99. 1

Rate  con s tan t ,  c c / g m - s e c  0. 0216



T A B L E  A

RUN DATA

Run N u m b e r  25C

F e e d  Stock Cyclohexane

C a ta ly s t  Type P d - H - m o r d e n i t e
Size,  m m  1. 2-0. 21

T e m p e r a t u r e ,  ° F  600
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r - w  2 . 21
H ydrogen ,  m o l e s / m o l e  C^ 7. 20

M inutes  on F e e d  310

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  660. 0
Methane  1 .18
Ethane  3. 97
P ro p a n e  28. 30
I -B u tane  2 .9 4
N -B utane  12. 24
1 -P en tan e  1.71
N - P e n ta n e  1. 35
2, 2-DMB 0. 29
2 , 3-DM B 0 .7 4
2 - M P  0 .7 8
3 - M P  0 .5 4
N -H exane  0. 59
M C P  52. 30
Cyclohexane  16. 30

H y d ro c rac k in g ,  % 3 1 .4
I s o m e r i z a t i o n ,  % 52. 3
Hydrogen  B a lan ce ,  % 102. 0

R a te  co ns tan t ,  c c / g m - s e c  0 .0205



T A B L E  A 

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
Size,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  
Methane 
E thane  
P r o p a n e  
I -B u tane  
N-B u tane
1 -Pen tane  
N - P e n ta n e  
2, 2-DM B 
2, 3-DMB
2 - M P
3 - M P  
N-H exane  
M CP
Cyclohexane

H y d ro c rac k in g ,  % 
I s o m e r i z a t io n ,  % 
Hydrogen  B a la n ce ,  %

Rate  con s tan t ,  c c / g m - s e c

26A

n - P e n ta n e

P d - H - m o r d e n i t e  
1. 2 - 0 . 21

550 
465 
8. 17 
7. 19
3. 35

390

335. 0
0. 00 
0 . 19 
0. 34 
0 . 12 
0. 27 

31. 10 
68. 70 

0. 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00
0 . 00

0 . 2 
31. 1
99. 0

0. 073



T A B L E  A

RUN DATA

Run N u m ber 26B

F e e d  Stock n - P e n ta n e

C a ta ly s t  Type 
Size ,  m m

P d - H - m o r d e n i t e
1. 2 - 0 . 21

T e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
Hydrogen ,  m o l e s / m o l e

550 
465 
8. 17 
7. 19 
3. 29

M inu tes  on F e e d 470

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen  329 .0
Methane  0. 00
Ethane  0. 29
P r o p a n e  0. 39
I-B u tan e  0. 21
N -B u ta n e  0. 25
1 -P en tan e  32. 00
N -P e n ta n e  67. 50
2, 2-DM B 0 .0 0
2, 3-DMB 0. 00
2 - M P  0 .0 0
3 - M P  0 .0 0
N -H exane  0. 00
M C P 0. 00
Cyclohexane  0. 00

H y d ro c rac k in g ,  % 0. 5
I s o m e r i z a t io n ,  % 32. 0
H ydrogen  B a lance ,  % 99. 7

Rate  cons tan t ,  c c / g m - s e c  0 .075



T A B L E  A

RUN DATA

Run N u m b er

F e e d  Stock

27

n - P e n t a n e

C a ta ly s t  Type 
Size,  m m

P d - H - m o r d e n i t e
1. 2 - 0 . 21

oT e m p e r a t u r e ,  F 550
P r e s s u r e ,  p s i a 465
F e e d ,  v / h r - v 8 . 17

w / h r - w 7. 95
H ydrogen ,  m o l e s / m o l e 3. 37

M inu tes  on F e e d 120

P r o d u c t ,  m o le s  p e r
100 m o le s  feed

H ydrogen 335. 0
M ethane 0 . 00
E thane 0. 23
P ro p a n e 0 .41
I -B u tan e 0. 75
N -B u tane 0. 51
I - P e n ta n e 35. 60
N -P e n ta n e 62. 50
2, 2-DM B 0 . 00
2, 3-DM B 0 . 00
2 - M P 0 . 00
3 - M P 0 . 00
N -H exane 0 . 60
M C P 0 . 00
Cyclohexane 0 . 00

H y d ro c ra c k in g ,  % 1.9
I s o m e r i z a t io n ,  % 35. 6
H ydrogen  B a la n ce ,  % 99. 8

Rate  con s tan t ,  c c / g m - s e c 0 . 10<



T A B L E  A

RUN DATA

Run N u m b e r  28A

F e e d  Stock 56 m o l  % C yc lohexane ,
44 m ol  % n -H e x an e

C a ta ly s t  Type P d - H - m o r d e n i t e
Size,  m m  1 .2 - 0 .2 1

T e m p e r a t u r e ,  ° F  600
P r e s s u r e ,  p s i a  765
F e e d ,  v / h r - v  2 .0 4

w / h r  -w 1. 97
Hydrogen ,  m o l e s / m o l e  C^ 18 .0

M inu tes  on F e e d  150

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

Hydrogen  1720. 0
M ethane  1. 29
Ethane  3. 87
P r o p a n e  3 0 .90
I -B u tan e  10. 22
N -B utane  __ 16. 42
1-P en tan e  5. 35
N - P e n ta n e  3. 67
2, 2-DMB 2 .68
2, 3-DMB 4. 23
2 - M P  5 .00
3 - M P  3 .49
N -H exane  20. 80
M C P  17.70
Cyclohexane  4. 02

H y dro c rac k in g ,  %
Is o m e r i z a t io n ,  %
Hydrogen  B a lan ce ,  % 99. 4

Rate  cons tan t ,  c c / g m - s e c



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type  
S ize ,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro g e n ,  m o l e s / m o l e

M inu tes  on F e e d

28B

56 m o l  % C yc lo hexan e ,  
44 m o l  % n -H e x a n e

P d - H - m o r d e n i t e
1. 2 - 0 . 21

600  
765 
2. 04
1. 97 
12. 1

260

P r o d u c t ,  m o le s  p e r
100 m o le s  feed

H y d ro g e n 1050. 0
M ethane 1. 61
E thane 6 . 59
P r o p a n e 50. 30
I -B u ta n e 16. 90
N -B u ta n e 19. 00
I - P e n t a n e 6. 03
N - P e n t a n e 3. 34
2, 2 -DM B 2. 04
2, 3 -DM B 2. 35
2 - M P 5. 00
3 - M P 3 .4 9
N - Hexane 13. 80
M C P 11. 40
C yc lohexane 2 . 68

H y d r o c r a c k in g ,  %
I s o m e r i z a t i o n ,  %
H y dro g e n  B a la n c e ,  % 99. 8

R ate  c o n s ta n t ,  c c / g m - s e c



273

T A B L E  A 

RUN DATA

Run N u m b e r  

F e e d  Stock

C a ta ly s t JT y p e  
Size ,  m m

T e m p e r a t u r e ,  ° F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r - w  
H y d ro gen ,  m o l e s / m o l e

M in u tes  on F e e d

P r o d u c t ,  m o l e s  p e r  
100 m o le s  f ee d

Hydrogen
Methane
E th a n e
P r o p a n e
I -B u ta n e
N -B u ta n e
1 -P e n ta n e  
N - P e n ta n e  
2, 2 -DM B 
2, 3 -DM B
2 - M P
3 - M P  
N -H ex an e  
M C P
C yc lohexane

H y d ro c ra c k in g ,  % 
I s o m e r i z a t i o n ,  % 
H ydrogen  B a la n c e ,  %

R a te  c o n s ta n t ,  c c / g m - s e c

28C

56 m o le  % C yc lohexane ,  
44 m o l  % n -H e x an e

P d - H - m o r d e n i t e
1. 2 - 0 . 21

650 
765 .
2. 04 
1 .97 
1 2 . 1

370

1050. 0
3. 86

16. 40 
118. 00

17. 95
24. 30

2. 57
1. 22 
0. 38
0. 25
1. 09 
0. 76 
0. 76 
0 . 21
0. 05

99. 0



T A B L E  A

RUN DATA

Run N u m b e r

F e e d  Stock

C a ta ly s t  Type 
Size ,  m m

oT e m p e r a t u r e ,  F  
P r e s s u r e ,  p s i a  
F e e d ,  v / h r - v  

w / h r  -w 
H ydrogen ,  m o l e s / m o l e

M inu tes  on F e e d

28D

56 m o l  % C y c lohexane ,  
44 m o l  % n - H e x a n e

P d - H - m o r d e n i t e
1. 2 - 0 . 21

650 
765
2. 04
I. 97 
10. 5

480

P r o d u c t ,  m o le s  p e r  
100 m o le s  feed

H ydrogen 9 20 . 0
M ethane 5. 16
E thane 20. 40
P r o p a n e 128.20
I -B u ta n e 13. 82
N -B u ta n e 20. 70
I - P e n t a n e 3. 21
N - P e n t a n e 1. 93
2, 2 -DM B 0. 32
2, 3 -D M B 0 . 22
2 - M P 0 . 16
3 - M P 0 . 11
N -H exane 0 . 16
M C P 0 . 21
C yclohexane 0. 03

H y d r o c r a c k in g ,  %
I s o m e r i z a t i o n ,  %
H y dro g e n  B a la n c e ,  % 101 .2

R a te  con s tan t ,  c c / g m - s e c
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A P PE N D IX  B 

NOM ENCLATURE

C o n c en t ra t io n  

C o n c e n t ra t io n  of hexanes  

C o n c e n t ra t io n  of hydrogen  

C o n c en t ra t io n  of naph thenes  (M CP + CH) 

C o n c e n t ra t io n  of h y d r o c r a c k e d  p ro d u c t s  

H y d ro c a rb o n  flow r a t e  

Sim pl i f ied  r e a c t i o n  r a t e  c o n s tan t  for 

h y d r o c r a c k in g  h e xan es  

Simplif ied  r e a c t io n  r a t e  co n s tan t  fo r

h y d ro c ra c k in g  naph thenes  (MCP + CH) 

R e ac t io n  r a t e  con s tan t  for  h y d ro c ra c k in g  

hexane s

R eac t io n  r a t e  c o n s tan t  fo r  h y d r o c r a c k in g

naph thenes  (MCP + CH)

P r o d u c t  of r e a c t io n  r a t e  c o n s tan t  t im e s

a d s o r p t io n  coef f ic ien t  fo r  h e xanes ,

k  K a o A

P r o d u c t  of r e a c t i o n  r a t e  co n s tan t  t im e s

a d s o r p t io n  coeff ic ien t  fo r  n ap h th e n es ,

k y K c
Dynamic  a d s o r p t io n  coeff ic ien t  fo r  h ex anes



Dynam ic  a d s o r p t io n  coef f ic ien t  fo r  

h yd rog en  

D ynam ic  a d s o r p t io n  coef f ic ien t  for  

naphthene  s 

Dynam ic  a d s o r p t io n  c o e f f ic ien t  for  

h y d r o c r a c k e d  p ro d u c t s  

M o le c u la r  weigh t  

P a r t i a l  p r e s s u r e  of hexanes  

P a r t i a l  p r e s s u r e  of hydrogen  

P a r t i a l  p r e s s u r e  of naph thenes  (MCP + 

CH)

P a r t i a l  p r e s s u r e  of h y d r o c r a c k e d  p r o 

duc ts

M o la r  r a t i o  of h y d rog en  to h y d r o c a r b o n  

in feed  gas  

Se lec t iv i ty  to p ro p an e ,  m ole  %

S u p e r f ic ia l  c o n ta c t  t im e  b a s e d  on c a t a ly s t  

volume

S u p e r f ic ia l  co n ta c t  t im e  b a s e d  on c a t a l y s t  

we igh t

T e m p e r a t u r e ,  d e g r e e s  Rankine ,  u n l e s s  

o th e rw ise  spec i f ied  

C a ta ly s t  w e igh t  in r e a c t o r
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x  - F r a c t i o n  c o n v e r t e d  by  h y d r o c r a c k i n g

p c - C a t a l y s t  b u lk  d e n s i ty ,  g m / c c

p g  - G a s  d e n s i ty  a t  o p e r a t i n g  c o n d i t i o n s ,  gm

m o l e s / c c

0 - T i m e  on f ee d
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A PPE N D IX  C 

ANALYTICAL SYSTEM

A. In t roduct ion

A F&tM Model 810R d u a l - c o lu m n  gas  c h r o m a to g r a p h  with a ten  

foot co lum n of 10% si l icone  r u b b e r ,  SE-30 ,  on 90% white  c h r o m o s o r b  

{80-100 m esh )  was  u s e d  to obtain  the p ro d u c t  a n a ly s i s  f r o m  the e x p e r i 

m e n ta l  run s .  G e n e ra l ly  the p ro d u c t  c o n s i s t e d  of about  90% h ydrogen  

and 10% h y d r o c a r b o n s .  T yp ica l  c h r o m a to g r a p h  c h a r t s  a r e  shown in 

F i g u r e s  C - l  and C -2  {pages 281 and 282).

B. Method of A n a ly s is

A packed  co lum n and a t h e r m a l  conduct iv i ty  d e te c to r  w e r e  the  

b a s ic  e l e m e n t s  of the gas  c h ro m a to g ra p h .  E ac h  h y d r o c a r b o n  c o m 

ponent  had a d i f fe ren t  r e t e n t io n  t im e  due to v a ry in g  a d s o rp t iv i ty  c o n 

s ta n ts  f o r  the packing  in the column. H el ium  w as  u se d  a s  a c a r r i e r  

g a s ,  and a u n i fo rm  flow of the c a r r i e r  gas  w as  m a in ta in ed  th rough  the 

packed  co lum n  and p a s t  the t h e r m a l  conductiv i ty  d e te c to r .  The gas  

s a m p le  w as  in jec ted  a s  a pu lse  into the c a r r i e r  s t r e a m .  The c a r r i e r  

g a s  swept  the sa m p le  th rough  the packed  c o lu m n  and d e te c to r .  The gas  

s t r e a m  p a s s in g  the d e te c to r  a t  any given t im e  c o n s i s t e d  of a  m ix tu r e  of 

h e l ium  and a single  h y d r o c a r b o n  com ponen t  due to the va ry in g  r e t e n t io n  

t i m e s  of the h y d ro c a rb o n s  in the packed  column.



C olum n T e m p e r a tu r e  27°C

A ttenua t ion  F a c to r :  

C . -n C .

2 - M P

nC

2, 3-DMB
3 - M PiC

iC
2, 2-DMB

nC

F ig u re  C - l .  Gas C h ro m a to g rap h  Output, Hexane H y d ro c rack ing



C olum n T e m p e r a tu r e  50°C

2 -M P
A ttenuat ion  F a c to r :

C ,  -nC

iC iC -CH

3 - M P
nC

M CPnC

iC

2 , 3 -  
'f DMB

nC

CH
DMB

F ig u re  C-2. Gas C h ro m a to g rap h  Output, Cyclohexane H y d roc rack in g
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The r e s p o n s e  f r o m  the t h e r m a l  conduct iv i ty  d e te c to r  was  a 

l i n e a r  func t ion  of the in s t an tan e o u s  h y d r o c a r b o n  c o n c e n t r a t io n  in the 

c a r r i e r  g a s  s t r e a m .  Then  the in s t an tan e o u s  c o n c e n t r a t io n  of a c o m 

ponent  " j "  w as

yj = C Jj Dj

w h e re  yj = m ole  f r a c t io n  of " j "  in the c a r r i e r  gas

IC = con s tan t

D = d e te c to r  output

To obtain  the o v e r a l l  c o n c e n t r a t io n  of " j " ,  the  d e te c to r  output w as  

in te g r a t e d  with  r e s p e c t  to t im e .  This  in te g ra t io n  was done a u t o m a t i 

ca l ly  by a  b a l l - a n d - d i s c  i n t e g r a t o r  in  the gas  c h r o m a to g r a p h  r e c o r d e r  

s y s te m .  T hen  a "p ea k  a r e a "  w a s  r e c o r d e d  by the i n t e g r a t o r ,  c o r r e s 

ponding to e a c h  h y d r o c a r b o n  "p eak " .  This  "peak  a r e a "  w a s  r e l a t e d  to

the h y d r o g e n - f r e e  c o n c e n t r a t io n  in the  gas sam ple  by
n

Yj = C j A j / E  C A
k=l

w h e re  Y = h y d r o g e n - f r e e  m ole  f r a c t io n

C = e x p e r im e n ta l ly  d e te r m in e d  c a l ib r a t io n  c o n s tan t

A = peak  a r e a

n = to ta l  n u m b e r  of co m ponen ts  in h y d r o g e n - f r e e
sa m p le

An e le c t r o n i c  " a t t e n u a t o r "  w as  u se d  to ex tend the ran g e  and  a c c u r a c y  of 

the g a s  c h ro m a to g r a p h .  The " a t t e n u a to r "  s c a l e d  down the r e s p o n s e  of 

l a r g e  peaks  by s e l e c te d  f a c t o r s .  The " a t ten ua t ion "  f a c t o r s ,  F ,  a r e  then 

u s e d  in the f ina l  equa t ion
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n
Yj = F j C j A j / E  F k Ck Ak .

k =  1

C. D e te r m in a t io n  of C a l ib ra t io n  C o n s tan ts

P r e c i s e  v o lu m e s  of e ac h  h y d r o c a r b o n  compound w e r e  in jec ted  

s e p a r a t e l y  in to  the g as  c h r o m a to g r a p h  in o r d e r  to d e te r m in e  the c a l i 

b r a t i o n  c o n s ta n t s .  The in t e g r a t e d  r e s p o n s e  ( including the a t ten u a t io n  

f a c to r )  w a s  u s e d  to c a lcu la te  the g r a m  m o le s  of h y d r o c a r b o n  compound 

p e r  uni t  i n t e g r a t o r  read in g :  T h e s e  c a l ib r a t io n  c o n s ta n t s  a r e  given in 

T ab le  C - l .
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Table  C - l .  C a l ib r a t io n  C o n s ta n ts  fo r  Gas C h ro m a to g ra p h .

C * 3 Com ponent  g r a m - m o l e s  p e r  un i t  a r e a  x  10

Methane 3. 765

Ethane 2. 496

P r o p a n e 2 . 006

i -  Butane 1. 707

n -B u ta n e 1. 685

i - P e n ta n e 1. 580

n - P e n ta n e 1. 495

2 , 2 -DMB 1. 352

2, 3 -DMB 1. 352

2 - M P 1. 308

3 - M P 1. 318

n-H exane 1. 278

Cyclohexane 1. 471

M ethy lcyc lopen tane 1.411
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A PPE N D IX  D 

SA M PLE CALCULATIONS

A. T yp ica l  P r o c e s s  Data  

Run n u m b e r  

F e e d  s tock  

C a ta ly s t  type 

C a ta ly s t  volume 

C a ta ly s t  weight  

C a ta ly s t  s ize  

T e m p e r a t u r e  

P r e s s u r e

T im e  a t  s t a r t  of b a lance  pe r io d  

Length  of b a lance  p e r io d  

Volume of hy d ro g en  in 

T e m p e r a t u r e  of h y d ro g en  in 

Volume of Liquid h y d ro c a rb o n  in 

To ta l  gas  out vo lum e 

T e m p e r a t u r e  of gas  out

6A

n -H exane

P d - H - f a u j a s i t e

15. 0 cc

7. 405 gm

0. 84-0.  42 m m

7 50 °F

765 ps ia

80 m in

20 m in

0. 583 f t 3

85°F

10. 2 cc

0. 650 f t 3

85°F



288

B. T yp ica l  A na ly t ica l  Data.

C om ponen t  Peak. A re a

C I 0. 17

C2 0 . 60

C 3 4. 85

1C4
0. 95

nC4 0. 85

i C 5
3. 25

n C 5 2. 25

2, 2-DMB 4. 50

2 ,3 - D M B 2. 76

2 - M P 11. 70

3 - M P 8 . 15

n C 6 9 . 00

A ttenua t ion  F a c t o r  

4 

4 

4 

4 

4
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C. M a t e r i a l  B a la n c e  C a lc u la t io n s

B a s i s :  20 m in u te  b a la n c e  p e r io d

W eight  of nC^  fed  = (10. 2 cc)(0.  659 g m / c c )  = 6 . 72 g r a m s

G r a m  m o l e s  of n C ,  fed  = 6 . 72 /8 6 .  2 = 0. 0780o

G r a m s  of c a r b o n  in  n C ,  fed  = 72. 1 (0. 078) = 5. 62o

G r a m s  of h y d r o g e n  in nC ^  fed = 14. 1 (0. 078) = 1. 10 

L iqu id  h o u r ly  sp a c e  ve lo c i ty  = (10. 2 c c / 2 0  min .  )(60 m in .  / h r .  ) /  

(15. 0 cc)  = 2. 04 c c / h r .  - cc  

W eight  h o u r ly  sp a c e  v e lo c i ty  = (6 . 72 g m / 2 0  m in .  )(60 m in .  / h r . ) /  

(7 .4 1  gm ) = 2 .7 3  g m / h r .  -g m  

Volum e of H g as  in a t  ST P  = (0. 583 ft. 3>(492/545)(29- 92 - 

1. 17)/(29. 92) = 0. 505 ft. 3

3 3G r a m  m o le s  of g a s  in  = (0. 505 ft. )(1. 26 gm  m o l e s / f t .  ) =

0. 637 gm  m o l e s

V olum e of g as  out a t  S T P  = (0. 650 ft. 3 ) (492/545)(29.  92 - 1 .1 7 /

29. 92) = 0. 565 ft.  3

A s s u m e d  g r a m s  of c a r b o n  in  g as  out  = 5. 62 gm

H y d r o g e n - to - n C ^  m o le  r a t i o  = 0. 637 /0 .  078 = 8 . 16
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M ola r  W eighting F a c to r s  fo r  H y d ro c a rb o n s  in Gas Out

C1 (0. 17)(4. 00){3. 765)

C2 (0. 60)(4. 00)(2. 496) =

C3 (4. 85)(4, 00)(2. 006) =

iC4 (0. 95)(4. 00)(1. 707) =

nC4 (0. 85)(4. 00)(1. 685) =

iC5 (3. 25)(1. 00)(1. 580) =

»c5 (2. 25)( 1. 00)(1. 495) -

2, 2-DMB (4. 50)( 1. 00)(1. 352) -

2, 3-DMB {2. 76)(1. 00)(1. 352) -

2 - M P (11. 70)(1. 00 )(1. 308) -

3 - M P (8 . 15)(1. 00)(1. 318) =

n C ,o (9. 00)(1. 00)(1. 278) -

M C P (0. 00)(1. 00)(1. 411) =

CH (0. 00)(1. 00)(1. 471) =

2. 57 

6 . 00

38. 80 

6. 48 

5. 73

5. 13

3. 36

6. 09 

3. 73

15. 30

10. 70

11. 50 

0 . 00 

0 . 00

115. 39
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H F r e e  Mole F r a c t io n s  of H y d ro c a rb o n s  in  Gas Out

C 1 2. 57/115.  39 s 0 .0223

C2 6 . 00 /115 .  39 = 0. 0520

C 3 38. 80 /115 .  39 = 0. 3360

iC 4 6 . 48 /115 .  39 - 0. 0561

nC4 5. 73 /115 .  39 - 0. 0496

i C 5 5. 13/115. 39 = 0. 0444

n C 5 3. 36 /115 .  39 - 0 . 0291

2, 2 -DM B 6 . 09 /115.  39 = 0. 0528

2 ,3 -D M B 3. 73 /115 .  39 = 0. 0323

2 -M P 15. 30 /115.  39 = 0. 1328

3 - M P 10. 70 /115 .  39 = 0 . 0928

nC6
11. 50/115.  39 = 0. 0996

1. 0000
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G r a m s  of C a rb o n  P e r  G r a m  Mole of H y d ro c a rb o n  Gas Out

c i
(12. 01)(0. 0223) 0. 27

C2 (24. 02)(0. 0520) = 1. 25

C 3 (36. 03 )(0. 3360) 12 . 10

iC4
(48. 04)(0. 0561) 2. 69

nC4 (48. 04)(0. 0496) 2. 38

iC 5 (60. 05)(0. 0444) 2 . 66

n C 5 (60. 05)(0. 0291) 1. 75

2, 2 -DM B (72. 06)(0. 0528) 3. 80

2, 3-DMB (72. 06)(0. 0323) 2. 32

2 - M P (72. 06)(0. 1328) 9. 56

3 -M P (72. 06)(0. 0928) 6. 68

nC6 (72. 06)(0. 0996) 7. 18

52. 64
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Actua l  g r a m  m o le s  of h y d r o c a r b o n  out = a c tu a l  g r a m s  of c a rb o n  

o u t / g r a m s  of c a rb o n  p e r  gm  m ole  of h y d r o c a r b o n  gas  out =

5. 62 /52 .  64 = 0. 10716

t

G r a m  M oles  of H y d ro c a rb o n  C om ponen ts  in Gas Out

C1 (0. 107 16)(0. 0223) = 0. 00250

C2 (0. 10716)(0. 0520) - 0. 00555

C 3 (0. 107 16)(0. 3360) = 0. 03600

iC4 (0. 10716)(0. 0561) = 0. 00605

nC4 (0. 10716)(0. 0496) = 0. 00536

i C 5
(0. 10716){0. 0444) 0. 00477

n C s (0 . 10716)(0. 0291) = 0. 00311

2, 2 -DM B (0. 10716){0. 0528) = 0. 00565

2, 3-DMB (0. 10716)(0. 0323) = 0. 00345

2 - M P (0. 10716)(0. 1328) - 0. 01405

3 - M P (0. 10716)(0. 0928) - 0. 00997

nC6
(0. 107 16)(0. 0996) = 0. 01070

0. 10716
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G r a m s  of H in H y d ro c a rb o n  Gas Out 
c*

C 1
(4. 0){0. 00250) 2 0 . 010

C2 (6. 0)(0. 00555) - 0 . 033

C3 (8. 0)(0. 03600) - 0 . 288

lC 4
(10. 1)(0. 00605) = 0 . 061

nC4 (10. 1){0. 00536) = 0. 054

iC 5
(12. 1)(0. 00477) - 0 . 058

nC 5 (12. 1)(0. 00311) = 0 . 038

2, 2-DM B (14. 1)(0. 00565) = 0 . 080

2, 3-DMB (14. 1)(0. 00345) - 0 . 049

2 - M P (14. 1)(0. 01405) = 0 . 198

3 - M P (14. 1)(0. 00997) = 0 . 141

nC 6 (14. 1)(0. 01070) = 0 . 151

1. 161
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G ra m  M o les  of H y d ro c a rb o n  C o m p o n en ts  in  G as Out P e r  100

M o le s  of n C .  F e d  o

3

iC4

n C 4

iC 5

n C 5

2, 2 -DM B 

2, 3 -DM B

2 - M P

3 - M F  

n C ,

(100)(0. 00250) /0 .  0780 

(100)(0. 00555) /0 .  0780 

(100)(0. 03600) /0 .  0780 

(100){0. 00605) /0 .  0780 

(100)(0. 00536) /0 .  0780 

(100)(0. 00477) /0 .  0780 

(100){0. 0 0 3 1 1)/0. 0780 

(100)(0. 00565) /0 .  0780 

{100){0. 00345) /0 .  0780 

(100)(0. 0 1405)/0 .  0780 

(100)(0. 00997) /0 .  0780 

(100)(0. 01070) /0 .  0780

3. 20 

7. 12

46. 20 

7. 75 

6. 88

6 . 13 

3 .9 9

7. 25

4. 40 

18. 00 

12. 80 

13. 72
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G r a m  m o le s  of g a s  out = (0. 565 ft. )(1. 26 gm m o l e s / f t ,  ) =

0. 712

A c tua l  g r a m s  of g a s  in gas  out = 2. 016 (0. 712 - 0. 1072) = 

1 .21  gm

B alance  = (100) o u t /H ^  in  = (100)(H^ in h y d r o c a r b o n  out 

+ H a s  H g as  out) -r (H in  h y d r o c a r b o n  in + H a s
b  u  f a  f a

H2 gas  in) = 100 (1. 16 + 1. 21)/(1 . 10 + 1. 28) = 99. 5%

G r a m  m o le s  H out p e r  100 m o le s  nC .  fed  = (100)( 1. 21 /2 .  016)/  i  o

0. 0780 = 772. 0

I s o m e r i z a t i o n  = 7. 25 + 4. 40 + 18. 00 + 12. 80 == 42. 45%

H y d r o c r a c k in g  = 100 - 13. 72 - 42. 45 = 43. 8%

Sim pl if ied  r e a c t i o n  r a t e  c o n s tan t  = k = [ ( H ^ - to -h y d ro c a rb o n

m o le  r a t io )  + 1] x  (weight h o u r ly  sp ace  ve loc i ty ) (h r .  /

3600 sec .  ) x  [In (100/(100 - % h y d ro c ra c k in g ) ) ] / (m o l .

wt. of C . ) ( g m  m o le s  of g a s / c c )  = [8. 16 + 1][2 .73]  o
[ l / 3 6 0 0 ] [ l n  (100/(100 - 4 3 .8 ) ) ]  -f- (86. 2 ) ( l / 2 2 ,  410) 

(765 /14 .  7 )(492/1210)  = 0. 0491 c c / g m  - sec .
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